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GENERAL INTRODUCTION

Intraneuronal transport is fundamental for neuronal survival, morphogenesis, and homeostasis.

Many proteins, mRNAs, and organelles are selectively carried to their precise locations. The intracellular transport system in neurons is specialized to an extraordinary degree, enabling the delivery of critical cargo to sites in axons or dendrites far away from the cell body. Distance is not only the challenge. Localized and precised delivery of intracellular components provide another layer of complexity that must be successfully navigated to maintain various neuronal functions [START_REF] Hirokawa | Intracellular transport and kinesin superfamily proteins, kifs: structure, function, and dynamics[END_REF].

The endo-lysosomal system is comprised of a series of membranes organelles specialized for regulating both intracellular trafficking and proteostasis. Dysfunction of various steps in this network can lead to insufficient clearance of pathogenic proteins, impaired membrane trafficking and signaling, and damages to the cell. In recent years, defects of endo-lysosomal trafficking emerged as a common mechanism shared by neurodegenerative diseases [START_REF] Neefjes | Stop or go? endosome positioning in the establishment of compartment architecture, dynamics, and function[END_REF].

Neurodegenerative diseases (NDs) are defined by the progressive and irreversible destruction of neurons. A varied range of behavioral, cognitive, and physiological symptoms are associated with them, depending on the affected neuronal populations. The most common ND cause two primary symptoms: cognitive decline such as profound dementia in the case of Alzheimer's disease (AD) [START_REF] Kumar | A review on alzheimer's disease pathophysiology and its management: an update[END_REF], and motor dysfunctions such as slowing movements and eventually paralysis in Parkinson's disease (PD) [START_REF] Lotharius | Pathogenesis of parkinson's disease: dopamine, vesicles and ↵-synuclein[END_REF]. Without exception, effective preventative therapeutics are unavailable for these diseases. NDs are distributed globally with an increasing incidence with age. They contribute to growing health and socioeconomic burdens.

There are compelling evidence that abnormal accumulation of misfolded proteins in the brain, more specifically -amyloid (A ) in AD and ↵-synuclein (↵-syn) in PD, are responsible for neurotoxicity observed in these age-related disorders [START_REF] Soto | Protein misfolding, aggregation, and conformational strains in neurodegenerative diseases[END_REF] but the key pathophysiological mechanism underlying this accumulation are not fully understood. Furthermore, different structural organization (later referred as polymorphs) of assemblies are suspected to underlie the large spectrum of toxicity observed in these diseases.

While endo-lysosomal transport abnormalities are recognized to play a role in NDs pathogenesis and pathophysiology, very few studies have compared the impact of different assembly polymorphs in the same neurons on this process. During my thesis, I was motivated to precisely measure the endosomal and lysosomal transport in normal and pathological conditions. I analyzed the endosomal and lysosomal transport when distinct A and ↵-syn protein assemblies were externally applied on mouse primary cortical neurons and compared them with normal conditions.

Moreover, I was also engaged in the comparison of the intraneuronal transport dynamics of these distinct protein assemblies.

Intraneuronal transport within neurites is ensured by molecular motors moving cargoes on microtubule cytoskeleton, with the characteristic alternation between almost constant velocity displacement and slowing down (or full stop) phase. In order to "measure" the intraneuronal transport, I associate different metrics related to these "go" and "stop" phases.

In order to measure the endosomal transport, I adapted the method that had been previously developed in the team [START_REF] Haziza | Fluorescent nanodiamond tracking reveals intraneuronal transport abnormalities induced by brain-disease-related genetic risk factors[END_REF]. This technique is based on: (i) the spontaneous internalization of non-toxic and photostable fluorescent nanodiamonds (fNDs) by endocytosis; (ii) the monitoring of the optical signal of this emitter which represents the transport of the endosomal compartment that contains it. Secondly, to measure the lysosomal transport, I labeled lysosomes with LysoTracker Dye. Finally, to monitor the transport of pathogenic protein assemblies, we labeled them with ATTO 488 fluorescent dye. All the transport measurements were performed using a customized pseudo-total internal reflection fluorescence (pseudo-TIRF) microscope. This configuration excites only the region of interest to a depth of about one micrometer above the culture glass substrate, leading to a high signal-to-background ratio. We then processed the videos with a largely improved version of our analysis pipeline that automatically extract singleparticle trajectories with high throughput and subsequently quantify transport parameters after having parsed the trajectories into stop and go phases.

These methods allowed us to address the impact of distinct protein assemblies in endo-and lysosomal transport and illustrate the transport dynamics of pathogenic protein assemblies inside the neurons. Our studies reveal that all the pathogenic proteins reduce the fraction of endosomes moving along microtubules and impact some of their transport parameters. Furthermore, lysosomes properties such as number, the fraction of moving, and transport parameters are also affected by A oligomers. Eventually, our studies indicate that protein assemblies are transported differentially from endosomes, suggesting distinct molecular characteristics of cargo-motor interaction. 

OUTLINE OF THESIS

This manuscript contains six chapters:

• Chapter 1: We present the intracellular trafficking of endo-lysosomal organelles and the transport machinery supporting it. These processes are essential to maintain neuronal homeostasis and functionality as they ensure the precise and dynamical spatial organization in the highly complex neuron. They are impaired in Parkinson's and Alzheimer's diseases.

• Chapter 2: We provide a general overview of Parkinson's disease, including the epidemiology, clinical features, and neuropathology. We highlight the key role of ↵-synuclein protein in PD pathogenesis, and in particular its non-soluble aggregated forms. We present their toxicity for synapse and their prion-like spreading responsible for the progression of the pathology within the brain.

• Chapter 3: We provide the general background of another neurodegenerative disease, Alzheimer's disease, including the epidemiology, clinical features, and neuropathology.

We detail the detrimental roles of non-soluble aggregates of -amyloid and tau in AD pathogenesis, such as synaptic impairment. We also discuss A and tau prion-like properties that mediate the progression of the pathology within the brain.

• Chapter 4: To investigate the transport defects induced by abnormal protein assemblies, accurate methods targeting endo-lysosomal trafficking are needed. We first review the previous tools used to study intraneuronal transport and then detail our own assay relying on high-throughput trajectories extraction from fast fluorescence videomicroscopy data and subsequent calculation of transport parameters.

• Chapter 5: This chapter presents the results of our investigations on intraneuronal transport impairment in cultured mouse primary neurons, by different ↵-synuclein and -amyloid polymorph assemblies. We also display the transport dynamics of these different assemblies and compare it to endosomal and lysosomal ones.

• Chapter 6: This chapter concludes our results and discusses some perspectives to further investigate the molecular mechanisms underlying our observations. CHAPTER 1 The distinct morphology of neurons, with complex dendritic arbors and extensive axons, presents spatial challenges for intracellular signal transduction. The endo-lysosomal system is composed of a series of organelles supporting the regulation of intracellular trafficking, recycling, and degradation of cargo molecules in the endocytotic pathway. Endocytosis is a basic process conserved and adapted in different cell types. However, the endocytic machinery is particularly important in neurons, as retrieval of plasma membrane components (proteins and lipids) engaged in releasing neurotransmitters and membrane receptors is key to maintain synaptic plasticity.

Furthermore, endocytosis of neuronal growth factors and their receptors regulate where and when signaling cascades are initiated, which are required for neuronal survival and maintenance, axonal growth and guidance, dendritic branching. Therefore, precise regulation of the endolysosomal system ensures proper delivery and degeneration of the cargo molecules, critical for many aspects of neuronal functions.

Dysfunction of various steps in this network can lead to insufficient clearance of pathogenic proteins, impaired membrane trafficking and/or signal transduction, and eventually damages to the cells. Endo-lysosomal system impairment represents the converging mechanism shared by neurodegenerative diseases. This chapter will discuss the role of the endo-lysosomal system in neurons and their transport machinery, in order to better apprehend the extend of intraneuronal transport impairment that we evidenced after adding neurodegenerative diseases-related protein assemblies (↵-synF and R, or

A O and F), reported in the results Chapter 5.

Endocytosis in neurons

Endocytosis is a fundamental cellular process in all eukaryotic cells that internalize molecules from extracellular environment. The fundamentals of endosomal recycling and degradation are the same in neurons as in other cell types. However, the endocytic machinery is particularly critical in neurons. Neurons release the neurotransmitters through synaptic vesicles and subsequent retrieval of synaptic vesicles proteins and membrane is controlled via endocytic machinery. Furthermore, endocytosis of neurotrophins produced by peripheral cells regulates intracelluar signal transduction. Neurotrophins, including nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF), bind to and activate Trk-family receptor tryosine kinase. The neurotrophic-bound

Trk is internalized into "signal endosomes" which carry the complexes from distal branches of the neuron to proximal ones (i.e. close to the soma) where it activates various downstream signaling cascades. These signaling endosomes are essential regulators of neural survival, development, function, and plasticity (Figure 1.1 A).

The endocytic routes for membrane components (lipid, proteins) and neurotrophins can broadly be classified into the well-described clathrin-mediated pathway (Figure 1.1 B) and less well understood clathrin-independent mechanisms. Clathrin-mediated endocytosis (CME) is often referred to as "receptor-mediated endocytosis" because it is initiated by binding to membrane receptors been proposed, such as caveolar-and flotillin-mediated endocytosis [START_REF] Kovtun | Cavin family proteins and the assembly of caveolae[END_REF], Glebov et al., 2006]. However, the precise molecular mechanisms behind CIE are just emerging in understanding. Other internalization pathways, such as macropinocytosis and phagocytosis, involve large regions of the plasma membrane. Macropinocytosis in neurons has been described in multiple contexts, and is a unique pathway of endocytosis characterized by the nonspecific internalization of large amounts of extracellular fluid, solutes and membrane in large endocytoic vesicles. Large particle can be taken up by phagocytosis; however, the extent of phagocytosis carried out by neuronal cell types is not well stabilised, and might be very restricted [START_REF] Bowen | The phagocytic capacity of neurones[END_REF].

Most internalized membrane-bound vesicles, formed either by CME or CIE, are delivered to the early endosome and enter the endo-lysosomal pathway guided by membrane associated proteins of the Rab family of small GTPase [START_REF] Villarroel-Campos | Rab-mediated trafficking role in neurite formation[END_REF]. Rab act as master regulators of membrane dynamics and organelle positioning, the later being transported along the axon through motors (Figure 1.1 C, D). We will describe this process in detail in the following sections.

Positioning of endosomes and lysosomes in neurons

The large extension and spatial specialization present in neurons necessitate a specialized endo-lysosomal system that acts locally and over long distances. Therefore, the mechanism that mediates the endosomal and lysosomal trafficking plays an essential role in supporting a plethora of neuronal functions, such as axon and dendrite outgrowth and pathfinding, neurotrophic signaling for neuronal survival, synaptic plasticity, synaptic transmission, and protein homeostasis.

Specialized compartments -After endocytosis, cargo molecules are transported through the endo-lysosomal system that sorts them in places where (i) signaling cascades are initiated, (ii) they will be degraded, (iii) stored, or (iv) recycled back to the plasma membrane. This system is composed of a series of highly dynamic membrane-enclosed organelles. According to their differ-finally to the lysosomes (degradation pathway) [START_REF] Pillay | Endolysosomal proteolysis and its regulation[END_REF]; or to exchange its content with the trans-Golgi network (TGN) [ Bonifacino and Rojas, 2006], resulting in access to the secretory pathway. For instance, TGN-derived vesicles containing newly synthesized proteins destined to lysosomes can be delivered to some endosomes and then subsequently fuse with EE or with lysosomes [START_REF] Pu | Mechanisms and functions of lysosome positioning[END_REF] (Figure 1.2). The choice of degradation or recycling pathways determines the fate of cell surface proteins and impacts numerous signaling pathways. Moreover, the interconnection between the endocytic pathway and the biosynthetic (secretory) pathway allows that newly-made cargo can be transported from the TGN to various endosomes before being delivered to the plasma membrane.

In the endocytic recycling process, plasma membranes (proteins and lipids), which are first internalized by the endocytosis are then transferred to RE and finally processed back to the cell surface for reuse. This process is regulated by Rab11 and is the primary way to maintain the abundance of receptors and transporters on the cell surface. Cargoes destined to the lysosomal degradation pathway are retained in sorting endosomes that eventually mature into Rab7-positive late endosomes -also known as multivesicular bodies (MVBs) -that sequester the cargo into intraluminal vesicles. Fusion of MVBs with lysosomes containing acidic results in degradation of the internalized protein by acidic hydrolases (Figure 1.2).

Transport of endosomal-lysosomal compartments within neuronal branches and synapses

-Bi-directional transport of various endosomal compartments occurs in both axons and dendrites. Trafficking of endosomes along the axon occurs primarily in the retrograde direction towards the cell soma. Retrograde axonal transport has received particular attention since it is crucial for neurotrophic signaling and neuronal survival [Ibáñez, 2007]. Endosomal trafficking along the axon in the anterograde (from soma to axonal terminal) is less well established but was observed for endosomes containing axonal adhesion molecules [START_REF] Yap | The somatodendritic endosomal regulator neep21 facilitates axonal targeting of l1/ngcam[END_REF], Trk receptors [START_REF] Ascaño | Axonal targeting of trk receptors via transcytosis regulates sensitivity to neurotrophin responses[END_REF], and integrins [START_REF] Eva | Rab11 and its effector rab coupling protein contribute to the trafficking of 1 integrins during axon growth in adult dorsal root ganglion neurons and pc12 cells[END_REF].

Besides long-range trafficking of proteins to the correct locations using endosomal compartments, there is also constant local recycling and degradation of protein within specific domains Finally, lysosomes have long been considered as having a polarized distribution in neurons wherein they are more abundant in cell bodies than in dendrites, and relatively rare in axons. This distribution pattern of neuronal lysosomes points out the importance of their transport inside the neuron to maintain normal neuronal functions.

