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INTRODUCTION

General introduction

Since the initial description that Alzheimer's disease (AD) progression is associated with the sequential propagation of Tau pathology along anatomically-connected brain regions [START_REF] Braak | Neuropathological stageing of Alzheimer-related changes[END_REF][START_REF] Delacourte | The biochemical pathway of neurofibrillary degeneration in aging and Alzheimer's disease[END_REF], it was suggested that Tau may be a relevant target of disease-modifying therapies for AD. Later on, a number of pathologies, termed tauopathies, were described having in common the aggregation of Tau protein in given brain regions [START_REF] Buée | Tau protein isoforms, phosphorylation and role in neurodegenerative disorders11These authors contributed equally to this work[END_REF]. This further supported the need for the development of Tau-targeting drugs that may be of use for the treatment of tauopathies as a whole.

As yet, no drug or treatment has proven efficacy to relieve these diseases despite significant efforts in the field. Among the many therapeutic strategies developed to target Tau-associated neurodegeneration, several are based on the inhibition of Tau aggregation [START_REF] Holtzman | Mutation-Specific Functional Impairments in Distinct Tau Isoforms of Hereditary FTDP-17[END_REF]. This can be done by targeting several steps of the process, from inhibiting the induction of aggregation (e.g. through inhibitors of Tau phosphorylation) to dissolution of long formed aggregates with the use of passive or active immunotherapy [START_REF] Pedersen | Tau immunotherapy for Alzheimer's disease[END_REF]. Compounds designed to prevent aggregate elongation were also recently developed [START_REF] Himmelstein | Tau as a therapeutic target in neurodegenerative disease[END_REF]. Most strategies already gave significant results in pre-clinical studies, allowing the reduction of Tau pathology and, in some cases, leading to cognitive improvement. Passive and active Tau-directed immunotherapies are at the very beginning of the clinical phase. For inhibitors of Tau aggregation, however, a few clinical data are already available. First results of a phase 3 clinical trial for methylene blue (MB), for example, were presented recently during the Alzheimer's Association International Conference, yielding quite disappointing results

with no effect on the progression of cognitive decline and brain atrophy in AD patients. Although the primary end-point in developing therapies is the reduction of cognitive and functional decline, it is also necessary to address the question of therapeutic impact on Tau pathology.

To this respect, the availability of imaging and peripheral biomarkers of Tau pathology is of critical importance. Notably, one of the most readily accessible is the measure of Tau levels in the cerebrospinal fluid (CSF). It was suggested that CSF total Tau (t-Tau) reflects the extent of neuronal and axonal degeneration in the brain [START_REF] Blennow | Cerebrospinal fluid and plasma biomarkers in Alzheimer disease[END_REF]. Indeed, transient increase in CSF Tau was observed in patients following stroke or brain trauma, the degree of increase being related to the extent of brain damage. High CSF t-Tau was also associated with progression from MCI to AD [START_REF] Blom | Rapid progression from mild cognitive impairment to Alzheimer's disease in subjects with elevated levels of tau in cerebrospinal fluid and the APOE epsilon4/epsilon4 genotype[END_REF] and with stronger cognitive decline in patients with AD [START_REF] Sämgård | Cerebrospinal fluid total tau as a marker of Alzheimer's disease intensity[END_REF], suggesting that it may also be a good correlate of Tau pathology in the brain. In the case of other tauopathies, the relationship between CSF t-Tau and brain pathology may however be slightly different. Indeed, while CBD is also associated with increased CSF t-Tau [START_REF] Mitani | Increased CSF tau protein in corticobasal degeneration[END_REF], it was recently shown that PSP patients present with CSF t-Tau even lower than control subjects [START_REF] Wagshal | Divergent CSF τ alterations in two common tauopathies: Alzheimer's disease and progressive supranuclear palsy[END_REF]. Differences in this peripheral marker may thus allow differential diagnosis of tauopathies. Elevated levels of phosphorylated Tau (p-Tau) in CSF were also described to be associated with AD [START_REF] Blom | Rapid progression from mild cognitive impairment to Alzheimer's disease in subjects with elevated levels of tau in cerebrospinal fluid and the APOE epsilon4/epsilon4 genotype[END_REF][START_REF] Sämgård | Cerebrospinal fluid total tau as a marker of Alzheimer's disease intensity[END_REF] while no correlation between those and brain damages following stroke or brain trauma were described to date [START_REF] Blennow | Cerebrospinal fluid and plasma biomarkers in Alzheimer disease[END_REF], suggesting that it may be an even better correlate of Tau pathology. Although quantitation of CSF Tau may already prove useful for the follow up of therapeutic impact during clinical trials, the absence of standardized cut-off values of positivity precludes its immediate use as determinant of clinical diagnosis for AD dementia [START_REF] Mckhann | The diagnosis of dementia due to Alzheimer's disease: Recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease[END_REF]. Much effort remains also to be done to determine the usefulness of this marker for differential diagnosis of tauopathies.

Current developments in Tau imaging are focused on the identification of tracers allowing the visualisation of Tau aggregation by positon emission tomography (PET) imaging [START_REF] Shah | Molecular Imaging Insights into Neurodegeneration: Focus on Tau PET Radiotracers[END_REF]. Most of those tracers are chemical derivatives of amyloid dyes, i.e. composites able to bind aggregates enriched in β-pleated sheets such as Tau and amyloid β (Aβ) proteins. Because of those origins, one of the main challenges in the field is to develop compounds that specifically bind to Tau aggregates compared to other amyloids. Other issues to be considered during the development of Taudirected PET tracers include: 1) the necessity for the compound not only to enter the brain but also to pass through plasma membrane, as Tau aggregates are intracellular; 2) the ability of the tracer to recognize different Tau isoforms, as differences in this respect are observed between tauopathies; 3) the ability of the tracer to recognize Tau aggregates irrespective to the post-translational modifications, as

Tau aggregation is associated with strong modification of the protein and 4) design compounds that recognize Tau aggregates irrespective of their localisation as those can be found in grey or white matter, depending on the tauopathy [START_REF] Shah | Molecular Imaging Insights into Neurodegeneration: Focus on Tau PET Radiotracers[END_REF]. Differences were observed in the several families of Tau tracers with respect to fulfilling those different criteria, none of them being able to recapitulate all necessary features. Therefore, much effort still remains to be done to confirm the specific target of Tau-directed tracers and to assess their usefulness for differential diagnosis of tauopathies and for follow-up of Tau pathology.

Thus, developments in Tau-directed therapies and Tau-related biomarkers may gain from progressing concurrently and would probably benefit from a better understanding of Tau physiopathology. Indeed, further insight in the commonalities and differences of tauopathies may aid therapeutic development by determining if a common pathologic pathway can be targeted. Similarly, development of Tau imaging tracers and peripheral biomarkers would gain from a better understanding of the mechanistic commonalities and differences between tauopathies. The development of novel animal models will be required to address those different questions [START_REF] Holtzman | Mutation-Specific Functional Impairments in Distinct Tau Isoforms of Hereditary FTDP-17[END_REF], notably by using tools allowing the concomitant development and direct comparison of models reproducing the specific pathology of each tauopathy. Assessment of the different biomarkers described above in those models would allow better translation of results obtained in animals to the clinics, given that identified pathological pathways may be first confirmed in post-mortem studies using samples from tauopathy patients.

In this introduction we will describe current advances in the understanding of Tau physiology and pathology, with a specific focus on the relation between Tau aggregation and neurodegeneration. A last part will comprise a description of the different approaches used to model Tau pathology in rodents, how those models may help gaining insight into the pathological processes common to tauopathies and their limitations with respect to the question addressed in our project. Indeed, the work of this PhD project was centred on the development of new rodent models of sporadic and genetic tauopathies to study whether those present commonalities in the mechanisms linking Tau aggregation and its toxicity. This necessitated an approach allowing the direct comparison of different models, which may be hindered in transgenic animals due to the phenotypic variability observed between models.

I -Tau in physiological conditions 1) Structure of Tau protein a) Expression and alternative splicing of Tau

Human Tau gene and alternative splicing Human Tau is encoded by a single microtubule-associated protein tau (MAPT) gene localized on chromosome 17q21 [START_REF] Neve | Identification of cDNA clones for the human microtubule-associated protein tau and chromosomal localization of the genes for tau and microtubule-associated protein 2[END_REF]. Six main isoforms of the protein are present in the adult brain, arising from the alternative splicing of exons 2, 3 and 10 (Figure 1). Those differ depending on the number of 29 amino acids-long inserts localized in the N-terminal part of the protein (Goedert et al., 1989a;[START_REF] Lee | The microtubule binding domain of tau protein[END_REF], encoded respectively by exons 2 and 3, giving rise to isoforms with either zero, one or two inserts (respectively noted 0N, 1N and 2N). In addition, alternative splicing of exon 10 leads to the production of isoforms with either 3 or 4 repeats in the C-terminal domain (labelled respectively 3R and 4R; [START_REF] Goedert | Cloning and sequencing of the cDNA encoding a core protein of the paired helical filament of Alzheimer disease: identification as the microtubule-associated protein tau[END_REF](Goedert et al., , 1989b)). In the peripheral nervous system, Tau is found in the form of a single "big Tau" isoform, corresponding to the 2N4R form with the addition of exon 4a [START_REF] Mandelkow | Biochemistry and Cell Biology of Tau Protein in Neurofibrillary Degeneration[END_REF]. Human Tau sequence shows strong homology with that of other mammalian species, including cows [START_REF] Himmler | Structure of the bovine tau gene: alternatively spliced transcripts generate a protein family[END_REF][START_REF] Himmler | Tau consists of a set of proteins with repeated C-terminal microtubule-binding domains and variable N-terminal domains[END_REF], mice [START_REF] Lee | The primary structure and heterogeneity of tau protein from mouse brain[END_REF] and rats (Kosik et al., 1989a). Rodent Tau is 11 residues shorter N-terminal region and has a few substitutions along the entire sequence but shows, however, perfect homology with that of humans in the C-terminal part. 

Developmentally regulated expression of Tau isoforms

Tau is present in the foetal brain in the form of a single isoform bearing 3 C-terminal repeats and zero Nterminal insert (0N3R, Goedert et al., 1989b). This expression of a single "foetal isoform" is again highly conserved between species and can also be observed in rodents. In both rodent and humans, there is a shift during post-natal development with the progressive increase in the expression of 4R isoforms [START_REF] Drubin | Studies on the expression of the microtubuleassociated protein, tau, during mouse brain development, with newly isolated complementary DNA probes[END_REF]Goedert et al., 1989a;Kosik et al., 1989a;[START_REF] Takuma | Isoforms changes of tau protein during development in various species[END_REF]. The relative expression of all 6 isoforms, however, differs between species (Figure 2). Indeed, while human adult brain shows similar expression of 3R and 4R isoforms, rodents present with an enrichment of 4R isoforms this imbalance being even stronger in mice [START_REF] Hanes | Rat tau proteome consists of six tau isoforms: implication for animal models of human tauopathies[END_REF][START_REF] Takuma | Isoforms changes of tau protein during development in various species[END_REF]. With respect to the N-terminal region, species differences can also be observed with 2N isoforms being relatively less expressed in human (Goedert et al., 1989a;[START_REF] Takuma | Isoforms changes of tau protein during development in various species[END_REF] and mice [START_REF] Liu | Profiling Murine Tau with 0N, 1N and 2N Isoform-Specific Antibodies in Brain and Peripheral Organs Reveals Distinct Subcellular Localization, with the 1N Isoform Being Enriched in the Nucleus[END_REF] while similar levels of all N-terminally spliced isoforms can be observed in the adult rat brain [START_REF] Hanes | Rat tau proteome consists of six tau isoforms: implication for animal models of human tauopathies[END_REF].

Figure 2: Relative expression of Tau isoforms in the developing and adult rodent or human brain

Exons present in all Tau isoforms are presented in light grey (1, 4, 5, 7-9 and 11-13), those outside of the coding sequence are shown in white (-1 and 14) while those present in other minor isoforms in dark grey (4a and 6). Lastly, exons subjected to alternative splicing to produce all six major isoforms are presented in black (2, 3 and 10).

b) Biochemical properties of Tau and 3-dimentional structure of the protein

Tau is a highly polarized protein with an overall neutral, slightly basic, character (Cleveland et al., 1977a(Cleveland et al., , 1977b)), the N-terminal part of the protein presenting a predominantly acidic composition while the last 40 C-terminal residues are roughly neutral [START_REF] Himmler | Tau consists of a set of proteins with repeated C-terminal microtubule-binding domains and variable N-terminal domains[END_REF]. This asymmetry of charges may play an important role for Tau interaction with its partners [START_REF] Mandelkow | Biochemistry and Cell Biology of Tau Protein in Neurofibrillary Degeneration[END_REF].

The protein is highly hydrophilic and heat-resistant which suggests that it may undertake a relatively loose conformation [START_REF] Lee | The microtubule binding domain of tau protein[END_REF][START_REF] Weingarten | A protein factor essential for microtubule assembly[END_REF]. This was confirmed using nuclear magnetic resonance, showing that Tau is natively unfolded [START_REF] Mukrasch | Structural Polymorphism of 441-Residue Tau at Single Residue Resolution[END_REF]. Only few sites of secondary structures (α-helix, β-strand, poly-proline II helix) are observed along the protein (Figure 3)

and appear relatively transient, conferring a high flexibility to Tau. Consistently, only two cysteine residues are present in the protein, localized in repeats 2 and 3 in the C-terminal domain, thus limiting intra-molecular disulphide linkage (Kosik et al., 1989a). Despite its relative low content in secondary structures, Tau protein can present with global folded conformations [START_REF] Mukrasch | Structural Polymorphism of 441-Residue Tau at Single Residue Resolution[END_REF], including a described paper-clip structure, formed by the folding of N-terminal and C-terminal ends over the repeated region [START_REF] Jeganathan | Global Hairpin Folding of Tau in Solution †[END_REF]. Local changes in Tau conformation can be observed upon binding to the MT, notably around repeats 2 and 3 in the C-terminal domain (Kadavath et al., 2015a). Those form a local hairpin structure which may act as a hook, allowing the anchor of Tau at the interface of tubulin heterodimers (Kadavath et al., 2015b). [START_REF] Himmler | Structure of the bovine tau gene: alternatively spliced transcripts generate a protein family[END_REF][START_REF] Lee | The microtubule binding domain of tau protein[END_REF]. Similarly, the N-terminal domain, containing a Proline-rich region, was named projection domain because it was shown to present no interaction with the MT and to project from the MT surface [START_REF] Hirokawa | Tau proteins: the molecular structure and mode of binding on microtubules[END_REF]. This clear dissociation between domains with respect to biochemical properties and binding partners is thought to be associated with distinct functions of Tau.

Primary association of Tau to the MT thus occurs through the 3 to 4 repeated domains. Additional sites of interaction where however also observed in other parts of the C-terminal region [START_REF] Mukrasch | Structural Polymorphism of 441-Residue Tau at Single Residue Resolution[END_REF]. Interestingly, the strength of MT-Tau interaction is dependent on the number of MBDs although one repeat is sufficient for the interaction to occur [START_REF] Lee | The microtubule binding domain of tau protein[END_REF]. This may be associated to Tau function in promoting MT assembly as 4R forms induce faster MT assembly than 3R forms [START_REF] Goedert | Expression of separate isoforms of human tau protein: correlation with the tau pattern in brain and effects on tubulin polymerization[END_REF]. Additional Tau binding partners were later described to show interaction with the MTbinding region, including nucleic acids [START_REF] Krylova | Tau protein binds singlestranded DNA sequence specifically--the proof obtained in vitro with non-equilibrium capillary electrophoresis of equilibrium mixtures[END_REF], potentially mediating an additional role of Tau C-terminal domain, as well as several kinases and phosphatases, known to be involved in Tau posttranslational modification (reviewed in [START_REF] Mandelkow | Biochemistry and Cell Biology of Tau Protein in Neurofibrillary Degeneration[END_REF].

A large variety of Tau interactors were also found to bind to the N-terminal projection domain. For example, the amino-terminal part of Tau was found to interact with the motor protein dynactin [START_REF] Magnani | Interaction of tau protein with the dynactin complex[END_REF] as well as to bind to membranes, leading to Tau association to the plasma membrane [START_REF] Brandt | Interaction of tau with the neural plasma membrane mediated by tau's amino-terminal projection domain[END_REF] or to organelles such as the Golgi apparatus [START_REF] Farah | Tau interacts with Golgi membranes and mediates their association with microtubules[END_REF]. Lastly, the Prolinerich region contains several motifs that serve as binding sites for proteins of the src family, such as the tyrosine kinase Fyn [START_REF] Lee | Tau interacts with src-family non-receptor tyrosine kinases[END_REF]. Altogether, this suggests that, instead of being uniquely a MTassociated protein, Tau may play a large variety of functions into the cell.

2) Localisation of Tau expression a) Expression of Tau protein in different brain regions

Tau protein is found strongly enriched in the central nervous system with an alternative "big Tau" isoform observed at the periphery [START_REF] Mandelkow | Biochemistry and Cell Biology of Tau Protein in Neurofibrillary Degeneration[END_REF]. In humans, Tau mRNA is found in all brain structures with only few regional differences in expression [START_REF] Goedert | Cloning and sequencing of the cDNA encoding a core protein of the paired helical filament of Alzheimer disease: identification as the microtubule-associated protein tau[END_REF](Goedert et al., , 1989b)). Slight differences in the pattern of expression of different N-terminal Tau isoforms were however described in rodents [START_REF] Hanes | Rat tau proteome consists of six tau isoforms: implication for animal models of human tauopathies[END_REF][START_REF] Liu | Profiling Murine Tau with 0N, 1N and 2N Isoform-Specific Antibodies in Brain and Peripheral Organs Reveals Distinct Subcellular Localization, with the 1N Isoform Being Enriched in the Nucleus[END_REF], which may underlie functional differences.

b) Cellular and sub-cellular localization

In the brain, Tau is primarily observed in neurons [START_REF] Binder | The distribution of tau in the mammalian central nervous system[END_REF]Goedert et al., 1989b;Kosik et al., 1989b) but is also expressed at low level in glial cells, notably oligodendrocytes [START_REF] Lopresti | Functional implications for the microtubule-associated protein tau: localization in oligodendrocytes[END_REF].

The pattern of isoforms expression may differ between neuronal populations. For example, while both 3R and 4R isoforms are present in pyramidal cells of the cortex and HC, granular cells of the dentate gyrus express only 3R Tau isoforms (Goedert et al., 1989b), again implying functional differences of Tau isoforms.

In adult neurons, Tau is found highly enriched in the axonal compartment [START_REF] Binder | The distribution of tau in the mammalian central nervous system[END_REF][START_REF] Dotti | The expression and distribution of the microtubuleassociated proteins tau and microtubule-associated protein 2 in hippocampal neurons in the rat in situ and in cell culture[END_REF] where it binds to MTs, promoting their stabilization. Sorting of Tau occurs during post-natal development where there is a shift from its initial somatodendritic localization to specific enrichment in the axon [START_REF] Litman | Subcellular localization of tau mRNA in differentiating neuronal cell culture: Implications for neuronal polarity[END_REF]. This occurs concurrently to the apparition of 4R isoforms [START_REF] Drubin | Studies on the expression of the microtubuleassociated protein, tau, during mouse brain development, with newly isolated complementary DNA probes[END_REF] and a strong reduction in the extent of Tau phosphorylation [START_REF] Kanemaru | Fetal-Type Phosphorylation of the τ in Paired Helical Filaments[END_REF]. The actual mechanism governing Tau sorting remains poorly understood. This may involve direct transport of Tau to the axon, as Tau mRNA was also found in somas and dendrites (Kosik et al., 1989b). There is also enrichment of Tau mRNA in the axon itself. Indeed, a 3' untranslated region was identified in MAPT gene that targets Tau mRNA at the axon. The observation of a co-localization between Tau mRNA and protein in the axon thus suggests that local translation may also occur [START_REF] Aronov | Axonal Tau mRNA Localization Coincides with Tau Protein in Living Neuronal Cells and Depends on Axonal Targeting Signal[END_REF].Lastly, sorting may also be related to the presence of a barrier in the axon initial segment, preventing the retrograde transport specifically of MT-bound Tau to the somatic compartment [START_REF] Li | Novel diffusion barrier for axonal retention of Tau in neurons and its failure in neurodegeneration[END_REF]. Tau binding to the MT is regulated by its phosphorylation which may explain why fetal Tau, that shows strong phosphorylation, is located to the soma.

Small concentrations of Tau were also observed in other neuronal compartment, notably in dendrites [START_REF] Ittner | Dendritic Function of Tau Mediates Amyloid-β Toxicity in Alzheimer's Disease Mouse Models[END_REF] and in the nucleus [START_REF] Sultan | Nuclear Tau, a Key Player in Neuronal DNA Protection[END_REF]. Interestingly, in rodents, the relative subcellular distribution differs between N-terminal isoforms. Hence, 1N isoforms are specifically enriched in the nucleus and in dendrites while 2N Tau shows robust cytoplasmic and axonal expression [START_REF] Liu | Profiling Murine Tau with 0N, 1N and 2N Isoform-Specific Antibodies in Brain and Peripheral Organs Reveals Distinct Subcellular Localization, with the 1N Isoform Being Enriched in the Nucleus[END_REF]. This suggests again the implication of different isoforms in various Tau functions. Lastly, Tau was also recently found to be secreted into the interstitial fluid [START_REF] Yamada | In Vivo Microdialysis Reveals Age-Dependent Decrease of Brain Interstitial Fluid Tau Levels in P301S Human Tau Transgenic Mice[END_REF]. Tau release to the extracellular space may be done through transport in ectosomes (Dujardin et al., 2014a) and is stimulated by neuronal activity [START_REF] Fá | Extracellular Tau Oligomers Produce An Immediate Impairment of LTP and Memory[END_REF][START_REF] Pooler | Physiological release of endogenous tau is stimulated by neuronal activity[END_REF] suggesting that it may be implicated in the modulation of synaptic activity.

3) Functions of Tau a) Functions of MT-bound Tau

MT polymerization and regulation of MT dynamics

Initial in vitro studies reported a role of Tau in the induction of MT polymerization from free tubulin (Cleveland et al., 1977a(Cleveland et al., , 1977b;;[START_REF] Weingarten | A protein factor essential for microtubule assembly[END_REF], suggesting that Tau is sufficient for both nucleation and elongation of MTs. This function of Tau in the induction of MT formation may be related to its ability to bind several tubulin heterodimers through its MT-binding domain region [START_REF] Mukrasch | Structural Polymorphism of 441-Residue Tau at Single Residue Resolution[END_REF], leading to a local increase in tubulin concentration and inducing polymerization. Consistent with the fact that Tau isoforms with 4 repeats present a stronger MT binding [START_REF] Lee | The microtubule binding domain of tau protein[END_REF] , 4R isoforms induce faster MT assembly than 3R forms [START_REF] Goedert | Expression of separate isoforms of human tau protein: correlation with the tau pattern in brain and effects on tubulin polymerization[END_REF].

In addition to this effect on initial MT polymerization, Tau was later shown to also influence the dynamics of already formed MTs. Indeed, MTs are dynamic structures that constantly undergo polymerizationdepolymerisation events, a phenomenon termed dynamic instability [START_REF] Feinstein | Inability of tau to properly regulate neuronal microtubule dynamics: a loss-of-function mechanism by which tau might mediate neuronal cell death[END_REF]. In this context, Tau was found to promote the rate of polymerization while decreasing the rate of depolymerisation. In addition, Tau is also able to decrease the frequency of "catastrophe" events (i.e.

transitions from growth to shortening). Altogether, those results implicate Tau as a main actor in MT stabilisation. Interestingly, differences were observed between isoforms in their ability to control MT dynamics. Indeed, while 4R Tau influences shortening and growth events, 3R isoforms had no effect on dissociation rate [START_REF] Panda | Differential regulation of microtubule dynamics by three-and four-repeat tau: Implications for the onset of neurodegenerative disease[END_REF].

Implications during development and at adult age

The differential ability of 3R and 4R isoform to stabilize MTs has several implications during development and at adult age. The observation that Tau in the foetal brain is present in the form of a single 0N3R isoform (Goedert et al., 1989b), and that the apparition of mature Tau isoforms correlates with the formation of stable MTs [START_REF] Litman | Subcellular localization of tau mRNA in differentiating neuronal cell culture: Implications for neuronal polarity[END_REF] suggests that this developmentally regulated switch in expression may be implicated in neuronal differentiation (Figure 4). Indeed, Tau has been found to play an important role in the formation and maintenance of the neurons polarity. Reduction of Tau levels using antisense oligonucleotides abolishes neurons polarity by inhibiting axonal formation [START_REF] Caceres | Inhibition of neurite polarity by tau antisense oligonucleotides in primary cerebellar neurons[END_REF]) while primary neurons from Tau KO mice exhibit deficits in axon elongation [START_REF] Dawson | Inhibition of neuronal maturation in primary hippocampal neurons from tau deficient mice[END_REF].

During post-natal development, Tau migrates from its initial somatodendritic localization [START_REF] Litman | Subcellular localization of tau mRNA in differentiating neuronal cell culture: Implications for neuronal polarity[END_REF] to the distal portion of the axon [START_REF] Kempf | Tau Binds to the Distal Axon Early in Development of Polarity in a Microtubule-and Microfilament-Dependent Manner[END_REF] where it can play a role in the growth of the axon. The apparition of 4R isoforms [START_REF] Drubin | Studies on the expression of the microtubuleassociated protein, tau, during mouse brain development, with newly isolated complementary DNA probes[END_REF] then leads to a strong increase of MT stabilization, allowing the maintenance of the newly formed axon. At adult age, MT-bound Tau thus plays an important role in the conservation of this polarized architecture of the neuron. The expression of both 3R and 4R isoforms at adult age may, however, be necessary for the maintenance of some MT dynamics because over-stabilization of MTs may have deleterious impact on synaptic plasticity [START_REF] Feinstein | Inability of tau to properly regulate neuronal microtubule dynamics: a loss-of-function mechanism by which tau might mediate neuronal cell death[END_REF].

Regulation of axonal transport

At adult age, MT-bound Tau in the axon presents an increasing concentration gradient from the initial segment to the distal part [START_REF] Black | Tau Is Enriched on Dynamic Microtubules in the Distal Region of Growing Axons[END_REF], such that it is particularly concentrated around synaptic terminals [START_REF] Kempf | Tau Binds to the Distal Axon Early in Development of Polarity in a Microtubule-and Microfilament-Dependent Manner[END_REF]. This specific distribution along the axon has strong implication for axonal transport as MT-bound Tau was found to modulate the activity of motor proteins (Figure 4). Indeed, it was shown that kinesin motors, which are the proteins responsible for the transport of vesicles from the soma to the synapse, detach from the MT when encountering clusters of MT-bound Tau [START_REF] Dixit | Differential Regulation of Dynein and Kinesin Motor Proteins by Tau[END_REF]. This effect of Tau on MT-kinesin interaction is concentration dependent, which is consistent with a role of Tau in regulating axonal transport. Indeed, lower Tau concentration at the soma would allow kinesin motors to bring vesicles to the synapse where high concentration of Tau would then permit the release of cargos. The effect of Tau on dynein-dynactin motors is less pronounced than on kinesin. Again, this is consistent with the maintenance of a normal axonal transport as dynein motor proteins are involved in the retrograde transport from the synapse to the soma. Tau can also act on other parameters to modulate transport along the axon. Indeed, it was also found to affect the association between motors and cargoes [START_REF] Wang | Tau in physiology and pathology[END_REF]. For example, it can compete with other cargoes for binding to kinesin or induce the release of cargoes from kinesin [START_REF] Kanaan | Pathogenic Forms of Tau Inhibit Kinesin-Dependent Axonal Transport through a Mechanism Involving Activation of Axonal Phosphotransferases[END_REF]. This action of Tau would thus further potentiate the delivery of vesicles to the synapse. 

b) Additional functions of Tau

In addition to its known localisation in the axon, Tau was found to be also expressed in other neuronal compartments, suggesting additional roles of the protein. First, some Tau isoforms were found to be enriched in the nucleus [START_REF] Liu | Profiling Murine Tau with 0N, 1N and 2N Isoform-Specific Antibodies in Brain and Peripheral Organs Reveals Distinct Subcellular Localization, with the 1N Isoform Being Enriched in the Nucleus[END_REF] were they bind to DNA [START_REF] Sultan | Nuclear Tau, a Key Player in Neuronal DNA Protection[END_REF]. Tau localization to the nucleus is increased in conditions of oxidative or heat stress associated with an increase in its binding to DNA. In this context, Tau was found to promote DNA protection against stress-induced degradation, by modulating DNA repair processes [START_REF] Violet | Prefibrillar Tau oligomers alter the nucleic acid protective function of Tau in hippocampal neurons in vivo[END_REF].

Small quantities of Tau protein were also observed in dendrites although its functions at the postsynaptic terminal are still poorly understood. It was recently reported that synaptic Tau may have a role in mediating the interaction of NMDA subunit NR2b with PSD95 by allowing the targeting of Fyn kinase to the synapse [START_REF] Ittner | Dendritic Function of Tau Mediates Amyloid-β Toxicity in Alzheimer's Disease Mouse Models[END_REF]. This would allow the phosphorylation of NR2b by Fyn, this phosphorylation being known to enhance NR/PSD95 interaction. Similarly, Tau was recently found to be necessary for the induction of long-term depression (LTD; [START_REF] Kimura | Microtubule-associated protein tau is essential for long-term depression in the hippocampus[END_REF]. In this study, induction of LTD was associated with strong phosphorylation of synaptic Tau, suggesting that it may be involved with synaptic plasticity occurring during LTD. Lastly, recent data also suggest a function of dendritic Tau in hippocampal adult neurogenesis [START_REF] Pallas-Bazarra | Novel function of Tau in regulating the effects of external stimuli on adult hippocampal neurogenesis[END_REF]. Indeed, in mice showing a deficiency in Tau protein, new-born neurons exhibit pre-and post-synaptic morphological abnormalities associated with deficits in synaptic activity. In addition to its role at the synapse, Tau was recently reported to have additional roles in the modulation of synaptic activity through its extracellular pool. Indeed, release of Tau to the extracellular space was found to be stimulated by neuronal activity [START_REF] Fá | Extracellular Tau Oligomers Produce An Immediate Impairment of LTP and Memory[END_REF][START_REF] Pooler | Physiological release of endogenous tau is stimulated by neuronal activity[END_REF]. In addition, extracellular Tau is able to increase post-synaptic calcium entry through muscarinic receptors [START_REF] Gómez-Ramos | Extracellular tau promotes intracellular calcium increase through M1 and M3 muscarinic receptors in neuronal cells[END_REF].

4) The role of phosphorylation in modulating Tau function

Tau is the substrate of many kinases and phosphatases that tightly regulate its phosphorylation state [START_REF] Noble | The importance of tau phosphorylation for neurodegenerative diseases[END_REF]. Among the 85 putative phosphorylation sites on Tau protein [START_REF] Martin | Post-translational modifications of tau protein: Implications for Alzheimer's disease[END_REF], most of them cluster around the proline-rich region and are constituted of Thr-Pro or Ser-Pro motifs that are the target of proline-directed serine/threonine kinases [START_REF] Wang | Tau in physiology and pathology[END_REF], such as glycogen synthase kinase-3 (GSK-3), cyclin-dependent kinase 5 (cdk5) and 5' adenosine monophosphate-activated protein kinase (AMPK). Additional phosphorylation sites are found in or around the MT-binding region and are targeted by non-proline-directed kinases, including among others microtubule affinity-regulating kinases (MARKs) cyclic AMP-dependent protein kinase A (PKA) and Calcium/ calmodulin-dependent protein kinase II (CaMKII). In addition, Tau is subjected to dephosphorylation through the action of several phosphatases, the most prominent being protein phosphatase 2A (PP2A), that is responsible for about 70% of Tau dephosphorylation [START_REF] Iqbal | Tau and neurodegenerative disease: the story so far[END_REF]. PP2A influences Tau phosphorylation status both by acting directly and through the regulation of Taudirected kinases. Altogether, those processes thus allow a tight control of Tau phosphorylation suggesting that it may play an important role in the modulation of its functions.

Indeed, a large number of Tau phosphorylation sites were found to reduce Tau-MT interaction (Cho andJohnson, 2003, 2004;[START_REF] Fischer | Conformational Changes Specific for Pseudophosphorylation at Serine 262 Selectively Impair Binding of Tau to Microtubules[END_REF] with, as an effect, a reduction of MT stabilisation [START_REF] Liu | Site-specific effects of tau phosphorylation on its microtubule assembly activity and self-aggregation[END_REF]. This post-translational modification plays an important role during development, at a time where morphological plasticity is needed. Indeed, Tau is heavily phosphorylated in the foetal brain [START_REF] Kanemaru | Fetal-Type Phosphorylation of the τ in Paired Helical Filaments[END_REF], which probably allows the strong dynamics of MTs necessary for the development of polarity during neuronal differentiation. The apparition of 4R isoforms in adult brain is associated with a strong reduction in Tau phosphorylation, allowing the stabilisation of the neuronal structure. Phosphorylation and dephosphorylation events still occur at adult age, however, permitting the fine tuning of Tau functions. Indeed, correct modulation of axonal transport, for example, may require equilibrium between MT-bound Tau and phosphorylated free Tau to govern the frequency of vesicle transport by motor proteins (Figure 5, [START_REF] Ballatore | Tau-mediated neurodegeneration in Alzheimer's disease and related disorders[END_REF]. In addition, phosphorylation likely modulates other functions of Tau as nuclear and extracellular Tau, for example, are found mainly in a dephosphorylated state [START_REF] Dujardin | Neuron-to-neuron wild-type Tau protein transfer through a trans-synaptic mechanism: relevance to sporadic tauopathies[END_REF][START_REF] Pooler | Physiological release of endogenous tau is stimulated by neuronal activity[END_REF][START_REF] Sultan | Nuclear Tau, a Key Player in Neuronal DNA Protection[END_REF]. Phosphorylation of Tau at the N-terminal end was also found to prevent its binding to membranes [START_REF] Noble | The importance of tau phosphorylation for neurodegenerative diseases[END_REF]. Amnesic dementias include Alzheimer's disease (AD), Down's syndrome, primary age-related tauopathy (PART) and Argyrophilic grain disease (AGD) and are characterized by the preferential involvement of medial temporal cortices as well as limbic structures [START_REF] Buée | Tau protein isoforms, phosphorylation and role in neurodegenerative disorders11These authors contributed equally to this work[END_REF]. In FTD-s dementias Overall, tauopathies are sometimes clinically difficult to distinguish as some may give rise to very similar symptoms. In addition, comorbidity is often found in the brain of demented patients rendering difficult a definite diagnosis. Lastly, it has been suggested that some of those tauopathies may exist as a disease spectrum [START_REF] Dickson | Neuropathology of frontotemporal lobar degeneration-tau (FTLD-tau)[END_REF]. PSP and CBD, for example, may be only distinguished by the relative burden of Tau lesions in specific brain regions. Between the pure PSP, characterized by only subcortical deposition, and pure CBD, where Tau deposits are found only in the cortex, the whole range of mixed histopathology can be observed. Other parameters may be necessaries for a differential diagnosis of tauopathies. Below are reviewed ways to distinguish them.

b) 3R vs 4R vs 3R+4R tauopathies

Tauopathies can be first distinguished by the ratio of Tau isoforms found enriched in aggregates which led to a classification of those pathologies into four categories [START_REF] Sergeant | Biochemistry of Tau in Alzheimer's disease and related neurological disorders[END_REF]. Indeed, hyperphosphorylated Tau is characterized by a shift in its apparent molecular weight observed by western blot, which led to the identification of a biochemical signature characteristic of different tauopathies [START_REF] Mailliot | Phosphorylation of specific sets of tau isoforms reflects different neurofibrillary degeneration processes[END_REF].

In class I tauopathies, all six isoforms of Tau are present into the aggregates (Figure 6) and can be observed by SDS-PAGE as four separate bands, ranging from 60 (0N3R) to 74 kDa (2N4R). The hyperphosphorylation of Tau protein leads to an apparent shift of molecular weight such that 1N3R and 0N4R isoforms as well as 2N3R and 1N4R appear at the same size, respectively 64 and 69 kDa. This classical profile is characteristic of AD and other related tauopathies, including Down's syndrome, Niemman-Pick disease type C and some cases of frontotemporal dementia linked to chromosome 17 (FTDP-17;[START_REF] Sergeant | Tau protein as a differential biomarker of tauopathies[END_REF]. Class II tauopathies are characterized by the selective aggregation of 4R isoforms migrating as a triplet on SDS-PAGE (64, 69 and 74 kDa). This is the case for corticobasal degeneration (CBD), progressive supranuclear palsy (PSP), argyrophylic grain dementia (AGD) and most cases of FTDP-17 associated with mutations in the MAPT gene. Conversely, the isoforms mostly involved in class III tauopathies are those containing only 3 MBDs, giving a pattern of migration on SDS-PAGE ranging from 60 to 69 kDa. This category is mainly represented by Pick's disease as well as some familial cases of FTDP-17. Lastly, class IV includes one single tauopathy called myotonic dystrophy that is characterized by the aggregation of the foetal Tau isoform (0N3R) and strong downregulation of isoforms containing N-terminal repeats. 

c) Sporadic vs genetic tauopathies

Tauopathies can be categorized into sporadic or genetic pathologies, depending on whether mutations on MAPT genes have been associated with the disease. To this respect, AD can be considered a sporadic tauopathy because, although familial mutations on APP or presenilin genes have been described [START_REF] Blennow | Alzheimer's disease[END_REF], no causative mutation appears on Tau gene in this disease. Most tauopathies are actually sporadic although some familial cases have been described, mainly in FTDP-17.

In addition, several genetic risk factors have been described.

Causative mutations in familial tauopathies

Among tauopathies, FTDP-17 is the pathology presenting the largest genetic diversity. To date, more than 30 mutations have been associated with this disease [START_REF] Sergeant | Tau protein as a differential biomarker of tauopathies[END_REF], most of them in the microtubule-binding region. Those mutations have been observed to promote the aggregation of Tau (e.g. P301L, Hong et al., 1998) or decrease its affinity for the microtubule (e.g. R406W, [START_REF] Hutton | Association of missense and 5′-splice-site mutations in tau with the inherited dementia FTDP-17[END_REF]. Others affect the alternative splicing of exon 10, either increasing (e.g. N279K) or decreasing 4R:3R ratio (e.g. ΔK280, Hong et al., 1998;[START_REF] Hutton | Association of missense and 5′-splice-site mutations in tau with the inherited dementia FTDP-17[END_REF][START_REF] Swieten | The ΔK280 Mutation in MAP tau Favors Exon 10 Skipping In Vivo[END_REF]. Those mutations lead to a large variety of anatomo-pathological presentations, based on the type of cells affected, the composition and the morphology of aggregates. All give rise, however, to a single clinical phenotype, suggesting that different pathological processes may converge towards a common pathway. Conversely, a same mutation can be associated with the development of different tauopathies within a single family [START_REF] Bugiani | Frontotemporal dementia and corticobasal degeneration in a family with a P301S mutation in tau[END_REF], suggesting that additional factors are involved in the development of Tau pathology.

Tau haplotypes and other genetic risk factors

Most genetic risk factors associated with the development of tauopathies seem to affect the regulation of Tau expression, leading to an increase in the production of the protein. One of the most studied genetic variations is the implication of Tau haplotypes. Indeed, hundreds of nucleotide differences have been observed on the MAPT gene, giving rise to two haplotypes [START_REF] Caillet-Boudin | Regulation of human MAPT gene expression[END_REF]. H1 haplotype has been associated with numerous tauopathies, including CBD, PSP [START_REF] Cruchaga | 5'-Upstream variants of CRHR1 and MAPT genes associated with age at onset in progressive supranuclear palsy and cortical basal degeneration[END_REF], AGD [START_REF] Togo | Argyrophilic grain disease is a sporadic 4-repeat tauopathy[END_REF], tangle-predominant dementia [START_REF] Santa-Maria | The MAPT H1 haplotype is associated with tangle-predominant dementia[END_REF] and AD [START_REF] Myers | The H1c haplotype at the MAPT locus is associated with Alzheimer's disease[END_REF]. Interestingly, it has been shown that H1c sub-haplotype increases Tau expression and affects the splicing of exon 10, inducing an increase in the 4R:3R isoforms ratio [START_REF] Myers | The MAPT H1c risk haplotype is associated with increased expression of tau and especially of 4 repeat containing transcripts[END_REF].

Other variations in Tau gene have been associated with disease. For example, DNA hypomethylations, possibly inducing an increase in Tau expression, have been associated with sporadic AD and PSP [START_REF] Barrachina | DNA methylation of Alzheimer disease and tauopathy-related genes in postmortem brain[END_REF][START_REF] Iwata | Altered CpG methylation in sporadic Alzheimer's disease is associated with APP and MAPT dysregulation[END_REF]. Recently, a non-causative mutation has been associated with increased risk of developing AD and PSP [START_REF] Coppola | Evidence for a role of the rare p.A152T variant in MAPT in increasing the risk for FTD-spectrum and Alzheimer's diseases[END_REF]. Lastly, report of duplications of MAPT gene, alone or in combination with other genes from the same chromosomic region, was found to be associated with the development of fronto-temporal lobe degeneration (FTLD; [START_REF] Rovelet-Lecrux | Frontotemporal dementia phenotype associated with MAPT gene duplication[END_REF] or AD [START_REF] Hooli | Rare autosomal copy number variations in earlyonset familial Alzheimer's disease[END_REF]. Taken together, those results suggest that, in absence of causative mutations, the overexpression of Tau itself may have a detrimental role [START_REF] Rossi | Frontotemporal lobar degeneration: old knowledge and new insight into the pathogenetic mechanisms of tau mutations[END_REF]. It remains that a direct genotype-phenotype correlation is often difficult rendering even more necessary the study of tauopathies as a whole to identify common pathological pathways.

d) Primary vs secondary tauopathies

Another way tauopathies can be distinguished from each other is on whether Tau pathology is associated with another proteinopathy. If it is the case, the disease is considered a secondary tauopathy in opposition to pathologies where Tau aggregates on its own (i.e. primary tauopathy). Most described tauopathies are thought to be primarily Tau-related with the exception of AD and Down's syndrome where, according to the amyloid cascade hypothesis, Tau aggregation is thought to be a consequence of Amyloid-β (Aβ) deposition [START_REF] Hardy | Alzheimer's disease: the amyloid cascade hypothesis[END_REF].

More recently, it was suggested that both Parkinson's disease (PD), characterized by the accumulation of α-synuclein (α-syn), and Huntington's disease (HD), characterized by the aggregation of mutant huntingtin (mHtt), could be classified as secondary tauopathies. Although Tau pathology may not be the main driver of neurodegeneration in both pathologies, it has been implicated in modulating both α-syn and mHtt adverse effects. MAPT H1 haplotype has been associated with increased risk of developing PD [START_REF] Ezquerra | Different MAPT haplotypes are associated with Parkinson's disease and progressive supranuclear palsy[END_REF] and with increased aggregation of α-syn in dementia with Lewy bodies [START_REF] Colom-Cadena | MAPT H1 haplotype is associated with enhanced α-synuclein deposition in dementia with Lewy bodies[END_REF]. In addition, α-syn is a known Tau binding partner [START_REF] Mandelkow | Biochemistry and Cell Biology of Tau Protein in Neurofibrillary Degeneration[END_REF] and Tau is found enriched in Lewy bodies, the characteristic PD lesion. In the case of HD, MAPT H2 haplotype has been associated with the extent of cognitive decline in patients [START_REF] Vuono | The role of tau in the pathological process and clinical expression of Huntington's disease[END_REF] while attenuation of motor disturbances was observed HD transgenic mice crossed with MAPT-/-mice [START_REF] Fernández-Nogales | Huntington's disease is a four-repeat tauopathy with tau nuclear rods[END_REF]. In addition, Tau inclusions were observed in the brain of HD patients, sometimes in the same neurons bearing aggregates of mHtt [START_REF] Fernández-Nogales | Huntington's disease is a four-repeat tauopathy with tau nuclear rods[END_REF][START_REF] Vuono | The role of tau in the pathological process and clinical expression of Huntington's disease[END_REF].

Pathological trigger in secondary tauopathies: is Tau pathology really secondary?

Tau pathology in primary tauopathies is most probably the main driver of neurodegeneration, along with other external factors. In the case of secondary tauopathies, however, one question is whether both proteinopathies act synergically or if Tau pathology is found downstream in the pathological cascade.

The most common hypothesis in the case of AD is the amyloid-cascade hypothesis that posits Tau as a downstream effector of Aβ-induced toxicity. Indeed, neuropathological studies have shown that the correlation between temporal lobe amyloid load and neuronal loss or cognitive deficits, disappeared when taking into account the number of NFTs in the region [START_REF] Giannakopoulos | Tangle and neuron numbers, but not amyloid load, predict cognitive status in Alzheimer's disease[END_REF]. In addition, knocking-out Tau protein in animal models of AD leads to reduced Aβ-induced toxicity and preservation of cognitive function without affecting amyloid pathology [START_REF] Roberson | Reducing Endogenous Tau Ameliorates Amyloid ß-Induced Deficits in an Alzheimer's Disease Mouse Model[END_REF]. However, evidence against the amyloid-cascade hypothesis has recently emerged. Indeed, Tau pathology can be found in healthy subjects long before the apparition of amyloid pathology (Braak and Del Tredici, 2011) and amyloid plaques develop at the axon terminal of tangle-bearing neurons [START_REF] Schönheit | Spatial and temporal relationships between plaques and tangles in Alzheimer-pathology[END_REF]. In addition, AD-like Tau deposition in the entorhinal cortex and hippocampus, associated with dementia, has been found in absence of Aβ deposition [START_REF] Ikeda | Clinical aspects of "senile dementia of the tangle type"--a subset of dementia in the senium separable from late-onset Alzheimer's disease[END_REF]. Whether this represents a distinct disease known as primary age-related tauopathy (PART; [START_REF] Crary | Primary age-related tauopathy (PART): a common pathology associated with human aging[END_REF][START_REF] Jellinger | PART, a distinct tauopathy, different from classical sporadic Alzheimer disease[END_REF] or merely pre-clinical AD [START_REF] Duyckaerts | PART is part of Alzheimer disease[END_REF] remains a matter of debates. It remains that Aβ is not a prerequisite for Tau-associated neurodegeneration.

In the case of other secondary tauopathies, e.g. HD and PD, the question remains open as the potential implication of Tau to the pathological mechanisms has not been extensively studied. Current evidence points towards Tau pathology as being a secondary phenomenon, implicating Tau in worsening a preexisting pathogenic event [START_REF] Gratuze | Is Huntington's disease a tauopathy?[END_REF]. Indeed, in the case of PD, α-synuclein has been shown

to promote Tau fibrillization [START_REF] Giasson | Initiation and synergistic fibrillization of tau and alpha-synuclein[END_REF], while in the case of HD, mHtt induces Tau hyperphosphorylation and relocalisation [START_REF] Blum | Mutant huntingtin alters Tau phosphorylation and subcellular distribution[END_REF].

e) Morphology of Tau aggregates and affected cell-types

Definite diagnosis of a tauopathy is only available post-mortem by the observation of typical lesions in given cerebral regions. To this respect, tauopathies are again highly heterogeneous (Figure 7). Indeed, while Tau inclusions are mainly found in neurons in AD, PART and Pick's disease, severe Tau accumulation is found in astrocytes and oligodendrocytes for both PSP and CBD [START_REF] Berry | Pathological glial tau accumulations in neurodegenerative disease: review and case report[END_REF]. In the case of FTDP-17, the relative involvement of neuronal and glial cells depends on the point mutation associated with the phenotype [START_REF] Sergeant | Tau protein as a differential biomarker of tauopathies[END_REF]. Usually, the composition of glial inclusions is similar to that observed in neurons, with respect to isoform ratios and pathological Tau epitopes [START_REF] Ferrer | Glial and neuronal tau pathology in tauopathies: characterization of diseasespecific phenotypes and tau pathology progression[END_REF], suggesting that, among a given tauopathy, similar processes may occur in different celltypes. Alternatively, the formation of glial Tau inclusions may be associated with the transfer of aggregates from one cell to another. This could occur via either passive release of Tau aggregates into the extracellular space [START_REF] Pooler | Physiological release of endogenous tau is stimulated by neuronal activity[END_REF] or active phagocytosis by glial cells [START_REF] Chung | Astrocytes mediate synapse elimination through MEGF10 and MERTK pathways[END_REF]. The origin of glial Tau inclusions has, however, never been fully addressed.

On the other hand, the morphology of Tau inclusions in a given cell-type can be strikingly different between tauopathies. For example, while AD is characterized by flame-shaped NFTs, neuronal inclusion in Pick's disease takes the form of small Pick's bodies (Yoshida, 2006). This may be associated with differences in the mechanism of Tau aggregation as in the former aggregates are composed of paired helical filaments (PHFs) while in the later they take the form of straight filaments (SF; Greenfield's Neuropathology -8 th edition, [START_REF] Weller | Greenfield's Neuropathology (8th Edition)[END_REF].The difference in morphology of astrocytic lesions may be related to the involvement of different sub-class of astrocytes [START_REF] Berry | Pathological glial tau accumulations in neurodegenerative disease: review and case report[END_REF]. This heterogeneity of morphology may also represent different steps of maturation of the lesion. Indeed, while Gallyasnegative astrocytic inclusions are found in distal processes, the Gallyas-positive aggregates are found in the soma and proximal processes of the astrocyte [START_REF] Ikeda | The Relationship Between Development of Neuronal and Astrocytic Tau Pathologies in Subcortical Nuclei and Progression of Argyrophilic Grain Disease[END_REF].

Figure 7: Morphology of Tau aggregates in different tauopathies

Anatomo-pathological study of the patients' brain using AT8 antibody allows a more precise description of the pathology and a definite diagnosis. More specifically, the relative burden of neuronal and glial Tau pathology may be a way to distinguish tauopathies. In addition, while some neuronal inclusions may be observed in numerous tauopathies (e.g. NFT, neuropil threads) some can be used as a signature of specific tauopathies (e.g. Pick bodies for Pick's disease, argyrophilic grains in AGD). Similarly, the morphology of astroglial pathology may be the only way to distinguish very similar tauopathies (e.g. tuft-shaped astrocytes in PSP versus astrocytic plaques in CBD).

Morphology of Tau filaments:

Lastly, tauopathies also differ by the morphology of Tau filamentous aggregates constituting those lesions. For example, AD and related tauopathies (i.e. Down's syndrome and PART) are characterized by the accumulation of paired-helical filaments (PHFs), presenting a double helical structure with a crossover periodicity of 78 nm [START_REF] Crowther | Image reconstruction of the Alzheimer paired helical filament[END_REF]. Conversely, mostly straight filaments (SF) have been observed in Pick's disease [START_REF] Rewcastle | Electron microscopic structure of the "inclusion bodies" in Pick's disease[END_REF]) and PSP [START_REF] Tomonaga | Ultrastructure of neurofibrillary tangles in progressive supranuclear palsy[END_REF]. In CBD, twisted filaments reminiscent of AD PHFs were observed [START_REF] Ksiezak-Reding | Ultrastructure and biochemical composition of paired helical filaments in corticobasal degeneration[END_REF]. However, they differed from PHFs by numerous morphological parameters. Indeed, twisted filaments in this pathology were larger, shorter in length and with a larger periodic twist of approximately 170 nm. In the case of FTDP-17, the morphology of Tau filaments seems governed by the properties of the mutation associated with Tau pathology [START_REF] Barghorn | Structure, Microtubule Interactions, and Paired Helical Filament Aggregation by Tau Mutants of Frontotemporal Dementias[END_REF][START_REF] Crowther | Abnormal Tau-Containing Filaments in Neurodegenerative Diseases[END_REF]. Indeed, while mutations affecting all 6 isoforms (e.g. V337M) produce fibrils with similar morphology than those observed in AD, intronic mutations affecting the splicing of exon 10 lead to filaments with a ribbon-like morphology and mutations affecting Tau aggregation (e.g. P301L) to the formation of PHFs and SFs.

In The Tau protein is thought to be highly unfolded both in solution and when bound to the MT (Cleveland et al., 1977b;[START_REF] Mandelkow | Structural Principles of Tau and the Paired Helical Filaments of Alzheimer's Disease[END_REF] . However, it is also able to take a partly folded conformation in solution, the C-terminal domain folding over the MBDs and the N-terminal domain coming in proximity of the C-terminus [START_REF] Jeganathan | Global Hairpin Folding of Tau in Solution †[END_REF]. This paperclip conformation, however, seems relatively weak and probably transient. Interestingly, however, pseudo-phosphorylation at several pathological epitopes was found to induce a compaction of this paperclip conformation, associated with an increased rate of aggregation [START_REF] Jeganathan | Proline-directed Pseudo-phosphorylation at AT8 and PHF1 Epitopes Induces a Compaction of the Paperclip Folding of Tau and Generates a Pathological (MC-1) Conformation[END_REF]. This suggests that hyperphosphorylation of Tau may induce a more stable secondary structure, that in turn makes the protein more prone to aggregate. Indeed, this compact conformation showed reactivity for conformational epitopes that are found at early stages of AD pathology [START_REF] Jeganathan | Proline-directed Pseudo-phosphorylation at AT8 and PHF1 Epitopes Induces a Compaction of the Paperclip Folding of Tau and Generates a Pathological (MC-1) Conformation[END_REF] and usually observed in Tau aggregates [START_REF] Maeda | Granular Tau Oligomers as Intermediates of Tau Filaments[END_REF].

Conformation changes may trigger Tau aggregation by rendering the MBDs more exposed. Indeed, it is now well known that the core of PHFs is composed of the repeated domains, the other parts of the protein forming a "fuzzy coat" around the filament axis [START_REF] Wischik | Isolation of a fragment of tau derived from the core of the paired helical filament of Alzheimer disease[END_REF]. In addition, two hexapeptides lying in this MT-binding region (i.e. PHF6 and PHF6*) have a strong tendency to form β structure, this being necessary for Tau aggregation [START_REF] Bergen | Assembly of τ protein into Alzheimer paired helical filaments depends on a local sequence motif (306VQIVYK311) forming β structure[END_REF]. Indeed, point mutations with known pro-aggregation properties (i.e. P301L and ΔK280) are associated with changes of local structure of those hexapeptides, leading to increased tendency to form β structure (von [START_REF] Von Bergen | Mutations of tau protein in frontotemporal dementia promote aggregation of paired helical filaments by enhancing local beta-structure[END_REF].

Those results and the fact that cross-β structure is a known characteristic of PHFs [START_REF] Berriman | Tau filaments from human brain and from in vitro assembly of recombinant protein show cross-β structure[END_REF] suggest that the MBD region of Tau may play an important role in the process of aggregation. A change in conformation may thus affect the availability of those domains for interaction which subsequently may drive aggregation.

Sequence of Tau aggregation into PHFs

A strong body of evidence suggests that, from those initial conformational changes, Tau proteins are successively incorporated in aggregates of increasing size (Figure 8; [START_REF] Cowan | Are tau aggregates toxic or protective in tauopathies? Front[END_REF]. This sequential process of aggregation starts with the assembly of Tau dimers and trimers [START_REF] Sahara | Assembly of two distinct dimers and higher-order oligomers from full-length tau[END_REF]. Two types of dimers can be distinguished depending on whether they necessitate disulfide bounds to form (cysteine-dependent dimers) or arise from another unknown mechanism. Formation of both forms of dimers is dependent of the MBD region, and more specifically the PHF6 and PHF6* sequences [START_REF] Bergen | Assembly of τ protein into Alzheimer paired helical filaments depends on a local sequence motif (306VQIVYK311) forming β structure[END_REF][START_REF] Sahara | Assembly of two distinct dimers and higher-order oligomers from full-length tau[END_REF]. It was thus suggested that anti-parallel dimerization may occur by interaction of the MBD region [START_REF] Patterson | Characterization of Prefibrillar Tau Oligomers in Vitro and in Alzheimer Disease[END_REF].

Dimers then give rise to higher-order oligomeric species [START_REF] Patterson | Characterization of Prefibrillar Tau Oligomers in Vitro and in Alzheimer Disease[END_REF], cysteine-dependent dimers being more prone to oligomerization and the formation of higher order aggregates [START_REF] Sahara | Assembly of two distinct dimers and higher-order oligomers from full-length tau[END_REF]. Those large oligomers seem to be a prerequisite to the formation of fibrillary aggregates as they are found in vitro before the apparition of fibrils [START_REF] Sahara | Assembly of two distinct dimers and higher-order oligomers from full-length tau[END_REF]. In addition, immunostaining for Tau oligomers can be observed mostly in neurons presenting early Tau pathology and not in mature NFTs, suggesting that oligomerization precedes tangle formation [START_REF] Patterson | Characterization of Prefibrillar Tau Oligomers in Vitro and in Alzheimer Disease[END_REF]. Granular Tau oligomers (GTOs) were also observed in brain regions devoid of mature NFTs [START_REF] Maeda | Increased levels of granular tau oligomers: an early sign of brain aging and Alzheimer's disease[END_REF] and, in vitro, before fibril formation, those GTOs being able to form in turn fibrils [START_REF] Maeda | Granular Tau Oligomers as Intermediates of Tau Filaments[END_REF]. Taken together, those results suggest that oligomers may represent an intermediate between dimers and PHFs. In a recent in vitro study, the kinetics of Tau aggregation was assessed and the effect of pro-aggregation point mutations (i.e. P301L and ΔK280) on the rate of aggregation determined [START_REF] Shammas | A mechanistic model of tau amyloid aggregation based on direct observation of oligomers[END_REF].

In this study, the formation of oligomers peaked relatively rapidly (within 30min), while fibrils formation reached completion only after several hours. This suggests that, while the reaction of oligomerization is quite favourable, the process of fibril elongation may be quite long. This led to the suggestion that fibrils do not form directly from oligomers. Instead, oligomer may necessitate to undergo a shift in conformation before-hand, this conversion process rendering them competent for elongation. This could be associated with the observation that pre-tangle like structures, composed of hyperphosphorylated Tau, but not presenting Gallyas positivity, are present in subcortical nuclei from a very young age (Braak and Del Tredici, 2011). Nonetheless, experiments conducted in transgenic mice showed that NFTs can become positive for amyloid dyes, such as Thioflavin S, within 24h [START_REF] De Calignon | Caspase activation precedes and leads to tangles[END_REF] , suggesting that this conversion process may occur fairly rapidly.

Maturation of Tau aggregates within neurons

It is now quite established that mature NFTs form from the accumulation of PHFs into the cell. Indeed, electron-microscopy studies showed that tangles in the brain of AD patients are composed of PHFs [START_REF] Bancher | Accumulation of abnormally phosphorylated τ precedes the formation of neurofibrillary tangles in Alzheimer's disease[END_REF]. It was also shown in vitro that PHFs can rearrange over time to form clusters that present the same characteristics than AD brain-derived NFTs [START_REF] Rankin | Pre-assembled tau filaments phosphorylated by GSK-3b form large tangle-like structures[END_REF]. This follows a process of maturation (Figure 8) that can be observed using different antibodies and colorations [START_REF] Augustinack | Specific tau phosphorylation sites correlate with severity of neuronal cytopathology in Alzheimer's disease[END_REF][START_REF] Bancher | Accumulation of abnormally phosphorylated τ precedes the formation of neurofibrillary tangles in Alzheimer's disease[END_REF][START_REF] Braak | A sequence of cytoskeleton changes related to the formation of neurofibrillary tangles and neuropil threads[END_REF][START_REF] Galván | Sequence of neurofibrillary changes in aging and Alzheimer's disease: A confocal study with phospho-tau antibody, AD2[END_REF]. In the first stage, named pre-tangle, diffuse or granular Tau aggregates are found around the nucleus and in the cytoplasm. Those are usually not positive for amyloid stains but are reactive for several phosphoepitopes. Then, in the intracellular NFT stage (iNFT), large fibrillar argyrophilic inclusions accumulate in the soma of neurons, to the point that nuclear displacement is often observed. During this stage, signs of neuritic deterioration can also be observed. The last stage of aggregation, named extracellular NFT (eNFT) or "ghost tangle", is characterized by extracellular fibrillar Tau deposits in the shape of neuronal cell bodies. In this stage, no nucleus can be observed and neurites often present morphological abnormalities, suggesting that the neuron has died. Interestingly, while this stage is highly positive for amyloid dyes (such as Thioflavin S staining and Gallyas silver impregnation), a loss of phospho-Tau immunoreactivity is often observed.

b) Tau post-translational modifications and their link to Tau aggregation

Tau hyperphosphorylation

Since the observation that Tau present in PHF preparations is abnormally phosphorylated (Grundke- [START_REF] Grundke-Iqbal | Abnormal phosphorylation of the microtubule-associated protein tau (tau) in Alzheimer cytoskeletal pathology[END_REF], it has been suggested that phosphorylation plays an important role in the process of aggregation. Indeed, with 85 putative sites, phosphorylation is the most prominent post-translational modification of Tau (Figure 9, [START_REF] Martin | Post-translational modifications of tau protein: Implications for Alzheimer's disease[END_REF]. Among those sites, many are phosphorylated in physiological conditions and become hyperphosphorylated during tauopathy, with phosphorylation also occurring at additional pathological sites. Hyperphosphorylation probably represents an early event in the pathological cascade as it can usually be observed in neuronal somas before the apparition of argyrophilic NFTs [START_REF] Braak | A sequence of cytoskeleton changes related to the formation of neurofibrillary tangles and neuropil threads[END_REF]. One of the mechanisms by which it drives Tau aggregation is through the reduction of Tau-MT interaction. For example, pseudophosphorylation at Ser262 has been found to induce a change in the secondary structure of the first and second repeats in the MT-binding domain, associated with a strong reduction of Tau binding to MT [START_REF] Fischer | Conformational Changes Specific for Pseudophosphorylation at Serine 262 Selectively Impair Binding of Tau to Microtubules[END_REF]. Phosphorylation of Tau on Thr231 has also been described to induce a reduction of Tau binding to the microtubule (Cho andJohnson, 2003, 2004). This may increase the concentration of soluble unbound Tau that may in turn be more prone to aggregate. Interestingly, however, phosphorylation at Ser262 that leads to the release of Tau from the MT also inhibits its aggregation [START_REF] Schneider | Phosphorylation that detaches tau protein from microtubules (Ser262, Ser214) also protects it against aggregation into Alzheimer paired helical filaments[END_REF]. The change in Tau conformation leading to detachment from the MT may in turn reduce the ability of the MBD to form intermolecular interactions [START_REF] Fischer | Conformational Changes Specific for Pseudophosphorylation at Serine 262 Selectively Impair Binding of Tau to Microtubules[END_REF]. Similarly, 9E18-phosphoTau KI mice, that present a reduction in MT-bound Tau proteins do not show any kind of Tau aggregate [START_REF] Gilley | Mislocalization of neuronal tau in the absence of tangle pathology in phosphomutant tau knockin mice[END_REF], suggesting that hyperphosphorylation and liberation of Tau from the MT are not necessarily sufficient to induce aggregation. Further processes may thus be necessary to promote polymerization of Tau. This could include other post-translational modifications as well as further phosphorylation at additional sites. Indeed, several pathological phosphorylation sites were found to have no effect on MT binding [START_REF] Cho | Glycogen Synthase Kinase 3β Phosphorylates Tau at Both Primed and Unprimed Sites DIFFERENTIAL IMPACT ON MICROTUBULE BINDING[END_REF], or have even opposite effects [START_REF] Liu | Site-specific effects of tau phosphorylation on its microtubule assembly activity and self-aggregation[END_REF], suggesting that those may act elsewhere in the pathological cascade leading to Tau aggregation.

Effect of phosphorylation on Tau aggregation

The presence of some epitopes associated mainly with pre-tangles indeed suggests that some phosphorylation sites may trigger association [START_REF] Augustinack | Specific tau phosphorylation sites correlate with severity of neuronal cytopathology in Alzheimer's disease[END_REF]. This suggests that those epitopes may appear after detachment of Tau from the MT and may be implicated in the aggregation process, by promoting polymerization of Tau. More precisely, it is possible that sequential phosphorylation of Tau may occur concurrently to its sequential aggregation, driving successively processes of oligomerization and fibrillation. Indeed, some phospho-epitopes located in the MT-binding regions induce oligomerization of Tau but are not sufficient for fibril formation [START_REF] Tepper | Oligomer Formation of Tau Protein Hyperphosphorylated in Cells[END_REF].

Conversely, oligomerization of Tau has been described to occur before phosphorylation at the AT8 epitope (Lasagna-Reeves et al., 2012a). Sequential phosphorylation at the AT8 (phospho-Ser202/Thr205) and AT100 (phospho-Thr212/Ser214) epitopes has been found to modify Tau conformation rendering the protein more prone to aggregate without affecting its ability to bind MT [START_REF] Jeganathan | Proline-directed Pseudo-phosphorylation at AT8 and PHF1 Epitopes Induces a Compaction of the Paperclip Folding of Tau and Generates a Pathological (MC-1) Conformation[END_REF]. This suggests that additional conformational changes of Tau proteins may convert oligomers into a form prone to fibrillation. Lastly, phosphorylation at several pathological sites has been shown to be able to induce the clustering of preformed fibrils into NFT-like structures [START_REF] Rankin | Pre-assembled tau filaments phosphorylated by GSK-3b form large tangle-like structures[END_REF]. Polymerization can thus occur before phosphorylation and some specific phosphorylation sites may be involved in the formation of NFTs from PHFs. The localisation of phosphorylation sites on Tau protein may be determinant on its effect on aggregation. Indeed, while phosphorylation at the KXGS motif in the MBD does not have obvious effect on Tau aggregation [START_REF] Khlistunova | Inducible Expression of Tau Repeat Domain in Cell Models of Tauopathy AGGREGATION IS TOXIC TO CELLS BUT CAN BE REVERSED BY INHIBITOR DRUGS[END_REF] phosphorylation of the C-terminal region strongly is a strong enhancer of Tau aggregation [START_REF] Liu | Site-specific effects of tau phosphorylation on its microtubule assembly activity and self-aggregation[END_REF].

Effect of truncation on Tau aggregation Among Tau post-translational modifications, the second most studied is truncation. Tau is the substrate of many proteases including caspases, calpains and aminopeptidases [START_REF] Chesser | Tau clearance mechanisms and their possible role in the pathogenesis of Alzheimer disease[END_REF]. The temporal relationship between aggregation and truncation, however, remains a matter of debate. For example, Tau fragments produced by endogenous cleavage at Glu391 were found to be enriched in PHFs [START_REF] Novak | Molecular characterization of the minimal protease resistant tau unit of the Alzheimer's disease paired helical filament[END_REF]. Generation of this fragment likely occurs through stepwise proteolysis of Tau.

Cleavage of by caspase-3, -7 or-8 generates a fragment truncated at Asp421 [START_REF] De Calignon | Caspase activation precedes and leads to tangles[END_REF][START_REF] Gamblin | Caspase cleavage of tau: Linking amyloid and neurofibrillary tangles in Alzheimer's disease[END_REF] that is then further processed to produce the 151-391 fragments found in PHFs [START_REF] Guillozet-Bongaarts | Tau truncation during neurofibrillary tangle evolution in Alzheimer's disease[END_REF]. Caspase cleavage seems to be an early event in NFT formation process, although after the apparition of Alz50 reactivity, a marker of misfolded Tau [START_REF] Guillozet-Bongaarts | Tau truncation during neurofibrillary tangle evolution in Alzheimer's disease[END_REF]. This could suggest that cleavage occurs after fibril formation.

Strong body of evidence, however, suggest that this cleaved form of Tau plays an important role in the process of aggregation. Indeed, caspase cleaved Tau is found in the brain of AD patients, both pretangles and mature NFTs [START_REF] Guo | Active Caspase-6 and Caspase-6-Cleaved Tau in Neuropil Threads, Neuritic Plaques, and Neurofibrillary Tangles of Alzheimer's Disease[END_REF]. In a transgenic mouse model, caspase activation was found to precede tangle formation, suggesting that caspase cleavage may occur before fibril formation [START_REF] De Calignon | Caspase activation precedes and leads to tangles[END_REF]. Moreover, transgene suppression reduced caspase activation suggesting that soluble Tau species are responsible for caspase activation, further implicating caspases as early effectors of Tau pathology. Indeed, overexpression of the 151-391 fragments in transgenic rats was found to be sufficient to induce Tau aggregation, the aggregation process following the classical pattern observed in AD patients (Zilka et al., 2006). Caspase cleaved Tau is also able to induce the aggregation of endogenous murine protein, suggesting that Tau fragments are able to nucleate aggregation [START_REF] De Calignon | Caspase activation precedes and leads to tangles[END_REF].

The way Tau truncation may promote Tau aggregation may be through the removal of inhibitory activity from the C-terminal domain. Indeed, recombinant Tau fragments composed uniquely of the MT-binding region are more prone to aggregation in vitro than full-length Tau [START_REF] Barghorn | Structure, Microtubule Interactions, and Paired Helical Filament Aggregation by Tau Mutants of Frontotemporal Dementias[END_REF]. Similarly, caspase-cleaved Tau was also found to polymerize more rapidly than full-length Tau [START_REF] Gamblin | Caspase cleavage of tau: Linking amyloid and neurofibrillary tangles in Alzheimer's disease[END_REF]. Altogether those results suggest that N-terminal and C-terminal regions of Tau may inhibit aggregation and that truncation may promote fibrillation by exposing the repeated domains.

Other post-translational modifications Other post-translational modifications of Tau have been described, including nitration, polyamination, acetylation and glycosylation [START_REF] Martin | Post-translational modifications of tau protein: Implications for Alzheimer's disease[END_REF]. Those may also play important roles at different steps of Tau aggregation. For example, reduced O-GlcNAcylation of Tau was described in low glucose condition as well as in the brain of AD patients [START_REF] Liu | O-GlcNAcylation regulates phosphorylation of tau: A mechanism involved in Alzheimer's disease[END_REF]. O-GlcNAcylation reduces Tau phosphorylation at several pathological epitopes and reduced O-GlcNAcylation observed in patients is associated with increased hyperphosphorylation of Tau [START_REF] Liu | Reduced O-GlcNAcylation links lower brain glucose metabolism and tau pathology in Alzheimer's disease[END_REF]. This implicates O-GlcNAcylation early in the pathological process.

Acetylation may also occur early in the process of Tau aggregation. Indeed, acetylation of Tau inhibits its ubiquitination and targeting to the proteasome, thus impairing its degradation and leading to its accumulation in vitro [START_REF] Min | Acetylation of Tau Inhibits Its Degradation and Contributes to Tauopathy[END_REF]. Increased acetylation was observed in pathological conditions in vitro and in the brain of AD patients, preceding hyperphosphorylation and NFT formation. Interestingly, the effect of acetylation on Tau function and aggregation may depend on the region of the protein that is targeted, much alike what is observed with phosphorylation. Indeed, acetylation of Tau at Lys174 prevents its degradation but has no effect on aggregation [START_REF] Min | Critical role of acetylation in tau-mediated neurodegeneration and cognitive deficits[END_REF]. Conversely, acetylation of Lys280 inhibits Tau function and promotes aggregation [START_REF] Cohen | The acetylation of tau inhibits its function and promotes pathological tau aggregation[END_REF] while targeting of the KXGS motif in the MT-binding region instead impairs Tau aggregation [START_REF] Cook | Acetylation of the KXGS motifs in tau is a critical determinant in modulation of tau aggregation and clearance[END_REF]. This suggests that those post-translational modifications may occur as a response to pathological conditions and that, in turn, an imbalance in the post-translational processing of Tau may act as a trigger or enhancer of Tau aggregation.

Interplay between post-translational modifications and relation to aggregation

The way all those post-translational modifications interact to promote Tau aggregation is however still poorly understood (Figure 10). The primary alteration may be reduction in O-GlcNAcylation of Tau, triggering hyerphosphorylation and subsequent release of Tau from the MT. Acetylation may also be involved in the increase in Tau phosphorylation. The sequence of events afterwards and, more specifically, the temporal relationship between phosphorylation, aggregation and truncation remains a matter of debate. In both human and mouse brain, the number of NFT-like structures presenting with phosphorylated Tau exceeds that of structures positive for truncated or misfolded Tau [START_REF] Mondragón-Rodríguez | Cleavage and conformational changes of tau protein follow phosphorylation during Alzheimer's disease[END_REF], which was described as evidence that phosphorylation precedes conformation changes and cleavage. Conversely, phosphorylation of caspase-truncated Tau has also been described, promoting its aggregation [START_REF] Cho | Primed phosphorylation of tau at Thr231 by glycogen synthase kinase 3β (GSK3β) plays a critical role in regulating tau's ability to bind and stabilize microtubules[END_REF]. In addition, Tau cleavage as also been found to induce hyperphosphorylation and promote aggregation [START_REF] Zhang | Cleavage of tau by asparagine endopeptidase mediates the neurofibrillary pathology in Alzheimer's disease[END_REF] and stepwise cleavage of Tau fragments was described as a prerequisite for Tau aggregation in vitro [START_REF] Wang | Stepwise proteolysis liberates tau fragments that nucleate the Alzheimer-like aggregation of full-length tau in a neuronal cell model[END_REF]. Thus, those two post-translational modifications probably act in synergy to promote aggregation. Conversely, those may also represent respective compensatory mechanisms to halt the aggregation process. Indeed, phosphorylation at Ser422 for example was found to precede caspase-cleavage of Tau and inhibit truncation in vitro [START_REF] Guillozet-Bongaarts | Pseudophosphorylation of tau at serine 422 inhibits caspase cleavage: in vitro evidence and implications for tangle formation in vivo[END_REF]. Conversely, truncation may be arising from an attempt to degrade soluble hyperphosphorylated Tau [START_REF] Chesser | Tau clearance mechanisms and their possible role in the pathogenesis of Alzheimer disease[END_REF].

To conclude, Tau aggregation seems to be tightly regulated through different post-translational modification. Some of the could be related to an attempt of slowing down the process, which may in turn become deleterious and further potentiate Tau polymerization. Targeting only one of those posttranslational modifications may not be sufficient to counteract Tau aggregation when the process has already been triggered. However, targeting the earliest dysregulations, such as O-GlcNAcylation or Acetylation, may prevent the machinery being started. 

c) Prion-like spreading of Tau pathology

Anatomical connectivity

Evidences for the prion-like spreading of Tau pathology arise from the observation that anatomically connected regions become sequentially involved in AD [START_REF] Braak | Neuropathological stageing of Alzheimer-related changes[END_REF]Delacourte et al., 1999, Figure 11). Tau pathology starts in the locus coeruleus and progressively spreads to the transentorhinal, entorhinal and hippocampal regions before reaching all neocortical regions starting with the temporal cortex (Braak and Del Tredici, 2011;Braak et al., 2011). Thus, the progression of Tau pathology from the locus coeruleus to other brain regions follows the known pattern of connectivity of this structure, which is consistent with the idea that Tau pathology spreads through anatomical connections. Indeed, neurons from the locus coeruleus send dense projections to the transentorhinal region. Then, the progression of Tau pathology in the parahippocampal-hippocampal circuit is first observed in the entorhinal subfields that directly project to the hippocampus (HC) and later in the regions from which outputs of the HC leave [START_REF] Hyman | Alzheimer's disease: cell-specific pathology isolates the hippocampal formation[END_REF][START_REF] Lace | Hippocampal tau pathology is related to neuroanatomical connections: an ageing population-based study[END_REF]. Lastly, all cortical regions that are progressively affected in AD are reciprocally connected, the pattern of Tau pathology being consistent with the distribution of those connections in cortical layers (Braak andTredici, 2011, 2015). Neurons from the locus coeruleus send dense projections to the transentorhinal region, where Tau pathology is found to progress, first as pre-tangles (stages 1a and 1b) then as argyrophilic NFTs (Braak stages I-II). Then, pathology spreads to the hippocampal region (Braak stages III-IV) and finally to the entire isocortex, starting with the temporal lobe (Braak stages V-VI). Interestingly, all cortical regions that are affected in the progression of AD pathology are tightly connected. The circuit of sensory-motor information starts in the primary sensory cortex and travels through the association cortex before reaching the temporal limbic system. This pathway is made of reciprocal connections with the exception that on the "return" pathway, connections are more diffuse, synaptic contact being made in all cortical layers with the exception of layer IV. Interestingly, layer IV of the cortex is usually devoid of Tau pathology in AD patients.

Data from animal models of tauopathies also confirms the idea of a trans-synaptic spreading of Tau pathology. Indeed, injection of either human brain extracts [START_REF] Clavaguera | Transmission and spreading of tauopathy in transgenic mouse brain[END_REF] or recombinant Tau fibrils [START_REF] Sanders | Distinct Tau Prion Strains Propagate in Cells and Mice and Define Different Tauopathies[END_REF] in the brain of transgenic mice leads to the induction of Tau pathology. This pathology shows a time-dependent pattern with the sequential propagation to neighboring regions (anatomically connected to the injection site or to each other). In addition, in a transgenic mouse model where human Tau expression is restricted to the entorhinal cortex Tau is first found to aggregate in neurons from the entorhinal cortex before progressing to the HC [START_REF] De Calignon | Propagation of Tau Pathology in a Model of Early Alzheimer's Disease[END_REF]. Those aggregates appear in neurons where no transgene expression can be found, suggesting that pathological Tau is able to travel through anatomical connections and enter downstream neurons where it induces the aggregation of endogenous Tau.

It was suggested that this prion-like trans-synaptic spreading of Tau pathology may be responsible for the diversity of phenotypes observed in tauopathies. Indeed, when injected to specific brain regions, preformed Tau fibrils are able to propagate to connected areas [START_REF] Peeraer | Intracerebral injection of preformed synthetic tau fibrils initiates widespread tauopathy and neuronal loss in the brains of tau transgenic mice[END_REF] and thus impair the function of an entire network, leading to different patterns of behavioural deficits [START_REF] Stancu | Templated misfolding of Tau by prion-like seeding along neuronal connections impairs neuronal network function and associated behavioral outcomes in Tau transgenic mice[END_REF].

Mechanisms of Tau transfer along anatomical connections

The question that remains, however, is whether this spreading of Tau through anatomical connections is due to the passive release of Tau from degenerating neurons or if it involves an active transfer of pathological species. Although spreading may occur from both mechanisms, the observation of Tau oligomers both at pre-synaptic and post-synaptic terminals may argue for an active transport mechanism [START_REF] Tai | Frequent and symmetric deposition of misfolded tau oligomers within presynaptic and postsynaptic terminals in Alzheimer's disease[END_REF]. Indeed, it was shown in vitro that Tau protein is able to travel from the soma and axon of a primary neuron to a secondary neuron [START_REF] Dujardin | Neuron-to-neuron wild-type Tau protein transfer through a trans-synaptic mechanism: relevance to sporadic tauopathies[END_REF] and that this transfer is potentiated when the two populations are able to form synaptic contacts [START_REF] Calafate | Synaptic Contacts Enhance Cell-to-Cell Tau Pathology Propagation[END_REF]. Neuronal activity also seems to promote Tau propagation [START_REF] Calafate | Synaptic Contacts Enhance Cell-to-Cell Tau Pathology Propagation[END_REF][START_REF] Pooler | Physiological release of endogenous tau is stimulated by neuronal activity[END_REF]. This suggests that synaptic contact plays an important role in the propagation of Tau pathology and that Tau may be released via synaptic vesicle [START_REF] Pooler | Physiological release of endogenous tau is stimulated by neuronal activity[END_REF]. It is highly probable however that this is not the sole mechanism by which Tau can be transferred between neurons [START_REF] Wang | Tau in physiology and pathology[END_REF].

Indeed, several in vitro and in vivo studies showed that Tau can be found in ectosomes and exosomes in both physiological and pathological conditions. However, the amount of Tau released through exosomes is higher in tauopathy models compared to control animals [START_REF] Polanco | Extracellular Vesicles Isolated from the Brains of rTg4510 Mice Seed Tau Protein Aggregation in a Threshold-dependent Manner[END_REF] and Tau present in exosomes is found mainly in a pathological truncated form (Dujardin et al., 2014a). This suggests that, while Tau is physiologically excreted through ectosomes, accumulation of pathological Tau may induce autophagy mechanisms associated with Tau cleavage and integration into multi-vesicular bodies (MVBs). Spill-over of those MVBs in the form of Tau-containing exosomes would then occur, allowing for the spreading of Tau pathology. After release into the extracellular space, aggregates could then enter the downstream neuron by active endocytosis [START_REF] Frost | Propagation of Tau Misfolding from the Outside to the Inside of a Cell[END_REF], mediated by Tau binding to heparin sulfate proteoglycans [START_REF] Holmes | Heparan sulfate proteoglycans mediate internalization and propagation of specific proteopathic seeds[END_REF], where they are able to induce the aggregation of endogenous Tau by a seeding and spreading mechanism.

Lastly, it has recently been suggested that reactive microglial cells, present at the site of neurodegeneration, may be involved in the spreading of Tau. Indeed, transgenic mice expressing human Tau in a microglial fractalkine receptor (CX3CR1) knockout background present microglial activation before spreading of Tau pathology [START_REF] Maphis | Reactive microglia drive tau pathology and contribute to the spreading of pathological tau in the brain[END_REF]. This suggests that the progression of neuroinflammation may be a trigger for the spreading of Tau pathology along connected regions.

Seeding and spreading mechanism

Evidence for a seeding and spreading mechanism comes from the finding that human Tau is able to nucleate the aggregation of endogenous murine Tau in a wide variety of models [START_REF] Clavaguera | Transmission and spreading of tauopathy in transgenic mouse brain[END_REF][START_REF] Clavaguera | Brain homogenates from human tauopathies induce tau inclusions in mouse brain[END_REF][START_REF] De Calignon | Propagation of Tau Pathology in a Model of Early Alzheimer's Disease[END_REF]. In these studies, ggregates are usually composed of a mixture of endogenous and exogenous Tau, suggesting that human Tau aggregates act as a seed to convert the endogenous protein into a pathological form [START_REF] Frost | Propagation of Tau Misfolding from the Outside to the Inside of a Cell[END_REF]. Indeed, those induced aggregates are found in a fibrillary form, much alike the ones that seeded aggregation, suggesting transmission of a conformation. Those aggregates are usually also seeding-competent, i.e. able to transfer between cells and to further induce aggregation. The stability of Tau aggregation through multiple generations, observed both in vitro and in vivo, thus confirms that Tau pathology acts through a seeding and spreading mechanism [START_REF] Calafate | Synaptic Contacts Enhance Cell-to-Cell Tau Pathology Propagation[END_REF][START_REF] Frost | Propagation of Tau Misfolding from the Outside to the Inside of a Cell[END_REF][START_REF] Sanders | Distinct Tau Prion Strains Propagate in Cells and Mice and Define Different Tauopathies[END_REF].

What is less clear, however, is which species of Tau may be responsible for this seeding and spreading mechanism. It was shown in several studies that most Tau species were able to enter cells [START_REF] Michel | Extracellular Monomeric Tau is Sufficient to Initiate the Spread of Tau Pathology[END_REF][START_REF] Mirbaha | Tau Trimers Are the Minimal Propagation Unit Spontaneously Internalized to Seed Intracellular Aggregation[END_REF], although Tau aggregates are more readily taken up by cells in culture compared to monomeric Tau [START_REF] Frost | Propagation of Tau Misfolding from the Outside to the Inside of a Cell[END_REF]. However, only aggregated Tau could seed further aggregation [START_REF] Falcon | Conformation Determines the Seeding Potencies of Native and Recombinant Tau Aggregates[END_REF].

As for the step of aggregation necessary for Tau seeding, insoluble Tau aggregates seemed able to induce further aggregation [START_REF] Clavaguera | Transmission and spreading of tauopathy in transgenic mouse brain[END_REF][START_REF] Peeraer | Intracerebral injection of preformed synthetic tau fibrils initiates widespread tauopathy and neuronal loss in the brains of tau transgenic mice[END_REF], but Tau oligomers seemed to be the most seeding-competent when injected into the brain of wild-type mice [START_REF] Lasagna-Reeves | Alzheimer brain-derived tau oligomers propagate pathology from endogenous tau[END_REF]. Interestingly, transferred Tau species are mainly in a dephosphorylated state [START_REF] Dujardin | Neuron-to-neuron wild-type Tau protein transfer through a trans-synaptic mechanism: relevance to sporadic tauopathies[END_REF][START_REF] Pooler | Physiological release of endogenous tau is stimulated by neuronal activity[END_REF]. Indeed, while Tau pathology in mice models is associated with strong phosphorylation of the protein at a number of pathological epitopes, the pattern of phosphorylation of exosomal Tau is different, with several epitopes being absent [START_REF] Polanco | Extracellular Vesicles Isolated from the Brains of rTg4510 Mice Seed Tau Protein Aggregation in a Threshold-dependent Manner[END_REF]. This suggests that seeding-competent and toxic Tau species may not necessarily be the same. 2008). In other words, little is known to date of the link between Tau aggregation and its toxicity. This matter will be addressed in following sections of this introduction, with a particular focus on which stage of Tau aggregation may represent the toxic species.

Inhibition of aggregation has been a main focus of study for the development of

3) Which forms of Tau are toxic?

a) Classic view of NFTs as being toxic

Since the discovery that the spatial progression of Tau pathology is associated with increased severity of AD dementia [START_REF] Braak | Neuropathological stageing of Alzheimer-related changes[END_REF], it has been suggested that NFT formation played an active role in neurodegeneration. Indeed, several studies have found a strong correlation between NFT number and neuronal loss as well as clinical score, suggesting that NFT-dependent neurodegeneration plays an important role in the cognitive decline found in demented patients [START_REF] Dickson | Correlations of synaptic and pathological markers with cognition of the elderly[END_REF][START_REF] Giannakopoulos | Tangle and neuron numbers, but not amyloid load, predict cognitive status in Alzheimer's disease[END_REF]. This is supported by the finding that reducing NFT formation correlates with a diminution of neurodegeneration [START_REF] Noble | Inhibition of glycogen synthase kinase-3 by lithium correlates with reduced tauopathy and degeneration in vivo[END_REF]. NFT-bearing neurons also present a strong decrease in several pre-and post-synaptic markers when compared to neighboring neurons, implying that synaptic transmission is impaired due to tangle formation [START_REF] Callahan | Quantitative Decrease in Synaptophysin Message Expression and Increase in Cathepsin D Message Expression in Alzheimer Disease Neurons Containing Neurofibrillary Tangles[END_REF][START_REF] Ginsberg | Expression profile of transcripts in Alzheimer's disease tangle-bearing CA1 neurons[END_REF].

b) Evidence against toxicity of NFTs

This classic view of NFTs as being the main species of Tau-induced toxicity is however now strongly questioned. Indeed, spatial dissociation between NFT formation and neurodegeneration was observed in the brain of AD patients [START_REF] Vogt | Multivariate Analysis of Laminar Patterns of Neurodegeneration in Posterior Cingulate Cortex in Alzheimer's Disease[END_REF] as well as transgenic mouse models [START_REF] Spires | Region-specific dissociation of neuronal loss and neurofibrillary pathology in a mouse model of tauopathy[END_REF]. In addition, not all atrophied neurons found in a given region of AD cases and transgenic mouse models present hyperphosphorylated Tau inclusions while Tau accumulation can be found in morphologically normal neurons [START_REF] Andorfer | Cell-Cycle Reentry and Cell Death in Transgenic Mice Expressing Nonmutant Human Tau Isoforms[END_REF][START_REF] Van De Nes | Non-tau based neuronal degeneration in Alzheimer's disease -an immunocytochemical and quantitative study in the supragranular layers of the middle temporal neocortex[END_REF][START_REF] Rocher | Structural and functional changes in tau mutant mice neurons are not linked to the presence of NFTs[END_REF]. In addition, although NFT number correlates with neurodegeneration, it has been shown that the amount of neuronal loss strongly exceeds the number of tangle-bearing neurons [START_REF] Gómez-Isla | Neuronal loss correlates with but exceeds neurofibrillary tangles in Alzheimer's disease[END_REF][START_REF] Vogt | Multivariate Analysis of Laminar Patterns of Neurodegeneration in Posterior Cingulate Cortex in Alzheimer's Disease[END_REF],

suggesting that most neurons die from another mechanism. Thus, NFTs formation does not seem necessary nor sufficient for neuronal loss to occur. On the contrary, neurons seem to be able to live for decades after Tau started to aggregate in the soma [START_REF] Morsch | Neurons May Live for Decades with Neurofibrillary Tangles[END_REF].

Recent evidence suggests that tangle-formation may actually be protective for the cell. In a transgenic mouse model exhibiting impairments in synaptic plasticity, both NFT-positive and NFT-negative neurons were able of synaptic potentiation, although to a lesser extent than observed in wild-type mice.

Interestingly, tangle-bearing neurons seemed more able to react to environmental enrichment, suggesting not only that they were fully integrated in neural networks, but seemed more functional than those containing only soluble Tau [START_REF] Fox | Soluble tau Species, Not Neurofibrillary Aggregates, Disrupt Neural System Integration in a tau Transgenic Model[END_REF].

In addition caspase activation, an indicator of apoptosis, is found to appear in neurons prior to tangle formation [START_REF] De Calignon | Caspase activation precedes and leads to tangles[END_REF][START_REF] Spires-Jones | In vivo imaging reveals dissociation between caspase activation and acute neuronal death in tangle-bearing neurons[END_REF]. All caspase-positive tangle-bearing neurons, however, displayed an intact nucleus, suggesting that those were not undertaking neurodegeneration. This process of caspase activation was triggered by soluble Tau species, as transgene suppression abolished caspase activation, and lead to Tau aggregation. Taken together, those results suggest that tangle formation arises from initial activation of apoptosis mediated by soluble Tau species and that Tau aggregation into PHFs allows neurons to escape acute neurodegeneration.

c) Soluble species are responsible for Tau-induced neurotoxicity

It was then suggested that soluble Tau species may be responsible for toxicity. Indeed, only soluble hyperphosphorylated Tau, but not PHF-Tau, is able to sequester the normal protein, leading to an inhibition of MT assembly [START_REF] Alonso | Polymerization of hyperphosphorylated tau into filaments eliminates its inhibitory activity[END_REF]. In a model using AAV-mediated gene transfer of mutant Tau, strong neuronal loss was observed in the hippocampus in absence of large Tau aggregates or ghost tangles [START_REF] Jaworski | AAV-Tau Mediates Pyramidal Neurodegeneration by Cell-Cycle Re-Entry without Neurofibrillary Tangle Formation in Wild-Type Mice[END_REF]. Reduction in synaptophysin transcript can also be observed in NFT-free neurons of AD patients compared to control subjects, suggesting that pathogenic mechanisms may be in place in those patients that could simultaneously induce synaptic defects and Tau aggregation into PHFs [START_REF] Callahan | Quantitative Decrease in Synaptophysin Message Expression and Increase in Cathepsin D Message Expression in Alzheimer Disease Neurons Containing Neurofibrillary Tangles[END_REF].

Further evidence for the involvement of toxic soluble species of Tau comes from the study of inducible mouse models. Indeed, in the rTg4510 model, Tau transgene suppression is able to halt neurodegeneration, rescues impairment in synaptic plasticity [START_REF] Fox | Soluble tau Species, Not Neurofibrillary Aggregates, Disrupt Neural System Integration in a tau Transgenic Model[END_REF], and leads to behavioural recovery while NFTs continue to form [START_REF] Santacruz | Tau Suppression in a Neurodegenerative Mouse Model Improves Memory Function[END_REF]. Interestingly, long transgene suppression led to an increase in NFT formation suggesting that tangles may represent a less harmful stable form, used by the cell to trap toxic soluble species. In a more recent study, although clearance of NFTs could be observed after long transgene suppression, shorter treatment were already able to reduce neuronal loss and halt synaptic degeneration without inducing dissolution of NFTs [START_REF] Polydoro | Reversal of Neurofibrillary Tangles and Tau-Associated Phenotype in the rTgTauEC Model of Early Alzheimer's Disease[END_REF].