Microtubule and motor proteins involved in endosome and lysosome transport

The spatial distribution of endosomes and lysosomes requires the microtubule (MT)-based machinery, consisting in MT and motors proteins. MT are key polymers of the cytoskeleton, made of head-to-tail assemblies of ↵-tubulin and -tubulin dimers, giving them an intrinsic polarity ( -tubulin and ↵-tubulin ends being referred as plus and minus end respectively). They constitute "railways" onto which motor proteins move and deliver cargoes, in particular the endo-lysosomal compartments.

MTs organization in axons and dendrites is tightly regulated with respect to their polarity, which has consequences on transport properties discussed below. In axon, MTs are uniformly arranged with their plus-end positioned towards the axon terminal, whereas, in dendrites, MT polarity is mixed to varying degrees depending on the location within the dendritic arbor.

Furthermore, MTs interact with an immense number of microtubule associated proteins (MAPs) that affect their organization at larger scale and the molecular dynamics at their surface.

In addition to the orientation, MT differ in axon relative to dendrite in terms of MAPs: MAP2 is found mostly in dendrites, while tau is found in axons [START_REF] Conde | Microtubule assembly, organization and dynamics in axons and dendrites[END_REF] (Figure 1.4).

Microtubules support both short-and long-range molecular motion (including membranebound vesicles, proteins, RNA. . . ) ensured by two types of molecular motors: kinesins and dyneins. Both are ATP-dependent motors, which mediate transport to the plus-end and minusend, respectively [Kull andEndow, 2013, Allan, 2011]. Cargoes are linked to the motor proteins by adaptor proteins (Figure 1.5).

In mammals, the kinesin superfamily consists of approximately 45 members (KIFs), and

In addition, both kinesin-1 and kinesin-2 are required for the distribution of lysosomes [START_REF] Brown | Kinesin-2 is a motor for late endosomes and lysosomes[END_REF]. Dynein is considered a major player in endocytic function, as inhibition of dynein lead to a random distribution of early endosomes, late endosomes, and lysosomes and disrupts endosome motility [START_REF] Driskell | Dynein is required for receptor sorting and the morphogenesis of early endosomes[END_REF], Tan et al., 2011]. Hence the movement and localization of all endocytic compartments are primarily determined by dynein.

Apart from maintaining the spatial distribution of both endosomes and lysosomes, the MTmotor system also ensure proper localization of other cellular constituents such as RNA granules (Figure 1.6) to support the local protein synthesis at remote sites within dendrites and axons.

Defects in cellular distribution of these components most likely impact other cellular pathways as we will discuss it in the following section. The movement of endosomes and lysosomes is essential for numerous processes such as synaptic plasticity, transport of survival factors, or protection against toxicity linked to neurodegeneration [START_REF] Giovedì | Dysfunctional autophagy and endolysosomal system in neurodegenerative diseases: relevance and therapeutic options[END_REF].

RNA granules transport in neurons

Neurons are amongst the most structurally complex cells, having a high degree of spatial compartmentalization. Furthermore, neurons exhibit rapid and dynamic signaling by processing information in spatially restricted area. To meet this requirement, local translation of mRNAs into proteins is necessary for the maintenance and modification of local proteomes in axons and dendrites [START_REF] Glock | mrna transport & local translation in neurons[END_REF]. Local protein synthesis requires the delivery of RNA to the distal extensions of the neuron. A finely regulated RNA transport apparatus satisfies this need, which involves RNA-binding proteins (RBPs) and does not necessarily require membrane-bound organelles. RBPs recognize mRNAs by the cis-acting element or motifs that are typically found in 3' untranslated regions (UTRs) of the mRNAs and self-organize into structures called RNA granules or ribonucleoproteins (RNPs) [START_REF] Glock | mrna transport & local translation in neurons[END_REF].

Membraneless RNA granules have been observed to traffic within neuron by interacting with conventional motor protein adaptors, such as kinesin light chain (KLC) [START_REF] Wu | A kinesin adapter directly mediates dendritic mrna localization during neural development in mice[END_REF], Fukuda et al., 2020] and bicaudal D (BIDC2) [START_REF] Bianco | Bicaudal-d regulates fragile x mental retardation protein levels, motility, and function during neuronal morphogenesis[END_REF], required for kinesin-and dynein-

Conclusion of Chapter 1

Neurons are among the most compartmentalized and interactive of all cell types that store information from other neurons and transmit an integrated signal to other cells in their network.

Neurons necessitate rapid turnover of intracellular proteins and components on the plasma membrane (lipids and proteins) to maintain their function and plasticity. The endocytosis of cargo molecules is exceptionally active and requires to retrieve and recycle components in the synapse.

The endo-lysosomal system following the endocytosis comprises a series of membranous organelles for regulating both their intracellular trafficking and degradation. These membranous compartments are thus critical for regulating the level of membrane proteins crucial to neuron development, synaptic plasticity, and nervous system function. The microtubule-based transport machinery controls their precise spatial distribution in polarized neurons. Furthermore, late endosomes and lysosomes act as mRNA translation platforms, enabling local protein synthesis at metabolically active sites distant from the nucleus.

Given the particular role of the endo-lysosomal system in neurons, defects in their trafficking are suggested to impair membrane trafficking, deregulate proteomic homeostasis, inadequately clear pathogenic proteins, and eventually lead to neuronal damages. Hence, disruption of endo-lysosomal transport is an emerging mechanism implicated in the major pathogenesis of neurodegenerative diseases, such as Parkinson's disease and Alzheimer's disease. In Chapters 2 and 3 we will present the pathophysiological traits of these diseases from the perspective of either synaptopathies or proteinopathies. PD is a common and complex neurological disorder. It is characterized by the impairment of motor functions resulting from dopaminergic (DA) neurons loss in the substantia nigra. One key marker of the disease is the presence of Lewy bodies (LB) in brain histological sections. LB are inclusions constituted by the accumulation of misfolded ↵-synuclein proteins.

In addition to motor features, the symptomatology is now widely considered heterogeneous, with clinically significant cognitive features. The multiple manifestations of clinical symptoms suggest a pathological diversity in the disease progression, including the involvement of distinct nervous system regions, various neurotransmitters, and protein aggregates other than just Lewy bodies. While significant progress has been made in our understanding of the complicated interplay between genetic and environmental factors affecting a variety of fundamental cellular processes, PD's etiology remains unclear. Furthermore, no definitive diagnosis can be established at the earliest stages of the disease, and current treatments are primarily palliative [START_REF] Kalia | Parkinson's disease[END_REF].

Epidemiology

PD is the second most common age-related degenerative disorder after Alzheimer's disease, which predominately leads to degradation of the central nervous system (CNS). PD affects about seven million people worldwide. Its prevalence, which quantifies the fraction of subjects diagnosed with PD in the total population at a given period, extracted from meta-analysis is of 41 persons per 100,000 in the fourth decade of their life, and it increases to 1,900 people per 100,000 among those who are 80 and older. These data indicate that age is the most influential risk factor for PD. The mean age of onset is around 60, with a broad range from <40 to >80 years old: about 10 to 20% of people diagnosed with PD before 50 years old age are classified as "young-onset" cases. People with young-onset PD (YOPD) are highly associated with genetic risk factors (see section 2.4) or inherited from family members with the disease.

There is a clear gender difference with men affected by PD twice more than women. This phenomenon may be due to the protective effects of sex hormone (estrogen) in women and differences in sex-related genetic factors in response to environmental factors. Furthermore, multiple influences, including occupation, geographic location, ethnic and racial diversity, also impact the incidence of the disease. For example, individuals with PD are less common in Asia compared to America, Europe, and Australia. The differences may come from the lifestyle, diet culture, and certain environmental factors [START_REF] Pringsheim | The prevalence of parkinson's disease: a systematic review and meta-analysis[END_REF].

With the increase in life expectancy, mainly driven by health improvement, the number of people with PD worldwide may reach about 10 million in 2030, which will represent significant societal and economic burdens.

Clinical Features

The disease was firstly reported by the physician James PARKINSON in his "Essay on the shaking palsy" in 1817 reproduced in 2002 [Parkinson, 2002]. He defined the shaking palsy as a nervous disorder characterized by a trembling of the limbs, lessened muscle power, and a stooped posture associated with a propulsive gait. These typical symptoms are fundamental to the clinical diagnosis. The assay remains an authoritative reference now, especially concerning the motor symptoms.

PD is the most common movement disorder characterized by four cardinal features, such as tremor, bradykinesia (slowness of movement), rigidity, and postural instability. While PD has been considered as a motor disorder, it is now considered as an heterogeneous disease manifested by a broad spectrum of motor and non-motor features and referred to as "Parkinsonism", that include autonomic dysfunction, cognitive and behaviors disorders (such as dementia, hallucinosis, and emotional alterations. . . ), sensory abnormalities, and sleep disorders [Jankovic, 2008].

PD symptoms become progressively worse as the disease advances, but the rate of disease progression is variable between patients. There is a great influence on the quality of life and care dependency in patients living at home due to continued deterioration of the clinical condition. [START_REF] Carlsson | Schizophrenia: a subcortical neurotransmitter imbalance syndrome?[END_REF].

Neuropathology

Most of the DA neurons (producing dopamine) of the brain are found in the substantia nigra (SN) (Figure 2.1). The latter is a region located in the midbrain part of the basal ganglia, which plays a significant role in reward and movement. Dopaminergic neurons produce a high level of pigments called neuromelanin, which accounts for their dark color.

It is well-known that one of the major neuropathological hallmarks of PD is degeneration and subsequent loss of dopaminergic neurons in the substantia nigra [Przedborski, 2005]. Since dopaminergic neurons of substantia nigra transmit signals to different regions of the brain in order to ensure motor and non-motor function maintenance, their disruption can explain symptoms found in PD. The extent of neuronal loss in SN at the time of the onset of symptoms has been estimated and it was shown that initial motor signs in PD occur as early as when about 30% of pigmented SN neurons are lost [START_REF] Fearnley | Ageing and parkinson's disease: substantia nigra regional selectivity[END_REF]. Therefore, the depigmentation in the substantia nigra is considered as one of the pathological hallmarks for disease diagnosis (Figure 2.1 a-d). However, the underlying mechanisms of neuronal cell death and why DA neurons in SN are particularly vulnerable in PD are still poorly understood, which impedes the development of neuroprotective strategies.

It was suggested recently that the deterioration of DA neurons in SN may predominately arise from cellular disturbances produced by protein aggregates and inclusion bodies, the common cellular mechanisms implicated in many neurodegenerative diseases.

Lewy pathology is the hallmark of Parkinson's disease and a major criterion in Braak staging that characterizes disease progression

The unique inclusions detected in PD patients are Lewy bodies (LBs) in the cell body, which is the peculiar eosinophilic inclusions firstly described by Frederick LEWY in 1912, and their presence in the substantia nigra was confirmed by TRETIAKOFF et al. [START_REF] Spillantini | ↵-synuclein in lewy bodies[END_REF]. The protein α-synuclein (α-syn) aggregates has been found to be a major component of LBs [START_REF] Spillantini | ↵-synuclein in lewy bodies[END_REF] and is considered to play a central role in their formation and of another Lewy pathology such as Lewy neurites (LNs) [START_REF] Goedert | 100 years of lewy pathology[END_REF], which are abnormal neurites containing amyloid filaments similar to those found in LBs (Figure 2.1 e-g).

Lewy pathology is not restricted to the SN but can also be found in various brain regions in PD patients, suggesting a spreading of the pathology. Furthermore, Lewy pathology has been hypothesized to progress in a stereotyped pattern in PD patients. Heiko BRAAK and his colleagues firstly introduced the spreading of Lewy pathology in 2003 [START_REF] Braak | Staging of brain pathology related to sporadic parkinson's disease[END_REF] based on postmortem studies. They proposed that PD starts in the gastrointestinal system or peripheral nervous system and progressively affects the central nervous system (CNS). They developed a staging nomenclature that characterizes disease progression, consisting in six Braak stages, with each stage being attributed to abnormal Lewy pathology in particular neurological structures (Figure 2.1 h).

At stage I-II, Lewy pathology ascends the caudal-to-rostral direction starting from the lower brainstem regions (including the DMV 1 in the medulla then progressively spread to pons) through susceptible areas of the midbrain in stage III-IV (substantia nigra and basal forebrain). Eventually, in stage V-VI, Lewy pathology can be detected in the limbic system2 and neocortex regions.

In Braak staging, the proposed temporal and spatial progression typically explain the clinical development of PD: stage I and II could correspond with the onset of pre-motor symptoms; the presence of the motor features present due to nigro-striatal dopamine deficiency in stage III and stage IV-XI would occur with the non-motor symptoms when the disease advances.

Genetic risk factors

The majority of PD cases are sporadic with unknown causes. However, there are also familial cases with autosomal dominant or recessive Mendelian inheritance that have revealed fundamental insights into the pathogenic mechanisms underlying PD. Genome-wide association studies (GWAS3 ) allowed to identify over 41 susceptibility gene loci associated with PD [START_REF] Chang | A meta-analysis of genome-wide association studies identifies 17 new parkinson's disease risk loci[END_REF].