Work from a different team, using mice conditionally expressing mutant pro-aggregation forms of Tau, yielded similar results. Cognitive performance and synaptic markers recovered after transgene suppression, while large Gallyas-positive aggregates remained up to 4 months following doxycycline treatment (Sydow et al., 2011a). Interestingly, however, the composition of those aggregates seemed highly dynamic, as they were found to contain uniquely murine Tau after transgene suppression (Sydow et al., 2011b). This could serve as evidence that NFTs do indeed serve as a trap of soluble toxic species.

d) The aggregation of Tau is necessary for toxicity

The question that remains however is which form of soluble Tau may be responsible for toxicity. Aggregation of Tau still seems necessary for its toxicity. Indeed, in a cell model expressing either wildtype, pro-aggregation ΔK280 or anti-aggregation Tau fragments, toxicity was observed mostly in the condition where Tau was able to aggregate, i.e. in the pro-aggregation condition where Thioflavin Spositive Tau fibrils were observed [START_REF] Khlistunova | Inducible Expression of Tau Repeat Domain in Cell Models of Tauopathy AGGREGATION IS TOXIC TO CELLS BUT CAN BE REVERSED BY INHIBITOR DRUGS[END_REF][START_REF] Wang | Stepwise proteolysis liberates tau fragments that nucleate the Alzheimer-like aggregation of full-length tau in a neuronal cell model[END_REF]. Interestingly, toxicity was observed long before the apparition of PHFs, suggesting that lower order aggregates are the major contributors of Tau-induced toxicity. Similar results were obtained when those fragments were expressed in mice [START_REF] Mocanu | The Potential for β-Structure in the Repeat Domain of Tau Protein Determines Aggregation, Synaptic Decay, Neuronal Loss, and Coassembly with Endogenous Tau in Inducible Mouse Models of Tauopathy[END_REF]. Similarly, conditional expression of full-length human Tau bearing the proaggregation ΔK280 mutation led to cognitive impairment and synaptic defects associated with Tau aggregation, although no end-stage NFT was observed [START_REF] Van Der Jeugd | Cognitive defects are reversible in inducible mice expressing pro-aggregant full-length human Tau[END_REF]. This led to the identification of soluble oligomers as potential candidates for the species responsible of toxicity.

e) Toxicity of Tau oligomers

First evidence for the toxicity of Tau oligomers came from anatomo-pathological studies in which Tau oligomers, composed of phosphorylated Tau, were observed in the brain of AD patients (Lasagna-Reeves et al., 2012a;[START_REF] Patterson | Characterization of Prefibrillar Tau Oligomers in Vitro and in Alzheimer Disease[END_REF]. Tau oligomers were a component of most lesions (in pretangle neurons, in neurons bearing intracellular-NFT, threads, coiled bodies and neuritic plaques) but were interestingly mostly absent from ghost tangles. Those oligomers could be observed in the frontal cortex of AD patients, even at stages where NFTs are not already present in this region [START_REF] Maeda | Increased levels of granular tau oligomers: an early sign of brain aging and Alzheimer's disease[END_REF]. This suggests that Tau oligomers formation precedes the apparition of tangles, implicating them upstream in the pathological cascade. This is consistent with the recent finding that a non-causative MAPT mutation, that increases oligomer formation, is associated with increased risk of developing AD and PSP [START_REF] Coppola | Evidence for a role of the rare p.A152T variant in MAPT in increasing the risk for FTD-spectrum and Alzheimer's diseases[END_REF].

Initial report of small multimeric Tau aggregates in rodent models was done in rTg4510 mice [START_REF] Berger | Accumulation of pathological tau species and memory loss in a conditional model of tauopathy[END_REF]. In this study, authors were able to identify two multimers (respectively of 140 and 170 kDa)

whose levels correlated tightly with cognitive performance of mice. Interestingly, 140kDa Tau was observed even before the apparition of cognitive deficits, suggesting that it had to accumulate before affecting neuronal function. This was supported by the finding that treatment with methylene blue, an inhibitor of Tau oligomerization, leads to the rescue of oligomer-mediated nucleic acid damage in mice subjected to hypothermia-stress [START_REF] Violet | Prefibrillar Tau oligomers alter the nucleic acid protective function of Tau in hippocampal neurons in vivo[END_REF]. Following injection in wild-type mice, both recombinant and brain-derived Tau oligomers are the only species able to induce a large variety of cellular defects, including reduction of synaptic and mitochondrial markers, caspase activation and neuronal loss, leading to cognitive deficits [START_REF] Lasagna-Reeves | Tau oligomers impair memory and induce synaptic and mitochondrial dysfunction in wild-type mice[END_REF][START_REF] Lasagna-Reeves | Alzheimer brain-derived tau oligomers propagate pathology from endogenous tau[END_REF]Those effects could be observed in another study prior to the apparition of tangles [START_REF] Fá | Extracellular Tau Oligomers Produce An Immediate Impairment of LTP and Memory[END_REF]. This confirms that oligomers exert direct toxicity irrespective of the presence of NFTs. This was also observed in vitro. Indeed, when applied to cells, recombinant Tau producing the highest level of Tau oligomers is the one that induces most cell death and membrane leakage [START_REF] Flach | Tau oligomers impair artificial membrane integrity and cellular viability[END_REF]. In addition, the amount of membrane leakage was strongly correlated with the amount of oligomers, confirming that those represent the major toxic species. More specifically, Tau trimers were shown to exert particular toxicity when compared to monomers and dimers [START_REF] Tian | Trimeric tau is toxic to human neuronal cells at low nanomolar concentrations[END_REF].

The case of granular Tau oligomers (GTOs)

GTOs are amorphous round-like aggregates composed of approximately 40 Tau proteins [START_REF] Maeda | Granular Tau Oligomers as Intermediates of Tau Filaments[END_REF]. Those oligomers could be observed in the frontal cortex of AD patients, even at stages where NFTs are not already present in this region, suggesting that they represent an intermediary state of aggregation [START_REF] Maeda | Increased levels of granular tau oligomers: an early sign of brain aging and Alzheimer's disease[END_REF]. Few studies have been performed to unravel the contribution of GTOs to pathogenic mechanisms because of the many difficulties encountered when trying to isolate and visualize them. Indeed, although they are large insoluble aggregates of approximately 1800 kDa, they do not sediment in standard fractionation protocols [START_REF] Maeda | Granular Tau Oligomers as Intermediates of Tau Filaments[END_REF]. In addition, their high resistance to several reducing conditions blocks them from entering standard SDS-PAGE gels and be detected [START_REF] Cowan | Are tau aggregates toxic or protective in tauopathies? Front[END_REF]. Two recent studies in Drosophila, however, identified GTOs as contributors of neuronal protection, potentially by trapping smaller toxic oligomers [START_REF] Ali | NMNAT suppresses Tau-induced neurodegeneration by promoting clearance of hyperphosphorylated Tau oligomers in a Drosophila model of tauopathy[END_REF][START_REF] Cowan | Rescue from tau-induced neuronal dysfunction produces insoluble tau oligomers[END_REF]. In the first study, chaperones were able to induce the aggregation of Tau soluble oligomers into larger aggregates reminiscent of human GTOs and this was associated with improvement of cognition and halted neurodegeneration [START_REF] Ali | NMNAT suppresses Tau-induced neurodegeneration by promoting clearance of hyperphosphorylated Tau oligomers in a Drosophila model of tauopathy[END_REF]. In the second study using GSK3-β inhibitors, the rescue of motor deficits and disrupted axonal transport was associated with the formation of GTO-like structures that presented morphological similarities compared to those observed in AD brain [START_REF] Cowan | Rescue from tau-induced neuronal dysfunction produces insoluble tau oligomers[END_REF].

f) Can the phenotypic variability observed in tauopathies be attributable to the formation of distinct prionlike strains?

It has been suggested that the diversity of phenotype observed in different tauopathies may be due to the nature of Tau aggregates. More specifically, one hypothesis is that Tau can be present in the form of several prion-like strains, characterized by specific conformations of the protein, each presenting various degrees of toxicity and inducing different phenotypes. This is supported by several studies using animal models of tauopathies. Indeed, when brain homogenates from different tauopathies were injected into the brain of transgenic mice, they triggered the formation of Tau lesions that closely resembled those observed in human cases. More specifically, some gave rise mainly to neuronal Tau aggregation (AD and PART cases) while other also induced the formation of glial Tau aggregates in the form of tufted astrocytes (PSP cases) or astrocytic plaques (CBD brain homogenates; [START_REF] Clavaguera | Brain homogenates from human tauopathies induce tau inclusions in mouse brain[END_REF]. Tau pathology induced by those homogenates not only differed by the cell type but also by the reactivity of Tau aggregates to different pathological Tau epitopes, the stage of Tau aggregation, the pattern of spreading as well as the toxicity induced [START_REF] Boluda | Differential induction and spread of tau pathology in young PS19 tau transgenic mice following intracerebral injections of pathological tau from Alzheimer's disease or corticobasal degeneration brains[END_REF]. Those differences may be due to the very nature of Tau aggregates that may differ between tauopathies depending either on the involvement of specific isoforms, their conformation or both of those factors. Indeed, distinct strains of Tau aggregates can be produced in vitro, those presenting biochemical differences that lead to distinct phenotypes when inoculated into the brain of transgenic mice [START_REF] Sanders | Distinct Tau Prion Strains Propagate in Cells and Mice and Define Different Tauopathies[END_REF].

Interestingly, very distinct patterns of Tau strains can be isolated from the brain of patients suffering from different tauopathies. This suggests that the specific association of different strains may represent a signature of each tauopathy and contribute to the specific phenotype observed in each disease [START_REF] Sanders | Distinct Tau Prion Strains Propagate in Cells and Mice and Define Different Tauopathies[END_REF]. For example, mutations in Tau gene may give rise to different prion-like strains that may explain phenotypic differences observed between sporadic and genetic tauopathies. Indeed, overexpression of mutant P301L Tau using lentiviral vectors is more toxic than overexpression of wildtype Tau [START_REF] Caillierez | Lentiviral Delivery of the Human Wild-type Tau Protein Mediates a Slow and Progressive Neurodegenerative Tau Pathology in the Rat Brain[END_REF]. Those two constructs differ also in their spreading capacity, wild-type Tau spreading further than the mutant P301L protein [START_REF] Dujardin | Neuron-to-neuron wild-type Tau protein transfer through a trans-synaptic mechanism: relevance to sporadic tauopathies[END_REF]. Whether those differences are due to specific conformations of the protein, each having specific mechanisms of toxicity, or rely on the differential production of soluble versus highly aggregated Tau species remains to be studied. Interestingly, some tauopathies, such as AD, are associated with strains of fairly homogenous nature while others exhibit a high variability in the biochemical properties of Tau aggregates [START_REF] Sanders | Distinct Tau Prion Strains Propagate in Cells and Mice and Define Different Tauopathies[END_REF]. This is reminiscent of FTDP-17 cases where different mutations are associated with distinct phenotypes [START_REF] Sergeant | Tau protein as a differential biomarker of tauopathies[END_REF] and suggest that distinct prion-like strains may underlie Tau pathology even in a single disorder.

Although accumulating evidences point towards soluble oligomeric forms as the main contributors of Tau-induced toxicity, it remains that NFT formation may not be benign. The observation of "ghost-tangles" in the brain of patients [START_REF] Bancher | Accumulation of abnormally phosphorylated τ precedes the formation of neurofibrillary tangles in Alzheimer's disease[END_REF] 

Figure 12: Model recapitulating the different potential toxic species of Tau in tauopathies

Small soluble species in the form of oligomers may be responsible for acute neuronal death. Formation of larger aggregates, such as GTOs or NFTs, may represent a defense mechanism put in place by the cell to trap those soluble toxic species. On the longer term, the accumulation of large insoluble aggregates may in turn affect neuronal integrity and lead to slow neurodegeneration. The differences in the morphology of Tau aggregates observed in tauopathies may be the consequence of specific pathological pathways leading to the formation of Tau conformers with different properties of toxicity. Another possibility is that tauopathies differ in the amount of oligomeric forms produced or in the ability of cells to convert those soluble toxic species into larger aggregates. The ability of different Tau proteins to aggregate to a certain stage may be governed by conformational and biochemical differences, which may be referred to as prion-like strains. X 52

4) Mechanisms of Tau-induced toxicity in tauopathies a) Toxic loss of function

It was suggested that one of the mechanisms by which Tau exerts its toxicity may be through a toxic loss of function. Although Tau depletion does not induce gross behavioural abnormality in rodents [START_REF] Tucker | Neurotrophins are required for nerve growth during development[END_REF], slight locomotor deficits [START_REF] Ikegami | Muscle weakness, hyperactivity, and impairment in fear conditioning in tau-deficient mice[END_REF] and memory impairments [START_REF] Ahmed | Cognition and hippocampal synaptic plasticity in mice with a homozygous tau deletion[END_REF] were however observed in old Tau deficient mice. This suggests that, although compensatory mechanisms such as upregulation of other MT-associated proteins may limit the effect of Tau depletion, Tau deficiency may still be detrimental to neurons and, to a greater extent, to aging cells. This toxic loss of function probably involves reduced MT stabilization as hyperphosphorylated Tau shows impaired MT binding and polymerization [START_REF] Fischer | Conformational Changes Specific for Pseudophosphorylation at Serine 262 Selectively Impair Binding of Tau to Microtubules[END_REF][START_REF] Tepper | Oligomer Formation of Tau Protein Hyperphosphorylated in Cells[END_REF]. In addition, several mutations linked to FTDP-17 are associated with a reduction in Tau-MT interaction (Hong et al., 1998). Disruption of MT assembly would then lead to deficits in axonal transport as well as loss of neuronal structure and polarity which may, in the long run, cause neuronal death through deafferentation. Additional functions may also be affected by the trapping of Tau into aggregates. For example, heat stress was recently found to promote oligomerization of Tau and to prevent its translocation to the nucleus and binding to DNA. Thus, it impairs its protective function against oxidative nucleic acid damages [START_REF] Violet | Prefibrillar Tau oligomers alter the nucleic acid protective function of Tau in hippocampal neurons in vivo[END_REF].

b) Toxic gain of function

At the synapse One of the earliest features of tauopathies is the relocalization of Tau from its initial axonal compartment to the soma and dendrites of neurons [START_REF] Braak | Neuropathological stageing of Alzheimer-related changes[END_REF]. Accumulation of aggregates in the somatodendritic compartment is thought to underlie Tau toxic gain of function. Indeed, synaptic impairment and degeneration are early pathological markers both in the brain of patients [START_REF] Callahan | Quantitative Decrease in Synaptophysin Message Expression and Increase in Cathepsin D Message Expression in Alzheimer Disease Neurons Containing Neurofibrillary Tangles[END_REF][START_REF] Ginsberg | Expression profile of transcripts in Alzheimer's disease tangle-bearing CA1 neurons[END_REF] and in a number of animal models [START_REF] Eckermann | The β-Propensity of Tau Determines Aggregation and Synaptic Loss in Inducible Mouse Models of Tauopathy[END_REF][START_REF] Polydoro | Age-dependent impairment of cognitive and synaptic function in the htau mouse model of tau pathology[END_REF][START_REF] Schindowski | Alzheimer's Disease-Like Tau Neuropathology Leads to Memory Deficits and Loss of Functional Synapses in a Novel Mutated Tau Transgenic Mouse without Any Motor Deficits[END_REF].

The mechanisms of Tau-induced synaptotoxicity may be plural [START_REF] Pooler | A role for tau at the synapse in Alzheimer's disease pathogenesis[END_REF]. One of them is the impairment in kinesin transport of cargos along MTs. Indeed, one of the mechanism by which Tau regulates axonal transport is by inducing release of cargos from kinesin motor proteins, this function being mediated by a portion of its N-terminal domain [START_REF] Kanaan | Pathogenic Forms of Tau Inhibit Kinesin-Dependent Axonal Transport through a Mechanism Involving Activation of Axonal Phosphotransferases[END_REF]. Under pathological conditions, there is an increase in the inhibitory action of Tau on anterograde transport. Associated to the relocalisation of Tau to the somatodendritic compartment, this will lead to an impairment of vesicular transport to the axonal terminal, preventing axons to receive the necessary supply in organelles such as mitochondria or synaptic vesicles [START_REF] Reddy | Abnormal tau, mitochondrial dysfunction, impaired axonal transport of mitochondria, and synaptic deprivation in Alzheimer's disease[END_REF][START_REF] Stamer | Tau blocks traffic of organelles, neurofilaments, and APP vesicles in neurons and enhances oxidative stress[END_REF]. This impaired vesicular transport was also observed in dendrites. Indeed, increased Tau levels in synaptic terminals were shown to induce bundling of MT, leading to strong impairment in mitochondrial motility [START_REF] Thies | Missorting of Tau in Neurons Causes Degeneration of Synapses That Can Be Rescued by the Kinase MARK2/Par-1[END_REF]. This was associated with a strong reduction of ATP supply leading ultimately to synaptic decay.

Tau may also lead to mitochondrial defects through additional direct toxic mechanisms. Indeed, overexpression of Tau in vitro was shown to affect mitochondrial function with reduced ATP production and increased susceptibility to oxidative stress [START_REF] Schulz | A new link to mitochondrial impairment in tauopathies[END_REF]. Dysregulations of fission and fusion mechanisms were also observed leading to mitochondrial elongation and complex I defects [START_REF] Li | Human wild-type full-length tau accumulation disrupts mitochondrial dynamics and the functions via increasing mitofusins[END_REF].

Synaptotoxicity of Tau was also observed to involve additional mechanisms. For example, hyperposphorylated Tau at the synapse was found to be associated in a transgenic mouse model with reduced expression and targeting to the membrane of NMDA and AMPA receptors [START_REF] Hoover | Tau Mislocalization to Dendritic Spines Mediates Synaptic Dysfunction Independently of Neurodegeneration[END_REF].

Tau was also found to mediate the excitotoxicity of Aβ oligomers. Indeed, Aβ oligomers were found to induce accumulation of phosphorylated Tau at the synapse [START_REF] Mairet-Coello | The CAMKK2-AMPK kinase pathway mediates the synaptotoxic effects of Aβ oligomers through Tau phosphorylation[END_REF][START_REF] Zempel | Aβ Oligomers Cause Localized Ca2+ Elevation, Missorting of Endogenous Tau into Dendrites, Tau Phosphorylation, and Destruction of Microtubules and Spines[END_REF], leading to synaptic degeneration. This action of Tau may be associated to its involvement in targeting of fyn kinase to the synapse that increases NMDA/PSD95 coupling [START_REF] Ittner | Dendritic Function of Tau Mediates Amyloid-β Toxicity in Alzheimer's Disease Mouse Models[END_REF]. Lastly, extracellular Tau oligomers were also found to affect synaptic plasticity, inducing deficits in long-term potentiation (LTP) and memory impairment [START_REF] Fá | Extracellular Tau Oligomers Produce An Immediate Impairment of LTP and Memory[END_REF].

Most data to date implicate Tau oligomers as the main contributor of synaptic toxicity. Indeed, synaptic loss was observed both in mice expressing pro-aggregation ΔK280 that was rescued after transgene suppression [START_REF] Eckermann | The β-Propensity of Tau Determines Aggregation and Synaptic Loss in Inducible Mouse Models of Tauopathy[END_REF][START_REF] Van Der Jeugd | Cognitive defects are reversible in inducible mice expressing pro-aggregant full-length human Tau[END_REF], suggesting that soluble Tau species instead of aggregates were responsible for synaptic decay. Consistently, electrophysiological changes in transgenic mice expressing P301L mutant Tau occur before the apparition of tangle-like lesions [START_REF] Berger | Accumulation of pathological tau species and memory loss in a conditional model of tauopathy[END_REF] and synaptic loss independently to NFT formation [START_REF] Rocher | Structural and functional changes in tau mutant mice neurons are not linked to the presence of NFTs[END_REF]. Lastly, reduction of Tau oligomers in mice overexpressing wild-type (WT) human Tau on a Tau KO background was found to rescue defects in NR2b trafficking [START_REF] Ma | Curcumin suppresses soluble tau dimers and corrects molecular chaperone, synaptic, and behavioral deficits in aged human tau transgenic mice[END_REF]. It remains that NFTs may on the longer term also have adverse effect by sequestering essential components [START_REF] Wang | Tau in physiology and pathology[END_REF].

Impairment of proteasome & autophagy

Neurons must trigger degradation processes in order to counteract the progressive accumulation of toxic aggregates. To this respect, the finding that Tau in NFTs is ubiquitinated suggests that ubiquitinproteasome system (UPS) may be activated in response to Tau aggregation [START_REF] Perry | Ubiquitin is detected in neurofibrillary tangles and senile plaque neurites of Alzheimer disease brains[END_REF]. In addition, autophagy was also found to be involved in Tau degradation [START_REF] Chesser | Tau clearance mechanisms and their possible role in the pathogenesis of Alzheimer disease[END_REF].

Accumulating evidence, however, suggest that both systems may be impaired in tauopathies hence contributing to Tau-mediated neurodegeneration. Indeed, the accumulation of Tau oligomers at the synapse in AD brain was found to be associated with a local increase in UPS components and ubiquitinated substrates, suggesting that the UPS at Tau-bearing synapses are unable to degrade substrates [START_REF] Tai | The Synaptic Accumulation of Hyperphosphorylated Tau Oligomers in Alzheimer Disease Is Associated With Dysfunction of the Ubiquitin-Proteasome System[END_REF]. This impairment of UPS activity seems mediated by direct interaction of oligomeric and fibrillary insoluble Tau aggregates with proteasome subunits [START_REF] Myeku | Tau-driven 26S proteasome impairment and cognitive dysfunction can be prevented early in disease by activating cAMP-PKA signaling[END_REF].

Similarly, impairment of the autophagy-lysosome pathway was also described in different studies.

Indeed, accumulation of autophagic markers was found in the brain of patients suffering from different tauopathies [START_REF] Piras | Autophagic and lysosomal defects in human tauopathies: analysis of post-mortem brain from patients with familial Alzheimer disease, corticobasal degeneration and progressive supranuclear palsy[END_REF]. Those colocalized with phosphorylated Tau, suggesting that Tau aggregates may be responsible from those defects. Increase in lysosomal markers was also observed as diffuse cytoplasmic staining, which may be indicative of lysosomal membrane rupture. This would be consistent with another in vitro study that showed lysosomal membrane leakage induced by Tau aggregates [START_REF] Wang | Tau fragmentation, aggregation and clearance: the dual role of lysosomal processing[END_REF]. Lastly, knowing that both protein degradation pathways share common effectors, such as chaperone proteins p62 and Hsp70, it is possible that impairment in one of the pathways may trigger or potentiate defects in the other. Indeed, while proteasome inhibition has been found to promote autophagy, impairment in autophagic processes was found to induce dysfunctions in the UPS system, probably by causing accumulation of chaperones such as p62 [START_REF] Chesser | Tau clearance mechanisms and their possible role in the pathogenesis of Alzheimer disease[END_REF].

Thus, there may be the setting of a vicious cycle where Tau aggregation induces impairment in degradation pathways thus leading to further Tau aggregation. Impaired UPS and autophagy would also induce accumulation of other non-degraded substrates or defective organelles, leading to neuronal distress.

c) Pathways implicated in Tau-induced neuronal death

The pathways involved in Tau-induced neurodegeneration have not yet been fully uncovered. Indeed, in transgenic mice, although caspase activation was found to precede the formation of NFTs, those tanglebearing neurons were found to persist for days suggesting that they were able to escape acute apoptosis [START_REF] Spires-Jones | Are Tangles as Toxic as They Look?[END_REF]. Similarly, increased mitochondrial fusion, which was found in another model, is thought to represent a compensatory mechanism in order to make the cell more resistant to apoptosis [START_REF] Li | Human wild-type full-length tau accumulation disrupts mitochondrial dynamics and the functions via increasing mitofusins[END_REF]. This, however, led to synaptic defects suggesting that it may, in the longer term, be neurotoxic. Lastly, several mouse models showed Tau-associated neurodegeneration through the induction of cell-cycle markers [START_REF] Andorfer | Cell-Cycle Reentry and Cell Death in Transgenic Mice Expressing Nonmutant Human Tau Isoforms[END_REF][START_REF] Jaworski | AAV-Tau Mediates Pyramidal Neurodegeneration by Cell-Cycle Re-Entry without Neurofibrillary Tangle Formation in Wild-Type Mice[END_REF], suggesting that cell-cycle reentry may be part of a mechanism of Tau-induced neuronal death.

d) Implication of neuro-inflammation in the pathogenic events

In AD and other tauopathies, neuro-inflammation was found to accompany Tau pathology. Hence, activated astrocytes and microglial cells were observed surrounding tangles in AD brain [START_REF] Sheng | Glial-Neuronal Interactions in Alzheimer Disease: Progressive Association of IL-1α+ Microglia and S100β+ Astrocytes with Neurofibrillary Tangle Stages[END_REF]. Similarly, microglial activation was observed in PSP and CBD brain [START_REF] Ishizawa | Microglial activation parallels system degeneration in progressive supranuclear palsy and corticobasal degeneration[END_REF].

In both cases, neuro-inflammation correlates with Tau pathology but whether it has a positive or deleterious effect, however, is still a matter of debate. Indeed, both astrocytes [START_REF] Probst | Senile dementia of Alzheimer type: astroglial reaction to extracellular neurofibrillary tangles in the hippocampus. An immunocytochemical and electronmicroscopic study[END_REF] and microglia [START_REF] Cras | Microglia are associated with the extracellular neurofibrillary tangles of alzheimer disease[END_REF] were found to infiltrate extracellular "ghost" tangles suggesting that they may be involved in the degradation of Tau aggregates. Conversely, strong microglial activation could be observed previous to tangle formation in the brain of transgenic mice [START_REF] Yoshiyama | Synapse Loss and Microglial Activation Precede Tangles in a P301S Tauopathy Mouse Model[END_REF]. Interestingly, microgliosis occurred concurrently to synaptic loss and inhibition of neuro-inflammation in those mice ameliorated phenotype. Altogether, those results suggest that neuro-inflammation triggered by Tau pathology itself may act as a driver or potentiator of Tau-associated neurodegeneration (Zilka et al., 2012).

The mechanisms by which reactive glial cells may modulate Tau toxicity remain however poorly understood. One possible implication of microglial cells may be through the production of proinflammatory cytokines. Indeed, mutation in the microglial receptor Trem2 was recently found to be associated with increased risk of AD [START_REF] Guerreiro | A novel compound heterozygous mutation in TREM2 found in a Turkish frontotemporal dementia-like family[END_REF]. Studies in the peripheral system implicated Trem2 as a negative regulator of inflammatory cytokines. Thus, missense mutation in this gene may influence this function and promote AD pathology [START_REF] Chung | Do glia drive synaptic and cognitive impairment in disease?[END_REF]. Another potential implication of glial cells may be through their involvement in synaptic elimination. Indeed, clusterin (CLU), another recently identified risk variant for AD, implicates the complement cascade in AD neuropathology. This is consistent with finding that complement proteins colocalize with Tau pathology [START_REF] Shen | Complement activation by neurofibrillary tangles in Alzheimer's disease[END_REF]. Similarly, astrocytes were recently found to mediate synapse elimination during development and at adult age, mediated by the MEGF10 and MERTK pathways [START_REF] Chung | Astrocytes mediate synapse elimination through MEGF10 and MERTK pathways[END_REF]. This study showed also that synaptic pruning was dependent on neuronal activity and decreased with aging. One hypothesis would be that, in the aging brain, less effective synaptic elimination would lead to the maintenance of defective, long-lived, synapses that would then be more prone to defective activity and more sensitive to injury [START_REF] Chung | Do glia drive synaptic and cognitive impairment in disease?[END_REF]. Astrocytes also present with phagocytic activity in the context of neuronal injury and phagocytosis of degenerating neurons may prevent bystander cell death of neighbouring neurons [START_REF] Lööv | Engulfing Astrocytes Protect Neurons from Contact-Induced Apoptosis following Injury[END_REF]. Given that many tauopathies are associated with the formation of Tau lesions in astrocytes (Yoshida, 2006), one may wonder whether those arise from engulfment of Tau-positive neuronal debris or synapses. If this was proven to be the case, the questions that would next to be addressed is whether the presence of those lesions underlie defects in elimination and what are the consequence of this accumulation of Tau on astrocytic function. 

III -Rodent models of tauopathies

The aim of this section is not to give an exhaustive description of all existing animal models. Instead, the different approaches used to model tauopathy in rodents will be presented, along with their respective advantages and disadvantages with respect to the characteristics required for our study.

1) Transgenic rodent models a) Transgenic mice

Tau knock-out (KO) mice

The toxicity of Tau in tauopathies is thought to act through both toxic gain of function of the pathogenic protein and toxic loss of function of normal, MT-bound, Tau. To test this later hypothesis, several models were developed in order to study the effect of deficiencies in Tau gene expression. Generation of a transgenic mouse lacking Tau protein (Tau KO) was indeed performed by inserting a transgene for green fluorescent protein (GFP) into exon 1 of Tau gene [START_REF] Tucker | Neurotrophins are required for nerve growth during development[END_REF], leading to the complete knocking-out of all 6 Tau isoforms. No gross behavioural or morphological abnormalities could be observed in this model. In another study, KO of MAPT gene did not lead to gross morphological abnormalities of the central nervous system (CNS), although those transgenic mice showed reduced MT stability and defects of MT organization in some small calibre axons [START_REF] Harada | Altered microtubule organization in small-calibre axons of mice lacking tau protein[END_REF]. The authors interpreted the absence of gross detrimental effect of MAPT KO by the compensatory overexpression of other MT-associated proteins. This suggests that Tau loss of function may also be compensated in pathological conditions. Even in old mice (up to 21-22 months old) no gross memory deficit could be observed in either MAPT +/-or MAPT KO mice in several tasks, suggesting that Tau depletion does not affect memory even at a later age [START_REF] Morris | Age-appropriate cognition and subtle dopamine-independent motor deficits in aged tau knockout mice[END_REF].

However, several studies did report behavioural and morphological effects associated with loss of Tau protein. Indeed, Tau KO mice have been found to exhibit deficits in motor coordination, hyperactivity and slight memory impairment [START_REF] Ikegami | Muscle weakness, hyperactivity, and impairment in fear conditioning in tau-deficient mice[END_REF]. More recently, another study showed impaired memory in both contextual and cued fear conditioning in 6 months old Tau KO mice, associated with deficits in synaptic plasticity [START_REF] Ahmed | Cognition and hippocampal synaptic plasticity in mice with a homozygous tau deletion[END_REF]. Animals tested in this study did not present spatial memory impairment when tested in the Morris Water Maze. Tau depletion may thus induce subtle synaptic defects associated with the impairment of some but not all memory processes. Primary neurons from Tau KO mice exhibited deficits in axon elongation, suggesting that some deficits observed in KO mice may be related to developmental effects of Tau suppression [START_REF] Dawson | Inhibition of neuronal maturation in primary hippocampal neurons from tau deficient mice[END_REF]. Altogether, these results suggest that most of cognitive deficits observed in Tau KO mice may be related to the detrimental effect of Tau suppression during development. This does not rule out an effect of a toxic loss of function in the pathological processes associated with tauopathies but those may be partly compensated by overexpressing other MT-associated proteins. Toxic gain of function of aggregated Tau may thus also play a strong role in Tau-induced neurodegeneration.

Tau knock-in (KI) mice

Tau KI mice were developed by crossing transgenic mice overexpressing all 6 isoforms of the human wild-type Tau protein [START_REF] Duff | Characterization of Pathology in Transgenic Mice Over-Expressing Human Genomic and cDNA Tau Transgenes[END_REF] with Tau KO transgenic [START_REF] Tucker | Neurotrophins are required for nerve growth during development[END_REF]. This model, named hTau, displays somatic accumulation of hyperphosphorylated Tau from 3 month of age in the HC and neocortex [START_REF] Andorfer | Hyperphosphorylation and aggregation of tau in mice expressing normal human tau isoforms[END_REF]. Abnormal conformation of the protein was observed from 9 months and extensive PHF1 positivity, a marker of tangle-like structures, from 12 months of age. Thioflavin S-positive mature NFTs were observed from 15 months of age [START_REF] Andorfer | Cell-Cycle Reentry and Cell Death in Transgenic Mice Expressing Nonmutant Human Tau Isoforms[END_REF]. Sarkosyl-insoluble Tau fibrils were extracted from those mice, accumulating from 2 months of age, bearing strong morphological similarity to those extracted from the brain of AD patients [START_REF] Andorfer | Hyperphosphorylation and aggregation of tau in mice expressing normal human tau isoforms[END_REF]. Those mice reproduced the progression of Tau pathology observed in AD, this in absence of any Tau sur-expression or mutation of MAPT gene, thus successfully modelling an AD-like tauopathy. Significant neuronal loss was observed between 8 and 17 months of age, a significant number of degenerating neurons exhibiting signs of apoptosis [START_REF] Andorfer | Cell-Cycle Reentry and Cell Death in Transgenic Mice Expressing Nonmutant Human Tau Isoforms[END_REF]. There was however no clear association between degeneration and accumulation of Tau fibrils, suggesting that most degenerating neurons did not die because of PHFs accumulation. Alternatively, clearance of Tau aggregates may have occurred after neurons had died.

More recently, deficits in spatial memory and synaptic defects were described in this model at 12 months of age, thus preceding NFT formation [START_REF] Polydoro | Age-dependent impairment of cognitive and synaptic function in the htau mouse model of tau pathology[END_REF]. Altogether, results obtained on the hTau model confirm that expression of all 6 isoforms of wild-type human Tau is sufficient to induce the development of a tauopathy. Neurotoxicity of Tau was observed before and independently from the development of NFT-like lesions, confirming the important role of soluble pathogenic Tau species in Taurelated neurotoxicity.

Transgenic mice expressing mutant Tau protein Aside from models described above, most of tauopathy models developed over the years had in common to rely on the overexpression of Tau mutants (Figure 14). Among them, many showed a development of Tau pathology in brainstem and spinal cord, in addition to cortical and limbic structures. This led in most cases to the apparition of strong locomotor impairment which interfered with cognitive testing, thus limiting the interest of those models for translational research. For example, in the JLNP3 model expressing mutant P301L Tau protein under control of the murine prion promotor (MoPrP), homozygote animals developed motor deficits from 4,5 months of age, consecutive to significant loss of motor neurons and associated to the development of neurofibrillary pathology in the spinal cord [START_REF] Lewis | Neurofibrillary tangles, amyotrophy and progressive motor disturbance in mice expressing mutant (P301L) tau protein[END_REF]. It was later assumed that the reason of this strong development of Tau pathology in spinal cord relied on the choice of promoter used to drive transgene expression. Indeed, those models had in common the use of either MoPrP [START_REF] Lewis | Neurofibrillary tangles, amyotrophy and progressive motor disturbance in mice expressing mutant (P301L) tau protein[END_REF][START_REF] Yoshiyama | Synapse Loss and Microglial Activation Precede Tangles in a P301S Tauopathy Mouse Model[END_REF] or murine thy1 promoter [START_REF] Allen | Abundant Tau Filaments and Nonapoptotic Neurodegeneration in Transgenic Mice Expressing Human P301S Tau Protein[END_REF][START_REF] Terwel | Changed conformation of mutant Tau-P301L underlies the moribund tauopathy, absent in progressive, nonlethal axonopathy of Tau-4R/2N transgenic mice[END_REF]. Later, this drawback was overcome using a promoter more specific for forebrain regions, such as that of Calcium/calmodulin-dependent protein kinase II (CaMKII).

In those later developed models, transgene expression was indeed found specifically in cortical and limbic regions, leading to the development of Tau pathology in structures relevant for the study of AD tauopathy [START_REF] Tatebayashi | Tau filament formation and associative memory deficit in aged mice expressing mutant (R406W) human tau[END_REF].

When comparing the temporal relationship between phenotypic markers in these different models, it may seem difficult to draw a definite conclusion on the specific sequence of processes associating Tau aggregation to its toxicity. In most models, however, cognitive deficits and neuronal and synaptic impairment seem to occur before the apparition of argyrophylic tangle-like structures [START_REF] Maurin | Early structural and functional defects in synapses and myelinated axons in stratum lacunosum moleculare in two preclinical models for tauopathy[END_REF][START_REF] Oddo | Triple-transgenic model of Alzheimer's disease with plaques and tangles: intracellular Abeta and synaptic dysfunction[END_REF][START_REF] Schindowski | Alzheimer's Disease-Like Tau Neuropathology Leads to Memory Deficits and Loss of Functional Synapses in a Novel Mutated Tau Transgenic Mouse without Any Motor Deficits[END_REF][START_REF] Terwel | Changed conformation of mutant Tau-P301L underlies the moribund tauopathy, absent in progressive, nonlethal axonopathy of Tau-4R/2N transgenic mice[END_REF] further implicating soluble species as toxic players in Tau-driven neurpathology. The differences observed between models in the age of onset may be related to the mutations used to induce Tau pathology. Indeed, those have been found to affect differently Tau function and aggregation. For example, the P301L mutation has pro-aggregation properties (Hong et al., 1998) which is consistent with the relatively early Tau aggregation observed in models overexpressing this mutant. Conversely, the R406W mutation is associated with a decreased affinity of Tau for the MT [START_REF] Hutton | Association of missense and 5′-splice-site mutations in tau with the inherited dementia FTDP-17[END_REF] but may not have the same potentiating effect regarding its aggregation. This is supported by the observation of a relatively late onset of Tau pathology in transgenic mice expressing this mutant [START_REF] Tatebayashi | Tau filament formation and associative memory deficit in aged mice expressing mutant (R406W) human tau[END_REF].

Phenotypic differences between transgenic models expressing the same Tau mutant can also be observed [START_REF] Lewis | Neurofibrillary tangles, amyotrophy and progressive motor disturbance in mice expressing mutant (P301L) tau protein[END_REF][START_REF] Terwel | Changed conformation of mutant Tau-P301L underlies the moribund tauopathy, absent in progressive, nonlethal axonopathy of Tau-4R/2N transgenic mice[END_REF]. This is reminiscent of what found in human tauopathies where a single mutation can give rise to different clinical presentations [START_REF] Bugiani | Frontotemporal dementia and corticobasal degeneration in a family with a P301S mutation in tau[END_REF]. However, it may be difficult to directly compare phenotypes from different transgenic tauopathy models because of the variability arising from the location of transgene insertion. One striking example of this issue is the case of THY-Tau22 and THY-Tau30 transgenic models. Both models were generated concurrently by pronuclear injection of a cDNA containing G272V/P301S double mutant Tau driven by the murine thy1 promoter [START_REF] Schindowski | Alzheimer's Disease-Like Tau Neuropathology Leads to Memory Deficits and Loss of Functional Synapses in a Novel Mutated Tau Transgenic Mouse without Any Motor Deficits[END_REF]. Those two models however show strikingly different phenotypes caused by a variation in the location of transgene expression. Indeed, while THY-Tau22 mice showed Tau expression primarily in the forebrain, the transgene was also highly expressed in spinal cord in the case of THY-Tau30 mice. This led to strong locomotor impairment and significant muscular atrophy in THY-Tau30 [START_REF] Leroy | Early Axonopathy Preceding Neurofibrillary Tangles in Mutant Tau Transgenic Mice[END_REF] that were not observed in THY-Tau22 model. 

Regulatable transgenic mice expressing mutant P301L Tau

To overcome the drawback of Tau expression in the spinal cord, an inducible model, named rTg4510, was developed using mutant P301L Tau controlled by the CamKII promoter, allowing transgene expression mainly in the forebrain, primarily in the HC and cortex [START_REF] Ramsden | Age-Dependent Neurofibrillary Tangle Formation, Neuron Loss, and Memory Impairment in a Mouse Model of Human Tauopathy (P301L)[END_REF]. Tau abnormal conformation was observed at an early age, i.e. 2.5 months old, associated with Tau hyperphosphorylation, both increasing with age. Other pathological phospho-epitopes, markers of more mature tangle pathology, were then observed from 5 months of age, including AT8 and AT100. This 59 occurred before the apparition of extensive argyrophilic NFT-like pathology, first in the cortex. Significant neurodegeneration was also observed at 5 months and onward. Interestingly, memory impairment was observed as early as 2.5 months of age, thus before the occurrence of significant neuronal loss and the apparition of extensive NFT-like pathology, and worsened with age.

The possibility to control transgene expression in this model using doxycycline was used to study the reversibility of Tau pathology and Tau-induced neuropathological changes [START_REF] Santacruz | Tau Suppression in a Neurodegenerative Mouse Model Improves Memory Function[END_REF]. It was shown that short transgene suppression was able to halt Tau pathology, preventing the apparition of NFTs if administered before the development of argyrophilic lesions. Administered after the occurrence of NFTs, treatment was not able to inhibit further Tau aggregation. However, both treatments were able to stop neuronal death and restore cognitive function, despite a steady increase in NFT numbers and already significant neurodegeneration, representing a 50% loss of CA1 neurons. This suggests that neuronal dysfunction more than actual neurodegeneration is implicated in memory impairment. This also further supports the idea that expression of soluble toxic species, more than PHF accumulation, is responsible for Tau-induced toxicity. This is consistent with the finding that memory deficits in this rTg4510 model is inversely correlated with the amount of oligomeric species [START_REF] Berger | Accumulation of pathological tau species and memory loss in a conditional model of tauopathy[END_REF].

Interestingly, long transgene suppression even increased the amount of NFT-like lesions, supporting the idea that Tau aggregation into NFTs may serve as a trap for soluble species.

More recently, a model named rTgEC was developed where the expression of the same transgene was restricted to the entorhinal cortex [START_REF] De Calignon | Propagation of Tau Pathology in a Model of Early Alzheimer's Disease[END_REF]. Progressive accumulation of Tau aggregates was observed in the entorhinal cortex, leading to the formation of Gallyas-positive NFT-like lesions at 18 months of age. Propagation of Tau pathology was then observed at 24 months post-injection with the accumulation of hyperphosphorylated Tau in granular cells of the dentate gyrus, this appearing concurrently to the degeneration of cortical neurons. Transgene suppression in this model was found to reduce Tau pathology as well as its propagation to connected regions and prevent synaptic and neuronal loss [START_REF] Polydoro | Reversal of Neurofibrillary Tangles and Tau-Associated Phenotype in the rTgTauEC Model of Early Alzheimer's Disease[END_REF]. Interestingly, transgene suppression was also able to promote clearance of pre-existing NFT-like lesions suggesting that, even though those are highly insoluble, prolonged treatment can allow their clearance.

Regulatable transgenic mice expressing mutant ΔK280 Tau Concurrently, Eva-Maria Mandelkow's team developed another inducible model using mutant ΔK280 human Tau (4R2N isoform; [START_REF] Eckermann | The β-Propensity of Tau Determines Aggregation and Synaptic Loss in Inducible Mouse Models of Tauopathy[END_REF]. This mutation, found in a case of FTDP-17 [START_REF] Rizzu | High Prevalence of Mutations in the Microtubule-Associated Protein Tau in a Population Study of Frontotemporal Dementia in the Netherlands[END_REF], was found to exhibit strong pro-aggregation properties [START_REF] Barghorn | Structure, Microtubule Interactions, and Paired Helical Filament Aggregation by Tau Mutants of Frontotemporal Dementias[END_REF][START_REF] Von Bergen | Mutations of tau protein in frontotemporal dementia promote aggregation of paired helical filaments by enhancing local beta-structure[END_REF], thus rendering it suitable for the development of tauopathy models. Interestingly, in this model based on a tet-OFF system, doxycycline was administered during mating and 6 weeks after birth, thus avoiding any developmental effect of transgene expression. One key feature of this model is the relative low overexpression of human Tau, representing 3-fold the level of endogenous murine Tau.

Although weakly overexpressed, transgene expression led to the aggregation of both human and murine Tau in the HC as early as 4 month of age. This was associated with missorting and abnormal conformation of both proteins as well as the apparition of many pathological phospho-epitopes. Only few Gallyas-positives NFT-like structures could be observed, however, and at a very late age (24 months old), this model thus representing more a pre-tangle pathology. This was associated with synaptic loss at 13 months of age, impairment of synaptic plasticity and memory deficits, but no obvious neuronal loss ( [START_REF] Van Der Jeugd | Cognitive defects are reversible in inducible mice expressing pro-aggregant full-length human Tau[END_REF]. Interestingly, the same team developed another model based on the overexpression of the same mutant Tau isoform bearing in addition two proline substitutions (I277P/I308P) that reduce the β-propensity of repeat-domains and thus have anti-aggregation properties. In this model, Tau pathology was also observed but to a lesser extent, with only weak phosphorylation of Tau protein, less somatic missorting and no conformational shift. This induced less synaptic defects while animals were cognitively spared. Altogether, those results led to the suggestion that Tau aggregation is a prerequisite to its toxicity, leading to cognitive impairment.

Concurrently, the same team developed another model based on the overexpression of the same proaggregation and anti-aggregation mutants, this time using truncated Tau constructs containing only the 4 MT-binding repeated domains [START_REF] Mocanu | The Potential for β-Structure in the Repeat Domain of Tau Protein Determines Aggregation, Synaptic Decay, Neuronal Loss, and Coassembly with Endogenous Tau in Inducible Mouse Models of Tauopathy[END_REF]. Similar to what observed in the previous model, exogenous human pro-aggregation Tau was expressed at a low level (the human to mouse Tau ratio being around 0.75:1) but induced this time strong Tau pathology starting at 3 months of age. Tau aggregation was observed in the form of sarkosyl-insoluble Tau fibrils and Gallyas-positive NFT-like lesions. This was associated with both synaptic loss and neurodegeneration starting at 5 months of age. Impairment in synaptic plasticity and memory deficits were observed from 10 months of age (Sydow et al., 2011a(Sydow et al., , 2011b) ) which were related to morphological abnormalities of presynaptic terminals and reduction of Ca2+ influx [START_REF] Decker | Pro-aggregant Tau impairs mossy fiber plasticity due to structural changes and Ca++ dysregulation[END_REF]. Interestingly, those effects were observed before the appearance of NFT-like lesions, suggesting that pre-tangle oligomeric species may be associated with those deficits. Again, mutant anti-aggregation produced much lower deficits in absence of Tau pathology but the fact that both mutant pro-aggregation models (expressing either full-length or truncated Tau)

trigger similar deficits associated with different levels of Tau aggregation further support the idea of soluble oligomeric Tau species as being the key neurotoxic player.

In addition, much alike what was done with the rTg4510 model, those models were used to study the reversibility of Tau pathology and Tau-associated deficits. In all cases, doxycycline treatment was found to almost completely reduce aggregated human Tau while some aggregates composed purely of mouse Tau remained [START_REF] Eckermann | The β-Propensity of Tau Determines Aggregation and Synaptic Loss in Inducible Mouse Models of Tauopathy[END_REF][START_REF] Mocanu | The Potential for β-Structure in the Repeat Domain of Tau Protein Determines Aggregation, Synaptic Decay, Neuronal Loss, and Coassembly with Endogenous Tau in Inducible Mouse Models of Tauopathy[END_REF]. In the case of truncated pro-aggregation mutant, however, mature Gallyas-positive NFTs persisted. Interestingly, transgene suppression was associated with the rescue of cognitive deficits and reversal of synaptic impairments (Sydow et al., 2011a;[START_REF] Van Der Jeugd | Cognitive defects are reversible in inducible mice expressing pro-aggregant full-length human Tau[END_REF] even though aggregates of murine Tau were still present. Those results further suggested that it was the expression of aggregation-prone soluble species, rather than the formation of mature tangles, that caused Tau-induced neurotoxicity (Figure 15, [START_REF] Hochgräfe | Regulatable transgenic mouse models of Alzheimer disease: onset, reversibility and spreading of Tau pathology[END_REF].

The change in composition of Tau aggregates following transgene suppression thus point towards a role of large aggregates as an attractive pool trapping soluble toxic species. Indeed, following transgene suppression soluble mutant human Tau was probably slowly cleared while pathological murine Tau could seed further aggregation of the continuously produced endogenous protein. Those would then be integrated into new aggregates composed uniquely of murine Tau. Interestingly, this also suggests that those large aggregates are in constant exchange with the soluble pathological pool and that they are dynamic structures.

The maintenance of large aggregates in absence of transgene expression may be related to its slower degradation, this is in agreement with another study from the same team showing that aggregated Tau presented with a longer half-life than soluble Tau [START_REF] Yamada | Analysis of in vivo turnover of tau in a mouse model of tauopathy[END_REF]. Interestingly, a recent study using those different models showed that preventive methylene-blue treatment, administered long before Tau aggregation was able to prevent the aggregation of mutant full-length Tau and reverse cognitive deficits [START_REF] Hochgräfe | Preventive methylene blue treatment preserves cognition in mice expressing full-length pro-aggregant human Tau[END_REF], while short preventive and therapeutic treatments, occurring after the onset of Tau pathology had less effect. In the context of methylene-blue treatment aggregation is inhibited while transgene is still being expressed. New seeds can thus still be formed and interact with already established large aggregates, which may explain why short preventive and therapeutic treatments are less effective. Those results point towards the necessity of diagnosing tauopathies before the onset of symptoms in order to administer treatments before extensive Tau pathology.

Figure 15: Cognitive deficits in mice expressing mutant ΔK280 are associated with the expression of aggregationprone species rather than the formation of mature NFTs

A) Gallyas-positive NFT-like lesions were observed after 14 months of truncated ΔK280 mutant Tau expression while no tangle-like structure could be observed with ΔK280 mutant full-length Tau B) and C) Both models, however, displayed memory deficits observed in the passive avoidance test. hTau40 refers to full-length Tau bearing the same ΔK280 mutation in Tau (C) and presenting later onset than truncated Tau (B). In both cases, however, those deficits could be rescued after 4 months of transgene suppression. Pro-ON corresponds to the pro-aggregation group with continuous transgene expression, Pro-ON/OFF to the same group where transgene is expressed for 14 months and suppressed using doxycyline (DOX) for 4 monts. The same conditions are done on the anti-aggregation group that exhibit, in addition to ΔK280, two Pro substitutions inhibiting its aggregation.

b) Transgenic rats

Although significant insight into the pathogenesis of tauopathies was already obtained using transgenic mouse models, rats may be in some cases better suited for the modelization of neurodegenerative diseases. Indeed, in the context of tauopathies, adult rats present the advantage of expressing both 3R and 4R Tau isoforms [START_REF] Hanes | Rat tau proteome consists of six tau isoforms: implication for animal models of human tauopathies[END_REF], similarly to humans, whereas expression in adult mice is mostly composed of 4R isoforms [START_REF] Liu | Profiling Murine Tau with 0N, 1N and 2N Isoform-Specific Antibodies in Brain and Peripheral Organs Reveals Distinct Subcellular Localization, with the 1N Isoform Being Enriched in the Nucleus[END_REF]. This may render modelization of Tau aggregation in rats more relevant to that observed in human tauopathies. On a practical side, the large body size of rats allows the study of peripheral biomarkers (i.e. blood and CSF dosage) that are not readily accessible in mice [START_REF] Do Carmo | Modeling Alzheimer's disease in transgenic rats[END_REF]. Similarly, their larger brain size makes possible the use of in vivo imaging techniques for the follow up of the pathology. The use of similar biomarkers in animal and human studies should permit a better translation of pre-clinical results to clinical developments.

Because of technical difficulties generally encountered in the development of transgenic rat models, there has been only few attempts to model Tau pathology in rats. Most of these attempts were made for the development of AD rat models and thus relied on the over-expression of mutant APP and PS1. In most cases, amyloidosis was observed with no or very mild development of Tau pathology [START_REF] Do Carmo | Modeling Alzheimer's disease in transgenic rats[END_REF]. The only exception was that of a transgenic rat model developed by expressing mutant APP and preselin-1 on a Fischer 344 rat background [START_REF] Cohen | A transgenic Alzheimer rat with plaques, tau pathology, behavioral impairment, oligomeric aβ, and frank neuronal loss[END_REF]. In this model, the induction of an amyloidosis was accompanied by the development of a tauopathy, characterized by the accumulation of sarkosyl-insoluble fibrils from 6 months of age and the apparition of argyrophilic tanglelike structures at 16 months. In addition, significant cognitive impairment, in the form of hyperactivity and memory deficits, was observed from 6 months of age and worsened with time while significant hippocampal neuronal loss could be detected from 16 months, starting with the loss of 20% of neurons in the HC.

Transgenic rat models of pure tauopathy were even less described. In a recent study, expression of fulllength mutant P301L Tau in the cortex and cerebellum was associated with an age-dependent increase of pathological phospho-epitopes [START_REF] Korhonen | Characterization of a novel transgenic rat carrying human tau with mutation P301[END_REF]. But no tangle, neuronal loss or cognitive deficit could be observed.

To date, the only successful attempt to develop a transgenic rat model of tauopathy was based on the observation that the core of PHFs is composed of Tau truncated at amino-acids 151-391 [START_REF] Novak | Molecular characterization of the minimal protease resistant tau unit of the Alzheimer's disease paired helical filament[END_REF]. It was thus suggested that those fragments may play an important role in neurodegenerative processes occurring during tauopathy. To study this question, the team of Michal Novak developed a transgenic model through the over-expression of the 151-391 truncated fragment from WT human 4R

Tau isoform in a spontaneously hypertensive rat background (Zilka et al., 2006). Truncated Tau was found to be expressed primarily in the brain stem and spinal cord and led to the formation of numerous argyrophilic NFT-like structures composed of both human and murine Tau (Figure 16). Those developed through the known maturation process of NFT observed in humans, from AT8-positive pre-tangles to "ghost" tangles. The amount of Tau fibrils continuously increased from 3 months of age and negatively correlated with lifespan, confirming the toxic effect of truncated Tau. Tau pathology was also described to develop in the hippocampus of those rats [START_REF] Hrnkova | Neurodegeneration caused by expression of human truncated tau leads to progressive neurobehavioural impairment in transgenic rats[END_REF], starting at 4.5 months of age, and characterized by Tau hyperphosphorylation. Consistent with the location of transgene expression and the extent of Tau pathology, animals exhibited several cognitive alterations, including memory deficits from 4.5 months and impairment of locomotor abilities from 6 months of age. Later on, multi-test behavioural assessment showed general deficits in motor abilities in those rats starting at 3 months of age [START_REF] Korenova | NeuroScale, the battery of behavioral tests with novel scoring system for phenotyping of transgenic rat model of tauopathy[END_REF]. Altogether, those results suggest that truncation in itself is able to promote Tau aggregation and trigger a tauopathy that is associated with cognitive deficits. Later on, the comparison of two lines from this model presenting differences in the level of Tau expression was also performed [START_REF] Koson | Truncated tau expression levels determine life span of a rat model of tauopathy without causing neuronal loss or correlating with terminal neurofibrillary tangle load[END_REF]. Interestingly, the effect of truncated Tau on lifespan was inversely correlated to the level of expression. The level of NFT load, however, was independent on the level of expression as similar Tau aggregation was observed in both lines. No obvious neuronal loss could be observed in those models but signs of axonal degeneration were described at 7 months of age, with axonal vacuolization and decreased myelin staining [START_REF] Zilka | CSF phospho-tau correlates with behavioural decline and brain insoluble phospho-tau levels in a rat model of tauopathy[END_REF]. Interestingly, the amount of Tau fibrils was directly correlated to cognitive impairment with animals suffering from severe cognitive defects presenting 4 times more sarkosyl-insoluble Tau than mildly impaired animals. Longitudinal CSF sampling was also performed at mild and severe cognitive stages. Increase in CSF p-tau181 was observed along with worsening of cognition, and level of CSF Tau was found to correlate with the level of sarkosyl-insoluble Tau fibrils. Altogether, this suggest that CSF pTau levels may be a useful biomarker to follow disease progression, reflecting the accumulation of insoluble Tau aggregates in the brain and correlating with cognitive performance.

More recently, another line of rats was developed by the same team, allowing the expression of the 151-391 fragment this time bearing only 3 repeats (3R) in the MT-binding region [START_REF] Filipcik | First transgenic rat model developing progressive cortical neurofibrillary tangles[END_REF]. Much alike what was observed with the 4R fragment, transgene expression led to the development of extensive Tau pathology in the cortex, with the progressive formation of numerous argyrophilic NFT-like lesions up to 15 months old. Progressive accumulation of sarkosyl-insoluble Tau fibrils was also observed with the progressive recruitment of endogenous Tau to aggregates, while no neuronal loss could be observed up to 15 months of age. This suggests that truncation of 3R or 4R isoforms may trigger similar pathological processes.

2) Models using gene transfer a) General considerations

To date, there are only few studies that used viral vectors for the development of tauopathy models. Most of them had in common the study of specific questions that would have been difficult to address using other methods. Indeed, the main advantage of gene transfer is its versatility, allowing the direct comparison of several parameters in a given study. In addition, modelisation through gene-transfer allows the expression of pathogenic proteins in adult animals, thus avoiding developmental effects. This is of particular importance in the case of neurodegenerative diseases that usually occur at adult age. Below, will be presented the different models developed using gene transfer (Table 1) with a specific focus on their application for the study of a given question.

b) Gene transfer in mice

Initial studies using vector-mediated gene transfer of Tau in mice were performed in transgenic models of amyloidosis. Those were developed in order to study the impact of β-amyloid on the development of a tauopathy and its effect on neurodegeneration. Indeed, the amyloid cascade hypothesis posits Tau as a downstream effector of Aβ pathology [START_REF] Hardy | Alzheimer's disease: the amyloid cascade hypothesis[END_REF] and knocking-out Tau has been found to reduce Aβ-induced toxicity [START_REF] Roberson | Reducing Endogenous Tau Ameliorates Amyloid ß-Induced Deficits in an Alzheimer's Disease Mouse Model[END_REF]. The question that remained, however, was whether amyloidosis is able to trigger or worsen Tau pathology.

To answer this question, lentiviral vectors coding mutant P301S Tau were injected in the hippocampus of APP23 mice, a model of amyloidosis devoid of Tau pathology [START_REF] Osinde | Lentivirus Tau (P301S) expression in adult amyloid precursor protein (APP)-transgenic mice leads to tangle formation[END_REF]. In both wild-type and transgenic mice hyperphosphorylated Tau was detected in the form of AT8-positive cell bodies. More pronounced hyperphosphorylation was observed in APP transgenic mice, which was associated with the development of argyrophilic NFT-like structures. This suggests that the pre-existence of an amyloidosis potentiated the development of a tauopathy. A similar study, using adeno-associated viruses (AAV) to express mutant P301L Tau in the hippocampus of APP751 transgenic mice, showed that the induction of a tauopathy in the context of an amyloidosis was associated with stronger neurodegeneration when compared to wild-type mice [START_REF] Ubhi | Neurofibrillary and neurodegenerative pathology in APP-transgenic mice injected with AAV2-mutant TAU: neuroprotective effects of Cerebrolysin[END_REF]. This provided further evidence for Tau as the driver of neuronal loss and suggested that amyloidosis may potentiate directly or indirectly Tau aggregation. More recently, gene-transfer of human Tau in the entorhinal cortex of APP/PS1 mice was found to induce the hyperphosphorylation and aggregation of Tau associated with both neuronal loss and cognitive deficits [START_REF] Dassie | Focal expression of adeno-associated viralmutant tau induces widespread impairment in an APP mouse model[END_REF]. This effect on neuronal integrity and behaviour was stronger with mutant proteins that tended to aggregate more, thus confirming that the neurotoxic effect of Tau depended on its propensity to aggregate.

However, the mechanisms of Tau-induced neurodegeneration may be plural and do not necessarily rely on the formation of large fibrillary aggregates [START_REF] Andorfer | Cell-Cycle Reentry and Cell Death in Transgenic Mice Expressing Nonmutant Human Tau Isoforms[END_REF]. This was indeed the case in a model of pure tauopathy generated by injection of AAV vectors expressing either WT or mutant P301L

Tau protein in the hippocampus of WT mice [START_REF] Jaworski | AAV-Tau Mediates Pyramidal Neurodegeneration by Cell-Cycle Re-Entry without Neurofibrillary Tangle Formation in Wild-Type Mice[END_REF]. Indeed, with both vectors, strong neurodegeneration was observed as early as 3 weeks post-injection, this occurring in absence of extensive Tau aggregation. Interestingly, this neurotoxic effect was dose-dependent, suggesting that the level of soluble Tau species may be an important factor. In a second study from the same group, it was also suggested that the neurotoxicity of Tau constructs is associated with the induction of strong neuroinflammation [START_REF] Jaworski | Dendritic Degeneration, Neurovascular Defects, and Inflammation Precede Neuronal Loss in a Mouse Model for Tau-Mediated Neurodegeneration[END_REF]. Indeed, inflammation in this model was observed in close proximity of degenerating neuronal processes before the observation of neuronal loss, suggesting that glial cells may play a role in the process of neurodegeneration triggered by Tau pathology.

More recently, two other models of tauopathy were developed using AAV-mediated gene transfer, yielding quite different results. In the first study, injection in the entorhinal cortex led to the development of a tauopathy initially restricted to this region, characterized by hyperphosphorylated Tau followed by the formation of NFT-like lesions, associated with synaptic and neuronal degeneration [START_REF] Siman | A rapid gene delivery-based mouse model for early-stage Alzheimer disease-type tauopathy[END_REF].

Human Tau protein then spread to granular cells of the dentate gyrus, although not in a pathological form. This propagation was later found to occur independently from the presence of endogenous murine Tau [START_REF] Wegmann | Removing endogenous tau does not prevent tau propagation yet reduces its neurotoxicity[END_REF]. In the latter study, intra-cerebroventricular injection of AAV vectors was performed in mouse pups, leading to widespread transgene expression of human Tau in both limbic and subcortical regions [START_REF] Cook | Tau deposition drives neuropathological, inflammatory and behavioral abnormalities independently of neuronal loss in a novel mouse model[END_REF]. Induction of a tauopathy was observed in those different regions, characterized by the hyperphosphorylation of Tau and the formation of argyrophilic lesions. This was associated with synaptic defects and memory impairment but in absence of neurodegeneration.

It is not well established what may be the reason for the discrepancy between the results of these different studies. The data suggest, however, that a key element of Tau-related neurotoxicity may be the kinetics of Tau aggregation. Indeed, acute neurodegeneration was observed in the model from Jaworski and colleagues after only 3 weeks of strong transgene expression [START_REF] Jaworski | AAV-Tau Mediates Pyramidal Neurodegeneration by Cell-Cycle Re-Entry without Neurofibrillary Tangle Formation in Wild-Type Mice[END_REF]). In the model where Tau expression was restricted to the entorhinal cortex, neuronal loss was observed before the formation of argyrophilic lesions [START_REF] Siman | A rapid gene delivery-based mouse model for early-stage Alzheimer disease-type tauopathy[END_REF]. Those results thus confirmed those obtained using transgenic mouse models, suggesting that NFT formation may occur as a reaction to acute neurotoxicity.

c) Gene transfer in rats

Viral-vectors mediated gene transfer of Tau in the rat brain was used by two teams in the past years to model Tau pathology, interestingly with quite similar results .

The animal models developed by Klein and colleagues had in common the use of AAVs to overexpress either wild-type (WT) or mutant P301L human Tau under the control of the cytomegalovirus/chicken βactin (CBA) promotor. Initial studies from this group involved injection of AAV-Tau into the substantia nigra pars compacta of adult Sprague-Dawley rats. Tauopathy was observed in these models as early as 3 weeks post-injection, characterized by hyperphophorylation of Tau, missorting to the dendro-somatic compartment and NFT-like pathology. This was associated with significant loss of TH-positive neurons and motor impairments [START_REF] Klein | Tau gene transfer, but not alphasynuclein, induces both progressive dopamine neuron degeneration and rotational behavior in the rat[END_REF]. No significant difference in the extent of Tau pathology could be observed between WT and P301L mutant Tau constructs. Subsequent studies from the same group showed that toxicity of Tau on the neurons of the SNc was directly correlated to the level of Tau expression (Klein et al., 2008a) and that this toxicity was potentiated in old animals [START_REF] Klein | Pronounced microgliosis and neurodegeneration in aged rats after tau gene transfer[END_REF].

Interestingly, similar results were obtained when those vectors were injected in the entorhinal cortex (EC; [START_REF] Ramirez | Focal expression of mutated tau in entorhinal cortex neurons of rats impairs spatial working memory[END_REF] or the hippocampus (HC; [START_REF] Mustroph | Adult-onset focal expression of mutated human tau in the hippocampus impairs spatial working memory of rats[END_REF]. Indeed, overexpression of mutant P301L Tau in those regions led to the development of a tauopathy, with hyperphosphorylation and tangle-like pathology observed at 3 months post-injection. Behavioural impairment was observed in both studies although no obvious neuronal loss could be observed when vectors were injected in the EC. On the contrary to what was observed in the SNc, WT Tau overexpression in the HC did not lead to significant neuronal loss or behavioural impairment (Figure 17), although Tau pathology was very similar to that induced by mutant P301L Tau [START_REF] Dayton | Frontotemporal lobar degeneration-related proteins induce only subtle memory-related deficits when bilaterally overexpressed in the dorsal hippocampus[END_REF]. This discrepancy in the toxicity of WT Tau may be explained by the absence in the vector of the woodchuck hepatitis virus posttranscriptional regulatory element (WPRE), a sequence known to promote transgene expression [START_REF] Klein | Dose and Promoter Effects of Adeno-Associated Viral Vector for Green Fluorescent Protein Expression in the Rat Brain[END_REF] and that was shown to enhance Tau pathology [START_REF] Klein | Rapid Neurofibrillary Tangle Formation after Localized Gene Transfer of Mutated Tau[END_REF]. Altogether, these different studies allowed a better understanding of the link between Tau pathology and cognitive symptoms. Indeed, they showed that the overexpression of Tau in different brain regions led to similar pathology, leading to behavioural impairment. This suggests that the differences observed in tauopathies may be associated to the location of Tau pathology and not necessarily to different processes. Similarly, the tauopathy induced by WT Tau bears strong resemblance to that induced by mutant P301L Tau, suggesting that sporadic and genetic tauopathies may occur through similar pathological processes. Those results may be taken with caution, however, because the fast development of pathology may hide differences that would have been unravelled with a slower timecourse. Lastly, those studies confirmed that the level of Tau expression and aging may be factors modulating the extent of Tau pathology, consistent with clinical data. These conclusions were made possible by the fact that AAV-mediated gene transfer allows direct comparison of different studies, on the contrary to transgenic models where, for example, the location of transgene insertion strongly influences the phenotype obtained.

The model developed by the team of Luc Buée was conceived by lentivirus-mediated gene transfer of WT and mutant P301L Tau to the rat hippocampus [START_REF] Caillierez | Lentiviral Delivery of the Human Wild-type Tau Protein Mediates a Slow and Progressive Neurodegenerative Tau Pathology in the Rat Brain[END_REF]. The use of lentiviruses allows a more spatially restricted expression of transgenes [START_REF] De Backer | An adeno-associated viral vector transduces the rat hypothalamus and amygdala more efficient than a lentiviral vector[END_REF], rendering this model more relevant to the study of spreading. In the initial description of this model [START_REF] Caillierez | Lentiviral Delivery of the Human Wild-type Tau Protein Mediates a Slow and Progressive Neurodegenerative Tau Pathology in the Rat Brain[END_REF], differences in the kinetics of Tau pathology could be observed between constructs. Indeed, overexpression of WT Tau led to strong hyperphosphorylation but only limited Tau aggregation up to 8 months post-injection. Conversely, Tau aggregates were observed following mutant P301L Tau expression, starting with neuritic aggregation at 4 months post-injection followed by tangle-like AT100positive inclusions at 8 months post-injection. Interestingly, the apparition of tangle-like structures was concurrent with signs of neuronal distress (i.e. shrinkage of CA1/2 layer) and appeared more pronounced in rats expressing mutant Tau.

Along with this initial report of different phenotypes induced by WT and mutant Tau constructs, a later study from the same group showed that those constructs also differed in the extent of Tau spreading [START_REF] Dujardin | Neuron-to-neuron wild-type Tau protein transfer through a trans-synaptic mechanism: relevance to sporadic tauopathies[END_REF]. Indeed, WT Tau-expressing animals showed wider propagation of Tau protein to anatomically-connected regions compared to mutant P301L Tau-injected animals. This may be related to the differences previously observed in the extent of Tau aggregation and suggests that soluble species may be responsible for trans-synaptic Tau spreading. Again, this observation was made possible by the fact that gene transfer allows direct comparison of different constructs and by the spatially restricted transgene expression obtained with lentiviral vectors. 

3) Induction and propagation of a tauopathy following injection of Tau fibrils

Several studies have been performed using recombinant or brain-derived Tau aggregates, in order to determine the mechanisms underlying the induction and spreading of Tau pathology. The implications of those studies have already been described in part II -2)c) of this introduction. For this reason, those models will be described here with a focus on their technical advantages and disadvantages compared to gene-transfer based models.

a) Whole brain-homogenates and brain-derived aggregates

Initial studies involved the injection of whole human or murine brain homogenates in transgenic mice expressing WT or mutant forms of human Tau. For example, the injection of brain extracts from mutant P301S transgenic mice led to the induction of the pathology in a time-dependent pattern with a progressive increase in the number of aggregate as well as the sequential propagation to connected regions [START_REF] Clavaguera | Transmission and spreading of tauopathy in transgenic mouse brain[END_REF]. Similarly, brain homogenates from different tauopathies, injected into the brain of transgenic mice overexpressing human wild-type Tau, triggered the formation of Tau lesions that morphologically resembled those observed in human cases (Figure 18, [START_REF] Clavaguera | Brain homogenates from human tauopathies induce tau inclusions in mouse brain[END_REF].

The possibility of studying the differential phenotypic induction produced by homogenates from different origins may allow the identification of the differences and communalities of several tauopathies. It may be quite difficult, however, to decipher the specific contribution of Tau aggregates using whole homogenates given that patient with tauopathies often present with additional comorbidities. In addition, this approach may not be well suited for the identification of the stage of Tau aggregation involved in neurodegeneration because of the unknown relative composition in aggregates of whole homogenates. An alternate approach thus consisted in the isolation of Tau aggregates from brain homogenates. For example, brain-derived Tau fibrils from AD and CBD cases were injected into the hippocampus of mutant P301S human Tau transgenic mice [START_REF] Boluda | Differential induction and spread of tau pathology in young PS19 tau transgenic mice following intracerebral injections of pathological tau from Alzheimer's disease or corticobasal degeneration brains[END_REF]. Tau pathology induced by those two homogenates differed by the cell type affected, the reactivity of Tau aggregates to different pathological Tau epitopes, the stage of Tau aggregation, the pattern of spreading as well as their level of toxicity, confirming the phenotypic diversity of tauopathies. Similarly, brain-derived oligomers but not fibrils were able to alter long-term potentiation in hippocampal slices and induce memory impairments when injected in mice [START_REF] Lasagna-Reeves | Alzheimer brain-derived tau oligomers propagate pathology from endogenous tau[END_REF]. One drawback of this approach, however, is the relative incertitude on the "purity" of Tau extracts. Indeed, aggregates in patients have been found to be highly heterogeneous, Tau trapping a number of other proteins during polymerization. One may question whether the effects observed using this approach do represent Tau-mediated toxicity.

b) Recombinant Tau aggregates

One way to bypass those limitations is to use synthetic Tau aggregates, which was done in several studies. For example, recombinant Tau fibrils were injected in several brain regions of transgenic mice expressing a mutant human Tau isoform [START_REF] Peeraer | Intracerebral injection of preformed synthetic tau fibrils initiates widespread tauopathy and neuronal loss in the brains of tau transgenic mice[END_REF]. This led to the development of a tauopathy first in the region of injection before spreading to anatomically connected regions (Peeraer et al., 2015), leading to impairment in the associated function [START_REF] Stancu | Templated misfolding of Tau by prion-like seeding along neuronal connections impairs neuronal network function and associated behavioral outcomes in Tau transgenic mice[END_REF]. In a study from another team, recombinant Tau oligomers were found to be the only species able to induce cognitive deficits compared to Tau fibrils and monomers when injected to wild-type mice (Figure 19; [START_REF] Lasagna-Reeves | Tau oligomers impair memory and induce synaptic and mitochondrial dysfunction in wild-type mice[END_REF]. The use of synthetic Tau aggregates in these studies allowed the purification and isolation of several orders of Tau aggregates (i.e. monomers, oligomers and fibrils), giving further insight into the mechanism of Tau toxicity and spreading. One may question, however, to which degree those synthetic aggregates may behave similarly to those produced in a more complex environment. More generally, most of these studies were performed in transgenic animals expressing a mutant form of Tau, as the pathology induced in non-transgenic animals was usually quite sparse [START_REF] Clavaguera | Transmission and spreading of tauopathy in transgenic mouse brain[END_REF]. Although allowing the study of the mechanisms mediating the toxicity of mutant Tau, those models may not be as relevant for the study of sporadic tauopathies. 

To

IV -Thesis objectives

Tauopathies are a large family of neurodegenerative diseases characterized by the aggregation of Tau protein inside the brain. Despite this common hallmark, tauopathies present with a large diversity, either of the type of cells affected or brain regions involved leading to specific cognitive deficits. Several mechanisms of Tau-induced toxicity were proposed which may be related to the large contribution of Tau to different neuronal functions. The identification of those different toxic effects of Tau was however mostly done in transgenic animals expressing mutant Tau protein. It remains to be established whether similar mechanisms also occur in sporadic tauopathies. Considering those issues, the development of Tau-directed disease modifying therapies would gain from the study of tauopathies as a whole and from the identification of pathological commonalities and differences underlying Tau-associated neurodegeneration. More specifically, one question that remains to be addressed is whether the mechanisms linking Tau aggregation to its toxicity are different in genetic and sporadic tauopathies. To this respect, the development of animal models allowing the direct comparison of Tau-associated deficits underlying various tauopathies would be of great use.

Hence, the first aim of this project was to develop rodent models of sporadic and genetic tauopathies using AAV-mediated gene transfer of the human Tau protein. The use of viral vectors-mediated expression of Tau, by its versatility, allowed this direct comparison. The development of those models in rats also permitted a multimodal approach with the study of peripheral biomarkers that are not readily accessible in mice, such as levels of Tau in CSF. The choice of rats was also driven by the possibility to perform in vivo PET imaging in the future, which could allow better characterization of the target of currently developed Tau-directed tracers. Such studies could be considered because of the rapid timecourse often observed using vector-based models.

We also aimed to study the link between Tau aggregation and its toxicity and how those may relate to cognitive impairments. The use of different vectors to overexpress wild-type or mutant Tau in our models allowed us to address this later question. We chose to inject those different vectors in one common brain structure in order to determine how different types of Tau pathology may be associated with the impairment of a given function. In this respect, our models were thus not developed in an attempt to recapitulate the full disease spectrum of a given tauopathy, but to serve as tools for the differential study of the pathogenic effects of Tau aggregation underlying sporadic and genetic tauopathies in general.

MATERIAL & METHODS

I -Vectors construction and in vitro validation of the constructs 1) Vectors cloning

Expression vectors were cloned using Gateway 2 LR Clonase system (Invitrogen). This system is based on homologous recombination of att sequences inserted into the different vectors (Figure 20,B). Two types of vectors were used for cloning, a destination vector and entry vectors (Figure 20,A). The destination vector contained the single stranded rAAV2 backbone including inverted terminal repeats (ITRs). This destination vector also contained the woodchuck hepatitis virus posttranslational regulatory element (WPRE) inserted upstream of the bovine growth hormone polyadenylation signal (bGHpA). This WPRE sequence was used because of its known ability to enhance transgene expression in the context of AAV-mediated gene transfer [START_REF] Loeb | Enhanced Expression of Transgenes from Adeno-Associated Virus Vectors with the Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element: Implications for Gene Therapy[END_REF]. A RFA sequence, that acts as a "suicide-cassette", inserted between the attR1 and attR2 recombination sequence served to negatively select plasmids that had not undergone recombination. Two entry vectors were then added, one containing the promoter flanked by attL1 and attL5r sequences. the other containing the transgene inserted between attL5 and attL2 sequences. Entry vectors used for the construction of hTAU WT and hTAU P301L vectors were a kind gift of L. Buée [START_REF] Caillierez | Lentiviral Delivery of the Human Wild-type Tau Protein Mediates a Slow and Progressive Neurodegenerative Tau Pathology in the Rat Brain[END_REF]. The entry vector used for the hTAU ProAggr transgene was synthetized by GeneART (ThermoFisher, Carlsbad, California, USA). LR cloning was then performed by homologous recombination of the att sequences (Figure 20,B) to produce the expression vector (Figure 20,C) containing the promoter and the transgene inserted into the AAV backbone. Selection of the expression vector was then done on a medium containing ampicillin to eliminate entry vectors that did not undergo recombination.

Four different constructs were used during the entire study (Figure 21). All were expressed under the control of the chimeric cytomegalovirus/chicken-β-actin (CBA) promoter. This hybrid promoter was chosen because of its known ability to drive strong transgene expression in pyramidal neurons when used for AAV2-mediated gene-transfer into the hippocampus [START_REF] Klein | Dose and Promoter Effects of Adeno-Associated Viral Vector for Green Fluorescent Protein Expression in the Rat Brain[END_REF]. Three Tau constructs were cloned. The first one, named hTAU WT (Figure 21,A), contained the wild-type 1N4R isoform of human Tau and served as a model of sporadic tauopathy. The second, named hTAU P301L (Figure 21,B), contained the same isoform bearing the P301L mutation, found in cases of FTDP-17, and served as a model of genetic tauopathy. The third Tau vector was constructed in order to potentiate the aggregation of wild-type Tau. This construct, termed hTAU ProAggr (Figure 21,C), expresses a chimeric protein constituted of human wild-type Tau (hTAU WT ) and a pro-aggregation peptide (TauRD-ΔK280) linked by a 2A peptide (P2A). The pro-aggregation peptide is constituted of the MT-binding region of 4R Tau bearing the ΔK280 mutation, a deletion initially described in a case of FTDP-17 [START_REF] Rizzu | High Prevalence of Mutations in the Microtubule-Associated Protein Tau in a Population Study of Frontotemporal Dementia in the Netherlands[END_REF] and presenting with strong pro-aggregation properties [START_REF] Barghorn | Structure, Microtubule Interactions, and Paired Helical Filament Aggregation by Tau Mutants of Frontotemporal Dementias[END_REF][START_REF] Von Bergen | Mutations of tau protein in frontotemporal dementia promote aggregation of paired helical filaments by enhancing local beta-structure[END_REF]. This peptide was used because of its known ability to promote aggregation of endogenous murine Tau when expressed in transgenic mice models [START_REF] Hochgräfe | Regulatable transgenic mouse models of Alzheimer disease: onset, reversibility and spreading of Tau pathology[END_REF] and because it contains both hexapeptides PHF6 and PHF6* necessary to Tau assembly into PHFs [START_REF] Bergen | Assembly of τ protein into Alzheimer paired helical filaments depends on a local sequence motif (306VQIVYK311) forming β structure[END_REF]. This construct will be translated into a single chimeric protein into the transduced cell. Cleavage at the P2A sequence will then occur, releasing hTAU WT and the pro-aggregation peptide in a 1:1 ratio. This 2A peptide is a sequence found in some members of the picornavirus family [START_REF] Ryan | Cleavage of foot-and-mouth disease virus polyprotein is mediated by residues located within a 19 amino acid sequence[END_REF] that has already been used successfully for bicistronic expression of transgenes after AAV-mediated gene transfer into the rat brain [START_REF] Furler | Recombinant AAV vectors containing the foot and mouth disease virus 2A sequence confer efficient bicistronic gene expression in cultured cells and rat substantia nigra neurons[END_REF]. A fourth construct, named utGFP (Figure 21,D), was used to express a GFP transgene where all ATG initiating codons were mutated. This resulted in the production of a GFP mRNA that would then not be translated into a protein. This construct was used in our study to overcome the described toxicity of GFP protein expression in some AAV-mediated models [START_REF] Klein | Efficient Neuronal Gene Transfer with AAV8 Leads to Neurotoxic Levels of Tau or Green Fluorescent Proteins[END_REF].

2) HEK cells transfections with vectors plasmids

For in vitro validation of Tau constructs, HEK-293T cells were transfected with the different plasmids. For this purpose, 750 000 cells were plated on 6 wells plaques. 200µl transfection mix, containing 5 µg of plasmids, 50µl of CaCl2 and 100µ of HBS, was then prepared and left to precipitate for 15-20 min. The precipitate was then deposed onto cells and left to incubate for 4-5h at 37°C. The culture medium containing the transfection mix was then removed and fresh culture medium was added onto cells. Cells were then left to incubate at 37°C for 36-48h before lysis in a buffer containing 137 mM NaCl, 20 mM Tris pH8, 1% NP-40, 10% glycerol, 2 mM EDTA and protease inhibitors (Complete, Roche, Bâle, Switzerland). Lysed cells were then centrifugated at 13 000g for 30 min at 4°C and BCA dosage of proteins was performed on the supernanant before processing of the samples for western blot analysis.

3) AAV vectors production

All constructs were packaged into AAV2/8 capsids by the MIRCen viral production platform as described [START_REF] Berger | Repair of rhodopsin mRNA by spliceosome-mediated RNA trans-splicing: a new approach for autosomal dominant retinitis pigmentosa[END_REF]. Briefly, viral particles were produced by co-transfection of HEK-293T cells with (1) an adenovirus helper plasmid (pXX6-80), ( 2) an AAV packaging plasmid carrying the rep2 and cap8 genes and (3) the AAV2 expression vector containing the transgene. 72 hours following transfection, recombinant vectors were purified and concentrated from cell lysate and supernatant by ultracentrifugation on an iodixaniol density gradient followed by dialysis against PBSMK (0.5 mM MgCl2 and 1.25 mM KCl in PBS). Concentration of the vector stocks was estimated by real-time-PCR following the method described by [START_REF] Aurnhammer | Universal real-time PCR for the detection and quantification of adeno-associated virus serotype 2-derived inverted terminal repeat sequences[END_REF] and expressed as viral genomes per ml of concentrated stocks (Vg/ml).

Rationale for the choice of AAV2/8 as transgene-carrying vector

The choice of the type of viral vector as well as of the caspid/promoter combination was governed by two pre-requisites: (1) Achieve widespread expression in most of the HC and uniquely in this region, in order to produce a phenotype strong enough to induce cognitive deficits, (2) drive transgene expression mainly in the neuronal population. To achieve widespread expression of the transgene, an AAV vector was chosen over lentivirus because of its larger diffusion, leading to more widespread transduction of a given structure [START_REF] De Backer | An adeno-associated viral vector transduces the rat hypothalamus and amygdala more efficient than a lentiviral vector[END_REF]. Then, AAV2/8 pseudotype was chosen among the serotypes available at MIRCen because it fulfilled the two above mentioned criteria. Indeed, a study using AAV2/8 capsid and CBA promoter showed that this capsid allows both strong transgene expression (reminiscent of what was observed with AAV2) and widespread transduction area (similar to that observed with AAV5; [START_REF] Klein | Efficient Neuronal Gene Transfer with AAV8 Leads to Neurotoxic Levels of Tau or Green Fluorescent Proteins[END_REF]. This made AAV2/8 pseudotype the most promising capsid for the widespread expression of Tau transgene in the entire hippocampus. Others have already used this serotype/promoter combination in a study to drive Tau expression in the substantia nigra [START_REF] Klein | Efficient Neuronal Gene Transfer with AAV8 Leads to Neurotoxic Levels of Tau or Green Fluorescent Proteins[END_REF]. AAV2/9 serotype was also found to induce widespread expression of Tau in this region (Klein et al., 2008a). However, this serotype was not selected for our study for several reasons. First, it was found to diffuse more to overlying cortex. Secondly, this serotype induces strong transgene expression at very early time-points, leading to acute neuronal loss (Klein et al., 2008a). In our context, AAV2/8 pseudotype was thus selected for its more progressive time-course of transgene expression.

There is controversy on the cell-type transduced by AAV2/8 vectors with studies showing almost uniquely neuronal transduction [START_REF] Taymans | Comparative Analysis of Adeno-Associated Viral Vector Serotypes 1, 2, 5, 7, And 8 in Mouse Brain[END_REF] and others showing also strong transduction of astrocytes [START_REF] Aschauer | Analysis of Transduction Efficiency, Tropism and Axonal Transport of AAV Serotypes 1, 2, 5, 6, 8 and 9 in the Mouse Brain[END_REF]. Recent reports suggest, however, that the purification method of AAV particles may play an important role in the tropism of AAV2/8 vectors, iodixianol gradients allowing mostly neuronal transduction [START_REF] Klein | AAV8, 9, Rh10, Rh43 vector gene transfer in the rat brain: effects of serotype, promoter and purification method[END_REF]. Indeed, in this study, AAV2/8-CBA-GFP construct, purified on iodixianol gradient, was found to produce efficient transduction of pyramidal neurons in the CA1 hippocampal subfield as well as granular cells in the dentate gyrus, with mostly neuronal transduction pattern [START_REF] Klein | AAV8, 9, Rh10, Rh43 vector gene transfer in the rat brain: effects of serotype, promoter and purification method[END_REF]. Similarly, AAV2/8 capsid with CMV promoter, purified with the same method, leads to strong neuronal transgene expression and almost no transduced astrocytes (93% and 7% respectively) when injected in the striatum [START_REF] Taymans | Comparative Analysis of Adeno-Associated Viral Vector Serotypes 1, 2, 5, 7, And 8 in Mouse Brain[END_REF]. This was confirmed by observations made in the laboratory (data not shown) and led to the selection of AAV2/8 for efficient neuronal delivery of our different transgenes.

II -Stereotaxic injections

Animals were housed in a temperature-controlled room maintained on a 12 hr light/dark cycle. Food and water were available ad libitum. All animal studies were conducted according to the French regulation (EU Directive 86/609 -French Act Rural Code R 214-87 to 131). The animal facility was approved by veterinarian inspectors (authorization n°B 92-032-02) and complies with Standards for Humane Care and Use of Laboratory Animals of the Office of Laboratory Animal Welfare (OLAW -n°#A5826-01). All procedures received approval from the ethical committee. Adult male Wistar rats (250 g each; JANVIER, France) and male C57BL/6J mice (20g) were used for AAV infections.

Prior to stereotaxic surgery, anaesthesia was first induced by placing the animals in an induction chamber with 4% isoflurane until they were unconscious. Adult male wistar rats were then injected with an anaesthetic composed of a mixture of Kétamine (Imalgène 1000, 75mg/kg) and Medetomidine hydrochloride (Domitor, 0.5mg/kg), administered intraperitoneally. For mouse injections (male adult C57BL/6J mice), anaesthesia was performed using Kétamine (Imalgène 1000, 100mg/kg) and Xylazine (10 mg/kg). For local anaesthesia, lidocaine (7mg/kg) was administered subcutaneously under the scalp skin 5 minutes before the beginning of surgery. To prevent corneal desiccation, ophthalmic ointment was regularly placed in the eyes. During the surgery, normal body temperature was monitored and maintained by using temperature-controlled electric heat pads.

AAV vectors were injected using a 34-gauge blunt-tip needle linked to a Hamilton syringe (Hamilton, Reno, NV) by a polyethylene catheter at the stereotaxic coordinates indicated in Table 2. Anteroposterior and lateral coordinates were taken relative to bregma. Ventral coordinates were taken relative to the skull at the injection site. The tooth bar was set at -3.3 mm for rats and 0 mm for mice. For rat injections, 4µl of vector diluted in 0.1M PBS with 0.001% pluronic acid was delivered using a microdialysis pump (Stoelting Co., Wood Dale, USA) set at 0.25µl/min. For mice, the volume of injection was set at 2µl and rate of delivery at 0.20µl/min. At the end of injection, the needle was left in place for an additional 5min before removing.

At the end of the surgery procedure, the scalp skin was closed using Michel wound clips. For animals induced with the Ketamine/Domitor mix, anesthesia was then reversed with a subcutaneous injection of Atipamezole (Antisedan, 0,5 mg/kg). All animals were then rehydrated with a subcutaneous injection of warm saline (10ml/kg) and left for 1h in a ventilated heating box (28°C) until they woke up and fully recovered from anesthesia. Post-surgery analgesia was ensured by the administration of Paracetamol (Pracetam 1,6 mg/ml) in drinking water for 48 hours.

Table 2: Summary table of the different injections performed in this study

Doses of vector are given in number of viral genome (Vg). Coordinates were taken relative to bregma for the anteroposterior (AP) and lateral (L) coordinates. Ventral (V) coordinates were taken relative to the skull at the site of injection.

III -Behavioural analysis 1) Open field

All rats were subjected to a 5 days habituation phase prior to behavioural testing, consisting in 5 min of handling every day. This was followed by an open field test for the assessment of spontaneous locomotion and anxiety behaviour. Briefly, animals were allowed to explore freely a squared open field (Med Associates Inc., St Albans, Vermont, USA) for 10 min. The behaviour of the animal was recorded using Ethovision XT10 software (Noldus Instruments, Wageningen, The Netherlands) and several parameters were computed. Measures of locomotor abilities and exploration included the mean distance travelled (cm), mean velocity (cm/s), frequency of rearing and time spent rearing (s). Measures of anxiety included the frequency of grooming, time spent grooming (s), time spent in centre (s) and the number of entries in centre.

2) Spatial reference memory task in the Y-Maze

The test consisted in a 15 min-long training phase during which one arm of the Y-maze (Med Associates Inc., St Albans, Vermont, USA) was blocked and the animals allowed exploring freely the other two arms.

After a 3 min inter-trial interval (ITI), animals were re-introduced into the maze for a 5 min-long test period during which they could explore all three arms, including the one that was previously blocked. The behaviour of the animal was recorded using Ethovision XT10 software (Noldus Instruments, Wageningen, The Netherlands) and memory was assessed by computing the percentage of time spent in each arm (time spent in arm * 100 / time spent in all arms).

Introduction of the animal into the maze was always done from the end of the same arm (considered as the "start" arm) and the positions of the blocked ("novel") and "other" arms were balanced between animals to avoid spatial bias. Given that memory in this test is based on the tendency of animals to explore the environment, animals that presented less than four total arm entries during training were considered as not performing the task and were thus excluded from analysis of the test session.

3) Long-term memory assessment using contextual fear conditioning paradigm

Long term emotional memory was assessed using a standard contextual fear conditioning protocol (Bioseb, Vitrolles, France). During a training phase, animals were introduced in a dark box for a 5 min 30s long-period. After a 3 min habituation to the context, animals received three 0,3 mA electric foot shocks separated by a 1 min interval. After a 24h ITI, animals were re-introduced into the box for an 8 min-long period. Freezing was recorded during the training and test phases using a movement sensor placed at the bottom of the box and considered as a recording bellow a 15% threshold for at least 1s.

IV -Histology 1) Tissue processing

One or three months after injection, rats were anesthetized with 4% isoflurane before receiving a lethal dose (2ml) of sodium pentobarbital (60mg/ml). Animals were then fixed by cardiac perfusion with NaCl 0.9% for 1 min followed by 4% PFA in PBS 0.1M for 9 min at a speed of 30ml/min. The brain was collected and post-fixed overnight in 4% PFA-PBS0.1M. Then, tissue was transferred in a 20% sucrose solution in PBS 0.1M for cryoprotection before sectioning on a freezing microtome (SM2400, Leica, Germany). Fourteen series of 30µm-thick sections were collected, spanning the entire hippocampus and stored at -20°C in a storage solution containing 30% glycerol, 30% ethylene glycol, 10% 0.1M Phosphate Buffer.