Inherited PD falls into two categories depending on the gene mutated:

• Mutations responsible for the autosomal dominant form of PD have been found in SNCA, LRRK2, GBA, and VPS35 genes. SNCA encodes ↵-synuclein protein localized in the nucleus and presynaptic nerve terminal [START_REF] Maroteaux | Synuclein: a neuron-specific protein localized to the nucleus and presynaptic nerve terminal[END_REF]. LRRK2 encodes a protein involved in multiple cellular processes, including neurite outgrowth and synaptic morphogenesis, membrane trafficking, autophagy, and innate immune system. GBA, encodes the lysosomal enzyme glucocerebrosidase, VPS35 encodes vacuolar protein sorting 35, a critical component of the retromer cargo-recognition complex, which is involved in the recycling of membrane proteins between endosomes and trans-Golgi network.

hard to interpret or rarely ascertainable [START_REF] Tam | Benefits and limitations of genome-wide association studies[END_REF].

By integrating the GWAS data, a powerful approach called transcriptome-wide association study (TWAS 4 ) was proposed to delineate the influences of genetic variants on complex traits by modulating gene expression levels. This approach was applied to PD and expanded the interaction between protein products from monogenic genes in PD development [START_REF] Li | Prioritizing parkinson's disease genes using population-scale transcriptomic data[END_REF] (Figure 2.2 b).

Genetic discoveries are beginning to illuminate cellular pathways and functions that are involved in the development of PD. Numerous PD-related genes have been implicated in regulating synaptic functions, suggesting the vital role of synapse in PD pathogenesis (Figure 2.3).

In particular, studies in model systems ranging from cells to transgenic mice have shown that elevated levels of α-syn disrupt numerous essential intracellular trafficking steps in the synapse.

Under physiological conditions, ↵-synuclein is primary localized to the presynaptic terminals, where its physiological functions in regulating the release of neurotransmitters. ↵-syn is also the major constituent of the Lewy body. Hence, an important question concerns how the accumulation of ↵-syn contributes to PD pathogenesis.

Compelling evidence suggests a pathogenic role of ↵-syn in triggering synaptic dysfunction and impaired neuronal communication, ultimately causing "synaptopathy" and progressive neurodegeneration in Parkinson's disease. The following section will introduce the structure and function of ↵-syn and provide an overview of the most relevant mechanisms involved in ↵-syn induced synaptopathy.

• N-terminal, amphipathic lysine-rich amino terminus, which is essential for binding to the lipid membrane.

• C-terminal, an acid carboxy-terminal tail involved in interacting with small molecules and proteins.

• Non-amyloid-component (NAC), a hydrophobic stretch of 12 aa residues in the middle of the sequence; this domain is unique to ↵-syn among synuclein family and is involved in filament assembly

Under normal physiological conditions, ↵-syn is in a dynamical equilibrium between cytosolic and a membrane-bound state. In the cytosolic state, ↵-syn adopts a monomeric conformation.

Upon binding to the cell membrane, α-syn undergoes a conformational transition by adopting a high level of α-helical structure in the N-terminal domain (Figure 2.4).

Nuclear magnetic resonance studies (NMR) indicated that ↵-syn could potentially promote exocytosis through its double-anchor mechanism [START_REF] Lautenschläger | ↵-synuclein-regulator of exocytosis, endocytosis, or both?[END_REF], binding to lipid membranes not only with the N-terminal region (aa 1-25) but also with the NAC region (aa 67-97).

In addition to that, ↵-syn would be able to tethers either two vesicles to one another (vesicle clustering) or vesicles to the plasma membrane (vesicles docking) (Figure2.4 b), the processes required for the exocytosis of synaptic vesicles.

↵-syn is also considered as curvature-sensing and membrane stabilizing protein. The binding of ↵-syn to synaptic vesicles may stabilize them, maintaining their intrinsically small radius of curvature. Similarly, ↵-syn senses lipid packing defects and also affects lipid packing vesicles.

These properties suggest an essential role of ↵-syn in synaptic vesicle homeostasis [START_REF] Fusco | Direct observation of the three regions in ↵-synuclein that determine its membrane-bound behaviour[END_REF].

The possible role of ↵-syn in regulating synaptic vesicles exocytosis is not exclusively related to its direct interaction with the membrane of synaptic vesicles. Current studies revealed that membrane-bound state ↵-syn act also as a chaperone 5 to promote SNARE-(soluble Nethylmaleimide-sensitive factor attachment protein receptors) complexes assembly (Figure 2.5).

Evidence of α-synuclein induced synaptopathy in PD

The concept of synaptopathy is closely related to ↵-syn, which under physiological conditions, is primary localized to the presynaptic terminals as we just discussed. Moreover, the progressive accumulation of protein deposits comprised primarily of the ↵-syn protein are key signature lesions of Parkinson's disease and dementia with Lewy bodies (DLB) and multiple system atrophy (MSA), referred to α-syncleinopathies. Immunohistochemical analysis of PD brains identified numerous presynaptic ↵-syn aggregates. Additionally, in stage II brains, when Lewy pathology is limited to the medulla oblongata and pons, presynaptic ↵-syn aggregates were already observed before obvious LB pathology, suggesting that synaptic abnormalities precede Lewy pathology in cell bodies [START_REF] Tanji | Proteinase k-resistant ↵-synuclein is deposited in presynapses in human lewy body disease and a53t ↵-synuclein transgenic mice[END_REF].

In the transgenic model of PD (↵-Syn 1-120 mice), ↵-syn aggregates were detected at striatal dopaminergic terminals, with impairment of dopamine release from nigrostriatal synaptic terminals, even in the absence of nigral DA cell loss [START_REF] Garcia-Reitböck | Snare protein redistribution and synaptic failure in a transgenic mouse model of parkinson's disease[END_REF]. In another model, a bacteria artificial chromosomes (BAC) transgenic mice bearing an overexpression of human wildtype-↵-syn gene (SNCA-OVX ), a clear time-dependent progression was observed: in 3-month-old mice, despite the absence of overt neuropathology, early deficits in dopamine release in the dorsal striatum and an increased clustering of vesicles in dopamine terminals were found [START_REF] Janezic | Deficits in dopaminergic transmission precede neuron loss and dysfunction in a new parkinson model[END_REF].

These observations clearly demonstrate that synaptic impairment caused by the accumulation of ↵-syn aggregates precedes cell death and points to synapses as the region of primary ↵-syn pathology in the cell. In the following sections, we will discuss the pathological roles of ↵-syn in synaptic dysfunction.

Mechanisms of α-synuclein induced synaptopathy

The abnormal interactions of ↵-syn pathological aggregates with the presynaptic machinery components (involved in neurotransmitter releases or synaptic vesicle trafficking) could establish the molecular basis for synaptic dysfunction. Indeed, changes in presynaptic proteins related to neurotransmitter release and axonal transport are observed in primary neurons overexpressing ↵-syn as well as brains of ↵-synucleinopathy animal models and in patients. affecting vesicle cycle and neurotransmitter release. Indeed, an in vitro mechanistic study with lipid mixing assay showed that large ↵-syn oligomers inhibit SNARE-mediated vesicle docking, a process necessary for exocytosis [START_REF] Choi | Large ↵-synuclein oligomers inhibit neuronal snare-mediated vesicle docking[END_REF], thus affecting the activity of the neurotransmitter release. While the neurotransmitter release machinery alterations were a primary expected effect of ↵-syn toxicity, more recent papers have focused on the postsynaptic counterpart of this pathological scenario.

Impaired synaptic transmission induced by pathological α-syn -The massive dysfunction

of the dopaminergic terminals caused by ↵-syn aggregates is suggested to greatly impact the efficacy of synaptic transmission by modifying the synaptic plasticity. The latter is the ability of synapses to strengthen or weaken over time in response to increase or decrease in their activity. It plays a pivotal role in adaptive motor control and memory. Two processes, in particular, long-term potentiation (LTP) and long-term depression (LTD), are essential forms of synaptic plasticity that occurs at synapses in responses to different patterns of activation of NMDA receptors located on postsynaptic membranes [START_REF] Vitureira | The interplay between hebbian and homeostatic synaptic plasticity[END_REF].

In early studies of rats with unilateral 6-hydroxy-dopamine (6-OHDA) lesions of the nigrostriatal pathway, which serves as a PD model, there is a selective reduction of NMDA heteromers NR1/NR2B subunits in the postsynaptic membranes of the dopamine-depleted striatum. This reduction is associated with alterations in synaptic plasticity, especially LTP [START_REF] Dunah | Alterations in subunit expression, composition, and phosphorylation of striataln-methyl-d-aspartate glutamate receptors in a rat 6-hydroxydopamine model of parkinson's disease[END_REF].

This result first demonstrated that altered NMDA receptors in postsynaptic membranes mediate the deficits of synaptic transmission. Recent studies further demonstrated that these alterations are mediated by the pathogenic protein ↵-syn.

Transgenic animals overexpressing altered forms of ↵-syn, such as truncated human ↵-syn 1-120 or the adeno-associated viral vector carry wild-type human ↵-syn were used to study the alterations of striatal synaptic plasticity in the initial phase of the disease. They revealed that overexpression of truncated or wild-type human ↵-syn induces partial reduction of striatal dopamine levels and affects synaptic transmission and long-term potentiation plasticity in the striatum, leading to the motor and behavior deficits observed in PD. Moreover, in vitro application of human ↵-syn oligomers mimicked the synaptic effects observed in these PD models. Finally, the disruption of the synaptic plasticity was dependent on direct interaction between ↵-syn and NMDA receptors [START_REF] Tozzi | Alpha-synuclein produces early behavioral alterations via striatal cholinergic synaptic dysfunction by interacting with glun2d n-methyl-d-aspartate receptor subunit[END_REF].

Overall, these studies demonstrated that pathogenic ↵-syn aggregates could alter synaptic transmission and plasticity in the striatum by interfering with NMDA subunits.

Summary -A more precise picture is now emerging about the physiological functions of ↵syn in the brain. ↵-syn is considered a fine-tuning regulator of synaptic vesicle cycle, SNARE assembly, neurotransmitter release, and synaptic plasticity. However, ↵-syn is involved not only in regulating presynaptic processes but also in the formation of Lewy bodies. LBs are ↵-syn-rich intracellular inclusions that are a critical pathological hallmark of PD.

Based on systematic analysis, it has been suggested that the progression of LBs involve regions of the nervous system that are anatomically interconnected. It was suggested that the gradual increase in Lewy pathology during the progression of PD is due to a prion-like propagation of ↵-syn aggregates. The following section will introduce the prion disease, the evidence of prion-like properties of ↵-syn, ↵-syn aggregation process, and the cellular mechanism of propagation.

Prion-like mechanism in Parkinson's disease

The prion paradigm -Prion diseases are progressive, fatal, neurodegenerative disorders mainly affecting the brain in humans as well as animals, also known as a transmissible spongiform encephalopathy (TSEs). Pathologically, prion diseases are marked by spongiform change in the brain, neuronal loss, and the intracerebral buildup of misfolded the Protease resistant Protein (PrP) (also known as CD230), called prion. The concept arose from the first discovery of the devastating brain disease called scrapie disease that mainly affected the nervous system of sheep and goats. The scrapie agent was found devoid of nucleic acid for its replication [START_REF] Alper | Does the agent of scrapie replicate without nucleic acid?[END_REF], and the proteins from which it is composed were sufficient for infectivity. To distinguish these proteins pathogens from viruses and bacteria, the term "prion protein", meaning the proteinaceous infectious particle, was introduced [Prusiner, 1982]. In addition to the scrapie of sheep, prion diseases in animals include the bovine spongiform encephalopathy (BSE) of cattle and the chronic wasting disease (CWD) of deer. In the human species, the well-known prion diseases include Creutzfeldt-Jakob disease (CJD), Gerstmann-Sträussler-Scheinker (GSS) disease, Kuru, and fatal insomnia.

Under normal circumstances, the cellular prion form (often abbreviated PrP C ) possesses a nonpathogenic three-dimensional conformation with little -sheets structure. The disease is associated to the protein misfolding and transformation into an abnormal β-sheets-enriched structure (scrapie prion protein PrP SC ). This structure then induces other proteins to misfold and eventually aggregate into small oligomers, protofibrils and amyloid fibrils. Amyloid, a generic term for abnormal masses of fibrillar protein, is inconsistently present in prion diseases, but an important molecular characteristic of misfolded prion protein is its enhanced potential to form amyloid.

Multiple milestones discoveries have provided crucial evidence that the pathological mechanism underlying the prion diseases is the conversion of natively folded protein into misfolded structures and seeded aggregation of certain proteins. This process can be facilitated (i) by the mutation in PrP gene that renders the protein more likely to misfold and aggregate (heritable); (ii) by the introduction of seeds of misfolded prion protein (i.e., prions; infectious); or, (iii) presumably, by the stochastic misfolding of PrP and subsequent formation and proliferation of endogenous seeds (idiopathic or sporadic).

The human prion diseases can be sporadic or triggered through the consumption of BSEcontaminated meat and bone meal supplements, which cause the variant Creutzfeldt-Jakob disease (vCJD) [Prusiner, 1998]. It can also result from dominant inherited mutations of PRNP gene coding for the PrP. These mutations are assumed to lower the energy barrier to cross in order to transform the cellular form proteins (PrP C ) into the scrapie form (PrP Sc ) [Goedert, 2015].

Within the brain, the prion proteins can spread over a considerable long distance along a nerve pathway and can be conveyed with high specificity along established anatomical paths, indicative of neuronal transport mechanisms [START_REF] Fraser | Predicting students' outcomes from their perceptions of classroom psychosocial environment[END_REF]. Variation in the clinical and pathological characteristics of prion diseases are influenced by distinct conformation of the prion assemblies, a phenomenon referred to as prion strains [Aguzzi et al., 2007, Collinge andClarke, 2007]. Prominently, the potential to form conformationally distinct proteinaceous strains is now considered as a generic property of amyloid-forming proteins.

The templated recruitment of normal protein by misfolded seeds was originally thought to be a unique feature of prion diseases, in which PrP Sc , the conformationally alerted protein, acts as a seed and corrupts the normal counterpart PrP C . However, recent surge of studies demonstrated that a similar mechanism applies to a large group of neurodegenerative disease, involving ↵-syn protein in Parkinson's disease and A , tau proteins in Alzheimer's disease (see Chapter 3). In the following will discuss the evidence supports the "prion-like" behavior of ↵-syn.

Evidence for the prion-like propagation of α-synuclein

Braak and colleagues devised their widely accepted staging nomenclature of PD progression by assessing the regional distribution of ↵-syn immunoreactive structures in the brain of PD patients. According to the Braak view, the disease process commences in the lower brainstem in the dorsal motor nucleus of the vagus nerve (DMV), as well as anterior olfactory structures.

The disease then ascends rostrally from DMV through susceptible regions of medulla, pontine tegmentum, midbrain, and basal forebrain, eventually reaching the cerebral cortex (section 2.3.2).

↵-syn aggregates are suggested to progress in a topographically predictable manner as the pathology spreads through anatomical connections.

After Braak theory, the tentative evidence for the transcellular propagation of ↵-syn was investigated in the autopsy of patients with PD who had embryonic brain tissue transplanted into the striatum to replace degenerated dopaminergic neurons. Over 10-16 years after injection of graft, when examining the brain tissues of these patients post-mortem, it was found that pathological ↵-syn inclusions, similar to those in the host brains, appeared in the cells generated from the grafted embryonic tissue, suggesting the transmission of pathological ↵-syn [START_REF] Kordower | Lewy body-like pathology in long-term embryonic nigral transplants in parkinson's disease[END_REF].

Furthermore, recent studies highlighted that Lewy pathology is much more extensive and affects not only the CNS but also the enteric nervous system (ENS). The ENS is an integrative neuronal system also referred to as "the brain in the gut" because of its similarities to the CNS.

Braak assumed that these lesions in the ENS develop early in the course of the disease and gradually spread to the brain [START_REF] Rao | The bowel and beyond: the enteric nervous system in neurological disorders[END_REF] (Figure 2.6). This proposal has been confirmed in vivo in rats. After the injection of ↵-syn into the wall of a rat small intestine, ↵syn could arrive at the DMV in the brainstem [START_REF] Holmqvist | Direct evidence of parkinson pathology spread from the gastrointestinal tract to the brain in rats[END_REF]. These observations are compatible with a staging scheme, in which pathological inclusions progress from enteric and autonomic nervous systems to the brainstem, the dorsal motor nucleus of the vagus nerve (DMV), the substantia nigra (SN) and the cortical cortex ultimately. These results demonstrate that misfolded ↵-syn could spread not only between different brain regions but also from peripheral but also in dementia with Lewy bodies and multiple system atrophy, collectively known as ↵synucleinopathies (Figure 2.8) as already mentioned.

α-syn polymorphs -Accumulating evidence has documented that recombinant ↵-syn monomers can form synthetic ↵-syn aggregates with distinct spatial organization and biological activities.

Bousset et al. found that ↵-syn aggregates generated under physiological salt concentrations have a cylindrical shape, which referred to as fibrils, while those obtained under low salt concentrations are flat, which were termed ribbons. Multiple biophysical analysis such as X-ray fiber-diffraction and solid-state nuclear magnetic resonance spectroscopy (NMR) measurements illustrate that ↵-syn fibrils and ribbons have different structures [START_REF] Bousset | Structural and functional characterization of two alpha-synuclein strains[END_REF], Peelaerts et al., 2015].

Importantly, ↵-syn fibrils and ribbons are able to imprint their intrinsic architecture onto soluble ↵-syn monomer in seeded fibrillization reactions in vitro and also in the cells. ↵-syn fibrils are more toxic than ribbons to SH-SY5Y cells [START_REF] Bousset | Structural and functional characterization of two alpha-synuclein strains[END_REF]. Consistent with their higher toxicity, ↵-syn fibrils also bind and permeabilize cell membranes to a greater extent than ribbons.

In vivo studies showed that ribbons are more efficient in inducing ↵-syn pathology in vivo, in combination with virus mediated overexpression of ↵-syn, could even lead to the development of oligodendrocyte pathology. However, ↵-syn fibrils are also more toxic to dopaminergic neurons than ribbons, when combined with rAAV mediated ↵-syn overexpression, and lead to motor deficits. Finally, ↵ fibrils and ribbons are shown to maintain their conformation after in vivo passing [START_REF] Peelaerts | ↵-synuclein strains cause distinct synucleinopathies after local and systemic administration[END_REF].

These studies demonstrated the existence of ↵-syn strains and illustrated their different biological activities, which may account for the heterogeneity of ↵-synucleinopathies.

Potential α-syn polymorphs in diseased brains -The studies mentioned above convincingly demonstrate that recombinant ↵-syn monomers are able to form different ↵-syn polymorphs with distinct biological activities. The next step was to identify and characterize ↵-syn polymorphs in ↵-synucleinopathy patients.

Currently, several studies have reported evidence for the existence of ↵-syn assemblies, which display different structural characteristics and have shown to cause distinct histopathological and A recent study investigated the full-length recombinant human ↵-syn (1-121) and the fibrillar structures using the cryo-EM (Figure 2.9 A); they reported two new ↵-syn polymorphs (2a and 2b). Both polymorphs are composed of two protofilaments (Figure 2.9 B-C). The polymorphs 2a and 2b reported in this study present -arch motifs, and the orientation of -strands contributing to the motifs are radically different compared to previously reported polymorphs. Furthermore, two protofilaments interact via salt bridges between amino acids, which is different from previously reported polymorphs [START_REF] Guerrero-Ferreira | Two new polymorphic structures of human full-length alpha-synuclein fibrils solved by cryo-electron microscopy[END_REF]. The detailed comparison between polymorphs 2a and 2b are illustrated below.

In the study, they revealed that polymorphs 2a and 2b share a common protofilament kernel.

However, the packing between the two protofilaments is different. The polymorph 2a show sideby-side packing (same plane between two protofilaments) and a twist of -0.80°. The successive rungs of -sheet are linked by a helical symmetry with a rise of 4.8°A in each protofilament (Figure 2.9 C). The polymorph 2b show staggered packing (2.4°A offset in height between protofilaments), related by 2 1 screw symmetry with a twist of 179.55°(Figure 2.9 D). Moreover, two protofilaments interact with each other using a salt-bridges between amino acids is different in polymorphs 2a (residue K45 and E57) and 2b (residue K45 and E46) ( In conclusion, characterization of the fibril polymorphs structure, including those of ↵-syn carrying disease-relevant mutations and of ↵-syn states purified from the diseased human brain, is crucial to address the subsequent questions:

• Whether and how fibrils might form or could be dissolved?

• How they may interact with affected neurons and contribute to disease?

Evidence of cell-to-cell transmission of α-synuclein obtained from cell culture

A key premise for the hypothesis that ↵-syn acts as a prion-like protein in PD is that ↵-syn assemblies, which can act as seeds for further aggregation, can be taken up by neurons, then undergo transport along axons and finally go into another neurons (e.g., by being released into the extracelluar space).

Considering the spreading and seeding capacity required for prion diseases, evidence has been demonstrated the spreading of ↵-syn oligomers in vivo [START_REF] Danzer | Seeding induced by ↵-synuclein oligomers provides evidence for spreading of ↵-synuclein pathology[END_REF] and their involvement in the disruption of neuronal homeostasis, including cytoskeletal alterations, membrane permeabillization, increased Ca 2+ influx, increased reactive oxygen species (ROS) production, and synaptotoxicity [START_REF] Danzer | Different species of ↵-synuclein oligomers induce calcium influx and seeding[END_REF], Parihar et al., 2009, Choi et al., 2013]. Compared to oligomeric form, fibrillar form(s) appears to be the most efficient at propagating both in vitro and in vivo [START_REF] Peelaerts | ↵-synuclein strains cause distinct synucleinopathies after local and systemic administration[END_REF]. Importantly, ↵-syn fibrillar assemblies made de novo from recombinant protein induce lesions that trigger the aggregation of endogenous ↵-syn several months after their injection into the CNS [START_REF] Peelaerts | ↵-synuclein strains cause distinct synucleinopathies after local and systemic administration[END_REF]. These findings point to the critical role of ↵-syn fibril in mediating prion-like spreading. Numerous cell culture studies have addressed different mechanisms for ↵-syn spreading, which will be discussed in the following (Figure 2.11).

penetration through the plasma membrane [START_REF] Peng | Protein transmission in neurodegenerative disease[END_REF] (Figure 2.11).

Inhibition of endocytosis, either with low temperature or dynamin-1 inhibitors such as Dynasore, markedly reduced the ↵-syn fibrils uptake in primary neurons [START_REF] Lee | Assembly-dependent endocytosis and clearance of extracellular a-synuclein[END_REF], Apetri et al., 2016, Sacino et al., 2017]. In addition, internalized ↵-syn fibrils co-localize with markers of endocytic pathway (EEA1 and Rab5) and with markers of late endosomal and lysosomal compartments (Lamp-1). These features confirm that endocytosis is one of the primary mechanisms of ↵-syn internalization.

Interestingly, the uptake of ↵-syn fibrils by neurons bears similarities with the entry of virus into the host cells via binding to the heparin sulfate proteoglycan (HSPGs) on the plasma membrane.

It was shown that the addition of soluble heparin in the culture media competitively inhibits cell surface binding and uptake of ↵-syn fibrils into primary neurons [START_REF] Karpowicz | Selective imaging of internalized proteopathic ↵-synuclein seeds in primary neurons reveals mechanistic insight into transmission of synucleinopathies[END_REF], Sacino et al., 2017]. In addition to HSPGs, a variety of other cell surface proteins for ↵-syn fibrils internalization have been identified.

In particular, ↵-syn fibrils bind with high affinity to lymphocyte activation gene-3 (LAG-3), a member of the immunoglobulin superfamily of receptors and triggers endocytosis into neurons [START_REF] Mao | Pathological ↵-synuclein transmission initiated by binding lymphocyte-activation gene 3[END_REF]. The knockdown of LAG3 diminished the accumulation and transmission ↵-syn fibrils in primary neurons as well as in the mouse CNS. Blockade of LAG-3 using specific antibodies competitively blocked the interaction and reduced the uptake of ↵-syn fibrils in cultured neurons, and further prevented the aggregation of endogenous ↵-syn. However, the inhibition was incomplete, suggesting that multiple cell surface proteins may contribute to the entry of ↵-syn fibrils into neurons.

Indeed, the ↵3-subunit of Na + /K + -ATPase (↵3-NKA) was also detected as a potential cell surface interactor of ↵-syn fibrils based on proteomic study. ↵-syn fibrils form clusters on the plasma membrane and that ↵3-NKA are trapped in these clusters [START_REF] Shrivastava | ↵-synuclein assemblies sequester neuronal ↵3-na+/k+-atp ase and impair na+ gradient[END_REF].

Although the role of ↵3-NKA in ↵-syn endocytosis was not investigated, the interaction reduced its ability to pump out the Na + from neurons and leaded to the changes of neuronal excitability in vitro.

Intraneuronal transport

An emerging hypothesis posits that the spreading of ↵-syn pathology involves the axonal transport of ↵-syn aggregates between synaptic-connected brain regions. In vitro observation of axonal transport of ↵-syn fibrils in primary neuronal culture was achieved using compartmentalized microfluidic chamber [START_REF] Freundt | Neuron-to-neuron transmission of ↵-synuclein fibrils through axonal transport[END_REF], Brahic et al., 2016]. The microfluidic device physically separates the soma and axonal compartments in two fluidically isolated channels. With this approach, transport of exogenously added misfolded ↵-syn was evidenced in both the anterograde and retrograde direction.

Release

↵-syn protein lacks a classical secretory signal and is considered as an intracellular protein exclusively. However, measurable ↵-syn have been detected in the extracellular space such as human cerebrospinal fluid and blood plasma at low nanomolar concentrations in both pathological and physiological conditions [START_REF] El-Agnaf | ↵synuclein implicated in parkinson's disease is present in extracellular biological fluids, including human plasma[END_REF]. Furthermore, the blood level of ↵-syn is doubled in the familial PD patients with ↵-syn gene locus triplication [START_REF] Miller | ↵-synuclein in blood and brain from familial parkinson disease with snca locus triplication[END_REF]. In addition, the secretion of endogenous ↵-syn from rat embryonic cortical neurons was also demonstrated.

Both monomeric and aggregated forms of ↵-syn were found to be released to the extracellular space [START_REF] Lee | Intravesicular localization and exocytosis of ↵-synuclein and its aggregates[END_REF], Jang et al., 2010]. These studies support the view that ↵-syn is secreted into the extracelluar compartment.

In recent years, the aggregated ↵-syn has been shown to be released by non-classical exocytotic pathways [START_REF] Jang | Non-classical exocytosis of ↵-synuclein is sensitive to folding states and promoted under stress conditions[END_REF]. Aggregated ↵-syn can be directly integrated into secretory vesicles and subsequently released by exocytosis as a naked protein [START_REF] Lee | Intravesicular localization and exocytosis of ↵-synuclein and its aggregates[END_REF]. Alternatively, aggregated ↵-syn can be released through exosome-based secretion. Exosomes are membrane-bound extracellular vesicles formed as intraluminal vesicles of a multivesicular body (MVB) and released to the extracellular space by the fusion of the MVB with the plasma membrane. MVB cargo containing ↵-syn can be directed to degradation (by fusion with lysosomes)

or to secretion (by fusion with the plasma membrane) where they release their contents to the extracellular space, inside exosomes [START_REF] Emmanouilidou | Cell-produced ↵-synuclein is secreted in a calcium-dependent manner by exosomes and impacts neuronal survival[END_REF], Alvarez-Erviti et al., 2011].