2) Immunohistochemistry and immunofluorescent staining

For free-floating immunohistochemistry, sections were incubated 30 min with 0.3% H2O2 in PBS. After rinsing in PBS 0.1M, 0.2% Triton (Sigma X-100), sections were incubated 1h with the blocking buffer containing normal goat serum (NGS) in PBS and transferred into primary antibody solutions diluted in blocking buffer for incubation overnight at 4°C. After rinsing, sections were incubated with the appropriate secondary antibody for 1h at room temperature followed by 30 min incubation in VECTASTAIN ABC Kit (Vector Laboratories, USA) and DAB revelation using DAB Peroxidase Substrate Kit with nickel (Vector Laboratories, USA). Sections were then dehydrated in increasing ethanol concentrations and xylene before mounting using Eukitt (Dutscher, France). For free-floating immunofluorescence staining, sections were incubated directly in blocking solution before transfer into primary antibody solutions diluted in blocking buffer for incubation overnight at 4°C. After rinsing, sections were then transferred into Alexacoupled secondary antibodies solutions (Thermofisher, USA) for incubation 1h at room temperature. For AT8/Vimentin and AT8/Iba1 colabellings, AT8 immunostaining was amplified using CY3-coupled streptavidin (Sigma-Aldrich, USA). Sections were then mounted directly on slides using fluoromount medium (Sigma-Aldrich, USA). For further description of the antibodies used in this study as well as antibody dilutions, see Table 3.

Table 3: Summary table of antibodies used in this study and the concentrations used for different applications

For each application, primary (top row) and secondary (bottom row) antibody dilutions are given. Ig: Immunoglobulin

3) Gallyas silver impregnation

Sections washed 3 times in sterile 0.1 M PBS, mounted on slides and left for drying overnight prior to Gallyas staining. Sections were then permeabilised by incubation into toluene followed by decreasing ethanol concentrations (100%, 90% and 70%). Slides were then transferred into a 0.25% potassium permanganate for 15 min, incubated 2 min in 2% oxalic acid followed by a 60 min incubation in to a solution containing 0.4g lanthanum nitrate, 2g sodium acetate, and 30% hydrogen peroxide. Slides were then rinsed 3 times in distilled water before incubation for 2 min in a solution containing 0.035% AgNO3, 0.04g/ml of NaOH, 0.1g/ml KI. Reaction was then stopped by rinsing sections in 0.5% acetic acid and development performed by incubation for 20min in a solution containing 2g/L NH4NO3, 2g/L AgNO3, 10g/L tungstosilicic acid, 0.28% formaldehyde and 50g/L Na2CO3. Sections were then washed again in 0.5% acetic acid, incubated 20 min in 1% gold chloride before rinsing in distilled water. Fixation of the staining was then perfomed by washing sections 3 times in 1% sodium thiosulfate. Sections were then dehydrated in increasing ethanol concentrations and xylene before mounting using Eukitt (Dutscher, France).

4) In situ hybridization

A 200bp sequence of the polyA of beta-globine present in the backbone of our pAAV vectors was cloned in pGEM-T easy vector for in vitro transcription. The DIG-labeled RNA probes (sense and antisense)

were synthetized using the Riboprobe SP6/T7 system (Promega, USA) according to manufacturer instructions. Quality of DIG-labeled RNA probes was assessed on microfluidic RNA 6000 Nano chip (Agilent, USA). Sections were first washed 3 times in sterile 0.1 M PBS. Then the sections were mounted on slides and were left for drying overnight. The next day, pre-hybridization was performed by incubating sections for 1h in a solution containing saline-sodium citrate (SSC) 20X and 50% formamide to inhibit non-specific binding. Sections were then hybridized overnight at 72•C with either the sense or antisense probe diluted to 1/200 in hybridization buffer (50% formamide, 5X denhardts, 1mg/ml yeast tRNA, 500µg/ml salmon sperm DNA). Slides were then washed in SSC 0.2X for 90 min at 72°C and 5 min at room temperature before blocking for 1h in 10% NGS diluted in B1 buffer (Tris-HCl 0.1M pH7.6, NaCl 0.15M, Tween 0.1%). Sections were then transferred in a solution containing anti-DIG-POD Fab fragments (Roche, Switzerland) diluted to 1/5000 in B1 buffer + 1%NGS and left to incubate overnight at room temperature. The final day, sections were rinsed three times in B1 buffer and one time in B3 buffer (Tris-HCl 0.1M pH7.6, NaCl 0.1M, MgCl2 50mM, Tween 0.1%). DIG revelation was then performed by incubating 24h with colorimetric substrates NBT/BCIP (Roche, Switzerland) according to the manufacturer's instructions. The reaction was then stopped by washing the slides in B1 buffer and sections were incubated with 4% PFA before proceeding to GFAP immunostaining.

5) Image acquisition and quantification

Quantifications were performed on all sections of a series spanning the entire hippocampus in order to be able to perform correlation studies between the different parameters measured.

Counting of AT100-positive neuronal somas and AT100-positive astrocyte-like cells Following AT100 immunostaining, z-stack images of the entire section were acquired at 20x (10µm, 1µm steps) on an Axioscan (Zeiss, Oberkochen, Germany). Z-project images were then converted into jpeg files and reduced to 70% of full resolution size. Manual counting of AT100-positive somas was then performed using ImageJ software (cell counting plugin) on all sections of a series, spanning the entire hippocampus. Two sub-regions of the hippocampus were defined. The first one, termed Sub-CA1/2, comprised the subiculum as well as the CA1 and CA2 hippocampal subfields. The second one, named CA3/4-DG, was constituted of the CA3 and CA4 hippocampal subfields as well as the dentate gyrus. Total estimate of positive objects in a given sub-region or in total was then calculated by multiplying the obtained number by 14, corresponding to the section sampling.

Cavalieri estimation of hippocampal volume

Estimation of whole hippocampal volume was performed on 5x mosaic images of NeuN staining acquired with a spinning-disk confocal microscope (BX51WI, Olympus Deutschland GmbH, Germany). Manual segmentation of the hippocampus was performed on those images and area of the structure determined using Stereo Investigator software (MBF Bioscience, USA). Volume of the structure was then estimated using the following formula:

𝑉 = ∑(𝐴 ×𝑛 ×𝑇)
Where V is the estimated volume, A is the hippocampal area segmented on each section, n corresponds to the section sampling and T the section thickness.

Image processing of AT8/Iba1 co-staining AT8/Iba1 immunolabelled sections were scanned at 20x using a Nanozoomer (Hamamatsu, Japan).

Manual segmentation of the entire hippocampus was then performed before thresholding of each fluorescent channel (FITC for Iba1 and TRITC for AT8) using Visiopharm Integrator System software (Visiopharm, Denmark). Pre-processing of images was performed prior to thresholding using a series of image transformations implemented into the software. This was done in order to increase the signal to noise ratio, enabling more accurate segmentation of the staining (Figure 22). As a result, thresholding on AT8 channel led to the precise segmentation of strong somatic and neuritic staining but left out weakly stained processes. Similar processing was performed on the FITC channel allowing fine identification of individual Iba1-positive microglia. associated software in order to investigate colocalization. Images of additional immunostainings were acquired using brightfield or epifluorescence microscopy (DM6000, Leica, Germany).

6) Stereological counting of the number of pyramidal neurons in the CA1/2 hippocampal subfield

Unbiased stereological counting of CA1/2 pyramidal neurons was performed using Stereo Investigator software (MBF Bioscience, Williston, Vermont, USA) on every fourteenth sections (30µm thick sections)

spanning the entire hippocampus. 40x z-stack (1µm steps) images of NeuN staining in the CA1/2 region were acquired on a spinning-disk confocal microscope (BX51WI, Olympus Deutschland GmbH, Germany) and analysed with the optical fractionator (Figure 24). The tissue thickness was measured at every counting frame location and was found to be of 17.65 µm ± 0.34 (mean ± SD). The height of the counting frame was set to 10 µm with a 2 µm guard zone above and below. The counting frame size was set to 20 x 20 µm with a grid size of 100 x 100 µm. This led to an average counting of 506.20 ± 13.70 cells (mean ± SD). A mean coefficient of error (CE) < 0.1 per group was used as the criterion for assessment of the validity of counting. The average CE for all animals was found to be 0.070 ± 0.002(mean ± SD). Neurons were counted if they came into focus within the height of the counting frame.

The centre of the NeuN-stained nucleus was taken as reference points. Neurons were counted when this reference point was found inside the counting frame or hitting the inclusion lines (green). Conversely, neurons were excluded from counting it the reference point lied outside of the counting frame or was hitting the exclusion lines (red).

Figure 24: Principle of design-based stereological counting

Counting of neurons is performed in randomly positioned counting frames (of given area ACf) projected onto the section according to a grid of given area Ag. The area sampling factor ASF used for final calculation of the estimated cell number, corresponding to Ag/ACf, represents the number of counting frames that could virtually be placed into a given grid. Sampling is also performed within section thickness (TSF) and is defined by the section thickness (Ts) divided by the height of the counting frame (TCf), this parameter thus corresponding to the number of counting frames that could virtually be placed into section thickness. Definition of those parameters as well as section sampling factor (SSF) allow the estimation of total cell number from the number of counted cells in a given structure.

Then, estimation of volume was performed using the following formula:

𝑉 𝑖 = 𝐴 𝑝 ×𝑚 ×𝑡 × ∑ 𝑃 𝑖
Where i represents a given category (PYR Cells or PYR Parenchyma ), V is the estimated volume, Ap is the area of the grid, m the section sampling, t the measured thickness and P the points counted on grid.

V -Electron microscopy

Two months after injection, rats were anesthetized with 4% isoflurane before receiving a lethal dose of sodium pentobarbital. Animals were then fixed by cardiac perfusion with NaCl 0.9% for 1 min followed by 2% glutaraldehyde and 2% paraformaldehyde in 0.1M phosphate buffer for 9 min. Whole brains were removed and placed in fresh fixative overnight at 4°C. Transverse slabs of 1 mm thickness across the entire hippocampus from both right and left hemispheres were dissected. The tissue was then post-fixed in 1% osmium tetroxide, 1,5% potassium hexacyanoferrate and 0,1M PHEM buffer pH 7,4 for 1 h, stained in 2% uranyl acetate in water for 1 h and dehydrated through graded series of ethanol and embedding in Epon resin (Epoxy embedding medium kit, Fluka). Blocks were polymerized at 60°C for 48 h. Ultrathin sections of 80nm were cut on an UC7 ultramicrotome (Leica microsystems) with a diamond knife (DiATOME) and mounted on 100 mesh formvar-carbon coated copper grids. Sections were then stained with 2% uranyl acetate and Reynold's lead citrate. For each animal, digital images were acquired from a FEI Tecnai G2 Spirit BioTwin transmission electron microscope operating at 120kV using an Orius SC1000B CCD camera.

VI -Biochemistry 1) Tissue processing

One or three months after injection, rats were anesthetized with 4% isoflurane before receiving a lethal dose of pentobarbital. Brains were then extracted and briefly rinsed in PBS 0.1M before dissection of the hippocampus. The structure was then weighted and 3 volumes of a solution containing Tris 10mM (pH 7.6 -HCl) and sucrose 0.32M were added, before freezing in liquid nitrogen for long-term storage. Samples were then thawed and protease inhibitors (Complete, Roche, Bâle, Switzerland) were added before lysis using Precellys 24 homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France).

After BCA dosage (Thermofisher, Carlsbad, California, USA), all samples were aliquoted by 20µl at 1.3µg/µl. For whole homogenate western blots, 20µl of 2x LDS (containing NuPAGE LDS Sample Buffer 4x and NuPAGE Sample Reducing Agent 10x in H2O, Thermofisher, Carlsbad, California, USA) were added to the samples before heating at 95°C for 5 min.

2) Sarkosyl extraction of insoluble Tau fibrils

For sarkosyl extraction (Figure 26), 700µl of Tris 10mM, sucrose 0.32M, Triton 0.23% were added to 100µl of sample (1.3µg/µl). The sample was then sonicated before centrifugation at 5 000 g for 10 min at 4°C. The supernatant was collected for ultracentrifugation at 100 000 g for 1h at 4°C. The second supernatant containing the triton soluble fraction was then collected and diluted in one volume of 2X LDS. The pellet was re-suspended in 800µl of Tris 10mM, sucrose 0.32M, sarkosyl 1%, sonicated and went through a second ultracentrifugation at 100 000 g for 1h at 4°C. The third supernatant containing the sarkosyl-soluble fraction was diluted in one volume of 2X LDS and the pellet containing the sarkosylinsoluble fraction re-suspended in 100 µl of 1X LDS. 

3) Western blots and dot blots

For western blot analysis, 15µg of samples were loaded onto a 4-12% Bis-Tris NuPAGE Novex gel (Invitrogen, Carlsbad, California, USA). This was followed by transfer onto a 0.2 µm nitrocellulose membrane using iBlot Dry Blotting System (Thermofisher, Carlsbad, California, USA). The membrane was incubated in a blocking solution containing 5% BSA (for AT100 immunoblotting) or 5% milk in TBS, 0.1% Tween for 1h at room temperature. Then, it was transferred in the antibody solution diluted in the blocking solution for incubation overnight at 4°C. The signal was then amplified by incubating the membrane 1h with the appropriate secondary antibody diluted in the blocking solution. The fluorescent signal was then visualized using Odyssey CLx Imager (Li-cor Biosciences, Germany) and analysis performed using Image Studio software (Li-cor Biosciences, Germany). For dot blot analysis, 15µg of non-denatured whole homogenates were deposed onto a 0.2 µm nitrocellulose membrane and allowed to pass through the membrane using a vaccum pump. The membrane was then processed for T22 immunoblotting as previously described (refce). Briefly, the membrane was incubated overnight in a 10% milk blocking solution. After three washes, it was transferred in the primary antibody solution diluted in 5% milk for incubation during 1h. The membrane was then rinsed 3 times and incubated 1h in the secondary antibody solution in 5% milk. Signal was then visualized as described above. For further description of antibodies and antibody dilutions, see Table 4.

Table 4: Summary table of antibodies used in this study and the concentrations used for different applications

For each application, primary (top row) and secondary (bottom row) antibody dilutions are given. Ig: Immunoglobulin

4) MSD dosage of CSF total Tau

For MSD dosage, terminal CSF sampling from the cisterna magna was performed. 100-150µl of CSF samples were then vortexed before centrifugation at4 000 g for 10 min at 4°C. Samples were then aliquoted by 30µl and stored at -80°C. For human total Tau dosage (V-plex, MSD, USA), triplicates of each sample diluted to 1/4 in diluent 35 (MSD) were loaded onto plates. Dosage was then performed following manufacturer's instruction. CSF samples that were heavily contaminated with blood during collection were excluded from further analysis.

VII -Real-time quantitative PCR (RT-qPCR)

One or three months after injection, rats were anesthetized with 4% isoflurane before receiving a lethal dose of pentobarbital. Brains were then extracted and briefly rinced in PBS 0.1M before dissection of the hippocampus. The structure was then lysed in 1ml of trizol using Precellys 24 homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France) and total RNA (including miRNAs) isolated using miRNeasy mini kit (Qiagen, Germany), following manufacturer's instructions. RNAs (0.125 µg) were then reverse-transcribed into cDNA using SuperScript VILO cDNA Synthesis Kit (Invitrogen, USA). Cycling parameter were 25°C for 10 min, 42°c for 1h and 85°C for 5 min. RT-qPCR was then performed using iTaq Universal SYBR Green Supermix (Biorad, USA) and primers (Biorad, USA or Eurofin Genomics, Les Ulis, France) specific to different targets on 1ng of cDNA, using 3nM of primers. See Table 5 for the complete list of the primers used. Reactions were run in triplicates in 384-well PCR plates and the cDNA of four non-injected wistar rats served as an inter-plate reference. PCR cycling parameters were as follows: 95°C for 3 min, 40 cycles at 95°C for 10 s, and 60°C for 30 s. Dissociation temperature mounted 0.5°C/min from 60°c to 95°C. Cycle threshold (Ct) values were generated using Bio-Rad CFX manager software (regression mode). Results for each sample were then expressed using the following formula:

∆∆𝐶𝑡 = 𝑅𝑄 𝐺 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 √ 𝑅𝑄 𝐺 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 1 × 𝑅𝑄 𝐺 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 2
Where: 𝑅𝑄 = (2 𝐸 ) 𝐶𝑡 𝑚𝑖𝑛 -𝐶𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 And, where E represents the efficiency of each primer and Ctmin the minimum Ct value of all samples.

Peptidylprolyl isomerase A (Ppia) and hypoxanthine phosphoribosyltransferase 1 (Hprt1) were used as the reference genes pair for quantification.

VIII -Statistical analysis

Results are presented as mean ± SEM. Statistical analysis was carried out using Statistica 13 software (Statsoft Inc., Tulsa, Oklahoma, USA). Prior to analysis, the data was assessed for normality and homogeneity of variance. If it fulfilled the criteria for general linear model, it was analysed by one-way ANOVA or factorial ANOVA followed by a Bonferroni's post-hoc test. Otherwise, a non-parametric equivalent was used. When no statistical difference between PBS and utGFP groups could be observed, those were pooled into a single control group for comparison to Tau constructs. For correlation studies, all data passed normality testing, allowing the use of Pearson correlation test. This was performed uniquely on Tau groups with exclusion of control animals. Annotations used throughout the manuscript to indicate level of significance are as follows: *p<0,05; **p<0,01; ***p<0,001.

Table 5: List of the different primers used in the RT-qPCR experiment

The sequence amplified during RT-qPCR is given for genes studied using Biorad primers. For in-house designed primer pairs, the sequence of forward and reverse primers is given.
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I -Optimization of injection conditions for optimal vector expression 1) In vitro and in vivo validation of Tau constructs

Before AAV production and injection, the expression of Tau constructs was validated in vitro. For this purpose, HEK-293T cells were transfected with Tau plasmids. Western blot analysis was then performed using antibodies detecting either full-length Tau (HT7) or the pro-aggregation peptide (P2A; Figure 27 -A). HT7 detected Tau at the correct molecular weight in all constructs, confirming that Tau was correctly expressed in all conditions. In addition, the 2A peptide, which remains attached to the pro-aggregation peptide (TauRD-ΔK280) after cleavage, was detected at the expected molecular weight of TauRD-ΔK280 after transfection of the hTAU ProAggr construct. This suggests that the chimeric protein was indeed cleaved in vitro, releasing TauRD-ΔK280 and hTAU WT in similar proportions. Consistent with this result, no HT7 or P2A staining could be observed at 90 kDa, corresponding to the molecular weight of the uncleaved chimeric protein. Cleavage was confirmed in vivo by means of HT7 and P2A co-labelling in rats injected with the hTAU ProAggr vector (Figure 27 -B). Both epitopes were found in the same cells, but the sub-cellular localization only partially overlapped, suggesting cleavage of the protein in vivo. 

2) Validation of injection coordinates for optimal transduction of the entire HC

To determine the optimal injection coordinates, rats were injected with AAV2/8 vectors expressing green fluorescent protein (GFP) under the control of the CBA promoter. Injection coordinates were chosen in order to achieve good transduction of the CA1 hippocampal subfield, a sub-region affected at an early stage in AD and related tauopathies [START_REF] Braak | Neuropathological stageing of Alzheimer-related changes[END_REF]. Two weeks after injection, rats were perfused and direct fluorescence was assessed using epifluorescence microscopy (Figure 28). Animals injected in the dorsal and ventral hippocampus at two different antero-posterior levels presented GFP expression in most of the hippocampal subfields, including CA1/2 and CA3/4 sub-regions as well as the dentate gyrus (DG). Hence a good transduction of both dorsal and ventral HC with large diffusion to the entire structure on the antero-posterior axis was achieved, with no diffusion to adjacent regions. 

II -Induction of Tau pathology in the HC of adult rats after overexpression of Tau constructs

Once all injection conditions were optimized, rats were injected with each of the 3 Tau constructs (hTAU WT , hTAU P301L and hTAU ProAggr ). In addition, animals were injected with AAV vectors encoding an untranslated GFP protein (utGFP) as a control for vector expression. Lastly, rats injected with PBS served as a control for the mechanical lesion induced by the injection. Characterization of those different models was performed at 1 and 3 months post-injection to determine whether the induced Tau pathology was similar in all Tau groups.

1) Expression levels of Tau constructs in vivo

First, we aimed to assess the amount of Tau overexpression induced by the different constructs. To this purpose, rats were injected with AAV2/8 vectors encoding each construct and Tau protein level in the hippocampus was assessed by western blot 1 month post-injection (Figure 29,A) using the Tau46 antibody that recognizes both human and murine Tau (Figure 29,B). Total Tau expression was found to be 6 to 7-fold the level of endogenous Tau in hTAU WT and hTAU P301L groups (Figure 29,C). In contrast, Tau expression was found to be only weakly elevated in hTAU ProAggr group when compared to utGFP (representing about 1,5-fold the endogenous level). Surprisingly, no staining for P2A could be detected in any of the animals from the hTAU ProAggr group.

Figure 29: Evaluation of the level of Tau over-expression induced by each construct on crude hippocampal homogenates A) Representative blot for total Tau (Tau46) and actin expression at 1 month post-injection. B) Schematic representation of murine and human Tau showing the localisation of antibody epitopes. C) Quantification of Tau expression by western blot in all groups, normalized to actin (n=6/group). A significant increase in Tau expression was observed in both hTAU

We next aimed to determine whether those differences in human Tau protein levels were resulting from differences in transgene expression. To this purpose, RT-qPCR was performed, using primers targeting an N-terminal sequence present uniquely in human Tau, to assess the level of transgenes mRNAs (Figure 29,D). Transgene mRNA was detected specifically in all Tau groups at 1 month post-injection.

Differences in expression levels were observed, however, with a significant increase in both hTAU P301L and hTAU ProAggr groups, but not in the hTAU WT group, when compared to controls. In contrast, at 3 months post-injection, only animals from the hTAU ProAggr group showed increased transgene expression when compared to controls. Those differences in expression and the diminution observed in the hTAU P301L group over time may be related to the selective loss of transgene-expressing cells. Indeed, analysis of Tau overexpression was performed at 1 month post-injection because this time-point coincides with the peak of transgene expression with AAV8 vectors (Klein et al., 2008a). However, pathological processes may already be in place at this time. This hypothesis will be addressed in later sections. The finding that hTAU ProAggr animals present the highest level of transgene mRNA suggest that the low level of Tau protein observed by western blot in this group is not related to a reduced transgene expression compared to the other Tau constructs. This will also be discussed in later sections.

2) Hyperphosphorylation of Tau and missorting to the dendrosomatic compartment

We next aimed to study if Tau overexpression was able to recapitulate the main features of tauopathies.

To this purpose, immunohistochemistry was performed on all animals using the AT8 antibody (Figure 30) that detects a phospho-epitope commonly found in patients with a tauopathy (phospho-Ser202, phospho-Thr205). This antibody is commonly used for Braak staging for the diagnosis of post-mortem samples [START_REF] Braak | Neuropathological stageing of Alzheimer-related changes[END_REF].

Figure 30: Extent of AT8 Tau pathology on the rostro-caudal axis of the hippocampus

Representative images of the extent of Tau pathology in the HC of one animal of the hTAU P301L group 1 month postinjection. Brain sections were processed for immunohistological analysis using AT8 antibody (yellow). Tau hyperphosphorylation could be detected in the entire hippocampus, both in dentate gyrus and hippocampal subfields. Hyperphosphorylated Tau could sometimes be observed in neighbouring regions such as the amygdala (Amg) and the entorhinal cortex (EC). Similar pattern of Tau pathology could be observed in hTAU WT and hTAU ProAggr groups.

Extensive hyperphosphorylation of Tau was detected in all groups, spanning the entire hippocampus on the antero-posterior axis. In addition, AT8 staining was sometimes observed in neighbouring regions, including entorhinal cortex and amygdala.

This hyperphosphorylation was associated in all Tau groups with missorting of the protein to the somatodendritic compartment, as opposed to its major axonal localisation in physiological conditions (Figure 31, A, inserts). Conversely, no AT8 staining could be observed in either utGFP or PBS control group (data not shown). Quantification of AT8 immunofluorescent staining showed differences between groups in the extent of Tau hyperphosphorylation. Hence, mean fluorescence intensity (MFI, Figure 31,B) at 1 month post-injection was found to be 30 to 40% higher in the hTAU WT group compared to hTAU P301L and hTAU ProAggr group respectively. Interestingly, while this difference between hTAU WT and hTAU ProAggr groups remained at 3 months postinjection, MFI in the hTAU P301L group increased at this time-point, to a level similar to hTAU WT .

Altogether, those results suggest that Tau constructs may differ in the extent and kinetics of Tau hyperphosphorylation. Similar results were obtained when looking at the percentage of hippocampal volume occupied by AT8 staining (Figure 31,C), although with less obvious group differences. Indeed, although no significant difference could be observed between groups at 1 month post-injection (10-15% of AT8-positive HC volume), hTAU WT and hTAU P301L groups were found to be significantly increased at 3 months compared to the hTAU ProAggr group. This relatively low percentage of AT8-positive hippocampal volume observed in all groups may be related to the stringent thresholding parameters applied here (see section IV -5 of the material & methods section).

3) Differential induction of Tau aggregation with Tau constructs

We next aimed to study whether Tau constructs were able to induce Tau aggregation. Immunohistochemistry using AT100 antibody, that recognizes a phospho-epitope (phospho-Thr212, phospho-Ser214) found to be enriched in PHFs in human tauopathies, was performed on all groups at 1 and 3 months post-injection (Figure 32). AT100-positive neurons were observed in all hippocampal subfields in both hTAU P301L and hTAU ProAggr groups as early as 1 month post-injection (Figure 32,A). More precisely, AT100 staining was observed filling the somatic compartment. Additional neuritic staining, in the form of "string of beads", was also observed in both groups, thus mirroring missorting of pathological Tau observed with AT8 antibody. In contrast, the overexpression of hTAU WT construct did not lead to significant Tau aggregation up to 3 months post-injection. Counting of AT100-positive somas indeed showed a large increase in both hTAU P301L and hTAU ProAggr groups when compared to hTAU WT , this difference being more pronounced in the CA3/4-DG region owing to a large number of AT100-positive somas observed in the ventral DG (Figure 32, B, C andD). The AT100 epitope is located outside of the repeated regions, which means that only aggregates containing full-length Tau were visualized with this antibody, whereas pure aggregates of TauRD-ΔK280 would not be detected. Thus, the co-expression of TauRD-ΔK280 with hTAU WT in the hTAU ProAggr group strongly promoted the aggregation of the wild-type form of human fulllength Tau, which alone was not able to aggregate.

No difference in the number of AT100-positive somas could be observed between hTAU P301L and hTAU ProAggr groups at 1 month post-injection, suggesting that both constructs presented with the same ability to induce aggregation. However, while the number of AT100-positive somas increased in the hTAU P301L group between 1 and 3 months post-injection, aggregation in the hTAU ProAggr group peaked at 1 month and decreased at 3 months post-injection. This suggests that the kinetics of aggregation may be different between those two groups or that they differ in clearance processes. The total quantity of Tau aggregates was further assessed by western blot analysis on whole HC homogenates (Figure 33,A). Interestingly, asignificant AT100 signal was observed only in the hTAU P301L group, with a trend towards an increase between 1 and 3 months post-injections (Figure 33,B).

Conversely, no AT100 signal was observed in both hTAU WT and hTAU ProAggr groups. The discrepancy between histological and biochemical results could be explained by the fact that analysis of Tau aggregation by counting of AT100-positive somas does not take into account the quantity of aggregated Tau in neurites. The total quantity of Tau aggregates in the hTAU ProAggr may thus be reduced compared to hTAU P301L and here failed to reach the detection threshold. Alternatively, it could be that an excessive size of aggregates in the hTAU ProAggr group may preclude them to enter the gel.

Ultrastructural studies of aggregates morphology should help resolve this issue.

We next aimed to assess more precisely the nature of Tau aggregates produced by each construct.

More specifically, we wanted to determine the stage of aggregation achieved with different Tau constructs. To this purpose, Gallyas silver impregnation was performed (Figure 34,A), a staining frequently used to detect mature NFT pathology. Consistent with previous histological results obtained using AT100 antibody, Gallyas-positive neuronal somas and neurites, forming tangle-like lesions, were observed in both hTAU P301L and hTAU ProAggr groups but not in the hTAU WT group as early as 1 month post-injection. The number of Gallyas-positive somas seemed qualitatively higher in the hTAU ProAggr group compared to the hTAU P301L at both time-points. Although this result remains to be confirmed by proper quantification, it suggests that the hTAU ProAggr construct may induce stronger aggregation than the hTAU P301L vector.

To confirm those results, sarkosyl fractionation was performed on hippocampal homogenates from the different groups in order to isolate Tau fibrils. Tau fibrils were detected in both hTAU WT and hTAU P301L groups as early as 1 month post-injection using HT7 antibody (Figure 34,B). Surprisingly, only little sarkosyl-insoluble material could be detected in the hTAU ProAggr group. This was consistent with western blot results showing no AT100 staining in this group but showed strong discrepancy with histological results. Interestingly, isolated Tau fibrils in hTAU WT and hTAU P301L groups were only weakly stained with AT100 antibody (Figure 34,C) at 1 month post-injection. This is consistent with our previous result of few AT100-stained somas in the hTAU WT group. This also suggests that the majority of AT100-positive material in the hTAU P301L group was non-fibrillar. The observation of HT7-positive and AT100-negative Tau fibrils at this time-point suggests that AT100 epitope may not necessarily be a pre-requisite to fibril formation. The number of AT100-positive fibrils in the hTAU P301L group seemed to increase between 1 month and 3 months post-injection. This followed the progression of AT100-positive somas observed in histological analyses and may suggest conversion of AT100-positive non-fibrillar aggregates into a fibrillary form. Interestingly, two bands were observed in the hTAU P301L group stained with HT7. This is reminiscent of the shift in apparent molecular weight observed in human tauopathies, characterizing Tau hyperphosphorylation. This observation uniquely in the hTAU P301L group, may suggest that this construct induces more post-translational modifications of the protein compared the other groups, in addition to the AT8 epitope that was not significantly increased in this group compared to hTAU WT (see Figure 31 in section II -2 of those results).

Following the finding that Tau constructs differed by their ability to induce aggregation as well as in the type of aggregates generated, we next aimed to assess whether those also presented differences in the amount of oligomeric Tau species produced. To this purpose, dot blot analysis using T22 antibody, which was found to selectively bind Tau oligomers in vitro and in the brain of AD patients (Lasagna-Reeves et al., 2012a), was performed at 1 month post-injection on whole hippocampal homogenates (Figure 35,A). Quantification of T22 staining in all groups (Figure 35,B) did not reveal differences between any of the Tau groups and utGFP control animals. Considering the high background signal observed in the utGFP group, however, it may be possible that analysis on whole homogenates may have hindered correct detection of oligomers in Tau-expressing animals. Further analysis should thus be performed to assess the level of Tau oligomers in our models. 

4) Biomarker of Tau pathology in the periphery

We next aimed to determine whether markers of the induced Tau pathology could be detected in peripheral fluids. MSD dosage of total Tau in CSF was thus performed in all animals (Figure 36). A dramatic and significant increase in CSF total Tau was observed in all Tau groups compared to controls as early as 1 month post-injection. This increase was highest in the hTAU P301L group, that showed a significant difference when compared to the hTAU ProAggr group. Elevation of CSF total Tau in the hTAU WT group was also higher than in hTAU ProAggr animals, although this failed to reach significance. Interestingly, a strong reduction in CSF Tau level was observed in all groups at 3 months post-injection although Tau level remained significantly higher in hTAU WT and hTAU P301L groups when compared to controls. To conclude, the characterization of the pathology induced by Tau constructs showed that those differ in the extent of Tau aggregation. While AT8-positive hyperphosphorylated Tau is was observed in all groups as early as 1 month post-injection, only hTAU P301L and hTAU ProAggr constructs were able to induce aggregation, in the form of AT100-positive somas. In addition, Gallyas silver impregnation allowed us to identify differences between those two groups in the stage of Tau aggregation. Indeed, hTAU ProAggr animals seemed to exhibit more end-stage tanglelike lesions suggesting that this construct led to stronger aggregation.

Surprisingly, biochemical analysis failed to reproduce histological results. Indeed, no Tau aggregate could be detected in the hTAU ProAggr independently of the biochemical technique used. Interestingly, this was associated with a reduction in detected Tau protein level compared to the other two groups which could not be explained by differences in transgene expression. One possible explanation for this discrepancy may thus be related to the structural nature of Tau aggregated in the hTAU ProAggr group. Indeed, here all biochemical analysis were performed using final SDS denaturation in order to dissolve Tau aggregates. However, it was recently demonstrated that some sort of large Tau aggregates may be highly SDS-resistant which may hinder their detection using standard western blot protocols [START_REF] Cowan | Are tau aggregates toxic or protective in tauopathies? Front[END_REF].

Altogether, this first characterization allowed us to demonstrate that co-expression of wild-type human Tau with the pro-aggregation peptide TauRD-ΔK280 strongly promoted its aggregation, while hTAU WT construct on its own was unable to aggregate in the rat brain. The hTAU P301L construct seemed to produce an intermediate phenotype with aggregation detected as early as 1 month post-injection, mostly in the form of soluble non-fibrillar aggregates.

III -The toxicity of Tau constructs is inversely correlated to their ability to aggregate 1) Differences in the level of neurodegeneration induced by Tau constructs

We next wanted to assess whether these differences observed in the extent of Tau pathology were associated with differences in the ability of Tau constructs to induce neurodegeneration. To this purpose, NeuN staining was performed on all groups at 1 and 3 months post-injection (Figure 37,A). WT and hTAU P301L groups but not hTAU ProAggr group at both 1 and 3 months post-injection when compared to controls (One-way ANOVA done separately for each time-point followed by Bonferroni post-hoc comparison, p<0.001 for each timepoint, n=5-12/group). D) Stereological counting showing significant reduction in the number of CA1 pyramidal neurons in both hTAU WT and hTAU P301L groups at 1 and 3 months post-injection when compared to controls and hTAU ProAggr (One-way ANOVA done separately for each time-point, Bonferroni post-hoc test, p<0.001 for each time-point, n=5-12/group). In contrast, no difference could be observed at any of the time-points between control and hTAU ProAggr animals. Stars above each bar represent the result of post-hoc comparisons to controls. Additional significance between groups is represented. *p<0.05, **p<0.01, ***p<0.001

Estimation of the whole hippocampal volume was then performed on the same animals (Figure 37,B).

Expression of hTAU WT construct led to a small reduction in hippocampal volume as early as 1 month post-injection, this atrophy being fairly stable over time (-14.3% at 1 month and -13.9% at 3 months postinjection). Conversely, the atrophy induced by hTAU P301L overexpression was only visible at 3 months post-injection (-20.9%), suggesting that this construct presented with a less acute toxicity than hTAU WT . In contrast, no obvious hippocampal atrophy could be observed with the hTAU ProAggr construct at any of the time-points. Similar results were observed using Cavalieri estimation of the volume occupied by CA1/2 pyramidal cells (Figure 37,C). Indeed, hTAU WT and hTAU P301L expressing animals showed a reduction in the volume of pyramidal cells at 1 month post-injection, when compared to controls (-28.8%

and -21.4% respectively). Conversely, no significant atrophy of the pyramidal cell layer could be observed at this time-point in the hTAU ProAggr group. Consistent with previous results, the volume occupied by pyramidal cells was relatively stable over time in the hTAU WT group while animals expressing hTAU P301L construct exhibited increased atrophy at 3 months post-injection (-28.6% and -

35.4% respectively).

This difference in the toxicity of Tau constructs was further confirmed by the stereological counting of CA1/2 pyramidal neurons (Figure 37,D). Indeed, a significant reduction in neuron number could be observed in hTAU WT and hTAU P301L groups when compared to controls as well as to hTAU ProAggr construct as early as 1 month post-injection (-23,2% for hTAU WT and -21,3% for hTAU P301L when compared to controls). No significant difference in the number of CA1 pyramidal neurons could be observed between hTAU ProAggr and control animals, further confirming the absence of toxicity of this Tau construct at this time-point. Again, the extent of neuronal loss seemed fairly stable over time in the hTAU WT group (-28.2% at 3 month post-injection). Conversely, neurodegeneration progressed in the hTAU P301L group, leading to a near 40% loss of CA1/2 pyramidal neurons at 3 months post-injection.

Interestingly, expression of the hTAU ProAggr was still neuroprotective at this time-point, as no difference in neurons number could be observed between this group and control animals. A few patches of neuronal loss were observed in one animal from this group, evidenced by a loss in NeuN staining, but it was occasional and never reached the level of neurodegeneration observed in the other two groups. This suggests that long-term expression of this construct may still have small detrimental effects. This should be assessed by characterizing our model at a later time-point. Altogether, those results however suggest that the co-expression of human wild-type Tau with TauRD-ΔK280, which strongly promotes its aggregation, protects neurons from strong acute toxicity exerted by hTAU WT alone.

2) Neurodegeneration induced by Tau constructs correlates with Tau hyperphosphorylation

Based on the observation that hTAU ProAggr construct produced the strongest aggregation in absence of any obvious toxicity, we next aimed to assess whether the extent of neuronal loss could be correlated to the degree of Tau pathology (Figure 38)..

Figure 38: Negative correlation observed between hyperphosphorylation of Tau and neuronal integrity A) A negative correlation was observed at 1 and 3 months post-injection between AT8 mean fluorescence intensity (MFI)

and number of CA1/2 pyramidal neurons (Pearson correlation test done separately for each time-point, p=0.0052, 95% confidence interval [-0.8236;-0.2137], n=20 at 1 month, p<0.0001, 95% confidence interval [-0.9737;-0.7724], n=15 at months). B) MFI of the AT8 staining was also negatively correlated at both time-points to the volume occupied by CA1 pyramidal cells (p=0.0018, 95% confidence interval [-0.8504;-0.2975], n=20 at 1 month, p<0.0001, 95% confidence interval [-0.9457;-0.5765], n=15 at 3 months). C) Negative correlation was also observed with whole hippocampal volume at both month (p=0.0142, 95% confidence interval [-0.7809;-0.1229], n=21) and 3 months post-injection (p=0.0052, 95% confidence interval [-0.6940;0], n=24), although it failed to reach significance at the latest time-point.

Significant negative correlations were observed between the mean fluorescence intensity of AT8 staining and all parameters used to assess the extent of neurodegeneration at 1 and 3 months post-injection, including stereological counting of CA1/2 pyramidal neurons (Figure 38,A), Cavalieri estimation of the volume of CA1 pyramidal cells layer (Figure 38,B) and whole hippocampal volume (Figure 38,C).

Thus, increased hyperphosphorylation of Tau in our models correlated with an increase in the extent of neuronal loss, confirming an association between this feature of Tau pathology and neurodegeneration. Interestingly, no correlation could be observed between markers of neuronal loss and the number of AT100-positive somas (data not shown). Considering that AT100-positive objects may represent either non-fibrillar aggregates such as observed in the hTAU P301L group, or highly aggregated argyrophilic lesions such as in the hTAU ProAggr group, this absence of correlation may be associated with the inhomogeneity of AT100-positive aggregates. Further correlation analyses between markers of neurodegeneration and numbers of argyrophilic lesions or oligomeric species should help us resolve the nature of the toxic Tau species.

3) Morphological neuronal and synaptic alterations associated with Tau pathology

To confirm that hTAU ProAggr expression did not induce significant neuronal damage, electron microscopy was performed on hippocampal tissue from injected animals at 2 months post-injection. Animals from utGFP and hTAU P301L groups were used as negative and positive controls, respectively. As expected, no obvious neuronal abnormality could be observed in the utGFP group (Figure 39,A). In contrast, hTAU P301L animals presented with several signs of neuronal damage (Figure 39, B), notably including signs of axonal and dendritic degeneration. Surprisingly, similar abnormalities could be observed in the hTAU ProAggr group as well (Figure 39, C) along with a few degenerating cells. Those results may suggest that hTAU ProAggr expression may be associated with some synaptic and neuronal defects, although its toxic effect may not be strong enough to induce significant neurodegeneration. To note, no typical Tau fibril usually observed in the brain of patients suffering from tauopathies could be observed in any of the Tau groups. 

4) No significant functional consequence of Tau overexpression revealed by RT-qPCR

Following the finding that both hTAU WT and hTAU P301L constructs induced strong neurodegeneration and that hTAU ProAggr overexpression was associated with neuronal and synaptic morphological abnormalities, we aimed to further assess the effect of these constructs on neuronal integrity. To this purpose, RT-qPCR was performed on whole HC homogenates using target genes involved in the apoptosis pathway (Figure 40, A andB). No difference was observed between any of the Tau groups and controls in the expression of caspases 3 and 6, suggesting that neuronal loss in hTAU WT and hTAU P301L groups was not associated with apoptotic pathways. Alternatively, caspase activation being a rapid and transient mechanism, it is possible that this would have occurred prior to 1 month post-injection, as strong neuronal loss was already evident at this timepoint. In addition, qPCR for post-synaptic markers PSD95 and NMDA receptor (Figure 40, C andD) as well as pre-synaptic proteins SNAP25 and synaptophysin (Figure 40, E andF) did not reveal significant difference between groups.

We next aimed to assess whether differences in the toxicity of Tau constructs was associated with altered expression of genes involved in protein degradation pathways. To this purpose, RT-qPCR was performed for markers of proteolysis (Figure 41,A), the ubiquitin-proteasome system (UPS; Figure 41,B) or autophagy-lysosome system (ALS, Figure 41, C-E).

Figure 41: RT-qPCR assay for markers of degradation pathways did not reveal abnormalities in Tau groups

No gross modification in the expression level of HTRA1 (A), a protease involved in Tau degradation, was observed in Tau groups compared to controls, suggesting that Tau degradation was not affected by its overexpression. There was also no difference between groups in expression of CHIP ubiquitin-ligase (Stub1, (B)), a marker of the ubiquitin-proteasome system (UPS), or for markers of autophagy (Beclin 1, Bcn1, (C); LC3, Map1Lc3a (D); LAMP1, (E)). Kruskall-Wallis non parametric test at each time-point (n=2-6/group). *p<0.05

No difference between Tau-expressing and control animals could be observed in any of the target genes investigated, although a tendency towards an increase was observed in hTAUproAggr animals at 3 months post-injection when compared to the other Tau groups. This suggests that Tau overexpression did not significantly affect those pathways. Conversely, those results suggest that Tau aggregation in hTAU P301L and hTAU ProAggr groups may not be related to defects in Tau clearance. Considering that neuronal loss in our models, although consequent, was spatially localised, it may also be possible that effects of Tau expression on gene expression may have been diluted when taking whole HC for analysis.

Similar analysis on cells sorted using antibodies directed against pathological Tau epitopes such as AT100 may allow to evidence small differences that would have not been detected here.

5) Absence of functional consequences on behaviour at 1,5 months pi

To assess whether the tauopathy induced by Tau constructs led to cognitive impairment, new cohorts of rats were injected with either PBS, utGFP, hTAU WT or hTAUPro Aggr and subjected to behavioural testing 1,5 months after injection. This time-point was chosen because of the relatively rapid time-course of pathology in our different models. This allowed the study of behavioural impairment at a time where neuronal loss was still quite limited and where synaptic deficits may occur. Indeed, the strong reduction observed over time in transgene mRNA suggests selective loss of transgene-expressing neurons.

Behavioural deficits and synaptic impairment may be either associated with neuronal death or more likely to impairment of neuronal and synaptic function by pathological Tau species, which may be rescued when transgene-expressing neurons are lost. Testing at an early stage thus allowed studying the specific effect of Tau pathology on cognition.

Animals were first tested in an open field for assessment of locomotor activity and spontaneous exploratory behaviour (Table 6). There was no difference between groups in any of the parameters computed, either in measures of locomotor abilities (e.g. mean velocity), spontaneous exploration (e.g. distance travelled, frequency of rearing) or anxiety (e.g. time spent in centre). This suggests that Tau overexpression did not induce gross alteration of locomotion or anxiety level, allowing us to proceed with the assessment of short-term memory. We next wanted to assess whether the neurodegeneration observed after hTAU WT overexpression was associated with memory deficits and if those could be rescued in the hTAU ProAggr group. To this purpose, rats were injected then tested for a working memory task in the Y-maze at 1.5 months post-injection (Figure 42,A). All control animals made significantly more entries in the novel arm compared to the other two arms, confirming that those were able to remember the familiar arm in the training phase (Figure 42,B). However, this was also the case for both hTAU WT and hTAU ProAggr groups, suggesting that Tau overexpression did not lead to significant impairment in working memory. Similar results were obtained when looking at the time spent in arm (Figure 42,C). Assessment of long-term emotional memory was then performed using a contextual fear conditioning paradigm (Figure 43). Percentage of freezing, an index of emotional memory, was measured during the training phase before and after shocks as well as in a test phase performed after a 24h retention interval.

As expected, PBS and utGFP-injected showed increased freezing after shock compared to before shock during the training phase (Figure 43,A). Increased freezing was also observed but to a lesser extent in both hTAU WT and hTAU ProAggr groups, with significant reduction in freezing after the second shock in hTAU ProAggr compared to controls. This may be related to altered stress-related behaviour in those animals. Percentage of freezing during test, however, did not differ between Tau-expressing animals and controls (Figure 43,B) suggesting that behavioural alterations evidenced during the training phase did not lead to significant deficit in long-term emotional memory. Again, a slight difference was observed between utGFP and hTAU ProAggr animals in the percentage of freezing after shock (one-way ANOVA, p<0.05, Bonferroni post-hoc test, p=0.054 for utGFP-hTAU ProAggr comparison, n=11-13/group). No difference between groups could be observed during test, suggesting no impairment of long-term memory following overexpression of human Tau in our models p=0.745,.

Analysis of the neurodegeneration associated with Tau overexpression allowed us to unravel differences in the toxicity of Tau constructs. Indeed, while significant neuronal loss was observed in both hTAU WT and hTAU P301L groups as early as 1 month post-injection, overexpression of the hTAU ProAggr construct was associated with only limited neurotoxicity. Those results suggest that potentiating the aggregation of wild-type human Tau may be associated with neuroprotection against the toxicity associated with soluble Tau species.

Slight signs of neuronal and synaptic distress, such as morphological abnormalities, where observed at later time-points in the hTAU ProAggr group, suggesting that on a longer term maintenance of Tau aggregates may be detrimental. No significant difference, however, was observed between Tau-expressing animals and controls in the expression of synaptic markers or pathways involved in neurodegeneration. However, it is worth noting that neuronal loss in both hTAU WT and hTAU P301L groups was dramatic but spatially restricted. The use of whole HC homogenates in the RT-qPCR analysis may have thus been associated with diluted effects of Tau constructs, precluding their detection.

Lastly, no significant memory deficit could be observed in any of Tau-expressing models at 1,5 months post-injection. Again, the relatively spatially restricted neuronal loss may not be sufficient to induce significant functional impairment. Alternatively, other types of memory may be affected in our model. Further behavioural analysis should allow better characterization of the functional consequences of Tau overexpression in our models.

IV -Toxicity is associated in Tau groups with distinct phenotypes of inflammation 1) Tau constructs present differences in the extent and kinetics of microglial activation

Neuronal loss is commonly associated with neuroinflammation in several neurodegenerative diseases, including tauopathies [START_REF] Ishizawa | Microglial activation parallels system degeneration in progressive supranuclear palsy and corticobasal degeneration[END_REF][START_REF] Sheng | Glial-Neuronal Interactions in Alzheimer Disease: Progressive Association of IL-1α+ Microglia and S100β+ Astrocytes with Neurofibrillary Tangle Stages[END_REF]. To determine whether this was the case in our models, we studied markers of astrocytic and microglial activation. First, Iba1 immunofluorescent staining was performed to assess the extent microgliosis in the whole HC (Figure 44,A).

Microglial activation was observed in all Tau groups at 1 month post-injection and, to a lesser extent, in utGFP animals, suggesting that microgliosis may be partly induced by vector expression.

Microglia in hTAU WT and hTAU P301L were found to populate strongly around the injection site, suggesting that they were participating in the formation of the glial scar associated with neuronal loss. Consistent with this idea, morphological changes were observed in those groups with somatic thickening and, in some cases, polarisation of the processes perpendicular to the lesion site suggesting migration of activated microglia to the lesion (Figure 44,A,inserts). Quantification of Iba1 staining confirmed microglial activation. Indeed, increase in Iba1-positive volume (Figure 44,B) as well as in the number of Iba1 cells (Figure 44,C) was observed in all Tau groups at 1 month post-injection. A small increase in both parameters was also observed in utGFP, although it failed to reach significance.

Interestingly, the kinetics of microglial activation strongly differed between groups at 3 months postinjection. Indeed, while microgliosis almost completely resolved in hTAU WT and hTAU ProAggr groups, animals overexpressing the hTAU P301L construct showed maintenance of strong microglial activation at this stage. This suggests that pathological processes induced by Tau constructs may differ and that maintained microgliosis may be associated with the toxicity of hTAU P301L construct. Interestingly, RT-qPCR for Iba1 showed similar results at 1 month post-injection, with strong increase in all Tau groups (Figure 44,D). Strongest expression at this time-point was observed in the hTAU P301L group. However, Iba1 mRNA levels dropped drastically at 3 months post-injection, including in the hTAU P301L group, in contrast with histological data. Lastly, RT-qPCR for the pro-inflammatory cytokine tumor necrosis factor α (TNFα) did not yield any significant group difference (Figure 44,E). 

2) Different extents of astrogliosis observed in all Tau groups

We next aimed to study the extent of astrogliosis induced by Tau constructs. AT8/Vimentin co-immunofluorescent staining was thus performed to measure astrocytic reactivity in the whole HC (Figure 45,A). 120

showed an increase in expression at 1 month post-injection, found to be the highest in the hTAU P301L group, that resolved at 3 month post-injection (Kruskall-Wallis non parametric test at each time-point, p<0,01 for both genes at 1 month, p<0.05 and p<0.001 for GFAP and Vimentin respectively at 3months, Dunn's multiple comparison test, n=4-9/group). Expression of the astrocytic glutamate transporter GLT1 (E) was not affected in any of the Tau groups, suggesting that there was no impairment of astrocytic function of glutamate recapture (Kruskall-Wallis non parametric test at each time-point, Dunn's multiple comparison test, n=2-6/group).

Vimentin-positive astrocytes were observed in all Tau groups as early as 1 month post-injection. In contrast, no Vimentin reactivity could be observed in control animals at any of the time-points observed, suggesting that the strong astrocytic reactivity observed in the other groups was selectively induced by Tau pathology. Interestingly, the localisation of reactive astrocytes differed between groups. Those were found in the hTAU ProAggr group in the close vicinity of AT8-positive neurons. In contrast, Vimentin-positive astrocytes in the hTAU WT and hTAU P301L group populated places devoid of AT8 reactivity and characterized by shrinkage of the cellular layer, suggesting that they were involved in the formation of the glial scar following neurodegeneration. Differences in the topography of astrogliosis observed between Tau groups may suggest that reactive astrocytes may play distinct functions in those models.

Quantification of Vimentin-positive area also revealed group differences in the extent of astrogliosis (Figure 45,B). Indeed, although all Tau groups presented with an increase in Vimentin-positive area, this astroglial activation was the highest in hTAU WT and hTAU P301L groups at 1 month post-injection. Interestingly, astrogliosis in those groups seemed to partially resolve at 3 months post-injection, as the area of vimentin reactivity was found to drop to the level of the hTAU ProAggr group at this time.

Slightly different results were obtained when looking at the expression of the markers of astrocytic activation GFAP (Figure 45,C) and Vimentin (Figure 45, D) by RT-qPCR. Indeed, increase in both markers was observed at 1 month post-injection, with this increase being the highest in the hTAU P301L group, before dropping down again at 3 months post-injection. Lastly, RT-qPCR for the astrocytic glutamate transporter GLT1 (Figure 45,E) did not reveal any difference between groups, which may suggest that Tau pathology did not induce impairment of this astrocytic function. Alternatively, much alike what we previously observed, it may be possible that a dilution effect due to analysis on the whole HC may have prevented us from observing effects of Tau expression on gene expression. RT-qPCR on sorted astrocytes may allow to evidence modifications of astrocytic activity and reactivity.

3) Astroglial Tau pathology occurs concurrently to Tau aggregation in our models

Interestingly, glial Tau pathology reminiscent of that observed in several human tauopathies (Figure 46, A) was observed in both hTAU P301L and hTAU ProAggr groups (Figure 46, B) but not in hTAU WT group using AT100 staining. Different morphological subtypes could be observed, including inclusions resembling astrocytic plaques, thorn-shaped and tufted astrocytes. Similar glial Tau pathology could occasionally be observed with AT8 antibody and Gallyas silver impregnation. To assess the extent of glial Tau pathology in those groups, counting of hippocampal astrocytic-like inclusions was performed at 1 and 3 months post-injection on AT100 staining (Figure 47,A), with no attempt to differentiate the various types of inclusions. Both groups displayed AT100-positive glial inclusions as early as 1 month post-injection, those being more numerous in the hTAU P301L group when compared to the hTAU ProAggr group, especially in the Sub-CA1/2 sub-region (Figure 47, B, C andD). This could be associated with the fact that neuronal loss is observed at this point only in the hTAU P301L group. Interestingly, the amount of glial Tau pathology increased in the hTAU ProAggr between 1 and 3 months post-injection while it remained stable in the hTAU P301L group. This increase may be consecutive to the apparition of neuronal defects in the hTAU ProAggr group, as evidenced by electron microscopy at 2 months post-injection (see Figure 39 in section III -4 of the results). Together, those results suggest that glial Tau accumulation may be secondary to the degenerating process in neurons. To further characterize those glial lesions, wild-type mice were injected with hTAU P301L and hTAU ProAggr vectors. Similarly to rats, glial Tau lesions appeared in mice at 1 month post-injection, as visualized using AT100 antibody (Figure 48,A). In situ hybridization was also performed on those animals to detect the transgene, using a probe against the polyA tail of the β-globin (bGHpA) that is present in all AAV backbones, associated with GFAP immunostaining (Figure 48,B). This was done in order to determine whether these Tau-positive astrocyte-like lesions arose from transgene expression in those cells. The transgene mRNA was observed mainly in the pyramidal layer of the hippocampus, confirming that our AAV vectors target mainly neuronal cells. A few cells were marked in the molecular layer but no obvious colocalization was observed with GFAP, suggesting that those may not be astrocytes. Altogether, these results suggest that AT100-positive astrocyte-like inclusions may arise from a secondary process, maybe from phagocytosis of neuronal debris or extracellular Tau by the astrocytes. AT100 immunofluorescent staining, performed on transgenic mice expressing GFP under the promoter of aldehyde dehydrogenase 1 family, member L1 (Aldh1l1), an astrocytic enzyme [START_REF] Cahoy | A transcriptome database for astrocytes, neurons, and oligodendrocytes: a new resource for understanding brain development and function[END_REF], injected with either hTAU P301L or hTAU ProAggr construct further supports this hypothesis (Figure 48,C). AT100 staining in these glial profiles did colocalize with GFP, confirming that these were indeed astrocytes. In addition, some polynuclear Tau-positive astrocytes were observed, suggesting that those may have phagocytosed cell corpses. This increase in phagocytic activity of glial cells was confirmed by RT-qPCR analysis for Multiple EGFlike-domains 10 (MEGF10; Figure 49,A) and Myeloid-epithelial-reproductive Tyrosine Kinase (MERTK; Figure 49,B) genes coding for glial phagocytic receptors known to be involved in synaptic pruning during development and at adult age [START_REF] Chung | Astrocytes mediate synapse elimination through MEGF10 and MERTK pathways[END_REF]. The expression of components of the complement cascade was assessed as well (Figure 49, C, D andE). High expression levels of those different markers were observed in all groups at 1 month post-injection, including in utGFP and PBSinjected animals. This result mirrored the increased Iba1 reactivity observed also in utGFP at 1 month post-injection and suggests that increased glial phagocytic activity at this time-point may be, at least in part, related to clearance of cellular debris consecutive to the mechanical lesion induced by injection. However, differences in the expression level of those markers was observed between groups, with the highest upregulation observed in the hTAU P301L group, which reached significance compared to PBS animals in the case of clusterin (CLU, Figure 49,E). Interestingly, while expression then reduced in most groups at 3 months post-injection, maintained upregulation was observed in the hTAU ProAgg r group, notably in complement proteins C1q (Figure 49,C) and C3 (Figure 49,D). To note, the kinetics of expression of genes involved in phagocytosis mirrored the kinetics of glial Tau aggregation in hTAU P301L

and hTAU ProAggr groups. Although those results, obtained on whole HC homogenates, could not allow us to make any inference on the relative contribution of microglia and astrocytes, similar analysis on sorted glial cells may allow us to confirm this association between activation of phagocytic pathways and astroglial Tau aggregation. Lastly, RT-qPCR for Psmb9 (Figure 49, F), coding for the inducible β1i subunit of the proteasome, was performed to study protein degradation pathways specifically in glia.

Increased expression was observed in all Tau-expressing animal at 1 month post-injection, especially in the hTAU ProAggr group, thus suggesting that activated glial cells may indeed be in a process of cleansing of the injection site. Astrogliosis, on the other hand, was found to be induced specifically by Tau pathology as increased astrocytic reactivity was observed only in animals expressing Tau constructs.

Interestingly, no significant difference in the extent of astrogliosis could be observed between 1 and 3 months post-injection, which may be related to the relative stability of Tau pathology (i.e. Tau hyperphosphorylation and aggregation). Surprisingly, however, astrocytic activation in hTAU P301L and hTAU ProAggr groups was associated with the formation of astrocytic Tau lesions. Preliminary studies done in mice allowed to confirm that Tau accumulation was not consecutive to transgene expression in those cells. In addition, the finding that the kinetics of expression of phagocytic markers in the hTAU ProAggr mirrored that of glial Tau accumulation suggest that those lesions may be related to Tau uptake by astrocytes secondary to neuronal degeneration.
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DISCUSSION

I -Generation of gene-transfer based rat models of human tauopathies

The main objective of this project was the development of several models of pure tauopathy in rodents.

To this purpose, we chose to use AAV-mediated gene transfer of human Tau to induce a tauopathy in the HC of adult rats, a species that is more practical for brain imaging and fluid analysis of biomarkers than mice. Expression of human Tau led to the rapid development of a tauopathy starting at 1 month post-injection, each construct recapitulating specific features of Tau pathology, associated with different involvement of neuroinflammation. Indeed, overexpression of human wild-type Tau led to its hyperphosphorylation associated with neurodegeneration but no aggregation. In contrast, its coexpression with the pro-aggregation peptide TauRD-ΔK280 strongly promoted its aggregation, which was associated with strong neuroprotective effects.

We will describe here how the phenotypes observed following injection of our different constructs relate to what was described in other models of tauopathy. We will then discuss the possible applications of our different models as well as the implications of our results for the comprehension of Tau-induced neurodegeneration.

1) Characterization of the pathology induced by wild-type human Tau

Gene-transfer of the human wild-type Tau protein led to the induction of an early stage tauopathy, reminiscent of what is observed in transgenic models. Indeed, overexpression of wild-type human Tau in the hTAU WT group led to the strong hyperphosphorylation of the protein (Figure 31 in the results section)

but with only limited aggregation (Figures 32 and 33). This is consistent with what was observed in most transgenic models where overexpression of wild-type Tau led to early Tau pathology with hyperphosphorylation of Tau but only little tangle formation [START_REF] Andorfer | Hyperphosphorylation and aggregation of tau in mice expressing normal human tau isoforms[END_REF][START_REF] Probst | Axonopathy and amyotrophy in mice transgenic for human four-repeat tau protein[END_REF][START_REF] Spittaels | Prominent Axonopathy in the Brain and Spinal Cord of Transgenic Mice Overexpressing Four-Repeat Human tau Protein[END_REF]. Tau pathology in those models, however, was associated with very limited neurodegeneration which is in strong contrast with our finding of drastic neuronal loss following hTAU WT expression (Figure 37).

Several reasons could explain the discrepancy between our results and those in transgenic models. One would be the setting of compensatory mechanisms in transgenic animals due to long-term transgene expression. Differences in expression levels may also be involved, as vector-based approaches may allow stronger transgene expression in transduced cells than what could be achieved in transgenic animals. A relationship between Tau expression levels and the extent of pathology was indeed observed in animal models [START_REF] Jaworski | AAV-Tau Mediates Pyramidal Neurodegeneration by Cell-Cycle Re-Entry without Neurofibrillary Tangle Formation in Wild-Type Mice[END_REF][START_REF] Klein | Tau gene transfer, but not alphasynuclein, induces both progressive dopamine neuron degeneration and rotational behavior in the rat[END_REF] and the modulation of Tau expression in humans was found to be associated with the development of several tauopathies [START_REF] Hooli | Rare autosomal copy number variations in earlyonset familial Alzheimer's disease[END_REF][START_REF] Myers | The MAPT H1c risk haplotype is associated with increased expression of tau and especially of 4 repeat containing transcripts[END_REF][START_REF] Rovelet-Lecrux | Frontotemporal dementia phenotype associated with MAPT gene duplication[END_REF]. Increased expression of pathological Tau species in our model may thus be associated with strong acceleration of the pathological process. The finding that AAV-mediated gene transfer of human wild-type Tau in mice leads to neurodegeneration starting at 3 weeks post-injection also supports this hypothesis [START_REF] Jaworski | AAV-Tau Mediates Pyramidal Neurodegeneration by Cell-Cycle Re-Entry without Neurofibrillary Tangle Formation in Wild-Type Mice[END_REF].

Lastly, this discrepancy between our results and those obtained in transgenic mice may be related to species differences between rats and mice. Indeed, the contribution of endogenous murine Tau to the pathological processes induced by the human protein is still unclear and contradictory results have been obtained in other labs. The fact that hTAU mice, expressing all 6 isoforms of human Tau on a Tau KO background, exhibit stronger phenotype than their parent line may suggest that the endogenous protein may counteract pathology [START_REF] Andorfer | Hyperphosphorylation and aggregation of tau in mice expressing normal human tau isoforms[END_REF]. In contrast, recruitment of the endogenous protein to aggregates was found in a model expressing human ΔK280 mutant Tau (Sydow et al., 2011b) and knock-out of murine Tau was found to reduce the toxicity induced by the overexpression of human mutant P301L Tau [START_REF] Wegmann | Removing endogenous tau does not prevent tau propagation yet reduces its neurotoxicity[END_REF]. The strong neurotoxicity of hTAU WT observed in our study in absence of significant aggregation may thus be related to its inhibitory effect on the function of the endogenous protein. Indeed, in vitro studies have demonstrated that soluble hyperphosphorylated Tau is able to inhibit MT assembly by sequestering the normal protein and that this inhibitory effect is lost upon polymerization [START_REF] Alonso | Polymerization of hyperphosphorylated tau into filaments eliminates its inhibitory activity[END_REF]. In addition, species differences can be observed in the expression ratio of different Tau isoforms. While human adult brain shows similar expression of 3R and 4R isoforms, mice present with a strong enrichment of 4R isoforms [START_REF] Takuma | Isoforms changes of tau protein during development in various species[END_REF]. This imbalance is also observed in rats but to a much lesser extent [START_REF] Hanes | Rat tau proteome consists of six tau isoforms: implication for animal models of human tauopathies[END_REF]. The much closer to human cellular environment in this species may thus be associated with increased susceptibility to Tau pathology by overexpression of the human protein. It remains that the link between 3R/4R ratio and toxicity is still not well established.

Surprisingly, despite the strong toxicity exerted by hTAU WT , no significant cognitive impairment could be observed in those animals (Figures 42 and 43). This is again in strong contrast with what observed in transgenic animals where even light Tau pathology could induce significant cognitive [START_REF] Andorfer | Hyperphosphorylation and aggregation of tau in mice expressing normal human tau isoforms[END_REF] or locomotor [START_REF] Probst | Axonopathy and amyotrophy in mice transgenic for human four-repeat tau protein[END_REF][START_REF] Spittaels | Prominent Axonopathy in the Brain and Spinal Cord of Transgenic Mice Overexpressing Four-Repeat Human tau Protein[END_REF] defects, those occurring before or in absence of neurodegeneration. Several reasons could explain those differences. First, it may be that mice present stronger vulnerability than rats to neuronal injury, thus developing larger functional impairment associated with mild Tau pathology. The finding that induction of Tau pathology by AAVmediated gene-transfer in the HC of rats did not lead to any cognitive defect may be in support of this hypothesis [START_REF] Dayton | Frontotemporal lobar degeneration-related proteins induce only subtle memory-related deficits when bilaterally overexpressed in the dorsal hippocampus[END_REF] and is in agreement with our own data. Alternatively, this may be related to the spatial restriction of Tau pathology in vector-based models. Although both hypotheses may explain our results, the fact that Tau pathology induced by AAV-mediated gene transfer in the subtantia nigra is associated with motor deficits [START_REF] Klein | Tau gene transfer, but not alphasynuclein, induces both progressive dopamine neuron degeneration and rotational behavior in the rat[END_REF] suggest that this approach can lead to functional impacts.

Lastly, the absence of cognitive deficits in our model could be associated with the selective loss of transgene-expressing neurons. Indeed, RT-qPCR for the transgene mRNA showed a strong reduction in this group compared to the other two constructs (Figure 29) prior to behavioural testing. It is generally believed that behavioural deficits are either associated with neurodegeneration or impairment of neuronal/synaptic function by pathological Tau species. This last hypothesis if supported by data obtained in the rTg4510 transgenic model, where transgene suppression was associated with rescue of cognitive deficits, even at stages where strong neuronal loss had already occurred [START_REF] Santacruz | Tau Suppression in a Neurodegenerative Mouse Model Improves Memory Function[END_REF]. This suggests that impairment of cognitive function may be more associated with the expression of pathogenic proteins than with neurodegeneration per se. Thus, the absence of cognitive deficits in our model may be related to the fact that neurons expressing pathological Tau had disappeared, the remaining healthy neurons being able to compensate for this loss. Lastly, the absence of memory deficits in our models may be associated to the type of test used. Indeed, a short 3 min interval was used in the Y-maze paradigm that may not have been sufficiently stringent to detect subtle memory impairments.

2) Characterization of the pathology induced by mutant Tau constructs

In contrast to the limited Tau pathology observed in the hTAU WT group, co-expression of human wild-type Tau with the pro-aggregation peptide TauRD-ΔK280 in the hTAU ProAggr group strongly potentiated its aggregation (Figures 32 and 34). This is consistent with the known strong pro-aggregation properties of the ΔK280 mutation [START_REF] Barghorn | Structure, Microtubule Interactions, and Paired Helical Filament Aggregation by Tau Mutants of Frontotemporal Dementias[END_REF][START_REF] Von Bergen | Mutations of tau protein in frontotemporal dementia promote aggregation of paired helical filaments by enhancing local beta-structure[END_REF]. This may also be related to the increased amyloidogenic properties of truncated forms of Tau [START_REF] Barghorn | Structure, Microtubule Interactions, and Paired Helical Filament Aggregation by Tau Mutants of Frontotemporal Dementias[END_REF][START_REF] Gamblin | Caspase cleavage of tau: Linking amyloid and neurofibrillary tangles in Alzheimer's disease[END_REF] that may occur through the removal of inhibitory activity from the C-terminal and N-terminal regions on Tau aggregation. This also reminiscent of what was observed in transgenic models expressing this TauRD-ΔK280 construct, where strong aggregation was observed in the form of Gallyaspositive NFT-like lesions starting at 3 months of age [START_REF] Mocanu | The Potential for β-Structure in the Repeat Domain of Tau Protein Determines Aggregation, Synaptic Decay, Neuronal Loss, and Coassembly with Endogenous Tau in Inducible Mouse Models of Tauopathy[END_REF]. Interestingly, another model expressing full-length Tau bearing the same ΔK280 mutation did not induce as much aggregation [START_REF] Eckermann | The β-Propensity of Tau Determines Aggregation and Synaptic Loss in Inducible Mouse Models of Tauopathy[END_REF], confirming the potentiating effect of truncation on the pro-aggregation properties of the ΔK280 mutation.

Intriguingly, stronger aggregation in ΔK280 transgenic models was associated with worsening of functional impairment. Indeed, while synaptic defects and cognitive impairment were observed in both transgenic models [START_REF] Decker | Pro-aggregant Tau impairs mossy fiber plasticity due to structural changes and Ca++ dysregulation[END_REF]Sydow et al., 2011a;[START_REF] Van Der Jeugd | Cognitive defects are reversible in inducible mice expressing pro-aggregant full-length human Tau[END_REF], significant neuronal loss was observed only in the model expressing TauRD-ΔK280 peptide. This is in strong contrast with our results showing that stronger aggregation in the hTAU ProAggr was associated with neuroprotective effects (Figure 37).

Several reasons could explain the discrepancy of our results compared to transgenic models. First, one key feature of transgenic mice was the finding that human Tau constructs recruited the endogenous murine protein into aggregates. Neurodegeneration in mice may have thus occurred through a toxic loss of function of the endogenous protein that, when aggregated, would not be able to promote MT stabilization [START_REF] Fischer | Conformational Changes Specific for Pseudophosphorylation at Serine 262 Selectively Impair Binding of Tau to Microtubules[END_REF][START_REF] Tepper | Oligomer Formation of Tau Protein Hyperphosphorylated in Cells[END_REF]. The effect of hTAU ProAggr construct on the endogenous murine Tau was not assessed during our study. However, one possible explanation for the robust neuroprotective effect of hTAU ProAggr may be that strong seeding of TauRD-ΔK280 peptide is exerted on human wild-type Tau instead of on murine protein. Promoted aggregation of wild-type human Tau would protect from its toxicity. In the same time, TauRD-ΔK280 peptide being trapped into aggregates, it would not be able to exert its inhibitory function on endogenous Tau. In other words while both hTAU WT and TauRD-ΔK280 are toxic individually, they counteract each other when present in the same cell. Further studies should be performed to study this hypothesis, notably by evaluating the effect of TauRD-ΔK280 overexpression alone in rats on the endogenous protein. Differences between hTAU ProAggr expression level and that observed in transgenic mice may also underlie those differences of phenotype. Indeed, in both transgenic models, transgene was found to be only weakly expressed, representing 1 to 3-fold the endogenous protein [START_REF] Eckermann | The β-Propensity of Tau Determines Aggregation and Synaptic Loss in Inducible Mouse Models of Tauopathy[END_REF][START_REF] Mocanu | The Potential for β-Structure in the Repeat Domain of Tau Protein Determines Aggregation, Synaptic Decay, Neuronal Loss, and Coassembly with Endogenous Tau in Inducible Mouse Models of Tauopathy[END_REF]. Stronger overexpression was observed in our model (Figure 29) that may be associated with higher local concentration of the protein, which could in turn lead to stronger aggregation when proteins are missorted to the somatodendritic compartment (Figure 31).

The pathology developed in the hTAU P301L group seemed to represent an intermediate phenotype between hTAU WT and hTAU ProAggr . Indeed, consistent with its amyloidogenic properties (Hong et al., 1998), P301L mutation was associated with stronger aggregation than in the hTAU WT group. However, aggregates in the hTAU P301L group seemed less mature than with the hTAU ProAggr construct. Indeed, while a similar number of AT100-positive somas was observed in both groups (Figure 32), less Gallyaspositive NFT-like lesions could be observed in the hTAU P301L group (Figure 34). This suggests that most of those aggregates were in a soluble non-fibrillar form. Tau pathology in this group was associated with neurodegeneration, although to a lesser extent than in hTAU WT animals (Figure 37). This is consistent with what observed in transgenic animals expressing different Tau mutants, where cognitive deficits and neuronal and synaptic impairment usually occur before the apparition of argyrophylic tangle-like structures [START_REF] Maurin | Early structural and functional defects in synapses and myelinated axons in stratum lacunosum moleculare in two preclinical models for tauopathy[END_REF][START_REF] Oddo | Triple-transgenic model of Alzheimer's disease with plaques and tangles: intracellular Abeta and synaptic dysfunction[END_REF][START_REF] Ramsden | Age-Dependent Neurofibrillary Tangle Formation, Neuron Loss, and Memory Impairment in a Mouse Model of Human Tauopathy (P301L)[END_REF][START_REF] Schindowski | Alzheimer's Disease-Like Tau Neuropathology Leads to Memory Deficits and Loss of Functional Synapses in a Novel Mutated Tau Transgenic Mouse without Any Motor Deficits[END_REF][START_REF] Terwel | Changed conformation of mutant Tau-P301L underlies the moribund tauopathy, absent in progressive, nonlethal axonopathy of Tau-4R/2N transgenic mice[END_REF]. The implications of those results and those obtained using the other two constructs for the study of Tau-induced neurodegeneration will be described in more details in the second part of this discussion.

3) Advantages & drawbacks of our models for different applications

Advantages of vector-based transgene expression for the development of disease-models in rodents

During this project, we were able to develop three fast-developing models of pure tauopathy, each recapitulating key features of Tau pathology. Viral-based tools were chosen for the development of those models because they present several advantages compared to other approaches. First, injection of viral vectors can be performed in adult animals, thus avoiding adverse effects of transgene expression during development. Alternatively, transgene expression from early developmental stages, where brain structure is highly flexible, can in turn lead to compensatory mechanisms that could slow down pathology in adult animals (as seen in transgenic animals). This may be the reason for the very late development of Tau pathology in most transgenic animals and would be avoided using vector-based approaches. Expression of pathogenic proteins at adult age also proves relevant for the study of tauopathies, such as AD, that usually develop with aging [START_REF] Blennow | Alzheimer's disease[END_REF]. Dementia in tauopathies, however, seems to arise from a very long process starting at early age, as suggested by the finding of pretangle pathology in the locus coeruleus of young adult subjects (Braak and Del Tredici, 2011). However, as soon as cognitive deficits appear, the rate of progression of the pathology can be strikingly rapid. This suggests that once pathological Tau species have started to accumulate, the process may accelerate in a snowball effect. The use of gene-transfer to induce overexpression of pathological Tau species in animals may allow bypassing the slow process leading to the triggering of the pathology. This would not allow the study of the mechanisms inducing Tau aggregation but may prove useful for the study of the pathways involved in its toxicity.

The second advantage of vector-based models is the possibility to target transgene expression not only to a specific cell-type but also to a spatially restricted brain region. Indeed, the main issue with most transgenic models of tauopathy is the high transgene expression often observed in brainstem and spinal cord, in addition to cortical and limbic structures [START_REF] Allen | Abundant Tau Filaments and Nonapoptotic Neurodegeneration in Transgenic Mice Expressing Human P301S Tau Protein[END_REF][START_REF] Lewis | Neurofibrillary tangles, amyotrophy and progressive motor disturbance in mice expressing mutant (P301L) tau protein[END_REF][START_REF] Terwel | Changed conformation of mutant Tau-P301L underlies the moribund tauopathy, absent in progressive, nonlethal axonopathy of Tau-4R/2N transgenic mice[END_REF][START_REF] Yoshiyama | Synapse Loss and Microglial Activation Precede Tangles in a P301S Tauopathy Mouse Model[END_REF][START_REF] Hrnkova | Neurodegeneration caused by expression of human truncated tau leads to progressive neurobehavioural impairment in transgenic rats[END_REF]. This led in most cases to the apparition of strong locomotor impairment which interfered with cognitive testing, thus limiting the interest of those models for translational research. Transgene expression in vector based models is mostly restricted to the injection site, allowing to control the structure and associated functions to be targeted. On a longer term, propagation of the pathology is sometimes observed to downstream connected regions [START_REF] Dujardin | Neuron-to-neuron wild-type Tau protein transfer through a trans-synaptic mechanism: relevance to sporadic tauopathies[END_REF][START_REF] Peeraer | Intracerebral injection of preformed synthetic tau fibrils initiates widespread tauopathy and neuronal loss in the brains of tau transgenic mice[END_REF], but this can be controlled by considering the anatomical connectivity of the targeted structure. In addition, because connectivity is often associated with function of the structure, it can even allow increased specificity of the affected cognitive function [START_REF] Stancu | Templated misfolding of Tau by prion-like seeding along neuronal connections impairs neuronal network function and associated behavioral outcomes in Tau transgenic mice[END_REF]. Lastly, many tauopathies such as AD are associated with the sequential involvement of anatomically connected regions [START_REF] Braak | Neuropathological stageing of Alzheimer-related changes[END_REF]. Progression of the pathology in vector-based models may thus be more relevant to what observed in human.

Lastly, another advantage of gene-transfer for the development of disease models is its versatility, allowing the modulation and direct comparison of several parameters in a given study. This approach can be used for example to study the impact of Tau pathology on young or aging animals [START_REF] Klein | Pronounced microgliosis and neurodegeneration in aged rats after tau gene transfer[END_REF]. The use of similar vector tools can also allow the direct comparison of the pathology induced by wild-type or mutant Tau [START_REF] Caillierez | Lentiviral Delivery of the Human Wild-type Tau Protein Mediates a Slow and Progressive Neurodegenerative Tau Pathology in the Rat Brain[END_REF]. Lastly, injection of Tau vectors in transgenic mice expressing mutant amyloid precursor protein (APP), allowing the study of the interaction between amyloid and Tau pathologies [START_REF] Osinde | Lentivirus Tau (P301S) expression in adult amyloid precursor protein (APP)-transgenic mice leads to tangle formation[END_REF]. Such questions could not be easily addressed in transgenic animals because of the difficulty to directly compare several models. Indeed, phenotypic variability can sometimes be observed between models expressing the same pathological form of Tau, which may be related to the location of transgene insertion [START_REF] Schindowski | Alzheimer's Disease-Like Tau Neuropathology Leads to Memory Deficits and Loss of Functional Synapses in a Novel Mutated Tau Transgenic Mouse without Any Motor Deficits[END_REF]. The use of nonintegrative viral vectors, such as adeno-associated viruses (AAV) could prevent such issues to arise and allow direct comparison of different experimental conditions.

Potential applications of our different models

The models that we developed may be used for several applications. For example, the availability of models showing strong aggregation in a such short time-course (1 month post-injection in the case of hTAU P301L and hTAU ProAggr constructs) may be of great use for screening of drugs targeting aggregation processes. Direct comparison of those two models may, in addition, allow studying the beneficial and adverse effects of targeting different stages of aggregation on neuronal integrity. Indeed, while hTAU P301L group was associated with mostly non-fibrillar aggregates, overexpression of hTAU ProAggr construct led to the formation of large argyrophilic lesions. hTAU WT construct, on the other hand, may be used to study the efficiency of compounds potentiating fibrillation to inhibit Tau toxicity or to trap soluble toxic forms.

This rapidity in the development of pathology in our models may, however, be a drawback for the study of disease progression. Phenotypes developed by each of the constructs seem relatively stable over the time of our study, suggesting that they may represent end-stage pathologies. Testing the efficiency of treatment strategies would thus need to rely on the study of how those affect the apparition of given parameters, such as neuronal loss or behavioural deficits. However, no behavioural deficit could be detected in our models. In the case of the hTAU ProAggr construct this may be related to its relatively neuroprotective effect. Testing at later time-points may still allow to evidence significant cognitive impairment. In the case of the hTAU WT group, we suggest that this lack of impairment may be related to the rapid and specific loss of transgene-expressing neurons, that may be compensated for by remaining neurons. Because pathology may, at least in part, be related to levels in transgene expression (Klein et al., 2008a), lowering the viral titers used offers the possibility to slow down the process.

In addition, further studies should assess in more details the effect of Tau overexpression on neuronal function. No significant difference could be observed between our models in the expression of synaptic markers. However, this may be due to the technique used here to assess synaptic defects on the whole of the HC. More precise characterization of the synaptic effect of Tau constructs should be performed, for example by means of electrophysiological studies within the transduced region. This could allow identifying biomarkers of the neurotoxicity associated with Tau pathology. Those would then be used as outcome measures for the evaluation of treatment strategies.

Lastly, the development of those models in rats may also allow the study of biomarkers that are not readily accessible in mice, such as dosage of Tau in CSF and in vivo imaging. Multimodal study of our different models may allow identifying which biomarkers represent the best correlate of underlying pathology and how those respond to treatment. This approach has already been used in a transgenic rat model of tauopathy in which worsening of cognitive deficits was found to be associated with an increase in CSF p-Tau181 [START_REF] Zilka | CSF phospho-tau correlates with behavioural decline and brain insoluble phospho-tau levels in a rat model of tauopathy[END_REF].

In our study, increase in CSF total Tau was observed in all Tau-expressing animals (Figure 36)

suggesting that it may be a correlate of Tau pathology. This increase could be due to the release of Tau from degenerating neurons. Indeed, increased levels were observed in hTAU WT and hTAU P301L animals compared to hTAU ProAggr group at 1 month post-injection, a time-point where both constructs exhibited neuronal loss. Interestingly, the highest level was found in the hTAU P301L group that also exhibited continuous neurodegeneration processes from 1 to 3 months post-injection, while neuronal loss peaked in the hTAU WT group at 1 month post-injection. Alternatively, release of Tau in CSF may reflect an attempt of clearance of the aggregates from degenerating neurons and may not solely rely on passive release from already dead neurons.

A strong decrease in CSF Tau levels was observed in all groups at 3 months post-injection. Interestingly, it occurred in the hTAU P301L along with a concomitant increase in the number of AT100-positive somas (Figure 32) as well as conversion of non-fibrillar aggregates into fibrils (Figure 34). This decrease in CSF Tau may thus be a consequence of Tau aggregation into large fibrillar aggregates that could not be released into the extracellular space, as was suggested for Aβ peptide which parenchymal aggregation is associated with decreased CSF levels [START_REF] Blennow | Cerebrospinal fluid and plasma biomarkers in Alzheimer disease[END_REF]. This is consistent with the low CSF Tau level observed at all time-points in the hTAU ProAggr groups that presents strong NFT-like pathology. This is also consistent with data from the literature that showed reduced 4R isoforms in CSF of PSP patients, a tauopathy associated with selective aggregation of 4R Tau [START_REF] Barthélemy | Differential Mass Spectrometry Profiles of Tau Protein in the Cerebrospinal Fluid of Patients with Alzheimer's Disease, Progressive Supranuclear Palsy, and Dementia with Lewy Bodies[END_REF]. In addition, this is reminiscent of what was found in AD patients where initial elevated CSF Tau levels were found to drop down after onset of symptoms [START_REF] Fagan | Longitudinal change in CSF biomarkers in autosomaldominant Alzheimer's disease[END_REF]. The variability observed between Tau constructs in CSF Tau levels also closely resembles what is observed in human tauopathies. Indeed, while elevated CSF Tau is observed in AD and CBD, no such increase can be found in PSP [START_REF] Urakami | Diagnostic significance of tau protein in cerebrospinal fluid from patients with corticobasal degeneration or progressive supranuclear palsy[END_REF][START_REF] Wagshal | Divergent CSF τ alterations in two common tauopathies: Alzheimer's disease and progressive supranuclear palsy[END_REF]. Studying how CSF Tau levels relate to the pathology in our models could thus allow a better understanding of the mechanisms underlying those differences between tauopathies, thus permitting to determine its clinical significance.

Another advantage of our rat models is the possibility of imaging those animals in vivo using positon emission tomography (PET). Indeed, current research for the identification of biomarkers focuses on the development of Tau-directed PET tracers [START_REF] Shah | Molecular Imaging Insights into Neurodegeneration: Focus on Tau PET Radiotracers[END_REF]. Most of those tracers are chemical derivatives of amyloid dyes, i.e. composites able to bind aggregates enriched in β-pleated sheets such as Tau and amyloid β (Aβ) proteins. Because of those origins, one of the main challenges in the field is to develop compounds that specifically bind to Tau aggregates compared other amyloids. Several of currently developed compounds were described as selectively binding to Tau lesions in AD brain [START_REF] Fodero-Tavoletti | Assessing THK523 selectivity for tau deposits in Alzheimer's disease and non-Alzheimer's disease tauopathies[END_REF]. However, the co-occurrence of several types of amyloid lesions in the brain of patients may hinder definite conclusions on the specificity of those tracers. PET imaging of our models, which develop tauopathy in the absence of any other proteinopathy may permit to conclude on this matter. The other main issue for the development of Tau-binding PET tracers is the question of selectivity for different types of aggregates. While some compounds may bind uniquely to aggregates found in AD, others have been found to recognize Tau in several tauopathies [START_REF] Maruyama | Imaging of Tau Pathology in a Tauopathy Mouse Model and in Alzheimer Patients Compared to Normal Controls[END_REF].

The study of those tracers in our models, that exhibit different stages of aggregation, could permit to determine whether those differences in binding may rely on selectivity for different types of aggregates.

Further characterizing the target of those tracers seems necessary before PET imaging can be used as a biomarker in patients.

II -Relationship between Tau aggregation and its toxicity 1) Aggregation of Tau into tangle-like lesions in the hTAU ProAggr is associated with neuroprotection

One striking result of our study is the negative relationship observed between the degree of Tau aggregation and its toxicity (Table 7). Indeed, while expression of human wild-type Tau in the hTAU WT group led to a strong hyperphosphorylation but no significant aggregation, its co-expression with the proaggregation peptide TauRD-ΔK280 in hTAU ProAggr animals strongly potentiated its aggregation, with the formation of numerous argyrophilic NFT-like lesions as early as 1 month post-injection (Figure 34 in the results section). This was associated with neuroprotection against the strong toxicity exerted by hTAU WT alone (Figure 37). This is in accordance with several studies that identified NFTs as either relatively inoffensive or even protective. Indeed, spatial dissociation between NFT formation and neurodegeneration was observed in the brain of AD patients and transgenic mouse models [START_REF] Spires | Region-specific dissociation of neuronal loss and neurofibrillary pathology in a mouse model of tauopathy[END_REF][START_REF] Vogt | Multivariate Analysis of Laminar Patterns of Neurodegeneration in Posterior Cingulate Cortex in Alzheimer's Disease[END_REF], suggesting that those may not represent the primary cause of Tau-induced neurodegeneration.

Table 7: Recapitulative table of the main results obtained in this study

Intensity of a given effect is indicated for each group at 1 month (1M) and 3 months (3M) post-injection, classified by type of effect (Tau pathology, toxicity and neuroinflammation). A negative relation could be observed between the extent of argyrophilic NFT-like lesions and neurotoxicity (red contour).

On the contrary, NFTs may instead allow delaying Tau toxicity. Indeed, not only Tau accumulation can be found in morphologically normal neurons [START_REF] Andorfer | Cell-Cycle Reentry and Cell Death in Transgenic Mice Expressing Nonmutant Human Tau Isoforms[END_REF][START_REF] Van De Nes | Non-tau based neuronal degeneration in Alzheimer's disease -an immunocytochemical and quantitative study in the supragranular layers of the middle temporal neocortex[END_REF][START_REF] Rocher | Structural and functional changes in tau mutant mice neurons are not linked to the presence of NFTs[END_REF], but those tangle-bearing neurons can live for decades after somatic Tau aggregation started [START_REF] Morsch | Neurons May Live for Decades with Neurofibrillary Tangles[END_REF]. Those can be fully integrated into neural networks and be even more functional than cells containing only soluble Tau [START_REF] Fox | Soluble tau Species, Not Neurofibrillary Aggregates, Disrupt Neural System Integration in a tau Transgenic Model[END_REF][START_REF] Kuchibhotla | Neurofibrillary tangle-bearing neurons are functionally integrated in cortical circuits in vivo[END_REF][START_REF] Rudinskiy | Tau pathology does not affect experience-driven single-neuron and network-wide Arc/Arg3.1 responses[END_REF]. Our finding of strong Gallyas reactivity in hTAU ProAggr animals suggests that tangle formation may represent a protective mechanism allowing neurons to escape acute neurodegeneration [START_REF] De Calignon | Caspase activation precedes and leads to tangles[END_REF][START_REF] Spires-Jones | In vivo imaging reveals dissociation between caspase activation and acute neuronal death in tangle-bearing neurons[END_REF]. Surprisingly, strong discrepancy was observed in our study between histological and biochemical results, with no visible sarkosyl-insoluble material (Figure 34) detected by western-blot. Interestingly, this was associated with a reduction in the level of human Tau protein compared to the other two Tau constructs that could not be explained by differences in transgene expression since it was found to be the highest in the hTAU ProAggr group (Figure 29). Altogether, those observations led us to hypothesize that the size and structural nature of Tau aggregates in the hTAU ProAggr group may have hindered their detection in standard SDS-PAGE denaturing conditions, thus explaining differences between histological and biochemical results. Interestingly, another class of Tau aggregates was recently identified, termed granular Tau oligomers (GTOs), which exhibit very similar biochemical properties. These large amorphous aggregates, composed of approximately 40 Tau proteins, are indeed highly insoluble but do not sediment in standard fractionation protocols [START_REF] Maeda | Granular Tau Oligomers as Intermediates of Tau Filaments[END_REF]. In addition, it was noted that their high resistance to reduction prevents them from entering standard gels and be detected [START_REF] Cowan | Are tau aggregates toxic or protective in tauopathies? Front[END_REF], which may explain our finding of little sarkosyl-insoluble material in hTAU ProAggr animals. This is consistent with the strong amyloidogenic properties of the ΔK280 mutation that was found to exceed that of many other mutations [START_REF] Barghorn | Structure, Microtubule Interactions, and Paired Helical Filament Aggregation by Tau Mutants of Frontotemporal Dementias[END_REF].

Interestingly, the accumulation of such GTOs, thought to be an intermediary state of aggregation before tangle formation [START_REF] Maeda | Increased levels of granular tau oligomers: an early sign of brain aging and Alzheimer's disease[END_REF], was found to be associated with neuroprotection in Drosophila models. In one study, chaperones-induced aggregation of Tau into large aggregates reminiscent of human GTOs was associated with improvement of cognition and halted neurodegeneration [START_REF] Ali | NMNAT suppresses Tau-induced neurodegeneration by promoting clearance of hyperphosphorylated Tau oligomers in a Drosophila model of tauopathy[END_REF]. Similarly, in another study, the rescue of motor deficits and disrupted axonal transport observed following treatment with GSK3-β inhibitors was associated with the formation of GTO-like structures [START_REF] Cowan | Rescue from tau-induced neuronal dysfunction produces insoluble tau oligomers[END_REF]. This may suggest that the neuroprotective effect observed in our hTAU ProAggr model may be associated with the formation of such GTO-like aggregates. Ultrastructural studies of the morphology of Tau aggregates induced by the hTAU ProAggr construct may allow us to confirm this hypothesis by identifying which type is present in this model. Scarce morphological abnormalities were however observed in the hTAU ProAggr by means of electron microscopy at 2 months post-injection (Figure 39), which suggests that accumulation of large insoluble aggregates may not be entirely benign. This is consistent with current hypothesis posing that initially neuroprotective NFT formation may, in the longer term, induce slow neuronal death. Indeed, the observation of "ghost-tangles" in the brain of patients [START_REF] Bancher | Accumulation of abnormally phosphorylated τ precedes the formation of neurofibrillary tangles in Alzheimer's disease[END_REF] suggests that somatic aggregation of Tau in the form of PHFs may lead to the loss of neuronal integrity. It may also be possible that accumulation of large fibrillary aggregates into neurons would affect normal neuronal function. Indeed, several studies have found strong decrease in several pre-and post-synaptic markers in NFTbearing neurons when compared to neighbouring neurons, implying that synaptic transmission may be impaired due to tangle formation [START_REF] Callahan | Quantitative Decrease in Synaptophysin Message Expression and Increase in Cathepsin D Message Expression in Alzheimer Disease Neurons Containing Neurofibrillary Tangles[END_REF][START_REF] Ginsberg | Expression profile of transcripts in Alzheimer's disease tangle-bearing CA1 neurons[END_REF], probably by the sequestering of essential cellular components into Tau aggregates [START_REF] Wang | Tau in physiology and pathology[END_REF]. In addition, a recent in vitro study demonstrated that Tau inclusions are dynamic structures, constantly undergoing fission and fusion events [START_REF] Guo | The Dynamics and Turnover of Tau Aggregates in Cultured Cells INSIGHTS INTO THERAPIES FOR TAUOPATHIES[END_REF]. Thus, long-term toxicity of the seemingly inert NFTs could also be associated with the continuous release of soluble aggregates.