Interestingly, aggregated ↵-syn's secretion is enhanced by oxidative stress, ↵-syn aggregation, lysosomal dysfunction, inhibition of the proteasome, and mitochondria dysfunction, indicating that ↵-syn secretion is actively regulated by the circumstances that promote ↵-syn aggregation [START_REF] Jang | Non-classical exocytosis of ↵-synuclein is sensitive to folding states and promoted under stress conditions[END_REF].

Finally, ↵-syn seeds may also use routes other than direct secretion in the extracellular space to spread from neuron-to-neuron. Tunneling nanotubes, F-actin containing membranous bridges connecting cells to each other, have been demonstrated to mediate the transmission of ↵-syn fibrils between neurons [START_REF] Abounit | Tunneling nanotubes spread fibrillar ↵-synuclein by intercellular trafficking of lysosomes[END_REF] (Figure 2.11).

To summarize, there are many evidence that ↵-syn pathological aggregates can be taken up from the extracellular space by neuron, then be transported on long distance by axonal transport, and finally serve as seeds or template for new aggregation by the recruitment of endogenous ↵-syn. The transmission process can be modulated by multiple factors, including the clearance of pathological proteins by glia cells, the neuronal activity, genetic risk factors and interaction of the seeds with other pathological proteins (Figure 2.11). Finally, neurons can excrete misfolded ↵-syn, allowing the vicious cycle to be repeated in a new set of neurons.

Conclusion of Chapter2

Parkinson disease (PD) is the second-most common neurodegenerative disease. Neuron loss in the substantia nigra, which cause striatal dopamine deficiency, and intracellular inclusions containing aggregates of ↵-synuclein are the neuropathological hallmarks of PD. Although clinical diagnosis relies on the presence of cardinal motor features, PD is associated with many non-motor symptoms that add to overall disability. The abnormal accumulation of ↵-syn and the mutations in the ↵-syn gene in familial forms PD have led to the belief that this protein has a central role in PD and other ↵-synucleinopathies.

Physiological ↵-syn is primarily localized to the presynaptic terminals of mature neurons, where it participates to synaptic functions. ↵-syn is involved in maintaining neurotransmitter homeostasis by regulating synaptic vesicle fusion, clustering, and trafficking between the reserve and ready-releasable pools, as well as interacting with neurotransmitter membrane transporters.

Considering the primary localization site of ↵-syn, synaptic pathology likely plays a central role in PD. In fact, numerous recent reports showing aggregation of ↵-syn at synapses and consequent alteration in synaptic structure and function confirm synaptic failure as a primary event in the pathogenesis of PD and ↵-syn related diseases.

An additional mechanism for the progression of PD pathology has been recently proposed.

The prion-like hypothesis for ↵-syn posits that once ↵-syn aggregates have formed in a neuron, they can be transported intra-axonally to other brain regions, be released into extracellular space, be taken up by the neighboring neurons, and seed aggregation of endogenous ↵-syn once inside their new cellular host. The aggregation of protein ↵-syn fibril yields different conformational polymorphs. These polymorphs exhibit distinct biochemical, physical, and structural features that are suggested to be responsible for the observed clinical heterogeneity.

The mechanisms leading to synaptic or neuronal dysfunctions mediated by ↵-syn aggregates start to be elucidated and it includes the impairment of the endo-lysosomal machinery (see in Chapter 1); however, it is not know for now whether the different ↵-syn fibrillar polymorphs display similar impact on this machinery. We addressed this question by measuring the endo-lysosomal transport in mouse cortical neuron primary culture, using a single fluorescent particle-tracking based assay described in Chapter 4. The results of these transport measurements are then described in Chapter 5.

In the next chapter we show that similar types of mechanisms than in PD, involving synaptic impairment and prion-like propagation of protein aggregates, are at play in Alzheimer's disease.

CHAPTER 3 Advances with biomarkers development promote the concept that AD should not only be viewed as discrete with defined clinical stages, but also as a multifaceted process moving along a seamless continuum. Basic research advances in recent years have improved our understanding of AD evolution. It is now recognized that AD pathology starts with a long cellular phase (pathophysiological changes) that is complex and evolves gradually over two decades prior to the clinical manifestation. The preclinical stage of AD has become a major research focus as understanding the long cellular phase is critical to generate disease-modifying therapies and initiate effective diagnosis and disease management options.

Epidemiology

AD is the most common neurodegenerative disease and is considered the leading cause of dementia. Dementia represents a major public health challenge due to the rapid increase in the aging population worldwide, especially in developing countries. The global prevalence of dementia was estimated to be 3.9% in people aged >60 years old. More than 25 million people in the world are currently affected by dementia, most suffering from AD, with around 5 million new cases occurring every year. The number of people with dementia is anticipated to double every 20 years [START_REF] Ferri | Global prevalence of dementia: a delphi consensus study[END_REF]. Several meta-analyses and nationwide surveys have yield roughly similar age-dependent prevalence of AD across regions [START_REF] Qiu | Epidemiology of alzheimer's disease: occurrence, determinants, and strategies toward intervention[END_REF]. The age-specific prevalence of AD almost doubles every 5-years after aged 65.

neuroimaging or other biomarkers such as A and tau in their cerebrospinal fluid. Second is the mild cognitive impairment (MCI), characterized by the onset of the earliest cognitive symptoms (deficits in episodic memory typically) that do not satisfy the criteria for dementia. The final phase is the evolution of dementia characterized by impairments in multiple brain domains, causing significant cognitive decline that interferes with daily activities [START_REF] Jack | Introduction to the recommendations from the national institute on aging-alzheimer's association workgroups on diagnostic guidelines for alzheimer's disease[END_REF]. Biomarkers 

Genetics

AD is classified into two types: early-onset AD (EOAD), which typically develops clinical symptoms before the ages 65 years, and late-onset AD (LOAD) in those over 65 years. EOAD is caused by rare and dominantly inherited mutations account only 5-10% of patients. LOAD has also a strong genetic components, and it is also called sporadic AD, with a heritability estimate of 60-80% [Van Cauwenberghe et al., 2016].

Although the prevalence of autosomal dominant AD is scarce, the discovery of pathogenic mutations in autosomal dominant AD pedigrees has brought a breakthrough in understanding the pathogenesis of AD. High-penetrate mutations in one of the following genes were identified to cause autosomal dominant: APP (amyloid precursor protein) [START_REF] Goate | Segregation of a missense mutation in the amyloid precursor protein gene with familial alzheimer's disease[END_REF], PSEN1 (Presenilin 1) [START_REF] Sherrington | Cloning of a gene bearing missense mutations in early-onset familial alzheimer's disease[END_REF], or PSEN2 (Presenilin 2) (catalytic subunits of -secretase) [START_REF] Sherrington | Alzheimer's disease associated with mutations in presenilin 2 is rare and variably penetrant[END_REF]. Together, mutation of these genes explains 5-10% of the occurrence of LOAD appears after the age of 65 and represents the most common type of AD, accounting for 90% of cases. LOAD is considered to be multifactorial that involves a strong genetic predisposition.

The genetic component itself is complex and heterogeneous because there is no single model that explains the mode of disease transmission in LOAD, and gene mutations or polymorphisms may interact with each other and with environmental risk factors. Apolipoprotein APOE was the first and major risk gene associated with LOAD. The APOE gene contains three major allelic variants ("2, "3, and "4) at a single locus . The APOE "4 allele increases risk in familial and late-onset AD, but it is not sufficient to cause disease. Large-scale genome-wide association studies (GWAS) have significantly advanced the knowledge regarding the genetic underpinnings of LOAD by identifying more than 50 risk loci [START_REF] Lambert | Metaanalysis of 74,046 individuals identifies 11 new susceptibility loci for alzheimer's disease[END_REF], Kunkle et al., 2019, Schelten et al., 2021]. The functions of these risk loci, ranging from the immune response, cholesterol level, lipid dysfunction, endocytosis to vascular factors, are suggested to be involved in AD pathogenesis [START_REF] Schelten | Alzheimer's disease[END_REF] (Figure 3.3 B).

In addition to the pathogenic genetic factor that induces or enhances the pathology, the concept of resistance to pathology and resilience against downstream consequences of pathology have been of particular interest in the AD field. Protective factors can be identified as genetic or environmental features that reduce the risk of developing clinical AD. In the Icelandic population, a rare protective variant in APP has been shown to reduce the risk of AD [START_REF] Jonsson | A mutation in app protects against alzheimer's disease and age-related cognitive decline[END_REF].

Similarly, the APOE "2 allele is thought to have a protective effect (Odd Ratio OR=0.6) and to delay the onset age [START_REF] Corder | Protective effect of apolipoprotein e type 2 allele for late onset alzheimer disease[END_REF]. Finally, a rare amino acid change resulting from a mutation in PLCG2 gene was associated with a nearly two times reduced risk of AD [START_REF] Sims | Rare coding variants in plcg2, abi3, and trem2 implicate microglial-mediated innate immunity in alzheimer's disease[END_REF] (Figure 3.3 C).

Wong , 1984]. The steady accrual of data from many preclinical and clinical studies has increasingly supported it. The amyloid hypothesis has become the dominant model of AD pathogenesis and is guiding the development of potential treatments [Hardy andAllsop, 1991, Hardy andHiggins, 1992], which we will discuss in the following.

The amyloid hypothesis

Clinicians have defined preclinical or prodromal AD stages to underscore the concept that AD starts insidiously many decades before full dementia becomes apparent (Figure 3.2). This "long" preclinical stage is pivotal to understanding the origin of the disease and may provide a promising therapeutic intervention to delay and ultimately prevent the onset of cognitive impairment and dementia.

The amyloid hypothesis has been considered the predominant framework in AD and postulates that amyloid-β peptide (Aβ) is a key initiator of a complex pathogenic cascade that causes AD.

This hypothesis proposes that amyloid-(A ) becomes harmful, owing to its overproduction or reduced clearance from the brain and contributes to the abnormal aggregation of A in the extracellular space. These extracellular A aggregates can progressively trigger long-lasting and complex cellular events, including the microglia cells induced inflammatory responses, tau proteins phosphorylation and aggregation, synaptic dysfunction, neuronal loss, and, ultimately, dementia (Figure 3.6).

The deposition of amyloid in the brain's parenchyma is associated with a robust inflammatory response mediated by microglia cells. It is thought that chronic-inflammatory milieu produced by "activated" microglia is neurotoxic and facilities neurodegeneration [START_REF] Heppner | Immune attack: the role of inflammation in alzheimer disease[END_REF]. Indeed, the majority of risk genes for AD are highly expressed by microglia in the brain. For instance, two major AD risk genes (APOE and TREM2) play an important role in the microglia response [START_REF] Parhizkar | Loss of trem2 function increases amyloid seeding but reduces plaque-associated apoe[END_REF], Sala Frigerio et al., 2019]. Furthermore, several other proteins related to the genetic risk of AD act presumably downstream of ApoE and TREM2 signal to modulate the endocytosis, motility, phagocytosis in microglia (Figure 3.3). et al., 2017]. Thus, discovering the toxic roles of these proteins in synaptic functions may provide disease-modifying strategies for improved AD treatment. We will discuss the physiology and the pathophysiology of A and tau proteins, especially in synaptic functions, in the following section.

Implications of Aβ and tau in AD synaptopathy

The degeneration of synapses and the death of neurons cause debilitating dementia in AD.

Recent studies suggest that synaptic changes are central to the disease process [Selkoe, 2002].

Indeed, quantification using electron microscopy or immunohistochemical staining for the synaptic markers has documented significant decreases in synaptic density in the association cortices and hippocampus of the AD brain. Moreover, the decrease in synapse number and density seems disproportionate to the loss of neuronal cell bodies [DeKosky and Scheff, 1990, Scheff and Price, 1993, Davies et al., 1987]. These evidence suggest that cognitive syndromes start with subtle alteration of synaptic efficacy prior to frank neuronal degeneration.

Amyloid (A ) and tau form fibrillar lesions are the classical hallmarks of AD. Recent data indicate that both proteins have physiological roles at the synapse and that the accumulation of misfolded proteins at the synapse is believed to induce synaptic dysfunction and to subsequently contribute to neurodegeneration, which will be discussed in the section.

Aβ-mediated synaptic dysfunction

Aβ production

A are a heterogeneous group of peptides of varying lengths (between 38 to 43 amino acids) with slightly different characteristics [Selkoe, 2002] that are cleavage products from the amyloid precursor protein (APP). The APP is a transmembrane protein expressed in various tissues, especially in the synapses of neurons, which plays a central role in AD pathogenesis.

APP is one of the family members of related proteins that include the amyloid precursor-like proteins (APLP1 and APLP2) in humans. It contains a single transmembrane domain, a large in length (A 40 ), whereas a small proportion (approximately 10%) is the 42 residue variant (A 42 ).

The Aβ 42 variant is more hydrophobic and more prone to fibril formation than Aβ 40 [Jarrett et al., 1993], and it is also the predominant isoform found on cerebral plaques [Younkin, 1998].

A significant contributing factor to the disease progression appears to be the progressive accumulation of the hydrophobic peptide Aβ 42 in extracellular space. The accumulation of the peptide is shown to affect various aspects of physiological neuronal functions. Recent studies have focused on their role in mediating synaptic dysfunction (synaptopathy) as synapse loss is an early and invariant feature of AD. Thus, understanding the physiological and pathological properties of A will advance our understanding of its role in mediating synaptopathy, which will be described in the following.