Interestingly, although no significant neuronal loss observed in the hTAU ProAggr group even at 3 months post-injection (Figure 37), a reduction in the number of neurons presenting somatic Tau aggregation was observed at this time-point (Figure 32). This reduction could be associated with clearance processes that may occur specifically with this construct. Indeed, it was demonstrated in several models that large Tau aggregates can be cleared following transgene suppression, notably via the autophagy-lysosome pathway [START_REF] Guo | The Dynamics and Turnover of Tau Aggregates in Cultured Cells INSIGHTS INTO THERAPIES FOR TAUOPATHIES[END_REF][START_REF] Hochgräfe | Regulatable transgenic mouse models of Alzheimer disease: onset, reversibility and spreading of Tau pathology[END_REF][START_REF] Polydoro | Reversal of Neurofibrillary Tangles and Tau-Associated Phenotype in the rTgTauEC Model of Early Alzheimer's Disease[END_REF]. Although no significant changes in the expression of genes involved in degradation processes could be observed between groups, a tendency towards an increase was observed in the hTAU ProAggr group (Figure 41), suggesting that there may be an active clearance of aggregates in this model. To note, this absence of statistically significant increase may be related to a surprisingly elevated expression of those genes in the utGFP group that, on the other hand, often presented aberrant mRNA expression. This suggests that despite the fact that no neuronal loss was detected in this group, overexpression of the GFP mRNA without protein translation may have noticeable impact on some cellular functions, which questions the validity of this construct as a control.

Lastly, no modification in the expression of synaptic proteins (Figure 40) could be observed in the hTAU ProAggr group, despite some indications of synaptic defects after longer hTAU ProAggr expression. It may be possible that those defects were too sparse, such that RT-qPCR analysis on whole HC homogenates would have failed to detect them. It is also possible that upregulation of synaptic proteins in neighbouring neurons may have occurred to compensate for deficits observed in cells expressing pathological Tau. Further analysis on isolated synaptosome preparations as well as electrophysiological studies could allow us to assess more precisely the effect of long-term hTAU ProAggr expression on synaptic function. Characterizing the progression of the pathology on a longer term should allow us to determine if increased toxicity can be observed past 3 months post-injection, and whether this can lead to functional consequences. Indeed, no behavioural impairment could be observed in our model at 1,5 months post-injection (Figures 42 and43), confirming that the pathology at this time-point was still at an early stage. But this does not preclude the possibility that functional deficits could occur at a later stage.

2) Identification of the toxic species in hTAU WT and hTAU P301L groups

Strong neurotoxicity was observed in two of the Tau constructs, hTAU WT and hTAU P301L , as early as 1 month post-injection (Figure 37). Those, however, exhibited very different pattern of Tau pathology suggesting that they may differ in the type of toxic Tau species. Indeed, while both presented strong Tau hyperphosphorylation (Figure 31), significant aggregation was observed only in the hTAU P301L group using AT100 antibody (Figures 32 and33). AT100-positive aggregates in this group, however, were found to be largely in a non-fibrillar state (Figure 34), thus pointing towards toxicity of soluble oligomeric species. This is in accordance with a growing body of evidence suggesting that Tau oligomers may represent the major contributor of Tau-induced neurodegeneration. Injection of both recombinant and brain-derived Tau oligomers in wild-type mice was indeed found to induce a large variety of cellular defects, including reduction of synaptic and mitochondrial markers, caspase activation and neuronal loss, leading to cognitive deficits [START_REF] Lasagna-Reeves | Tau oligomers impair memory and induce synaptic and mitochondrial dysfunction in wild-type mice[END_REF][START_REF] Lasagna-Reeves | Alzheimer brain-derived tau oligomers propagate pathology from endogenous tau[END_REF]. Those effects appeared prior to tangle formation [START_REF] Fá | Extracellular Tau Oligomers Produce An Immediate Impairment of LTP and Memory[END_REF], thus suggesting that oligomers exert direct toxicity irrespective of the presence of NFTs. The amount of oligomeric forms in rTg4510 mice, expressing mutant P301L human Tau protein, was found to tightly correlate with cognitive performance in those animals [START_REF] Berger | Accumulation of pathological tau species and memory loss in a conditional model of tauopathy[END_REF]. Interestingly, Tau oligomers in this model were observed even before the apparition of cognitive deficits, suggesting that it had to accumulate before affecting neuronal function. Tau oligomers were also observed in the brain of AD patients, being an important component of neurons bearing pre-tangles and intracellular NFTs, but mostly absent from ghost tangles (Lasagna-Reeves et al., 2012a). This further supports the hypothesis that toxicity exerted by oligomeric Tau occurs prior to NFT formation. To investigate the possibility that overexpression of hTAU P301L generates toxic oligomeric species, dot blot analysis was performed using T22 antibodies which has been described to bind specifically to Tau oligomers in vitro and in the brain of AD patients (Lasagna-Reeves et al., 2012a). No significant between groups difference could be observed (Figure 35). However, the strong background staining observed even in control animals suggest that analysis performed on whole homogenates may have hindered the detection of oligomers. Similar analysis on different fractions obtained during sarkosyl extraction may allow a better detection of those soluble species. Alternatively, more precise measures, e.g. by means of mass spectrometry, could allow us to better quantify the amount of oligomers in our different models and to confirm that the toxicity of hTAU P301L construct is associated with their accumulation.

Such may be the case in the hTAU WT group. Indeed, one surprising result of our study is the finding that wild-type human Tau overexpression led to strong neurotoxicity (Figure 37) in absence of any noticeable aggregation detected with AT100 antibody (Figure 32) or Gallyas silver impregnation (Figure 34). This may be interpreted as evidence for the fact that the toxicity of soluble hyperphosphorylated human Tau may occur without the need for it to aggregate. Others have also demonstrated toxicity of human Tau overexpression in absence of any aggregation in a model of pure tauopathy using AAV-mediated gene transfer of wild-type Tau in the hippocampus of WT mice [START_REF] Jaworski | AAV-Tau Mediates Pyramidal Neurodegeneration by Cell-Cycle Re-Entry without Neurofibrillary Tangle Formation in Wild-Type Mice[END_REF]. One hypothesis for this adverse effect of monomeric human Tau would be through inhibiting the function of the endogenous protein. Indeed, it was shown in vitro that only soluble hyperphosphorylated Tau, but not PHF-Tau, is able to sequester the normal protein, leading to an inhibition of MT assembly [START_REF] Alonso | Polymerization of hyperphosphorylated tau into filaments eliminates its inhibitory activity[END_REF]. Given the strong homology in human and rodent Tau sequence (Kosik et al., 1989a;[START_REF] Lee | The primary structure and heterogeneity of tau protein from mouse brain[END_REF], an interaction between those may be highly plausible. The phenotypic variability observed between hTAU WT and hTAU P301L may thus be related to distinct pathological processes, those acting respectively through a toxic loss or toxic gain of function. Further studies should be performed to unravel the effect of human Tau overexpression on the expression and function of the endogenous protein, which could allow us to identify which pathways are implicated in Tau-induced toxicity in those different models. However, the absence of AT100 positivity does not necessarily mean that hTAU WT was entirely unable to aggregate. Indeed, some sarkosyl-insoluble material was observed in this group (Figure 34), this being largely AT100-negative but HT7-positive. This suggests that wild-type human Tau was indeed capable of aggregation, consistent with previous findings in transgenic and vector-based animal [START_REF] Andorfer | Cell-Cycle Reentry and Cell Death in Transgenic Mice Expressing Nonmutant Human Tau Isoforms[END_REF][START_REF] Caillierez | Lentiviral Delivery of the Human Wild-type Tau Protein Mediates a Slow and Progressive Neurodegenerative Tau Pathology in the Rat Brain[END_REF]. The AT100 epitope has been found to stain primarily mature NFT pathology in the brain of patients [START_REF] Augustinack | Specific tau phosphorylation sites correlate with severity of neuronal cytopathology in Alzheimer's disease[END_REF] which led to the suggestion that this pathological phosphorylation may be a marker of fibrillation. Our results however suggest that aggregation of Tau into fibrils can occur independently of the formation of this epitope and that AT100 epitope can also be observed in non-fibrillar aggregates such as what was observed in the hTAU P301L group. It may thus be possible that some kind of aggregates was present in our hTAU WT model, which did not exhibit the AT100 epitope. An alternate hypothesis for the toxicity of hTAU WT construct may thus implicate soluble oligomers that, however, presented distinct biochemical properties and pathological epitopes compared to hTAU P301L animals.

The classical view for the sequence of Tau aggregation starts with hyperphosphorylation at a number of pathological epitopes inducing Tau aggregation. However, growing evidence suggest that the relationship between hyperphosphorylation and aggregation may not be that straightforward. Indeed, while some phosphorylation sites, known to induce detachment of Tau from the MT, have been found to inhibit aggregation [START_REF] Schneider | Phosphorylation that detaches tau protein from microtubules (Ser262, Ser214) also protects it against aggregation into Alzheimer paired helical filaments[END_REF]. Conversely, aggregation into oligomers can occur before phosphorylation at some pathological sites, including AT8 epitope (Lasagna-Reeves et al., 2012a). It is thus possible that toxicity of hTAU WT was due to the accumulation of soluble oligomeric species that formed prior to phosphorylation at AT8 sites and that did not exhibit AT100 reactivity. Interestingly, hTAU WT animals presented the highest degree of phosphorylation of the AT8 epitope at 1 month postinjection (Figure 31). This was associated with a stronger toxicity compared to hTAU P301L construct, inducing significant atrophy of the HC region (Figure 37). In addition, AT8 reactivity was reduced in the hTAU ProAggr group, which presented the highest amount of argyrophilic lesions. It is thus possible that aggregation of Tau into large insoluble aggregates was associated in this model with the loss of AT8 reactivity. The AT8 epitope could then be considered, in our models, as a marker of soluble Tau aggregates. The negative correlation observed between phosphorylation of AT8 reactivity and all markers of neuronal integrity (Figure 37) may then reflect the effect of toxic soluble species.

Differences between constructs in the extent of Tau pathology and associated neurotoxicity may thus be explained by differences in the balance between soluble and insoluble Tau aggregates (Figure 50). Indeed, Tau aggregation is thought to follow a stereotyped progression from soluble monomers to fibrils through dimers and oligomeric species [START_REF] Patterson | Characterization of Prefibrillar Tau Oligomers in Vitro and in Alzheimer Disease[END_REF][START_REF] Sahara | Assembly of two distinct dimers and higher-order oligomers from full-length tau[END_REF]. But this process may not be irreversible and there may be a constant exchange between those different species [START_REF] Guo | The Dynamics and Turnover of Tau Aggregates in Cultured Cells INSIGHTS INTO THERAPIES FOR TAUOPATHIES[END_REF][START_REF] Hochgräfe | Regulatable transgenic mouse models of Alzheimer disease: onset, reversibility and spreading of Tau pathology[END_REF]. Phenotypic variability observed in our models may thus be determined by an imbalance towards one of those species. Hence, hTAU WT construct would produce predominantly soluble and small oligomeric species that would act either through a toxic loss or toxic gain of function. The P301L mutation would instead push a bit more towards aggregation, which is consistent with its described properties (Hong et al., 1998). This will lead to the production of oligomeric species, that may be different in nature from those observed in hTAU WT animals and being able to fibrilize, thus delaying slightly toxicity. Overexpression of the hTAU ProAggr , on the other hand, would strongly shift the balance towards production of highly insoluble aggregates (either GTOs or NFTs) leading to initial strong neuroprotection. Those large aggregates may then eventually affect neuronal function.

Figure 50: Schematic representation of the hypothesized reason for phenotypic variability of Tau constructs

Differential toxicity observed with Tau constructs may be related to differences in the nature of aggregates, hTAU WT construct inducing an imbalance towards soluble toxic species while hTAU ProAggr expression leading to a strong shift towards the production of large insoluble aggregates. Bars for each group represent the hypothesized relative amount of different Tau species from the highest concentration (dark red) to almost none (light pink). Schematic representation of the sequence of Tau aggregation is represented above. Green and red arrows represent respectively a supposed positive or negative effect of conversion from one type of aggregate to the next on neuronal integrity. Adapted from [START_REF] Martin | Post-translational modifications of tau protein: Implications for Alzheimer's disease[END_REF].

3) Contribution of neuroinflammation to the pathological processes associated with Tau aggregation

Tau pathology is commonly associated with neuroinflammation in AD and other tauopathies [START_REF] Ishizawa | Microglial activation parallels system degeneration in progressive supranuclear palsy and corticobasal degeneration[END_REF][START_REF] Sheng | Glial-Neuronal Interactions in Alzheimer Disease: Progressive Association of IL-1α+ Microglia and S100β+ Astrocytes with Neurofibrillary Tangle Stages[END_REF]. In addition, correlation is often observed between the extent of Tau pathology and glial reactivity, suggesting that it may play a role in the process of degeneration.

Whether it has a positive or deleterious effect, however, is still a matter of debate. Both microgliosis and astrogliosis were associated with Tau pathology in our models, although they seemed to be involved in different processes. Indeed, strong microgliosis was observed following injection of all Tau constructs as well as utGFP control vector (Figure 44), suggesting that at least part of the initial microglial activation was induced by AVV vectors expression. Interestingly, while this microglial activation later resolved for most groups, maintained microgliosis was observed in hTAU P301L at 3 months post-injection, a time-point where worsening of neurodegeneration could be observed in this group (Figure 37). This suggests that sustained microglial activation was contributing to Tau-induced neuronal loss or, alternatively, that it was associated with the maintained necessity for debris clearance.

Localisation of reactive microglia in our models may be in support for this later idea. Indeed, while general activation could be observed in utGFP animals, strong microgliosis in hTAU WT and hTAU P301L animals was spatially associated with neurodegeneration. Morphological changes were also observed in those groups with, in some cases, polarisation of the processes perpendicular to the pyramidal layer suggesting migration of activated microglia to the lesion (Figure 44). Microglia, as brain's professional phagocytes, would probably be recruited in those groups to phagocyte cellular debris. Reduction of microglial activation in hTAU WT group at 3 months post-injection may then be associated with the fact that neuronal loss does not seem to progress over time in this group (Figure 37). Similarly, stable microgliosis in the hTAU P301L group may be associated with the maintained necessity for debris clearance as neuronal loss kept progressing in this group. Alternatively, the maintenance of microglial activation be associated with processes of degradation of Tau aggregates, as toxicity in the hTAU P301L group was associated with continuous Tau aggregation. This would be reminiscent of what is observed in humans where both astrocytes [START_REF] Probst | Senile dementia of Alzheimer type: astroglial reaction to extracellular neurofibrillary tangles in the hippocampus. An immunocytochemical and electronmicroscopic study[END_REF]and microglia [START_REF] Cras | Microglia are associated with the extracellular neurofibrillary tangles of alzheimer disease[END_REF] were found to infiltrate extracellular "ghost" tangles suggesting that they may be involved in the degradation of Tau aggregates. It remains that sustained microglial activation may in turn have adverse effects. Indeed, strong microglial activation could be observed to precede tangle formation in the brain of transgenic mice [START_REF] Yoshiyama | Synapse Loss and Microglial Activation Precede Tangles in a P301S Tauopathy Mouse Model[END_REF] occurring concurrently to synaptic loss. Interestingly, inhibition of neuroinflammation in those mice ameliorated phenotype, suggesting that neuro-inflammation triggered by Tau pathology itself may act as a driver or potentiator of Tau-associated neurodegeneration [START_REF] Zilka | Cependant, la pathologie Tau dans ces modèles était associée à une neurodégénérescence très limitée, ce qui contraste fortement avec notre découverte d'une perte neuronale drastique après l'expression de hTAU WT . En effet[END_REF]. Further studies are needed to determine the specific contribution of microglial activation to the pathological processes in our different models.

Astrogliosis was also evaluated in our different models, using staining for the intermediate filament Vimentin that is upregulated during initial astroglial activation [START_REF] Pekny | Astrocyte activation and reactive gliosis[END_REF]. Reactive astrocytes were observed as early as 1 month post-injection, specifically in Tau-expressing animals (Figure 45). Conversely, no sign of astrocytic reactivity could be observed in either PBS or utGFP control groups, suggesting that astrogliosis was specific to Tau pathology. Group differences were however observed between constructs in the extent and topography of astroglial reactivity. Indeed, stronger activation was observed in hTAU WT and hTAU P301L groups, that also exhibited strong neurodegeneration, suggesting that astrocytic activation occurred in those models partly in response to neuronal death. In addition, reactive astrocytes were observed in those groups mainly in regions presenting strong neuronal loss, consistent with their known implication in the formation of the glial scar [START_REF] Pekny | Astrocyte activation and reactive gliosis[END_REF].

4) Origin and implications of glial Tau pathology in hTAU P301L and hTAU ProAggr groups

The most surprising result regarding neuroinflammation was the finding of glial Tau aggregation in hTAU P301L and hTAU ProAggr groups. Different morphological subtypes could be identified (Figure 46), bearing strong similarities to what is observed in several human tauopathies [START_REF] Berry | Pathological glial tau accumulations in neurodegenerative disease: review and case report[END_REF]Yoshida, 2006). Interestingly, in patients, the morphology of astrocytic Tau lesion is usually highly specific for a given tauopathy, although it is not clear what would be the reason for this disease-specific phenotype. Primary sequence of Tau protein may be involved, as different mutations in Tau gene have been associated with specific morphological subtypes [START_REF] Ferrer | Glial and neuronal tau pathology in tauopathies: characterization of diseasespecific phenotypes and tau pathology progression[END_REF]. Differential post-translational modification of Tau (e.g. truncation or phosphorylation) may also be involved in the generation of those distinct phenotypes. Lastly, given the large diversity of astrocytic subtypes, it may be possible that those Tau lesions may be associated with aggregation in different sub-population.

In our model, however, several of those morphological subtypes could be observed within a single animal, suggesting that those may arise from similar pathological processes. It is not clear what would be reason for this discrepancy between our results and human data. However, quantification of the relative proportion of those different subtypes may allow us to determine if some were specifically associated with a given Tau construct. Better characterizing the composition of glial Tau aggregates could also allow us to determine if this morphological diversity is associated with differences in the nature of Tau aggregates (e.g. differences in isoforms composition or post-translational modifications).

Although glial Tau pathology has been extensively described on an anatomo-pathological level, not much has been discovered on the processes underlying the apparition of Tau inclusions in those cells. The occurrence of glial Tau inclusions was described in mice following injection of brain homogenates originating from patients with different tauopathies such as PSP or CBD [START_REF] Boluda | Differential induction and spread of tau pathology in young PS19 tau transgenic mice following intracerebral injections of pathological tau from Alzheimer's disease or corticobasal degeneration brains[END_REF][START_REF] Clavaguera | Brain homogenates from human tauopathies induce tau inclusions in mouse brain[END_REF]. Interestingly, the morphological specificity of each tauopathy was transmitted as well. Glial Tau pathology was also described in several transgenic mouse models next to neuronal Tau aggregation [START_REF] Lin | Filamentous Tau in Oligodendrocytes and Astrocytes of Transgenic Mice Expressing the Human Tau Isoform with the P301L Mutation[END_REF][START_REF] Murakami | Cortical Neuronal and Glial Pathology in TgTauP301L Transgenic Mice[END_REF]. Tau aggregates in those mice bore strong resemblance in composition with that present in neurons, i.e. similar Gallyas reactivity. Given the strong enrichment of Tau in neurons compared to other neuronal cell types [START_REF] Binder | The distribution of tau in the mammalian central nervous system[END_REF], it is possible that glial Tau aggregation may in some cases be related to neurodegeneration. Data from our study support this second hypothesis. Indeed, our preliminary data in mice showed that astroglial Tau inclusions were not associated with transgene expression in those cells (Figure 48), suggesting that they appeared through a secondary process. In addition, quantification of AT100-positive glial inclusions in hTAU P301L and hTAU ProAggr groups of injected rats revealed group differences in the kinetics of glial Tau aggregation (Figure 47). Indeed, while strong Tau accumulation in astrocytes was already observed in the hTAU P301L group at 1 month post-injection, glial Tau pathology increased over time in hTAU ProAggr animals. Interestingly, the kinetics of glial Tau aggregation mirrored that of neuronal defects as the increase in glial Tau pathology occurred in the hTAU ProAggr along with the apparition of mild neuronal defects (Figure 39). Those results thus confirm that glial Tau pathology in our models was associated with neurodegenerative processes.

One likely way Tau pathology arose in astrocytes may be through phagocytosis of cell debris or even whole degenerating neurons. Indeed, astrocytes were recently found to mediate synapse and neurons elimination during development through the activation of different phagocytic pathways, including those mediated by MEGF10 and MERTK receptors [START_REF] Chung | Astrocytes mediate synapse elimination through MEGF10 and MERTK pathways[END_REF]. Maintained activation of those pathways was also observed into adult age suggesting that astrocytes may be able to engulf degenerating neurons or synapses in pathological conditions. In addition, phagocytosis of organelles of neuronal origin, such as mitochondria, was also observed in astrocytes [START_REF] Davis | Transcellular degradation of axonal mitochondria[END_REF]. Interestingly, RT-qPCR analysis in our different models showed a trend for increased expression of different phagocytic markers (Figure 49), including MEGF10 and MERTK. Although analysis on whole HC homogenates could not allow inference on the glial cell type involved, the observation that the kinetics of expression of those genes mirrored that of glial Tau aggregation in hTAU P301L and hTAU ProAggr groups suggest that those pathways may be, at least in part, activated in astrocytes. Activation of those phagocytic pathways also occurred along with neurodegeneration in hTAU P301L model, suggesting that it may be triggered by signals sent by degenerating cells. This process of degradation of cell debris may have beneficial effects. Indeed, the phagocytic activity of astrocytes was recently found to be useful in the context of neuronal injury where phagocytosis of degenerating neurons prevented bystander cell death of neighbouring neurons [START_REF] Lööv | Engulfing Astrocytes Protect Neurons from Contact-Induced Apoptosis following Injury[END_REF].

What remains to be determined, however, is the impact of Tau aggregation on astrocytes function and viability in our models. Indeed, studies on transgenic mouse models of glial Tau pathology showed that Tau aggregation in astrocytes was associated with impairment of their functions, including redistribution of the intermediate filament GFAP, mild disruption of the blood brain barrier [START_REF] Forman | Transgenic Mouse Model of Tau Pathology in Astrocytes Leading to Nervous System Degeneration[END_REF], and impaired glutamate transport [START_REF] Dabir | Impaired Glutamate Transport in a Mouse Model of Tau Pathology in Astrocytes[END_REF]. RT-qPCR analysis in our models did not evidence significant differences in expression levels of the glutamate transporter GLT1 (Figure 49). However, accumulation of Tau aggregates in astrocytes may already be a sign of astrocytic defects. Increased expression of Psmb9 gene, coding for the inducible β1i subunit of the proteasome specifically expressed in activated glial cells [START_REF] Orre | Reactive glia show increased immunoproteasome activity in Alzheimer's disease[END_REF], was observed in the hTAU ProAggr group at 1 month postinjection, suggesting that activated glial cells were indeed attempting to degrade Tau aggregates. This accumulation of Tau in astrocytes may, in turn, have adverse effects on neurons. Indeed, glial Tau aggregation was found in different models to be associated not only with astrocytic death but also with neurodegeneration [START_REF] Colodner | Glial Fibrillary Tangles and JAK/STAT-Mediated Glial and Neuronal Cell Death in a Drosophila Model of Glial Tauopathy[END_REF][START_REF] Forman | Transgenic Mouse Model of Tau Pathology in Astrocytes Leading to Nervous System Degeneration[END_REF]. Further studies should be performed in our models to determine the long-term effect of glial Tau accumulation.

5) Conclusion and perspectives

The characterization and comparison of our different models allowed us to better understand the relationship between Tau aggregation and its toxicity, confirming the current hypothesis that posits soluble aggregates, supposedly oligomers, as the toxic players in Tau-induced neurodegeneration. Tau pathology in our models was associated with differential involvement of neuro-inflammation, further suggesting its implication in tauopathies. Lastly, Tau aggregation in glial cells could be observed in some models, accompanying neurodegeneration and probably arising from phagocytic activity of those cells. Expression of those different Tau constructs in similar proportions thus led to strong phenotypic variability, reminiscent of the disparities observed in human tauopathies.

One following axis of study could thus be focussed on the reasons and mechanisms involved in the induction of those distinct phenotypes. It was recently suggested that different Tau prion-like strains may underlie the distinct phenotypes observed in human tauopathies. Such strains where identified in the brain of patients [START_REF] Sanders | Distinct Tau Prion Strains Propagate in Cells and Mice and Define Different Tauopathies[END_REF], that produced Tau aggregates with different morphologies, biochemical properties and associated degrees of toxicity when transfected into cellular models. One may hypothesize that the production of several such prion-like strains may underlie phenotypic variability produced by our different Tau constructs. Further ultrastructural and biochemical characterization of Tau species in our different models would be necessary to determine if this is the case. Notably, it would be interesting to determine how biochemical properties of Tau can govern the balance between small soluble and large highly insoluble aggregates and how this relates to toxicity. This would have potential implications for the development of therapies, by allowing better design of drugs targeting Tau aggregation.

The direct comparison of our different models could also prove useful for the study of the mechanisms involved in Tau-induced neurodegeneration. More precisely, it would be interesting to study whether similar pathways are involved in the acute toxicity exerted by hTAU WT and hTAU P301L constructs, in order to determine if similar therapeutic strategies could be applied in the context of sporadic and genetic tauopathies. Similarly, direct comparison of hTAU WT and hTAU ProAggr constructs should allow us to compare pathways involved in acute toxicity triggered by oligomeric species to those activated following tangle formation. Because diagnosis of tauopathies still occurs at a late stage due to the lack of early biomarkers, this would could prove useful by allowing to adapt therapeutic strategies to patients at different stages.

III -Conclusion

The aim of this project was the development of rat models of sporadic and genetic tauopathies using AAV-mediated gene transfer of human Tau protein. Characterization and comparison of those different models showed strong phenotypic variability, reminiscent of that observed in human tauopathies. Indeed, while hTAU WT expression led to hyperphosphorylation of Tau and strong neurodegeneration in absence of significant aggregation, hTAU ProAggr construct strongly promoted aggregation into NFTs, with neuroprotective effect. The hTAU P301L group represented an intermediate phenotype with the formation of toxic soluble aggregates and fully mature tangles. Our different models thus bear close resemblance with human tauopathies where Tau aggregation is associated with neurodegeneration as well as induction inflammatory processes. The results obtained in this study also come in further support for the current hypothesis identifying soluble Tau oligomers as the toxic players in Tau-induced neurodegeneration. What remains to be determined, however, is the cause of the phenotypic variability observed between our different models. Further characterization of our models should allow us to address this question.

First dosage of oligomeric species would be necessary to confirm that those indeed represent the toxic species involved in Tau-induced neurodegeneration in our study. Morphological and biochemical characterization of the different types of aggregates should also be done, in order to determine if differences in the biochemical properties of Tau may underlie the differential toxicity exerted by Tau constructs. Further characterization of the potential synaptic defects triggered by Tau vectors, by means of biochemical or electrophysiological analysis, should also be done to identify pathways of Tau-induced neurodegeneration. This could also permit to determine the long term effect of the accumulation of large insoluble aggregates. Indeed, it would also be interesting to study the progression of the pathology past 3 months post-injection, the latest time-point investigated here.

Our results further identify Tau aggregation as a relevant target for disease-modifying therapies. Several approaches have been suggested, from inhibiting the induction of aggregation (e.g. through inhibitors of Tau phosphorylation) to dissolution of long formed aggregates with the use of passive or active immunotherapy [START_REF] Pedersen | Tau immunotherapy for Alzheimer's disease[END_REF]. Our results, along with a growing body of evidence from the literature, point towards the inhibition of oligomers formation as a valid therapeutic strategy. But this will necessitate first to determine why and how those appear. Alternatively, promoting fibrils formation to trap pre-existing oligomers may also be a valid approach, although more needs to be done before to assess the long term effect of those aggregates. Our fast-developing models, that each exhibit different stages of Tau aggregation may be of great use to study these different questions.

These different therapeutic approaches may not be mutually exclusive and efficiency may depend on the stage of Tau pathology. To this respect, success of Tau-directed therapies would gain from the visualisation of disease staging that, in turn, necessitates development of biomarkers allowing the follow up of the progression of the pathology. Among those, much effort has been done recently for the development of Tau-directed PET tracers [START_REF] Shah | Molecular Imaging Insights into Neurodegeneration: Focus on Tau PET Radiotracers[END_REF]. The specificity of those compounds for Tau remains to be clearly established and imaging of our models where Tau aggregates in absence of any proteinopathy should help resolve this question. Our data also suggest that, instead of the large fibrillar aggregates that are the target of current tracers, imaging Tau oligomers may represent a better correlate of the pathology. Indeed, imaging early stages of Tau aggregation, which in addition may represent the toxic species in tauopathies, could allow diagnosis before extensive degeneration. This should also prove useful to follow the effect of disease-modifying therapies on the progression of the pathology. Screening of PET-tracers with differential selectivity for specific stages of Tau aggregation could be performed in our models.

RESUME SUBSTANTIEL EN FRANCAIS Introduction

Tau est une protéine associée aux microtubules (MT) qui exerce de nombreuses fonctions au sein du neurone, ces différentes fonctions faisant de la protéine Tau un facteur important pour la survie neuronale. Celles-ci sont finement régulées par différents facteurs tels que l'épissage alternatif de Tau (et l'expression de différents isoformes ; Kosik et al., 1989a), sa localisation subcellulaire [START_REF] Binder | The distribution of tau in the mammalian central nervous system[END_REF], ainsi que de nombreuses modifications post-traductionnelles, à commencer par la phosphorylation [START_REF] Kanemaru | Fetal-Type Phosphorylation of the τ in Paired Helical Filaments[END_REF]. Ceci revêt une importance cruciale durant le développement post-natal, une période où Tau joue un rôle majeur dans la formation de la polarité axonale [START_REF] Caceres | Inhibition of neurite polarity by tau antisense oligonucleotides in primary cerebellar neurons[END_REF], mais aussi à l'âge adulte via son impact sur la morphologie cellulaire et le transport axonal [START_REF] Dixit | Differential Regulation of Dynein and Kinesin Motor Proteins by Tau[END_REF]. Des dérégulations de la phosphorylation de Tau (Grundke- [START_REF] Grundke-Iqbal | Abnormal phosphorylation of the microtubule-associated protein tau (tau) in Alzheimer cytoskeletal pathology[END_REF] ou dans le rapport d'expression des isoformes [START_REF] Hutton | Association of missense and 5′-splice-site mutations in tau with the inherited dementia FTDP-17[END_REF] peuvent donc avoir un impact significatif sur la survie neuronale. C'est le cas dans une grande famille de maladies, appelées tauopathies, où des dysfonctionnements de Tau sont associés à une neurodégénérescence.

Les tauopathies sont caractérisées par l'agrégation pathologique de la protéine Tau dans le soma des cellules neuronales et gliales, associée à une neurodégénérescence et menant à des déficiences cognitives. Cette classe de pathologies, bien que présentant de nombreuses similitudes, est phénotypiquement très hétérogène. Il est donc difficile de déterminer quels mécanismes peuvent être responsables de la neurodégénérescence associée à Tau. En effet, alors que la pathologie Tau semble n'être qu'un effecteur en aval de la pathologie Aβ dans la maladie d'Alzheimer (MA ; [START_REF] Hardy | Alzheimer's disease: the amyloid cascade hypothesis[END_REF], le fait que les cas familiaux de démence frontotemporale avec parkinsonisme liée au chromosome 17 (FTDP-17) soient associés à des mutations dans le gène codant pour Tau (MAPT ;Hong et al., 1998[START_REF] Swieten | The ΔK280 Mutation in MAP tau Favors Exon 10 Skipping In Vivo[END_REF], suggère que Tau joue lui-même un rôle actif dans la dégénérescence. Le large spectre de présentation clinique observé dans les tauopathies pose la question de savoir quel mécanisme sous-tend l'implication de régions cérébrales et de populations de cellules spécifiques dans différentes tauopathies. De plus, bien que l'agrégation d'isoformes spécifiques puisse conduire à des phénotypes remarquablement différents (c'est-à-dire tauopathies 3R opposées aux tauopathies 4R), une forte hétérogénéité peut également être trouvée dans le même trouble (FTDP-17 qui peut être associée à l'agrégation d'isoformes 3R, 4R ou de tous les isoformes de Tau, [START_REF] Sergeant | Tau protein as a differential biomarker of tauopathies[END_REF]. Enfin, bien qu'une seule mutation puisse conduire à plusieurs troubles [START_REF] Bugiani | Frontotemporal dementia and corticobasal degeneration in a family with a P301S mutation in tau[END_REF], les cas sporadiques et familiaux sont souvent indiscernables cliniquement au sein d'une seule tauopathie. En d'autres termes, bien que la séquence d'agrégation de Tau depuis le dimère jusqu'à l'accumulation de fibrilles (PHFs) constitutives des dégénérescences neurofibrillaires (DNFs), en passant par des espèces oligomériques solubles, est maintenant bien caractérisée, peu de choses sont connues à ce jour sur le lien entre l'agrégation de Tau et sa toxicité.

Depuis la découverte que la progression spatiale de la pathologie de Tau est associée à une aggravation des symptômes dans la MA [START_REF] Braak | Neuropathological stageing of Alzheimer-related changes[END_REF], il a été suggéré que la formation des DNFs joue un rôle actif dans la neurodégénérescence. En effet, plusieurs études ont trouvé une forte corrélation entre le nombre de DNFs et la perte neuronale ainsi que le score clinique, ce qui suggère que la neurodégénérescence liée aux DNFs joue un rôle important dans le déclin cognitif chez les patients [START_REF] Dickson | Correlations of synaptic and pathological markers with cognition of the elderly[END_REF][START_REF] Giannakopoulos | Tangle and neuron numbers, but not amyloid load, predict cognitive status in Alzheimer's disease[END_REF]. Les neurones porteurs de DNF présentent également une forte diminution de plusieurs marqueurs pré-et post-synaptiques par rapport aux neurones voisins, ce qui implique que la transmission synaptique est altérée [START_REF] Callahan | Quantitative Decrease in Synaptophysin Message Expression and Increase in Cathepsin D Message Expression in Alzheimer Disease Neurons Containing Neurofibrillary Tangles[END_REF].

Cette vue classique des DNFs comme étant la principale espèce toxique de Tau est cependant fortement remise en question. En effet, une dissociation spatiale a été observée entre la formation de DNFs et la neurodégénérescence dans le cerveau des patients atteints de la MA [START_REF] Vogt | Multivariate Analysis of Laminar Patterns of Neurodegeneration in Posterior Cingulate Cortex in Alzheimer's Disease[END_REF] ainsi que dans des modèles de souris transgéniques (Spiers et al., 2006). De plus, bien que le nombre de DNFs soit corrélé à la neurodégénérescence, il a été démontré que la quantité de perte neuronale dépasse fortement le nombre de neurones présentant des DNFs [START_REF] Gómez-Isla | Neuronal loss correlates with but exceeds neurofibrillary tangles in Alzheimer's disease[END_REF][START_REF] Vogt | Multivariate Analysis of Laminar Patterns of Neurodegeneration in Posterior Cingulate Cortex in Alzheimer's Disease[END_REF] suggérant que les neurones meurent via un autre mécanisme. Ainsi, la formation de DNFs ne semble pas nécessaire ni suffisante pour que la perte neuronale se produise. Au contraire, les neurones semblent pouvoir vivre pendant des décennies après que Tau ait commencé à s'accumuler dans le soma [START_REF] Morsch | Neurons May Live for Decades with Neurofibrillary Tangles[END_REF], être complètement intégrés dans les réseaux neuronaux, et sembleraient même plus fonctionnels que ceux contenant uniquement de la protéine Tau soluble [START_REF] Fox | Soluble tau Species, Not Neurofibrillary Aggregates, Disrupt Neural System Integration in a tau Transgenic Model[END_REF].

Il a ensuite été suggéré que les espèces solubles de Tau pourraient être responsables de la toxicité. En effet, seule la protéine Tau hyperphosphorylée soluble, mais pas celle agrégée en PHFs, est capable de séquestrer la protéine normale, conduisant à une inhibition de l'assemblage des MT [START_REF] Alonso | Polymerization of hyperphosphorylated tau into filaments eliminates its inhibitory activity[END_REF]. Dans un modèle utilisant le transfert de gène de la protéine Tau mutée, médié par des virus adéno-associés (AAV), une forte perte neuronale est observée dans l'hippocampe en l'absence de gros agrégats de Tau [START_REF] Jaworski | AAV-Tau Mediates Pyramidal Neurodegeneration by Cell-Cycle Re-Entry without Neurofibrillary Tangle Formation in Wild-Type Mice[END_REF]. D'autres preuves de l'implication d'espèces toxiques solubles de Tau proviennent de l'étude de modèles de souris inductibles. En effet, dans le modèle rTg4510, la suppression du transgène Tau est capable d'arrêter la neurodégénérescence, de restaurer la plasticité synaptique [START_REF] Fox | Soluble tau Species, Not Neurofibrillary Aggregates, Disrupt Neural System Integration in a tau Transgenic Model[END_REF] et de conduire à la récupération comportementale alors que les DNFs continuent de se former [START_REF] Santacruz | Tau Suppression in a Neurodegenerative Mouse Model Improves Memory Function[END_REF]. De façon intéressante, la suppression prolongée du transgène entraîne une augmentation de la formation de DNFs, ce qui suggère que ceux-ci peuvent représenter une forme stable moins nocive, utilisée par la cellule pour piéger des espèces solubles toxiques. Le travail d'une équipe différente, utilisant des souris exprimant conditionnellement des formes mutantes de Tau aux propriétés pro-agrégeantes, a donné des résultats similaires. Dans ces modèles, les performances cognitives et les marqueurs synaptiques sont restaurés après la suppression du transgène, tandis que les gros agrégats positifs pour la coloration Gallyas sont toujours observés jusqu'à 4 mois après le traitement par la doxycycline (Sydow et al., 2011a). Il est intéressant de noter cependant que la composition de ces agrégats semble très dynamique, car contenant uniquement la Tau murine après suppression du transgène (Sydow et al., 2011b). Cela pourrait servir de preuve que les DNFs servent effectivement de piège pour des espèces solubles toxiques.

La première preuve de la toxicité des oligomères de Tau provient d'études anatomo-pathologiques dans lesquelles des oligomères de Tau, composés de Tau phosphorylé, ont été observés dans le cerveau de patients atteints de MA (Lasagna-Reeves et al., 2012a, Patterson et al., 2011). Ces oligomères peuvent être observés dans le cortex frontal des patients atteints de la MA, même à des stades où les DNFs ne sont pas encore présents dans cette région [START_REF] Maeda | Increased levels of granular tau oligomers: an early sign of brain aging and Alzheimer's disease[END_REF]. Ceci suggère que la formation des oligomères de Tau précède l'apparition des DNFs, les impliquant en amont dans la cascade pathologique. Ceci est cohérent avec la découverte récente selon laquelle une mutation non causative du gène MAPT, qui augmente la formation d'oligomères, est associée à un risque accru de développer une MA [START_REF] Coppola | Evidence for a role of the rare p.A152T variant in MAPT in increasing the risk for FTD-spectrum and Alzheimer's diseases[END_REF]. Après injection dans des souris sauvage, les oligomères de Tau sont les seules espèces capables d'induire une grande variété de défauts cellulaires, incluant la réduction des marqueurs synaptiques et mitochondriaux, l'activation des caspases et la perte neuronale, conduisant à des déficits cognitifs [START_REF] Lasagna-Reeves | Tau oligomers impair memory and induce synaptic and mitochondrial dysfunction in wild-type mice[END_REF][START_REF] Lasagna-Reeves | Alzheimer brain-derived tau oligomers propagate pathology from endogenous tau[END_REF], ces effets pouvant être observés dans une autre étude avant l'apparition des DNFs [START_REF] Fá | Extracellular Tau Oligomers Produce An Immediate Impairment of LTP and Memory[END_REF]. Ceci confirme que les oligomères exercent une toxicité directe indépendamment de la présence des DNFs.

Bien qu'un grand nombre de preuves pointent vers les formes oligomèriques solubles comme principaux contributeurs de la toxicité induite par Tau, il reste que la formation de DNFs peut ne pas être totalement bénigne. L'observation de «DNFs fantômes », caractérisés par une rupture de la membrane cellulaire, dans le cerveau des patients [START_REF] Bancher | Accumulation of abnormally phosphorylated τ precedes the formation of neurofibrillary tangles in Alzheimer's disease[END_REF] suggère que l'agrégation somatique de Tau sous la forme de PHF peut tout de même avoir des effets indésirables. Les neurones contenant des DNFs présentent bien souvent des anomalies structurelles [START_REF] Andorfer | Cell-Cycle Reentry and Cell Death in Transgenic Mice Expressing Nonmutant Human Tau Isoforms[END_REF]. Cela suggère un nouveau modèle dans lequel les espèces solubles seraient responsables de la toxicité aiguë. La formation de DNFs représenterait dans ce cas un mécanisme de défense mis en place par la cellule pour piéger des espèces solubles toxiques. L'accumulation de matériel fibrillaire aurait à son tour des effets indésirables, conduisant à une mort neuronale lente. De plus, des données récentes suggèrent que les DNFs ne sont pas totalement inertes mais subissent plutôt des événements de fusion et de fission et sont en échange constant avec des agrégats solubles [START_REF] Guo | The Dynamics and Turnover of Tau Aggregates in Cultured Cells INSIGHTS INTO THERAPIES FOR TAUOPATHIES[END_REF]. La toxicité à long terme de ces grandes espèces pourrait ainsi être liée à la production continue de formes solubles toxiques.

La notion de souches de type prion a été développée récemment afin d'expliquer la diversité phénotypique observée dans les tauopathies. Cette théorie suggère que les différences dans la conformation des agrégats de Tau peuvent sous-tendre des différences dans la capacité à déclencher des mécanismes toxiques responsables des phénotypes spécifiques observés dans les tauopathies, notamment le type cellulaire affecté [START_REF] Clavaguera | Brain homogenates from human tauopathies induce tau inclusions in mouse brain[END_REF][START_REF] Sanders | Distinct Tau Prion Strains Propagate in Cells and Mice and Define Different Tauopathies[END_REF]. Il reste à déterminer si ces différences peuvent être dues à des morphologies différentes des agrégats de Tau ou si elles sont la conséquence d'une production différentielle d'espèces solubles par rapport aux espèces insolubles.

L'utilisation d'outils polyvalents permettant le développement de modèles récapitulant des caractéristiques spécifiques de la pathologie Tau devrait nous aider à résoudre la question des points communs dans les processus pathologiques sous-jacents aux tauopathies, mais aussi nous permettre de déterminer ce qui les distingue.

À ce jour, un large choix de modèles de tauopathies chez le rongeur est disponible, ce qui a déjà permis une meilleure compréhension des mécanismes pathologiques associés à la neurodégénérescence induite par Tau. Chacun d'entre eux présente cependant ses avantages et inconvénients spécifiques et l'utilisation d'un modèle en particulier doit donc être guidée par le type de question à laquelle répondre.

Par conséquent, bien que les modèles transgéniques constitutifs "classiques" puissent être d'une grande utilité pour l'étude des processus à long terme sous-jacents à la pathologie de Tau, le développement plus récent de modèles inductibles a permis une meilleure compréhension du lien entre Tau soluble, toxicité et agrégation [START_REF] Hochgräfe | Regulatable transgenic mouse models of Alzheimer disease: onset, reversibility and spreading of Tau pathology[END_REF][START_REF] Santacruz | Tau Suppression in a Neurodegenerative Mouse Model Improves Memory Function[END_REF]. Cependant, la comparaison directe de plusieurs modèles transgéniques peut être entravée par la variabilité phénotypique induite par l'emplacement de l'insertion du transgène [START_REF] Schindowski | Alzheimer's Disease-Like Tau Neuropathology Leads to Memory Deficits and Loss of Functional Synapses in a Novel Mutated Tau Transgenic Mouse without Any Motor Deficits[END_REF].

Des approches alternatives ont donc été développées au cours des années afin d'étudier les points communs et les différences entre les tauopathies. Par exemple, l'injection d'agrégats Tau dérivés de cerveau de patients a été utilisée pour déterminer si ceux-ci reproduisaient la variabilité phénotypique observée chez les patients atteints de tauopathie [START_REF] Clavaguera | Brain homogenates from human tauopathies induce tau inclusions in mouse brain[END_REF]. De même, l'injection d'agrégats de Tau de différents ordres a confirmé le rôle pathogène des oligomères solubles par rapport aux espèces fibrillaires [START_REF] Lasagna-Reeves | Tau oligomers impair memory and induce synaptic and mitochondrial dysfunction in wild-type mice[END_REF]. Plus récemment, le développement de modèles de tauopathie à l'aide de vecteurs viraux a également permis d'étudier des questions qui auraient été difficiles à aborder avec d'autres approches. Ainsi, l'injection de vecteurs lentiviraux codant pour la protéine Tau sauvage ou portant la mutation P301L a permis une comparaison directe de la pathologie dans des modèles de pathologie Tau sporadique et génétique [START_REF] Caillierez | Lentiviral Delivery of the Human Wild-type Tau Protein Mediates a Slow and Progressive Neurodegenerative Tau Pathology in the Rat Brain[END_REF].

Objectifs de la thèse

Le terme tauopathie désigne une grande famille de maladies neurodégénératives caractérisées par l'agrégation de la protéine Tau à l'intérieur du cerveau. Malgré cette caractéristique commune, les tauopathies présentent une grande diversité, que ce soit par le type cellulaire affecté ou les régions du cerveau impliquées, conduisant à des déficits cognitifs spécifiques. Plusieurs mécanismes de toxicité de Tau ont été proposés qui peuvent être liés à la grande contribution de Tau à différentes fonctions neuronales. L'identification de ces différents effets toxiques de Tau a toutefois été principalement effectuée chez des animaux transgéniques exprimant la protéine mutante. Il reste à établir si des mécanismes similaires se produisent également dans les tauopathies sporadiques. Compte tenu de ces questions, le développement de thérapies gagnerait à l'étude des tauopathies dans leur ensemble et à l'identification des points communs et des différences dans les mécanismes qui sous-tendent la neurodégénérescence associée au Tau. Plus précisément, une question qui reste à aborder est de savoir si les mécanismes qui lient l'agrégation de Tau à sa toxicité sont différents dans les tauopathies génétiques et sporadiques. À cet égard, le développement de modèles animaux permettant la comparaison directe des déficits associés à Tau sous-tendant diverses tauopathies serait d'une grande utilité. Par conséquent, le premier objectif de ce projet était de développer des modèles rongeurs de tauopathies sporadiques et génétiques par transfert de gène de la protéine Tau humaine à l'aide de vecteurs AAV. L'utilisation de vecteurs viraux, par sa polyvalence, permet la comparaison directe de différents modèles. Le développement de ces modèles chez les rats a également permis une approche multimodale avec l'étude de biomarqueurs périphériques qui ne sont pas facilement accessibles chez la souris, tels que les niveaux de Tau dans le LCR.

Nous avons également cherché à étudier le lien entre l'agrégation de Tau et sa toxicité et la façon dont celles-ci peuvent se rapporter aux déficiences cognitives. Nous avons donc choisi d'injecter ces différents vecteurs dans une structure cérébrale commune (l'hippocampe) afin de déterminer comment différents types de pathologie Tau peuvent être associés à la détérioration d'une fonction donnée. A cet égard, nos modèles n'ont donc pas été développés pour tenter de récapituler le spectre complet d'une tauopathie donnée, mais afin de servir d'outils pour l'étude différentielle des effets pathogènes de l'agrégation de Tau dans les tauopathies sporadiques et génétiques en général. L'utilisation de différents vecteurs pour sur-exprimer la protéine Tau sauvage (hTAU WT ), mutante (hTAU P301L ) ou pro-agrégeante (hTAU ProAggr ) dans nos modèles nous a permis d'aborder ces différentes questions.
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Titre : Utilisation de nouveaux modèles rongeurs de tauopathie pure, obtenus par transfert de gène, pour caractériser le lien entre l'agrégation de Tau et sa toxicité Mots clés : Modèle rongeur, virus adéno-associés, agrégation et tauopathies Résumé : Les tauopathies sont des maladies neurodégénératives caractérisées par l'agrégation de protéine Tau. Mis à part ce marqueur pathologique commun, les tauopathies présentent une grande diversité, tant sur le plan clinique qu'anatomo-pathologique, qui pourrait résulter de mécanismes pathologiques différents. Un mécanisme commun pourrait impliquer de petits agrégats de type oligomériques comme étant l'espèce toxique dans les tauopathies.

L'objectif de ce projet est de déveloper plusieurs modèles de tauopathies, génétiques ou sporadiques, par transfer de gène de la protéine Tau humaine à l'aide de vecteurs adéno-associés. Trois vecteurs sont utilisés, chacun induisant un phénotype spécifique. Tout d'abord, la surexpression de hTAU WT induit une hyperphosphorylation de la protéine associée à une forte mort neuronale, mais en absence d'agrégation. Sa co-expression avec le peptide pro-agrégant TauRD-ΔK280 dans le groupe hTAU ProAggr promeut son agrégation, ce qui est associé à des effets neuroprotecteurs. La construction hTAU P301L induit à la fois la formation d'agrégats solubles et matures, associée à un niveau intermédiaire de toxicité. Ces résultats supportent l'idée que les formes solubles oligomériques jouent un rôle crucial dans la pathologie associée à Tau.

Ces modèles rapides, obtenus après expression de Tau à des niveaux similaires, récapitulent donc la variabilité phénotypique observée dans les tauopathies humaines. Ils devraient servir dans le futur pour étudier les mécanismes sous-tendant la toxicité des différentes espèces de Tau. Ils pourraient aussi être utiles pour étudier la spécificité et la sélectivité de composés développés pour l'imagerie de Tau par tomographie par émission de positon. Title : Characterizing the link between Tau aggregation and its toxicity in novel gene-transfer based rat models of pure tauopathy Keywords : Rodent model, adeno-associated viruses, aggregation and tauopathies Abstract: Tauopathies are neurodegenerative diseases characterized by the aggregation of Tau protein. Despite this common hallmark, tauopathies exhibit a wide variety of clinical and anatomo-pathological presentations, which may possibly result from different pathological mechanisms. One hypothesized common mechanism, however, implicates small oligo-meric aggregates as drivers of Tau-induced toxicity.

The aim of this project was to develop models of sporadic and genetic tauopathies, using adeno-associated viruses to mediate gene transfer of human Tau to the rat brain. Three different constructs were used, each giving rise to a specific phenotype. First, hTAU WT overexpression led to a strong hyperphosphorylation of the protein which was associated with neurotoxicity in absence of any significant aggregation.

Its co-expression with the pro-aggregation peptide TauRD-ΔK280 in the hTAU ProAggr group strongly promoted its aggregation, with neuroprotective effects. hTAU P301L construct led to aggregation into soluble species as well as mature aggregates accompanied with an intermediate toxicity. Those results support the hypothesis that soluble oligo-meric species are key players of Tau-induced neurodegeneration.

Those fast developing models, obtained through similar overexpression of human Tau, thus recapitulated the phenotypic variability observed in human tauopathies. Those should prove useful in the future to study mechanisms underlying the toxicity of various Tau species. Those could also serve to study the specificity and selectivity of Tau-directed tracers for positon emission tomography imaging.
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Figure 1 :

 1 Figure 1: Isoforms of Tau protein arising from the alternative splicing of MAPT gene 4R isoforms present with 4 repeats in the C-terminal part of the protein while 3R isoform arise from the alternative splicing of exon 10 encoding the second repeat. This is done in combination with the alternative splicing of exon 2 or exons 2 and 3, giving rise to isoforms with zero (0N), one (1N) or two (2N) N-terminal repeats.

Figure 3 :

 3 Figure 3: Localisation of secondary structures observed along Tau proteinMost of the chain is highly unfolded, with shorts elements of secondary structures observed along the entire protein, including α-helix (red), β-strand (yellow) and poly-proline II helix (green).

Figure 4

 4 Figure 4 Functions of MT-bound TauMT-bound Tau regulates transport of cargoes along the axon in several ways: a) Tau and kinesin are in competition with each other for the binding to MTs, such that kinesin will detach upon encounter with MT-bound Tau. This may be necessary for the delivery of vesicles to the synapse as higher Tau concentrations are observed at synaptic terminals. b) In contrast, Tau does not induce dynein detachment. Conversely, dynein motors will either stop or reverse direction when encountering Tau. c) Tau also acts on the motor-cargo interaction either by competing with cargoes for binding to kinesin or by inducing cargo release. In addition, the developmental switch in isoforms expression plays a role in formation and maintenance of the polarized structure of the axon (d).

Figure 5 :

 5 Figure 5: The effect of phosphorylation on Tau-mediated regulation of axonal transportIn the brain, there is a dynamic equilibrium between MT-bound and free phosphorylated Tau that may be involved in the regulation of axonal transport. Indeed, the binding of Tau to the MT prevents correct axonal transport by inducing the detachment of motor proteins. Phosphorylation of Tau induces its release from the MT allowing passage of motor proteins and delivery of cargo to the synaptic terminal.

Figure 6 :

 6 Figure 6: Biochemical signature of different tauopathiesHyperphosphorylated pathological Tau protein presents an apparent shift in molecular weight when compared to normal dephosphorylated counterparts when resolved onto SDS-PAGE gels. Thus, tauopathies presenting with all 6 Tau isoforms in aggregates (Class I) are characterized by a triplet at 60, 64 and 69 kDa with an additional faint band at 74 kDa. Class II and class III tauopathies are characterized by the specific aggregation of 4R and 3R isoforms respectively, which can be identified as a doublet (at 64 and 69 kDa for 4R tauopathies and at 60 and 64 kDa for 3R tauopathies).
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 2 conclusion, tauopathies are characterized by the pathological aggregation of Tau protein into the soma of neuronal and glial cells, associated with neurodegeneration and leading to cognitive impairments. This class of pathologies, although presenting many commonalities, is phenotypically highly heterogeneous. This renders difficult to decipher what mechanisms may be responsible for Tau-associated neurodegeneration. Indeed, while Tau pathology may only be a downstream effector of Aβ pathology in AD (Hardy and Higgins, 1992), the fact that familial FTDP-17 cases are associated with mutations in MAPT gene (Hong et al., 1998; Hutton et al., 1998; Swieten et al., 2007), suggests that Tau in itself plays an active role in degeneration. The large spectrum of clinical presentation observed in tauopathies raises the question of what mechanism underlies the involvement of specific brain regions and cell populations in different disorders. In addition, while the aggregation of specific isoforms can lead to strikingly different phenotypes (i.e. 3R opposed to 4R tauopathies), a high heterogeneity can also be found within the same disorder (i.e. FTDP-17 that can be associated with the aggregation of either 3R, 4R or all Tau isoforms, Sergeant et al., 2005). Lastly, while a single mutation can lead to several disorders (Bugiani et al., 1999), sporadic and familial cases are often clinically indistinguishable within a single tauopathy. The use of versatile tools enabling the development of models recapitulating specific features of Tau pathology should help us resolve the question of the commonalities in the pathological processes underlying tauopathies but also allow us to determine what distinguishes them. Mechanisms of Tau aggregation a) Sequence of Tau aggregation Conformation changes of soluble Tau are the trigger of its aggregation

Figure 8 :

 8 Figure 8: Sequence of Tau aggregationA) After release from the MT, Tau protein starts to aggregate. An initial change in its conformation induces dimerization followed by the formation of oligomeric species. Large Tau oligomers then rearrange into PHFs that, when accumulating, lead to the apparition of NFTs. B) Maturation of PHFs into NFTs also follows a specific sequence starting with granular perinuclear and cytoplasmic inclusions in the pre-tangle stage. Then, during the intracellular NFT stage, large fibrillary aggregates accumulate in the soma. This is often associated with a displacement of the nucleus. Lastly, the extracellular NFT can be considered as the remains of a neuron that have died from PHF accumulation. It is characterized by the extracellular accumulation of fibrils in the form of a neuron in absence of a membrane or nucleus.

Figure 9 :

 9 Figure 9: Different phosphorylation sites described on Tau protein Some are found uniquely in physiological conditions (green), others are phosphorylated in AD brain (red). Hyperphosphorylation designates phosphorylation at those pathological sites and additional phosphorylation at physiological sites (blue).Putative phosphorylation sites that have not yet been observed are indicated in black.

Figure 10 :

 10 Figure 10: Interplay between post-translational modifications during Tau aggregationThe primary alteration may be reduction of O-GlcNAcylation that induces Tau hyperphosphorylation, leading to the detachment of Tau from the MT. Further phosphorylation, truncation and other post-translational modifications may then occur concurrently or sequentially to promote Tau polymerization. In addition, those may be inter-dependant with a first modification inhibiting or, on the contrary, priming Tau for subsequent post-translational processing (e.g. effect of phosphorylation on truncation). Lastly, a given modification may present with opposite effects depending on its location on the protein. Potentiating effects are represented with green arrows, inhibiting effects with red line breaks.

Figure 11 :

 11 Figure 11: Staging of AD Tau pathology and its relation to the hypothesis of trans-synaptic spreadingSubcortical stages (stages a-c) are characterized by the aggregation of Tau in the locus coeruleus and other subcortical nuclei. Neurons from the locus coeruleus send dense projections to the transentorhinal region, where Tau pathology is found to progress, first as pre-tangles (stages 1a and 1b) then as argyrophilic NFTs(Braak stages I-II). Then, pathology spreads to the hippocampal region (Braak stages III-IV) and finally to the entire isocortex, starting with the temporal lobe (Braak stages V-VI). Interestingly, all cortical regions that are affected in the progression of AD pathology are tightly connected. The circuit of sensory-motor information starts in the primary sensory cortex and travels through the association cortex before reaching the temporal limbic system. This pathway is made of reciprocal connections with the exception that on the "return" pathway, connections are more diffuse, synaptic contact being made in all cortical layers with the exception of layer IV. Interestingly, layer IV of the cortex is usually devoid of Tau pathology in AD patients.

  Tau-directed therapies in order to prevent tau-induced neurodegeneration. Indeed, several stages of this complex sequence of aggregation can either be targeted directly or through the modulation of post-translational modifications known to influence this process of aggregation. In addition, preventing Tau propagation may also represent a viable therapeutic approach. However, several considerations have to be taken into account for an efficient therapeutic strategy using aggregation inhibitors. First, factors that influence Tau aggregation may act concurrently as enhancers and inhibitors of polymerization (e.g. acetylation, Cohen et al., 2011; Cook et al., 2014) probably depending on the stage of aggregation at which they intervene.Secondly, the finding that transferred Tau species present different post-translational processing than that present in cells[START_REF] Polanco | Extracellular Vesicles Isolated from the Brains of rTg4510 Mice Seed Tau Protein Aggregation in a Threshold-dependent Manner[END_REF] suggest that seeding-competent and toxic Tau species may not necessarily be the same. It is also possible that in some additional factors may intervene to potentiate Tau aggregation, such as it has been suggested for Aβ(Osinde et al., 

  suggests that somatic aggregation of Tau in the form of PHFs may still have adverse effects. Tangle-bearing neurons do indeed often present structural abnormalities (Andorfer et al., 2005). This suggested a novel model (Figure 12) in which soluble species would be responsible for acute toxicity. NFT formation would in this case represent a defence mechanism put in place by the cell to trap toxic soluble species. Accumulation of fibrillary material would then in turn have adverse effects, leading to slow neuronal death. In addition, recent data suggest that NFTs are not entirely inert but instead undergo fusion and fission events, and are in constant exchange with soluble aggregates (Guo et al., 2016). Long-term toxicity of those large species may thus be related to the continuous production of soluble toxic seeds. The notion of prion-like strains has been recently developed in order to explain the phenotypical diversity observed in tauopathies. This theory suggests that differences in the conformation of Tau aggregates may underlie differences in the ability to trigger toxic mechanisms responsible for the specific phenotypes observed in tauopathies, notably the type of cell affected (Clavaguera et al., 2013; Sanders et al., 2014). Whether those differences may be due to different morphologies of Tau aggregates or are the consequence of a differential production of soluble versus insoluble species remains to be determined.

Figure 13 :

 13 Figure 13: Mechanisms of Tau-induced toxicity and therapeutic targets A) Tau may act through different pathological mechanisms, including MT disassembly due to toxic loss of function of hyperphosphorylated Tau, loss of nuclear protective function and synaptotoxicity including potentiation of Aβ-induced excitotoxicity. B) Disease-modifying therapies may target those different pathological pathways in addition to other targets, such as inhibition of Tau phosphorylation and aggregation as well as stimulation of Tau clearance.

Figure 14 :

 14 Figure 14: Comparative representation of the different phenotypes observed in transgenic mouse models Time-course of the different phenotypic traits is presented for each model. Brain regions presenting Tau pathology are also indicated. BS, brainstem; SC, spinal cord.

Figure 16 :

 16 Figure 16: Extent of Tau pathology in transgenic rats expressing truncated 151-391 Tau A) Tau aggregates in this model are positive for a number of pathological phospho-epitopes as well as several amyloid dyes (Gallyas, Congo Red and Thioflavin S) confirming their NFT-like nature. B) and C) stereological quantification of the number of NFT-like lesions on AT8 (B) and DC11 (C) staining showed and age-related increase in NFT number.

Figure 17 :

 17 Figure 17: Tauopathy induced by AAV-mediated overexpression of wild-type Tau in rats HC do not lead to significant neuronal loss A) Extent of Tau pathology: Human Tau (E1 antibody) was largely expressed in the dorsal HC (a) with extensive staining of neuronal processes (b). Hyperphosphorylation and missorting of Tau to the somato-dendritic compartment were observed using CP13 antibody(c, d). Staining with Ab39 antibody (e) showed the presence of mature NFTs. B) and C) Tau pathology in those animals was not associated with significant neuronal loss. No atrophy of the hippocampus (B) or reduction of the pyramidal layer (C).

Figure 18 :

 18 Figure 18: Different morphologies of neuronal Tau inclusions produced by different human Tau homogenatesGallyas silver staining showed differences in the morphology of Tau aggregates produced by injection of brain homogenates in transgenic mice expressing wild-type human Tau (Alz17). NFTs were observed following injection of AD CBD and tangle-only dementia (TD) brain homogenates. AGD brain homogenates produced argyrophilic grains, PSP brain globose NFTs, while Pick's bodies were observed following injection of PiD homogenates.

Figure 19 :

 19 Figure 19: Recombinant Tau oligomers but not fibrils or monomers induce neuronal loss Significant loss of neurons could be observed on either hematoxylin or NeuN staining following injection of Tau oligomers (A) but not fibrils (B) or monomers (C) in wild-type mice. 63% of the cells in the animals injected with oligomers werepositive for the marker of degenerating neurons fluoro-jade (M) while only 6.5% of the cells were positive for this marker in the group injected with Tau fibrils.

  date a large choice of rodent models of tauopathy are available to use, which have already allowed a better understanding of pathological mechanisms associated with Tau induced neurodegeneration. Each of them however present with its specific advantages and drawbacks and the use of a model in particular thus should be driven by the type of question to be answered. Hence, while "classical" constitutive transgenic models may be of great use for the study of long-term processes underlying Tau pathology, the more recent development of inducible models allowed a better understanding of the link between soluble Tau, toxicity and aggregation (Hochgräfe et al., 2013; SantaCruz et al., 2005). However, direct comparison of several transgenic models may be hindered by the phenotypic variability induced by the location of transgene insertion (Schindowski et al., 2006). Alternative approaches have thus been developed over the years in order to study the commonalities and differences of tauopathies. For example, injection of brain-derived or recombinant Tau aggregates have been used to determine if those reproduced the phenotypic variability observed in tauopathy patients (Clavaguera et al., 2013). Similarly, injection of Tau aggregates of different orders supported the pathogenic role of soluble oligomers when compared to fibrillary species (Lasagna-Reeves et al., 2011). More recently, the development of vector-based tauopathy models also allowed the study of questions that would have been difficult to address using alternative approaches. Hence, the injection of vectors allowing the overexpression of human Tau in APP mutant mice (Osinde et al., 2008) allowed the study of the interaction of both proteinopathies. Similarly, injection of lentiviral vectors encoding either WT or mutant P301L Tau allowed direct comparison of the pathology in models of sporadic and genetic Tau pathology (Caillierez et al., 2013). Lastly, one should take into account the translational benefit of a given model. Indeed, mouse models are more readily available given the technical difficulties encountered in the development of transgenic rat models. It remains that the larger body and brain size of rats allows the study of biomarkers that may be directly comparable to those measured in human. For example, in a transgenic rat model overexpressing a truncated form of Tau, increased CSF phosphorylated Tau was found to correlate with cognitive decline (Zilka et al., 2010), reminiscent of what observed in AD tauopathy. The practicality of the model should also be considered as transgenic models usually necessitate a long time before the appearance of a significant phenotype. Generating fast-developing models should thus prove useful for a use in preclinical research.

Figure 20 :

 20 Figure 20: Schematic representation of the Gateway 2 LR cloning method used for vectors production A) Entry vector (left) containing the rAAV2 backbone sequence including WPRE sequence and bGHpA inserted betweenITRs. An ampicillin resistance gene (AmpR) served to positively select plasmids that contained the AAV backbone. The RFA sequence, used as a "suicide-cassette", served to negatively select plasmids that did not undergo recombination. Two entry vectors were used: one containing the promoter inserted between attL1 and attL5r sequences (middle) and one containing the transgene flanked by attL5 and attL2 sequences. Kanamycin resistance gene (KanR) is present in both entry vectors. B) Reaction of homologous recombination between att sequences of the destination vector and entry vectors are indicated by dashed lines. C) This leads to the replacement of the RFA "suicide-cassette" in the destination plasmid by promoter and transgene, leading to the production of expression vector that can be positively selected when cultured in a medium containing ampicillin.

Figure 21 :

 21 Figure 21: Schematic representation of the different vectors used in this studyAll constructs were expressed under the CBA promoter and contained the WPRE expression-enhancing sequence as well as bGHpA tail. A) Construct expressing wild-type human 1N4R Tau isoform, termed hTAU WT , containing only one Nterminal repeat (yellow) and four MBDs (red) B) Construct expressing P301L mutant 1N4R human Tau isoform, termed hTAU P301L . C) Bi-cistronic construct, termed hTAU ProAggr allowing the co-expression of hTAU WT and a pro-aggregation peptide (TauRD-ΔK280) composed of the four repeated-domains of human Tau, bearing the ΔK280 pro-aggregation mutation. A single chimeric protein is produced into the cell that gives rise, after cleavage of the 2A peptide sequence, to a 1:1 expression ratio of hTAU WT and TauRD-ΔK280. D) Construct, termed utGFP, where all ATG initiating codons are mutated allowing the expression of a GFP mRNA that is not translated into a protein.

Figure 22 :

 22 Figure 22: Image pre-processing before thresholding of AT8-positive and Iba1-positive tissue A series of image transformations is applied on each fluorescence channel of the bi-color image prior to thresholding, allowing to increase the signal to noise ratio. This permitted fine segmentation of each staining, as evidence here by the segmentation of individualised stained neurites on the AT8 channel.

Figure 26 :

 26 Figure 26: Sarkosyl fractionation protocol used for isolation of Tau fibrils

Figure 27 :

 27 Figure 27: Validation of Tau constructs -Expression and cleavage of the 2A peptideA) Western blot analysis on HEK-293T cells transfected with Tau constructs. HT7 antibody detected full-length Tau (but not the pro-aggregation peptide) at the molecular weight of monomeric Tau. The epitope of the anti-P2A antibody remained attached to the pro-aggregation peptide (TauRD-ΔK280), allowing its detection. P2A signal was observed only in the hTAU ProAggr construct, at the expected molecular weight. B) HT7/P2A co-labelling in hTAU ProAggr expressing animals 1 month post-injection. Hippocampal neurons were positive for both HT7 and P2A. Some processes were HT7 positive but only weakly P2A positive (arrowhead) while some neurites were P2A positive but negative for HT7 (arrow).

Figure 28 :

 28 Figure 28: GFP expression analysis for validation of injection coordinatesRats were injected with AAV2/8-CBA-GFP vector at two distinct sites, one in the anterior dorsal HC (AP: -4,3mm; L: +/-3mm; V: -3,5mm) and one in the posterior ventral HC (AP: -5,6mm; L: +/-5mm; V: -7mm). Direct fluorescence was observed 2 weeks post-injection, showing large diffusion of the vector on the antero-posterior axis and good transduction of both dorsal and ventral HC with no expression in adjacent regions at this time-point. Abbreviations: Amg, Amygdala; AP, antero-posterior; DG, Dentate gyrus;EC, Entorhinal cortex; L, lateral; V, ventral. 

  WT and hTAUP301L but not hTAU ProAggr when compared to utGFP p<0.001,. Stars represent the result of post-hoc comparisons to utGFP. D) RT-qPCR for the Tau transgene showed a significant increase in both hTAU P301L and hTAU ProAggr groups but not hTAUWT group when compared to controls at 1 month post-injection (Kruskal-Wallis non parametric test, p < 0.001, Dunn's multiple comparison test, n=3-6/group). Conversely, only animals from the hTAU ProAggr group were found to be significantly elevated when compared to controls at 3 months post-injection (Kruskal-Wallis non parametric test, p < 0.001, Dunn's multiple comparison test). Stars represent the result of post-hoc comparisons to PBS group. *p< 0.05, **p<0.01, ***p< 0.001.

Figure 31 :

 31 Figure 31: Histological assessment of the extent of Tau hyperphosphorylation induced by different constructs using AT8 antibody A) Representative images of AT8 immunofluorescent staining in all groups at 1 and 3 months post-injection. Inserts show missorting of AT8-positive Tau to the somatodendritic compartment. B) Quantification of AT8 mean fluorescence intensity (MFI) showed higher extent of Tau hyperphosphorylation in the hTAU WT group at 1 month post-injection compared to hTAU P301L and hTAU ProAggr groups (One-way ANOVA, p<0.01, Bonferroni post-hoc test). Conversely, both hTAU WT and hTAU P301L showed elevated AT8 MFI compared to hTAU ProAggr group at 3 months post-injection (One-way ANOVA, p<0.001, Bonferroni post-hoc test). C) Quantification of the percentage of AT8-positive hippocampal volume yielded quite similar results. Indeed, while no difference between groups could be observed at 1 month post-injection (One-way ANOVA, p=0.11), both hTAU WT and hTAU P301L groups were found elevated compared to hTAU ProAggr group at 3 months post-injection (One-way ANOVA, p<0.01, Bonferroni post-hoc test). Stars in B) and C) represent results of the post-hoc comparison to hTAU WT . Additional group differences are also indicated. *p<0.05, **p<0.01, ***p<0.001.

Figure 32 :

 32 Figure 32: Histological assessment of the level of aggregation induced by Tau constructs A) Representative images of AT100 staining in hTAU WT , hTAU P301L and hTAU ProAggr groups. B, C and D) Number of AT100positive neuronal somas in a given hippocampal subregion: B, Total; C, Sub-CA1/2-; D, CA3/4-DG. A significant increase in the number of AT100-positive somas was observed in both hTAU P301L and hTAU ProAggr groups when compared to hTAU WT at 1 and 3 months post-injection (Kruskal-Wallis non parametric between group comparison at each time-point, p<0.001 (Total and CA3/4-DG), p<0.01 (Sub-CA1/2) at 1 month and p<0.001 (Total, Sub-CA1/2 and CA3/4-DG) at 3 months post-injection. Dunn's multiple comparison test, n=7-8/group). An increase in the number of AT100-positive somas was observed in the hTAU P301L group between 1 and 3 month post-injection while the number of positive somas in the hTAU ProAggr group diminished (Kruskal-Wallis between time-points comparison on each group separately, hTAU P301L , p<0.05 (Sub-CA1/2), hTAU ProAggr , p<0.05 (Total, Sub-CA1/2 and CA3/4-DG). Dunn's multiple comparison test, n=7-8/group). Stars above each bar represent the result of post-hoc comparisons to hTAU WT . Significance between 1 and 3 months post-injection for each group is represented. *p<0.05, **p<0.01, ***p<0.001

Figure 33 :

 33 Figure 33: Western blot analysis of the extent of Tau aggregation using AT100 antibody A) Representative blots for AT100 signal on whole HC homogenates. B) Quantification of AT100 signal normalized to Actin (Kruskal-Wallis between group comparison at each time-point, p<0.01 at 1 and 3 months post-injection. Dunn's multiple comparison test, n=6/group). Stars represent result of post-hoc comparisons to utGFP. *p< 0.05, ***p< 0.001.

Figure 34 :

 34 Figure 34: Characterization of the stage of Tau aggregation achieved with different constructs A) Representative images of Gallyas silver impregnation (in black)showing the presence of argyrophilic tangle-like lesions in hTAU P301L and hTAU ProAggr animals as early as 1 month post-injection. The number of tangle-like structure seemed qualitatively higher in the hTAU ProAggr group at both time-points. B) Western blot of sarkosyl-insoluble fraction using HT7 antibody at 1 month (1M) and 3 months post-injection (3M) detected fibrillar material in both hTAU WT and hTAU P301L groups as early as 1 month post-injection. Conversely, only weak HT7 signal was detected in the hTAU ProAggr group at 3 months post-injection. C) Western blot of sarkosyl-insoluble fraction using AT100 antibody showed only weak signal in hTAU P301L group at 1 month post-injection (1M). Strong increase in AT100 signal was observed in this group between 1 and 3 months post-injection (3M) while no staining was detected in hTAU WT and hTAU ProAggr groups.

Figure 35 :

 35 Figure 35: No significant difference in the amount of Tau oligomers detected by T22 antibody A) Representative dot blots for Tau oligomers (T22) andGlyceraldehyde-3-phosphate deshydrogenase (GAPDH) at 1 month post-injection. B) Quantification of T22 staining, normalised to GAPDH expression, in all groups failed to reveal differences between Tau constructs and utGFP-injected animals p=0.233, n=6/group).

Figure 37 :

 37 Figure 37: Differences in levels of neurodegeneration associated with the expression of Tau constructs A)Representative images of NeuN staining in all groups showing significant loss (arrow) of CA1 pyramidal neurons in hTAUWT and hTAU P301L groups at 1 month post-injection. B) Measure of hippocampal volume shows a significant reduction in hTAUWT group at 1 month post-injection (left) and in both hTAUWT and hTAU P301L (right) at 3 months post-injection, when compared to controls (One-way ANOVA for each time-point, followed by Bonferroni post-hoc test, 1 month post-injection p<0.001, n=7-13/group, months post-injection, p<0.001, n=8-16/group). No difference could be observed between control and hTAU ProAggr animals. C) Cavalieri estimation of the volume of CA1/2 pyramidal neurons shows a significant reduction in hTAUWT and hTAU P301L groups but not hTAU ProAggr group at both 1 and 3 months post-injection when compared to controls

Figure 39 :

 39 Figure 39: Electron microscopy reveals neuronal abnormalities in both hTAU P301L and hTAU ProAggr groups A) Low magnification image of hippocampal tissue in utGFP group shows no obvious morphological abnormality at 2 months post-injection. Key elements of tissue structure are highlighted. Insert: High magnification image of a synapse. B) Several abnormalities can be observed in the hTAU P301L group at 2 months post-injection. Those include: Empty sheaths of myelin (a) surrounding degenerating axons, loose sheaths (b) characterized by splitting of the myelin lamellas (arrows),

Figure 40 :

 40 Figure 40: RT-qPCR assay for apoptosis and synaptic markers did not reveal gross abnormalities in Tau groupsNo gross modification of caspases 3 (A) and 6 (B) expression levels were observed in Tau groups compared to controls, suggesting that there was no specific activation of the apoptotic pathways. No difference between groups could be observed in expression of post-synaptic (PSD95, Dgl4, (C); NMDA receptor, Grin2a (D)) or presynaptic markers (Snap25 (E), Synaptophysin, SYP, (F)). Kruskall-Wallis non parametric test for each time-point (n=2/6/group).

Figure 42 :

 42 Figure 42: Tau overexpression did not lead to any defect in spatial working memory A) Principle of the spatial working memory task in the Y-maze. During a training phase, the animal is allowed to explore 2 arms of the Y-maze for 15 min while the third arm is blocked. After an inter-trial interval (ITI) of 3 min, the animal is reintroduced into the maze for a test trial where all arms are accessible for exploration. If the animal remembers the training phase, it will spend significantly more time in the novel arm (previously blocked) compared to the other two. B) Percentage of entries done in an arm over the total entries in arms. All groups enter more in the Novel arm compared to Other and Start arms (two-way ANOVA, Arm factor, p<0,001, Bonferroni post-hoc test). C) Percentage of time spent in an arm over the total time spent in arms. All groups spend more time in the Novel arm compared to Other and Start arms (two-way ANOVA, Arm factor, p<0,001, Bonferroni post-hoc test, n=13-14/group). ***p<0,001

Figure 43 :

 43 Figure 43: No long-term memory deficit observed in contextual fear conditioning test A) Kinetics of the percentage of time spent freezing during the training phase and test trial. Increase freezing was observedafter each foot shock in control groups, suggesting associative learning. Increase in freezing over time was also observed in Tau-expressing animals with, however, a small reduction (star) compared to controls after the second shock (Repeatedmeasure ANOVA, significant group x time effect, p<0.01, Bonferroni post-hoc test, p<0.001 for utGFP-hTAU ProAggr comparison on the 240-300s interval, n=11-13/group). No difference could be observed between groups during the test trial (Repeated-measure ANOVA, no group x time effect, p=0.50, n=11-13/group). **p<0.01. B) Total results obtained for the training phase (before and after shock) showed similar results, with an increase over time in the percentage of freezing. Again, a slight difference was observed between utGFP and hTAU ProAggr animals in the percentage of freezing after shock p<0.05, p=0.054 for utGFP-hTAUProAggr comparison, n=11-13/group). No difference between groups could be observed during test, suggesting no impairment of long-term memory following overexpression of human Tau in our models p=0.745,.

Figure 44 :

 44 Figure 44: Microgliosis is observed following AAV injection and persists in hTAU P301L group A) Representative images of Iba1 staining showing microglial activation at 1 month post-injection followingTau overexpression in all groups and, to a lesser, in utGFP animals. Morphological changes were also observed with thickening of microglial soma and, in some cases, polarisation of the processes perpendicular to the lesion site suggesting migration of activated microglia to the lesion site (e.g. insert in hTAU WT and hTAU P301L groups). B) Quantification of the Iba1-positive volume revealed an increase in microglial activation in all Tau groups compared to PBS-injected animals at 1 month postinjection (Kruskal-Wallis non parametric test, p<0.001, Dunn's multiple comparison test). Microglial activation was also observed in the utGFP group, although this failed to reach significance. Microgliosis resolved at 3 months post-injection in all groups except hTAU P301L (Kruskal-Wallis non parametric test, p<0.001, Dunn's multiple comparison test, n=5/8/group). C) Quantification of the number of activated microglia yielded similar results with an increase in all Tau groups at 1 month that persisted to 3 months post-injection in hTAU P301L (Kruskal-Wallis between group comparison for each time-point, p<0.01 at 1 and 3 months post-injection, Dunn's multiple comparison test, n=5/8/group). D) Iba1 mRNA increase was also found in all groups at 1 month post-injection before returning to basal at 3 months post-injection (Kruskal-Wallis between group comparison for each time-point, p<0.05 at 1 and 3 months post-injection, Dunn's multiple comparison test, n=5/8/group). Highest Iba1 expression was found in hTAU P301L at 1 month post-injection, thus preceding increase observed at the protein level. E) RT-qPCR for the pro-inflammatory cytokine tumor necrosis factor α (TNFα) did not show a significant change.

Figure 45 :

 45 Figure 45: Astrogliosis is induced following overexpression of all Tau constructs A)Representative images of AT8/Vimentin colabelling showing strong astrocytic reactivity in all Tau groups at 1 and 3 months post-injection. Interestingly, the localisation of Vimentin reactivity differed between constructs. While Vimentinpositive astrocytes were localised in the vicinity of AT8-positives neurons in the hTAU ProAggr group, there was a clear spatial segregation in both hTAUWT and hTAU P301L groups. Reactive astrocytes in these groups were localised in regions negative for AT8 staining, forming a glial scar at the site where neurons had died. B) Quantification of the Vimentin-positive area showed strong astrogliosis in all Tau groups at 1 month post-injection, this being the highest for hTAUWT and hTAU P301L groups (Kruskall-Wallis non parametric test, p<0.001, Dunn's multiple comparison test, n=6-10/group). Astrogliosis then partially resolved in those groups at 3 months post-injection, falling at the level of hTAU ProAggr (Kruskall-Wallis non parametric test, p<0.001, Dunn's multiple comparison test, n=5-10/group). RT-qPCR for GFAP (C) and Vimentin genes (D)

Figure 46 :

 46 Figure 46: Amount of glial pathology induced by different Tau constructs A) Different morphological subtypes of astroglial Tau inclusions observed in human tauopathies (AT8 antibody). Adapted from Ferrer et al, 2014, Journal of Neuropathology & Experimental Neurology. B) Representative images of AT100 staining showing astrocyte-like Tau inclusions of different morphologies in hTAU P301L and hTAU ProAggr groups.

Figure 47 :

 47 Figure 47: Amount of glial pathology induced by different Tau constructs A) Representative images of AT100 staining in both groups at 1 and 3 months post-injection. Arrows indicate astrocyte-like inclusions. B), C) and D) Quantification of AT100-positive astrocyte-like inclusions in the entire hippocampus (B), in the Subiculum-CA1/2 subfield (C) and in the CA3-4/Dentate Gyrus sub-field (D). Two-way ANOVA with time and group factors, significant group x time effect for Total (B, p<0.05), near significant effect for Sub-CA1/2 (C, p=.077) and CA3/4-DG (D, p=0.069), Bonferroni post-hoc test, n=7-8/group. Stars represent the result of the post-hoc comparison to hTAU P301L . *p<0,05

Figure 48 :

 48 Figure 48: Astrocytic Tau inclusions are not the consequence of transgene expression in those cellsA) AT100 immunohistological staining on mice injected with hTAU P301L and hTAU ProAggr constructs showed the presence of astrocytic-like Tau lesions in this model (insert) at 1 month post-injectino. B) In situ hybridization using bGHpA-directed probe (blue) shows localization of the transgene mainly in the pyramidal layer. No obvious colocalization can be observed with GFAP (brown). Hybridization with the sense probe was used as negative control. C) AT100 immunofluorescent staining in Aldh1l1-GFP transgenic mice injected with hTAU P301L construct shows that those glial inclusions are indeed astrocytes. In addition to the GFP-positive astrocyte nucleus (arrowhead) a small DAPI-stained nucleus (arrow) is observed in the cytoplasm, suggesting that the astrocyte may have phagocytosed a cell corpse.

Figure 49 :

 49 Figure 49: RT-qPCR assay showed an increase in markers of phagocytotic and degradation pathways concomitant to the apparition of glial Tau lesionsMarkers of glial phagocytic pathways MEGF10 (A) and MERTK (B) as well as components of the complement cascade (C, D and E) were found to be elevated in all groups at 1 month post-injection, suggesting that those may be involved in clearance of cellular debris consecutive to the mechanical lesion induced by the injection of AAV vectors and PBS.Interestingly, among Tau groups, highest mRNA levels were observed in both Tau groups showing glial inclusions, hTAU P301L and hTAU ProAggr , although this failed to reach significance in most cases. Significant difference was however observed between PBS and hTAU P301L groups in CLU levels(E, p<0.01, Dunn's multiple comparison test,. While reduction in the expression level of those different markers was observed at 3 months post-injection in most groups, maintained elevated levels were observed in the hTAUProAggr group and, to a lesser extent, in animals expressing hTAUP301L construct. Indeed, hTAUProAggr animals exhibited increased C1qa (C, Kruskal-Wallis non parametric test, p<0.01, Dunn's multiple comparison test, n=2-6/group) and C3 (D, p<0.05) levels at this time-point,

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 : Gene-transfer based rodent models of tauopathies

 1 

Figure 36: Elevated total Tau levels in CSF observed for all Tau groups

  

	Increase in CSF total Tau was observed in all Tau
	groups compared to controls at 1 month post-injection
	(Kruskall-Wallis non parametric test, p< 0,001, Dunn's
	multiple comparison test, n=5-13/group). CSF Tau
	levels was reduced in all Tau groups at 3 months post-
	injection but were still higher than controls (Kruskall-
	Wallis non parametric test, p<0,001, Dunn's multiple
	comparison test, n=4-9/group). Stars represent post-
	hoc comparisons to controls. Significant difference
	between Tau groups is also indicated. **p<0.01, ***p<
	0.001.

Table 6 : No gross alteration of behaviour in Tau-injected animals

 6 

Summary table of the parameters measured during the Open-field spontaneous exploration test. No significant difference was observed between groups in any of the parameters computed. Data given as mean ± SEM. One-way ANOVA or Kruskall-Wallis non-parametric test when necessary.

Reminiscent of what observed in human neurodegenerative diseases, including tauopathies, microglial and astroglial activation was observed following overexpression of different Tau constructs. Microgliosis was observed in all Tau groups at 1 month post-injection as well as, to a lesser extent, in utGFP animals suggesting that initial microglial activation may be related to inflammatory processes following AAV injection. Consistent with this finding, initial elevation of phagocytic markers was observed in all groups including PBS-injected animals suggesting that glial cells may be recruited to eliminate cellular debris at the site of injection. Interestingly, while initial microgliosis resolved at 3 months post-injection in most groups, hTAUP301L animals exhibited maintenance in microglial activation at this stage. This may suggest that Tau pathology induced by different constructs is associated with the differential recruitment of inflammatory cells, which may in turn underlie functional differences.

  Interestingly, among Tau groups, highest mRNA levels were observed in both Tau groups showing glial inclusions, hTAU P301L and hTAU ProAggr , although this failed to reach significance in most cases. Significant difference was however observed between PBS and hTAU maintained activation of the complement cascade. F) Elevated expression of Psmb9 gene, coding for the β1i subunit of the immunoproteasome, a component of protein degradation observed selectively in glial cells, was found to be elevated at 1 month post-injection in hTAU ProAggr group p<0.05, Dunn's multiple comparison test,, and to a lesser extent in hTAU P301L animals, suggesting that glial cells associated with the tauopathy had active processes of degradation. Stars represent results of the post-hoc comparison to PBS control group. *p<0.05, **p<0.01

P301L 

groups in CLU levels

(E, p<0.01, Dunn's multiple comparison test,

. While reduction in the expression level of those different markers was observed at 3 months post-injection in most groups, maintained elevated levels were observed in the hTAUProAggr group and, to a lesser extent, in animals expressing hTAUP301L construct. Indeed, hTAUProAggr animals exhibited increased C1qa (C, Kruskal-Wallis non parametric test, p<0.01, Dunn's multiple comparison test, n=2-6/group) and C3 (D, p<0.05) levels at this time-point, suggesting
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After pre-processing and thresholding, the mean AT8-positive area and the mean fluorescence intensity (MFI) of this area were computed. Estimation of the percentage of hippocampal volume occupied by AT8 staining was then calculated using the following formula:

Where %VHC is the proportion of HC volume occupied by AT8 staining, AAT8 is the sum of thresholded area of AT8 staining on each section, AROI the total manually segmented HC area, T the cut section thickness and n the section sampling (i.e. 14).

For Iba1 quantification, two thresholds were applied simultaneously (Figure 23). This design allowed the segmentation of whole microglia (Iba1 "low") and specifically of microglial somas (Iba1 "high"). Because microglial activation is associated with strong somatic Iba1 expression, the increase in parameters computed using Iba1 "high" threshold could be considered as an index of microglial activation. Two parameters were thus computed from the Iba1 "high" threshold and compared between groups: the mean area of Iba1 staining and the mean number of Iba1-positive objects. Estimation of Iba1-positive volume was then computed similarly to previously described. 

Quantification of Vimentin staining

Vimentin immunolabelled sections were scanned using an Axioscan (Zeiss, Germany). Z-stack images were acquired at 20x (12µm, 2 µm steps). Manual segmentation of the Vimentin-positive region was then performed using Morphostrider software (Exploranova, France) followed by thresholding. The mean Vimentin-positive area was then compared between groups.

Confocal imaging and additional image acquisition

Stacked images (15 steps, z-step: 0.5µm) of AT100 staining on Aldh1l1-GFP transgenic mice were acquired using a confocal microscope (SPM, Leica, Germany) using the 40x objective and a zoom of two. Orthogonal projection was then performed on those images using Leica SPM microscope Estimation of the total number of CA1/2 pyramidal cells per animal was then performed, using the following formula:

Where N is the estimated number of pyramidal neurons, n is the number of counted cells, SSF corresponds to the section sampling factor, ASF to the area sampling factor and TSF to the thickness sampling factor. And where:

7) Point-counting/Cavalieri estimation of volume of the pyramidal cell layer

Along with stereological counting of neurons, point-counting/Cavalieri estimation of volume was also performed at each stereological counting site. Briefly, a grid (100µm side) was sur-imposed onto the section and each object hitting an intersection was counted. For more precise estimation of the volume occupied by CA1/2 pyramidal cells, two categories were defined (Figure 25): pyramidal cells (PYR Cells ) and parenchyma of the pyramidal layer (PYR Parenchyma ). 

Conclusions

Le but de ce projet était le développement de modèles de rat de tauopathies sporadiques et génétiques en utilisant le transfert de gène de la protéine Tau humaine médié par des vecteurs AAV. La caractérisation et la comparaison de ces différents modèles ont montré une forte variabilité phénotypique, rappelant celle observée chez les tauopathies humaines. En effet, alors que l'expression de hTAU WT Nos résultats permettent d'identifier l'agrégation de Tau comme une cible thérapeutiques pertinente. Plusieurs approches ont été suggérées, depuis l'inhibition de l'induction de l'agrégation (par exemple par des inhibiteurs de la phosphorylation de Tau) jusqu'à la dissolution d'agrégats grâce à l'immunothérapie passive ou active [START_REF] Pedersen | Tau immunotherapy for Alzheimer's disease[END_REF]. Nos résultats, ainsi qu'un nombre croissant d'études, pointent vers l'inhibition de la formation d'oligomères comme une stratégie thérapeutique valide. Mais il faudrait d'abord déterminer pourquoi et comment ceux-ci apparaissent. D'autre part, la promotion de la formation de fibrilles pour piéger des oligomères préexistants pourrait également constituer une approche valide, bien qu'il faille d'abord mieux caractériser l'effet à long terme de ces agrégats. Nos modèles à développement rapide, qui présentent chacun des stades différents de l'agrégation de Tau peuvent être d'une grande utilité pour étudier ces différentes questions.

Ces différentes approches thérapeutiques peuvent ne pas s'exclure mutuellement et l'efficacité dépendre du stade de la pathologie Tau. À cet égard, le succès des thérapies dirigées contre Tau profiterait du développement de biomarqueurs permettant le suivi de la progression de la pathologie. Parmi ceux-ci, beaucoup d'efforts ont été faits récemment pour le développement de traceurs d'imagerie dirigés contre Tau [START_REF] Shah | Molecular Imaging Insights into Neurodegeneration: Focus on Tau PET Radiotracers[END_REF]. La spécificité de ces composés pour Tau reste à être clairement établie et