Physiological functions of Aβ in synapse

At physiological levels (in the picomolar range), A is present in both cerebrospinal fluid and plasma of healthy individuals throughout life [START_REF] Puzzo | Endogenous amyloid-is necessary for hippocampal synaptic plasticity and memorypuzzo2015keystone[END_REF]. Recent results indicate that A serves an essential role at the synapse and is necessary for synaptic plasticity, such as Long-term potentiation (LTP) and long-term depression (LTD), which is critical to learning and memory.

During periods of neuronal activity, APP is transported anterogradely to synapses, where

A is produced and released along with neurotransmitter into synaptic cleft [START_REF] Kamenetz | App processing and synaptic function[END_REF], Cirrito et al., 2005, Tampellini et al., 2009]. A then works on presynaptic neurons to increase the probability of further neurotransmitter release [START_REF] Puzzo | The keystone of alzheimer pathogenesis might be sought in a physiology[END_REF]. Depletion of endogenous A in rodents hugely reduces long-term potentiation (LTP) and short-and long-term memory; this can be rescued by the addition of human A [START_REF] Morley | A physiological role for amyloid-protein: enhancement of learning and memory[END_REF], Puzzo et al., 2011].

Additionally, rodents treated with picomolar concentrations of human A exhibit improved memory compared to a scrambled control peptide or vehicle [START_REF] Morley | A physiological role for amyloid-protein: enhancement of learning and memory[END_REF].

Picomolar concentrations of A enhance LTP and memory by directly activating ↵7-nicotinic acetylcholine receptors (nAChRs) at presynaptic terminal, which increases the internal concentration of Ca 2+ . The high concentration of Ca 2+ increases glutamate release and activate glutamatergic receptors (NMDARs and AMPARs) at post-synaptic membrane, resulting in synaptic

Pathological effects of Aβ on synaptic function

As mentioned above, the normal level of A plays an essential role in synaptic activity. However, accumulation of A in the synapse can lead to loss of dendritic spines, as well as alterations in synaptic transmission and neural activity, which have been illustrated in AD patients and transgenic mouse AD models [START_REF] Canter | The road to restoring neural circuits for the treatment of alzheimer's disease[END_REF]. Several mechanisms of A -induced synaptic dysfunction have been documented.

Multiple studies demonstrated that soluble A oligomers play a major role in mediating synaptotoxicity. A oligomers in pre-and post-synaptic compartments can disrupt synaptic morphology and inhibit long-term potentiation (LTP) that trigger cognitive dysfunction [START_REF] Sheng | Synapses and alzheimer's disease[END_REF]. Aberrant activation of neuronal signal transduction pathways can arise via A directly binding to presynaptic receptors or competing with essential ligands to bind their receptors [START_REF] Xia | The binding receptors of a : an alternative therapeutic target for alzheimer's disease[END_REF]. For instance, A oligomers cause glutamate excitotoxicity via blockade of glutamate reuptake in the synaptic cleft, activating glutamate receptors and ion channels like N-Methyl-D-aspartate (NMDA) receptors that trigger downstream cell signaling transduction cascades to pathologically alter gene expression profiles and facilitate the long-term depression (LTD) [START_REF] Li | Soluble oligomers of amyloid protein facilitate hippocampal long-term depression by disrupting neuronal glutamate uptake[END_REF].

Additionally, A oligomers target the postsynaptic compartment of excitatory synapses with high affinity altering the structure composition and function of postsynaptic synapse [START_REF] Koffie | Oligomeric amyloid associates with postsynaptic densities and correlates with excitatory synapse loss near senile plaques[END_REF]. For example, accumulation of extracellular A triggers the loss of synaptic spines via hyperactivation of metabotropic glutamate receptor type 5 (mGluR5) receptors, resulting in elevated endoplasmic reticulum Ca 2+ levels and downregulation of the Ca 2+ /calmodulin kinase II signaling pathway [Zhang et al., 2015a].

Together, these findings support the concept that A oligomers promote synaptic impairment and cognitive deficits during the early stages of AD, followed by neurodegeneration in the later stages [START_REF] Ferreira | The a oligomer hypothesis for synapse failure and memory loss in alzheimer's disease[END_REF].

As mentioned in the amyloid hypothesis (see section 3.5), A accumulation can subsequently induce the hyperphosphorylation of tau and further accumulation into neurofibrillary tangles (NFTs). Notably, both A and tau are implicated in mediating the synaptic loss, suggesting not

Pathological effects of tau on synaptic function

In AD, aberrant post-translational modifications of tau, in particular hyperphosphorylation, induce conformational changes and aggregation of tau. This results in the formation of neurofibrillary tangles [START_REF] Morris | The many faces of tau[END_REF].

As mentioned before, the phosphorylation at the microtubule-binding domain of tau is crucial in the regulation of microtubule stabilization. Under the pathological condition, A was shown to induce hyperphosphorylation of tau, leading to further tau pathology (Figure 3.6). The hyperphosphorylation of tau compromises its ability to bind and stabilize microtubules in neurons, which is accompanied by a decreased cytoskeletal stability and impaired axonal transport [START_REF] Kanaan | Pathogenic forms of tau inhibit kinesin-dependent axonal transport through a mechanism involving activation of axonal phosphotransferases[END_REF]. In addition, pathological tau has been demonstrated to disrupt synaptic functions.

For instance, the pathological tau can bind to synaptic vesicles and disrupts presynaptic functions [START_REF] Zhou | Tau association with synaptic vesicles causes presynaptic dysfunction[END_REF]. Moreover, the accumulation of pathological tau at presynaptic boutons leads to the enlargement of boutons and depletion of the synaptic vesicle pool, which eventually impair the synaptic transmission and plasticity [START_REF] Decker | Pro-aggregant tau impairs mossy fiber plasticity due to structural changes and ca++ dysregulation[END_REF].

Notably, the homeostatic balance of axonal and somatodendritic tau was demonstrated to be disrupted in the presence of oligomeric A , which induces the diffusion of pathological (hyperphosphorylated) tau to somadendritic compartments [START_REF] Zempel | Lost after translation: missorting of tau protein and consequences for alzheimer disease[END_REF], Frandemiche et al., 2014, Zempel et al., 2017] (Figure 3.13). Consistent with this finding, in AD patients, pathological tau was translocated to the postsynaptic compartments, shifting the balance between axonal and somatodendritic localization [START_REF] Tai | Frequent and symmetric deposition of misfolded tau oligomers within presynaptic and postsynaptic terminals in alzheimer's disease[END_REF]. Tau proteins invading neuronal dendrites destabilize microtubules [START_REF] Zempel | Amyloid-oligomers induce synaptic damage via tau-dependent microtubule severing by ttll6 and spastin[END_REF]. More importantly, the infiltration of tau into dendritic spines results in reduced synaptic clustering of both NMDA and AMPA receptors, compromised excitatory synaptic transmission, and memory deficits [START_REF] Hoover | Tau mislocalization to dendritic spines mediates synaptic dysfunction independently of neurodegeneration[END_REF], Yin et al., 2016]. In addition, progressively increasing levels of dendritic tau make neurons vulnerable to A [START_REF] Ittner | Amyloid-and tau-a toxic pas de deux in alzheimer's disease[END_REF].

Overall, missorted and hyperphosphorylated tau can convey toxicity by affecting the cytoskeletal network (microtubules and F-actin), resulting in transport deficits and loss of synaptic functions.

proteins in AD were also suggested to share several common properties with prions. The following section will discuss protein misfolding and transmission mechanisms of A and tau and the evidence of prion-like propagation of these protein aggregates.

AD as a proteinopathy

Since the discovery that prion diseases can be transmitted to experimental animals by inoculation with afflicted brain fractions, researchers have speculated that the brain of patients suffering from other neurodegenerative diseases might also harbor causative agents with transmissible properties [Prusiner, 1984]. In the case of AD, current evidence indicates that both A and tau in the pathological state share key properties with classic prions and is suggested to spread in a prion-like manner. We will discuss it in this section.

The prion-like properties of aggregated Aβ Evidence for prion-like propagation of Aβ

Prion proteins (PrP Sc ) from prion disease injected into the brain of transgenic mice yield pathology that is not restricted to the injection site. Instead, the prions (PrP Sc ) propagate and spread throughout most of the brain [START_REF] Rangel | Distinct patterns of spread of prion infection in brains of mice expressing anchorless or anchored forms of prion protein[END_REF]. In the case of AD, the neuroanatomical distribution of senile amyloid plaques at different disease stages suggests that the lesions propagate along axonally connected brain areas [START_REF] Braak | Amygdala pathology in parkinson's disease[END_REF].

The primary convincing evidence showing the transmission of misfolding A was reported in the experiments of administration of brain extracts from AD patients in marmosets (Callithrix jacchus) [START_REF] Baker | Evidence for the experimental transmission of cerebral beta-amyloidosis to primates[END_REF], Baker et al., 1994]. These experiments were critical in demonstrating that injection of A -containing aggregates could accelerate pathological features in non-human primate species that are non-genetically modified. Inoculation of either brain homogenates containing A aggregates or aggregates composed of synthetic A [START_REF] Stöhr | Purified and synthetic alzheimer's amyloid beta (a ) prions[END_REF] into susceptible transgenic mice accelerated A deposition, suggesting that A aggregates are capable of self-propagation and hence be prions. Moreover, the phenotype of the exogenously induced amyloidosis depends on both the host and source of the agent, suggesting the existence of prion strains.

Intracerebral injection of dilute

Evidence of Aβ strains

A monomers aggregate into various types of assemblies, including oligomers, protofibrils, and amyloid fibrils. Amyloid fibrils are larger and insoluble, and they can further assemble into amyloid plaques (Figure 3.14). Moreover, amyloid fibrils are rich in -sheet structures [START_REF] Eisenberg | The amyloid state of proteins in human diseases[END_REF]. In vitro studies demonstrated that pre-aggregated, -sheet-rich seeds of synthesis A fibrils efficiently induce monomeric A to acquire -sheet structure and assemble into amyloid [Harper and Lansbury Jr, 1997].

The model of A fibrillization favored by most scientists is a seeding-nucleation model shared with PD and other neurodegenerative diseases (see section 2.6.2). In the nucleation phase, the formation of a stable seed or nucleus of polymerized protein is the rate-limiting step.

Once the seeds are formed, they rapidly grow by incorporating monomeric A molecules. A typical feature of the seeding-nucleation model is the ability of preformed seeds to greatly accelerate the aggregation process by recruiting the normal soluble protein into the growing aggregates.

Although the primary scaffold of the misfolded aggregates is similar, the individual molecules can adopt various structures, which give rise to the possibility of conformational strains [START_REF] Soto | Protein misfolding, aggregation, and conformational strains in neurodegenerative diseases[END_REF].

In prion diseases, a critical factor governing prion infectivity and disease phenotype is the molecular conformation of pathogenic PrP Sc . Distinct strains of PrP Sc often yield characteristic

Evidence of cell-to-cell transmission of Aβ

The prion-like seeding of A was evidenced from several studies using the intracerebral injection of A -rich brain extracts from AD mice or patients. They showed that A protein assemblies can act as seeds to promote the aggregation of normal proteins that spread from the injection site to different region and up to the opposite side of the brain. Thus, the phenomena suggests that the spreading of the pathology through axonal transport between interconnected brain regions [START_REF] Hamaguchi | The presence of a seeds, and not age per se, is critical to the initiation of a deposition in the brain[END_REF].

A recent study reported that A -rich exosomes isolated from AD patients could act as vesicles for cell-to-cell transfer of toxic species in recipient culture neurons [START_REF] Sinha | Proteomic profiling of secreted proteins, exosomes, and microvesicles in cell culture conditioned media[END_REF]. In culture experiments, A was demonstrated to spread by transfer from neuron to neurons [START_REF] Nath | Spreading of neurodegenerative pathology via neuron-to-neuron transmission of -amyloid[END_REF], Domert et al., 2014, Song et al., 2014], suggesting the active cellular transport of A .

Transplantation of wild-type (WT) neurons into brains of AD transgenic mice revealed that A from transgenic host tissue could enter and deposit within WT grafts, showing a possible passive extracellular diffusion of A from the outside to the inside of the grafts [START_REF] Espuny-Camacho | Hallmarks of alzheimer's disease in stem-cell-derived human neurons transplanted into mouse brain[END_REF].

Over the past few years, many different groups have described glial cells as an alternative source of A [START_REF] Joshi | Microglia convert aggregated amyloidinto neurotoxic forms through the shedding of microvesicles[END_REF] with their involvement in the formation of amyloid plaque deposition [START_REF] Venegas | Microgliaderived asc specks cross-seed amyloid-in alzheimer's disease[END_REF]. However, there are to date no studies that implicate a direct involvement of glial cells in A trafficking across the different area of the brain.

As A proteins are detected the cerebrospinal fluid (CSF) [START_REF] Mehta | Plasma and cerebrospinal fluid levels of amyloid proteins 1-40 and 1-42 in alzheimer disease[END_REF], another possible route of A diffusion from the body fluids into the brain via the vascular system. Indeed, intraperitoneal or intravenous administration of A -rich extracts in pre-depositing APP23 mice promoted cerebral amyloid angiopathy [START_REF] Burwinkel | Intravenous injection of beta-amyloid seeds promotes cerebral amyloid angiopathy (caa)[END_REF]. Furthermore, it has been shown that the vascular components of the circulating immune cells are involved in the spread of A seeds [START_REF] Eisele | Multiple factors contribute to the peripheral induction of cerebral -amyloidosis[END_REF]].

Here we discussed the evidence showing the commonalities between A seeds and PrPprions, including the prion-like propagation via its active seeding capacity, the enrichment in -sheets structures, the manifestation of structurally and functionally variants stains, and finally cell-to-cell transmission. These results strongly support the prion-like behavior of misfolded A .

The seeded propagation of misfolded A is an early and obligatory occurrence in the cascade of events leading to dementia of AD. However, tau pathology is also a critical downstream consequence that strongly impairs brain function. Moreover, tau pathology is also suggested to display prion-like properties during the disease progression. We will discuss the recent evidence supporting this concept below.

The prion-like properties of tau Evidence for prion-like propagation

At the ultrastructural level, neurofibrillary tangles (NFTs) in AD consist predominately of characteristic paired helical filaments [Crowther, 1991] that result from the polymerization of hyperphosphorylated tau proteins. In AD, the development of NFTs evolves in the brain with a predictable and hierarchical distribution pattern. The stereotypical pattern of NFTs suggests that their primary constituents, the misfolded tau, can distribute from one cell to another, thereby propagating the pathology from affected to interconnected healthy areas in the brain. Tau was suggested to implicate similar mechanisms as in prion diseases [START_REF] Jucker | Self-propagation of pathogenic protein aggregates in neurodegenerative diseases[END_REF] and other neurodegenerative diseases, such as PD (see section 2.6).

Considerable evidence now supports the prion-like model of tau, including the capacity of an abnormal protein of converting normal proteins into pathological form and pathology propagation.

Similar to in vivo A seeding, the inoculation of brain extracts from mice or a human with tauopathy into the brain of wide-type animals induced tau pathology in recipient animals [START_REF] Clavaguera | Transmission and spreading of tauopathy in transgenic mouse brain[END_REF], Clavaguera et al., 2015]. The ensuing tauopathy spreads systematically from the site of injection to axonally connected regions of the brain [START_REF] Clavaguera | Transmission and spreading of tauopathy in transgenic mouse brain[END_REF]. Similar results were obtained when synthetic tau aggregates were injected into young mice, resulting in the formation of NFT-like inclusions that propagated from the injected sites to connected brain regions in a time-dependent manner [START_REF] Iba | Synthetic tau fibrils mediate transmission of neurofibrillary tangles in a transgenic mouse model of alzheimer's-like tauopathy[END_REF]. Like A -proteinopathy and prion disease, tauopathy can be induced in the brain by tau seeds that have been infused into peritoneal cavity [Clavaguera Both physiological and pathological tau can be secreted into the interstitial fluid. This process is increased by synaptic activity, supporting the view that tau secreted in the extracellular space mediate cell-to-cell transmission of pathology [START_REF] Marklund | Monitoring of brain interstitial total tau and beta amyloid proteins by microdialysis in patients with traumatic brain injury[END_REF], Yamada et al., 2011].

Several in vitro studies revealed that tau aggregates secretion can occur via (Figure 3.19):

• release from synaptic vesicles [START_REF] Pooler | Physiological release of endogenous tau is stimulated by neuronal activity[END_REF] • exosomal release [START_REF] Saman | Exosome-associated tau is secreted in tauopathy models and is selectively phosphorylated in cerebrospinal fluid in early alzheimer disease[END_REF] • direct translocation [START_REF] Katsinelos | Unconventional secretion mediates the trans-cellular spreading of tau[END_REF] • tunneling nanotube (TNT)-mediated cell-to-cell transfer [START_REF] Tardivel | Tunneling nanotube (tnt)-mediated neuron-to neuron transfer of pathological tau protein assemblies[END_REF] Tau can be taken up from the extracellular space via several mechanisms (Figure 3.19):

• bulk endocytosis [Wu et al., 2013a] • macropinocytosis by heparan sulfate proteoglycans (HSGs) on the cell surface [START_REF] Holmes | Heparan sulfate proteoglycans mediate internalization and propagation of specific proteopathic seeds[END_REF] • clathrin-mediated endocytosis [START_REF] Evans | Extracellular monomeric and aggregated tau efficiently enter human neurons through overlapping but distinct pathways[END_REF] Internalized tau fibrils are transported to the endo-lysosomal pathway, some of which are degraded in lysosomes [START_REF] Gibbons | Gfp-mutant human tau transgenic mice develop tauopathy following cns injections of alzheimer's brain-derived pathological tau or synthetic mutant human tau fibrils[END_REF]. tau fibrils are released through the ruptured lysosomes into the cytosol, where fibrils presumably act as templates for fibrillization of monomeric tau [START_REF] Flavin | Endocytic vesicle rupture is a conserved mechanism of cellular invasion by amyloid proteins[END_REF]. Upon exosomal uptake, the exogenous exosomes could be incorporated into endogenous endosomes and subsequently undergo axonal transport, transferred to interconnected neurons [START_REF] Polanco | Exosomes taken up by neurons hijack the endosomal pathway to spread to interconnected neurons[END_REF] (Figure 3.19).

Glial cells such as microglia and astrocytes have phagocytic clearance functions in the central nervous system, presumably playing a protective role against spread of tau pathology [START_REF] Bolós | Direct evidence of internalization of tau by microglia in vitro and in vivo[END_REF]. In contrast, a recent study demonstrated that microglia isolated from AD cases and mouse models of tauopathy contain tau seeds that can be released into the medium [START_REF] Hopp | The role of microglia in processing and spreading of bioactive tau seeds in alzheimer's disease[END_REF], proposing that microglia might facilitate the spread of tau pathology by exosomal release of pathological tau.

disease that causes mainly cognitive impairment and dementia. The pathophysiological process of AD (preclinical or cellular phase) is thought to begin many years (>15 years) before the onset of clinical symptoms. Understanding the long cellular phase might provide effective therapeutic options for AD patients.

Here we revealed that the synaptopathy induced by pathogenic proteins (A and tau) is considered as the key event during the "long" preclinical (cellular) phase. Moreover, the pathogenic proteins A and tau display prion-like properties that serve as templates to convey the misfolded structure to the normal proteins and spread through the interconnected areas of the brain. The prion-like spreading of pathogenic proteins plays a major role in the disease progression. Notably, A and tau neuropathology often coexist in the brain of AD patients and amplify each other's toxic effects, making the development of an effective therapy challenging.

Large pieces of evidence have recently highlighted the critical role that different strains of A and tau might play in modulating the clinical heterogeneity of the AD, turning away the possibility to develop therapies against different AD subtypes. For this purpose, a better understanding of the exact toxic species and conformational heterogeneity of A and tau, as well as the mechanisms underlying their prion-like spreading, is necessary to design better intervention methods.

Although many molecular and cellular mechanisms involved in the formation, aggregation, deposition, and propagation of A and tau were uncovered in the last years, many questions remain unclear. For instance, what molecular entities (oligomers or fibrils) are most responsible for neuronal toxicity? Previous studies mainly highlighted the toxicity induced by oligomeric A (A O) in neuronal functions. However, according to the studies mentioned above, the structural variants of A fibrils (A F) may contribute to different disease phenotypes, suggesting that not only oligomeric A play an essential role in neuronal dysfunction but also the fibrillar A in pathology progression.

The mechanisms contributing to synaptic or neuronal dysfunction mediated by A aggregates begin to be elucidated and involve impairment of endo-lysosomal machinery (see Chapter 1).

However, whether different A species display a similar impact on it remains unclear. To address these questions, we thoroughly quantified the impact of oligomeric and fibrillar A on endosomal and lysosomal transports in primary cultures of mouse neurons and tracked their intraneuronal transport in the meantime. Our method can measure endo-lysosomal transport and investigate its parameters finely, which is further described in Chapter 4. The results we obtained will be described in Chapter 5.

CHAPTER 4 As discussed in Chapter 1, mounting evidence suggest that abnormalities in both endosomes and lysosomes, or disruptions in their trafficking leading to defective cargoes delivery are associated to neurodegenerative diseases [Neefjes and van der Kant, 2014]. Alterations in microtubule-based endo-lysosomal transport could even be an early pathological feature [START_REF] Schreij | Endocytic membrane trafficking and neurodegenerative disease[END_REF].

Abnormal ↵-syn and A protein assemblies presented in Chapters 2 and 3 are known to play a role in these process disruption. Moreover, the endo-lysosomal trafficking may also be involved in their spreading.

To investigate the transport defects induced by these abnormal protein assemblies and their spreading, accurate methods targeting endo-lysosomal trafficking are needed. Most studies quantifying intraneuronal transport rely on vesicles labeling in particular by using a chimeric fluorescent protein. The limitations of these tools are low transfection yield, uncontrolled protein overproduction, photobleaching of the fluorescent protein, and substantial cytotoxicity.

In this chapter, we introduce the quantitative assay we used to measure the transport of various compartments in a high throughput manner, in mature mouse cortical neuron cultures.

It relies on a common processing of video-microscopy recordings in one or two color channels.

To label endosomal compartment we used far-red emitting fluorescent nanodiamonds, while lysosomes were labelled with LysoTracker red dye and a green dye was grafted on the abnormal protein assemblies. All the measurements were done on a home-made TIRF video-microscope.

We first present the state-of-the-art in the methods used to measure intraneuronal (mostly axonal) transport and then detail our specific methodology.

State-of-the-art in intraneuronal transport imaging in cultured cells and small organisms

Microscopy techniques to monitor intraneuronal transport Differential Interference Contrast and Dark-field microscopies

The first methods used to monitor axonal transport in cultured cells relied on time-lapse Differential Interference Contrast microscopy (DIC, Appendix A.2) [ Allen et al., 1981]. DIC is able to detect vesicle in axon, but it has a low contrast that limits its range of application.

Dark field microscopy (DFM, Appendix A.3) provides higher contrast than DIC and it can be combined with light scattering nanolabels (e.g. gold nanorods) to achieve high signal-tobackground ratio that makes their automatic detection feasible. Moreover, such labels do not bleach, and can be used to probe rotational motion [Kaplan et al., 2018a]. Indeed, in the case of gold nanorods, their large scattering is due to surface plasmon resonances accompanied with electron motion along the long axis of the rod, which energy is further converted back to radiation with dipolar characteristics, and in particular a polarized emission. Bianxiao Cui's team at Stanford University (USA) harnessed the combination of DFM and gold nanorods to explore the coupling of translational and rotational degrees of freedom during nanorods-containing endosome motion along axonal microtubule of neurons cultures in microfluidic chambers [Kaplan et al., 2018a]. Since scattered light intensity scales up with excitation light intensity without saturation (like in the case of fluorescence), one can get count rates large enough to achieve frame rates exceeding 100 frames/s, allowing to access to fast rotational dynamics. Efficient scattering by gold nanorods scatters requires visible light illumination, which limits the scope of this powerful method to transparent, low-scattering sample, typically cultured cells.

Fluorescence microscopy

Various fluorescence microscopies (Appendix B.1) overcome DIC and DFM limitations, allowing to visualize intraneuronal transport at frame rate that ensures sufficient sampling. Analysis of axonal transport has been achieved using wide-field fluorescence microscopy (Appendix B.2), that allowed for example to reconcile fast and slow axonal transport as two aspects of a common mechanism [Brown, 2000]. Larger signal-to-background ratio can be obtained with laser scanning confocal microscopy (Appendix B.3) that removes out-of-focus light from planes above and below the focusing one. LSCM was used to track rhodamine-labelled NGF in superior cervical ganglion neurons put in culture [START_REF] Sandow | Signalling organelle for retrograde axonal transport of internalized neurotrophins from the nerve terminal[END_REF].

Spinning disk microscopy, on the other hand, offers increased acquisition speed while reducing phototoxicity and photobleaching encountered when using confocal microscopy, making this technique very useful to image dynamic movement of small vesicles in live cells. In addition, this method has been used for imaging axonal transport of secretory vesicles and mitochondria in microfluidic chambers model of neuronal network maturation [START_REF] Moutaux | Neuronal network maturation differently affects secretory vesicles and mitochondria transport in axons[END_REF].

Thanks to their optical sectioning ability, confocal and spinning disk microscopies have been used to measure axonal transport in vivo in various small, sufficiently transparent animal [START_REF] Sleigh | Methodological advances in imaging intravital axonal transport[END_REF]. This includes the measurement of the transport of (i) monomeric kinesin motor UNC-104 fused to GFP in C.elegans neurons [START_REF] Zhou | Direct visualization of the movement of the monomeric axonal transport motor unc-104 along neuronal processes in livingcaenorhabditis elegans[END_REF] (the first in vivo axonal transport reported), (ii) endosome and mitochondria in the adult Drosophila wing [START_REF] Vagnoni | A simple method for imaging axonal transport in aging neurons using the adult drosophila wing[END_REF], and (iii) mitochondria in sensory motor axon of zebrafish larvae [START_REF] Mandal | Analyzing Neuronal Mitochondria in vivo Using Fluorescent Reporters in Zebrafish[END_REF], Wehnekamp et al., 2019]. Despite these advances, in vivo studies remain limited to tracking mitochonrdria in specific neurons (mostly sensory and motor ones) or endosomes in the mouse sciatic nerve in a very specific experimental configuration [START_REF] Gibbs | In vivo imaging of axonal transport in murine motor and sensory neurons[END_REF]. Apart from these specific cases, in vivo transport measurement remained limited to transparent organisms because of the absorption of the excitation laser and the associated drawbacks. The first one is the obvious insufficient penetration depth of the laser and the second is the phototoxicity that we discuss now in the context of fluorescence microscopy. We then discuss how multiphoton microscopy allows to partly circumvent the second limitation.

Phototoxicity and methods to limit it

Even though the point-scanning techniques mentioned above avoid collecting out-of-focus fluorescence signals, the specimen is still exposed to the risk of photodamage, which is not suitable for long-term observation. Several microscopy techniques have now been developed

to minimize phototoxicity and bleaching, such as two-photon microscopy (discussed below), light-sheet microscopy, and total internal reflection fluorescence microscopy (TIRFM, see principles in Appendix B.2.2).

In our study, we employed the TIRFM to track intraneuronal transport inside mouse cortical neurons since they can restrict the excitation to the thin region adjacent to the coverslip (Figure B.3). The phototoxicity and photobleaching is largely decreased in this case as we could infer from the stability of the neuron morphology. These feature renders TIRFM one of the most practical methodologies for long-term observations and becomes a fundamental tool to investigate a broad spectrum of phenomena in cell and molecular biology.

Multiphoton microscopies

For thick (& 100 µm) and non transparent samples, excitation with infrared light of wavelength lying in the second transparency window of tissues (1000-1350 nm) is more appropriate. Such laser excitation wavelength can induce multiphoton absorption (mainly 2-photons) of common dyes, or a non-linear response of crystalline nanostructures. A few experiments report the use of 2-photon microscopy [START_REF] Zipfel | Nonlinear magic: multiphoton microscopy in the biosciences[END_REF] to measure axonal transport in vivo. The initial focus was on measuring the mitochondria transport in axon of motoneurons in explants of living animal brought under the 2-photon microscope objective [START_REF] Misgeld | Imaging axonal transport of mitochondria in vivo[END_REF]. It was extended recently to the recording of dense core secretory vesicles motion in the cortex of live mouse equipped with a chronically implanted cranial window [START_REF] Knabbe | Secretory vesicle trafficking in awake and anaesthetized mice: differential speeds in axons versus synapses[END_REF], bringing the method to a next level of complexity. In these last experiments, the acquisition frame rate was however limited to 1 frame/s, which prevent the observation of most of the pauses which were measured by our team to last between 0.3 and 0.5 s in 2D cultured mouse neurons [START_REF] Haziza | Fluorescent nanodiamond tracking reveals intraneuronal transport abnormalities induced by brain-disease-related genetic risk factors[END_REF], and therefore strongly bias the pausing time measurement. This limitation is probably due to an insufficient emission intensity of the vesicle fluorescent protein label at non-phototoxic laser excitation power.

Fluorescent labels

Most single-and multiphoton microscopies labels use organic dye (Appendix B.1.2). Despite their low photostability they can be instrumental to label the compartment or compound of choice with high specificity. In our experiments, we used such an approach to label the lysosomes (using LysoTracker red dye) or ↵-syn and fibrillar polymorphs and A oligomers and fibrils (see Chapter 5).

However, over the past 20 years, fluorescent labels alternative to the organic or fluorescent proteins with higher photostability, have emerged, and among them fluorescent nanoparticles have drawn considerable attention. They are considered as alternatives imaging tool to study complex cellular processes, including the tracking of drugs, proteins, nucleic acids, and small molecules. Ideal fluorescent nanoparticles should exhibit nearly most of the following features:

• size smaller than the diffraction limit

• high fluorescence quantum yield

• absence of photobleaching

• well-defined surface chemistry

• biocompatibility and lack of cytotoxicity

In the following we describe two examples of such nanotracer that can be used, after endocytosis, to measure the intraneuronal transport. These nanotracer are semiconductor nanocrystals and fluorescent nanodiamonds, the later being the one we used in our studies.

Fluorescent nanoparticles to measure intraneuronal endosomal transport

The advantages of using fluorescent nanoparticle to measure the intraneuronal transport are that:

• we rely on a natural process (endocytosis),

• the labeling has low invasiveness,

• if the tracer does not bleach, the measurement duration is only limited by biological processes.

However, fluorescent nanoparticle tracing presents also some limitations:

• a very low specificity (various endosomal compartments are simultaneously labelled at different evolution stages), compared to chimeric constructs with a fluorescent protein linked to the target,

• it is difficult to trace events deep in dense tissue due to difficulties of penetration of the nanoparticles in such environment. , excellent resistance to photobleaching. In addition, QDs can be functionalized with ligand or encapsulated within amphiphilic polymers to confer specificity and selective recognition in tissues [START_REF] Pinaud | Probing cellular events, one quantum dot at a time[END_REF]. Hence, QDs are attractive to tackle the biological questions both in vivo and in vitro.

However, QD have some drawbacks that limit their biomedical applications. One of them is the toxicity of cadmium (Cd) that forms the core of the most QDs an may reduce long-term in vivo imaging. The other drawback is QD photoblinking [START_REF] Pinaud | Probing cellular events, one quantum dot at a time[END_REF], in which dark periods of no emission interrupt longer periods of fluorescence, restricting the accuracy of single-particle tracking (Figure 4.1 c).

Despite these limitations, QDs have been successfully and repeatedly used to probe intraneuronal transport in Bianxiao Cui's group in Stanford University (USA). She used a receptor mediated approach to internalize QDs inside neurons, grafting NGF to the QD (QD-NGF). Her group specifically addressed the retrograde (dynein-mediated) axonal transport by using rat dorsal root ganglion (DRG) neurons cultured inside a microfluidic chamber that separates the chemical environment of the distal axons from that of the cell bodies [START_REF] Cui | One at a time, live tracking of NGF axonal transport using quantum dots[END_REF]. Fluorescent QD-NGFs are applied only to the distal axons where they bind to NGF membrane receptors and are subsequently endocytosed and retrogradely transported toward the cell body. This method was further applied to investigate multiple motor mechanics involved endosomal transport in axons of DRG neurons [START_REF] Chowdary | Retrograde NGF axonal transport-motor coordination in the unidirectional motility regime[END_REF], but was not applied yet to investigate transport dysfunctions in disease model situations.

Fluorescent nanodiamonds (fNDs)

In recent years, fND emerged as a promizing nanotracer for bioimaging and biomedical applications [START_REF] Chang | Fluorescent Nanodiamonds[END_REF]. Nanodiamonds are diamond nanocrystals obtained from milling microcrystals down to a few 10s on nanometers, synthesized under high-pressure and hightemperature conditions. Such synthesis is naturally accompanied by the incorporation of nitrogen

Recording intraneuronal endosomal transport using fNDs -fNDs have been established

as spontaneously internalized in a variety of cell types, initially in cultured cancer cell lines by clathrin-mediated endocytosis [START_REF] Faklaris | Photoluminescent diamond nanoparticles for cell labeling: study of the uptake mechanism in mammalian cells[END_REF], and later in primary culture of mouse neurons [START_REF] Haziza | Fluorescent nanodiamond tracking reveals intraneuronal transport abnormalities induced by brain-disease-related genetic risk factors[END_REF], probably by a similar process.

Our team established a stable method to internalize fNDs in mouse cultured neurons by endocytosis. This pathway was confirmed by colocalization of fND with endosomes at their various development stages, from early to late endosomes [START_REF] Haziza | Fluorescent nanodiamond tracking reveals intraneuronal transport abnormalities induced by brain-disease-related genetic risk factors[END_REF]. Hence the method enables to record fluorescence microscopies videos a bulk endosomal transport inside neurons via fND tracers.

In the next section we discuss how we extract quantitative parameters from the videos. This process was significantly improved during my PhD to allow the automatised and high-throughput extraction necessary to investigate a large variety of experimental conditions.

Intraneuronal transport parameters extraction

In the vast majority of studies investigating axonal transport, quantitative analysis are conducted on kymographs, which are 2D-images reconstituted directly from the videos, displaying the frame-to-frame displacement of all moving spots versus time.

Our way of analysis departs from the kymograph and is made of two parts: the first part one consists in localising in each frame the x i (t),y i (t) coordinates of all spots i with the "high" accuracy of super-resolution microscopies, and then use an algorithm linking the closest coordinates to form individual trajectories; the second part consists in parsing the trajectories in states of "go"

and "stop" phases using an heuristic filter, and finally quantify several parameters associated to these phases.

In the following we briefly present examples of kymographs and then detail our own methods that we used in our intraneuronal transport quantification of endosome, lysosome and toxic protein aggregates (↵-synF, ↵-synR, A O and A F).

Conventional approaches: kymograph

We focus here more specifically on the use of kymograph in investigating toxic protein aggregates intraneuronal transport. Adapted from [START_REF] Gribaudo | Propagation of ↵-synuclein strains within human reconstructed neuronal network[END_REF] This approach was applied to evaluate the overall impact of A O on axonal transport, where the decrease of moving dense core vesicles was quantified from the kymograph (Figure 4.3 a), demonstrating that A O disrupt axonal transport through an NMDA receptor-dependent mechanism mediated by glycogen synthase kinase 3 [START_REF] Decker | Amyloid-beta peptide oligomers disrupt axonal transport through an NMDA receptor-dependent mechanism that is mediated by glycogen synthase kinase 3beta in primary cultured hippocampal neurons[END_REF].

In another study, the kymograph was employed to quantify the axonal transport of dye-labelled ↵-synF and R in neurons cultured in compartmentalized microfluidic chamber [START_REF] Gribaudo | Propagation of ↵-synuclein strains within human reconstructed neuronal network[END_REF] (Figure 4.3 b1). The slope of straight lines in the x(t) kymograph correspond to velocity along the line of a uniform motion, which distribution can be compared for different conditions (Figure 4.3 b2).

The kymograph quantification can be automatized [START_REF] Mangeol | KymographClear and KymographDirect: two tools for the automated quantitative analysis of molecular and cellular dynamics using kymographs[END_REF], but it hardly detects short stops and therefore can miss relevant molecular interactions, which is why we opted for a strategy based on labelled-cargoes trajectory extraction.

Intraneuronal transport measurement assay based on single particle trajectory extraction from videomicroscopy

Trajectory extraction

Several commercial softwares are available for particle tracking in image sequences, such as Imaris (Oxford Inst., UK). The image analysis methods on which they are based can generally be divided into two steps: (i) detection of the centroids of particles (spatial aspects) and estimation of their coordinates (super-localisation) in every frame of the image sequence, and (ii) particle linking (temporal aspect), in which located particles are connected frame to frame to reconstruct trajectories.

In order to better keep the control of the analysis process, we developed our own tracking pipeline analysis, relying on open-source solutions. There has been two generations of our pipeline.

In the first generation of analysis [START_REF] Haziza | Fluorescent nanodiamond tracking reveals intraneuronal transport abnormalities induced by brain-disease-related genetic risk factors[END_REF] this first generation of trajectory extraction was considered as very reliable, but it requires too many manual and tidy adjustments to be deployed on the large dataset that we produced during this thesis (Chapter 5). We therefore decided to rationalize the pipeline and automatize the trajectory extraction from the video files to achieve the necessary high-throughput . Furthermore, in the first generation, the second part of the data analysis, which is intended to quantify the intraneuronal transport parameters from the extracted trajectories, had been programmed in Igor Pro (Wavemetrics Inc., USA; https://www.wavemetrics.com/) by Simon HAZIZA, adding a third software manipulation to the whole process. During the course of my thesis, the team decided to rationalize the whole data processing pipeline, by migrating to a single programming language.

To this aim, in our team François MARQUIER wrote a new program in python. This second generation of data processing does not only extract trajectories from the videos automatically but also extract the transport parameters. The first part of the new program relies on Trackpy package (http://soft-matter.github.io/trackpy/v0.5.0/). It implements the Crocker and Grier algorithm [START_REF] Crocker | Methods of digital video microscopy for colloidal studies[END_REF] based on determining the most probable frame-to-frame spot association with a maximum displacement bound, without which the number of possibilities would be computationally too demanding. We use two functions of Trackpy successively: (i) locate to identify isolated fluorescence spots in each frame and determine their centroid positions and sizes (equivalent to the standard deviations of Gaussians fitting the spots), and (ii) link which connects the spots between frames to form trajectories. We detail both steps below.

Spot detection with locate function (and batch for all images in a sequence) -The primary step of videos processing is to identify the local intensity maxima present in the image that could possibly be particle candidates. To limit their number, before using locate, we apply a top-hat filter low background noise facilitate their detection with a low minmass value. However, in the case of the protein assemblies detection, they tend to decorate the neuron membrane contributing to a higher background. So, to avoid the detection of motions of protein assemblies located at the membrane and favor the one of intracellular aggregates, in some occasion we had to increase the minmass value.

Trajectory generation with the link function -Once the particles in a sequence of images are located, the following step is to link the spot frame-to-frame based on the Crocker and Grier algorithm, to identify trajectories. Two parameters: search range, adaptive search range, and memory are provided to link for this task. The search range corresponds to the radius of the disk in which link searches the position of the tracked particle in the following frame. The search range value has to be large enough to allow the detection of fast moving particles but it should not be too large in order to avoid too many linking options, which would considerably increases the calculation time. It is possible to define a maximum bound for the search range parameters then to that the adaptive search range reduce the field of possibles if necessary. So the link adjusts these particles search area by multiplying the search range. The strategy we opted in for optimizing search range value is to increase it until it significantly slow down the linking process.

A way to facilitate the linking is to take advantage of the adaptive search range option in which we provide to the link function the maximum possible search range value and parameters to let it be transiently reduced in order to avoid too many solutions. The adaptive search range function induce the two parameters: adaptive stop and the adaptive step. In our study, we chose to take advantage of this functionality by choosing a larger search range value (10 pixels), then reduce the search radius by applying coefficient of 0.9 (adaptive step) and minimal bound of 5 pixels (adaptive stop).

The memory parameter corresponds to the number of frames during which the particle can vanish (e.g. becoming out-of-focus or not illuminated consecutively to a motion perpendicular to the imaging plane). It is indeed common to see the followed emitters disappear and then reappear.

We set memory=5 images (corresponding to a compromise between avoiding trajectory to be cut

• trajectory length (µm): diagonal size of the rectangle in which the trajectory is inscribed

Lysosomes size estimation

To get an estimate of the lysosome size from the diffraction limited fluorescence images, we considered the LysoTracker spots as the result of the convolution of the microscope point spread function (assimilated to a gaussian of standard deviation, SD, PSF ) and the lysosome assimilated to a symmetrical gaussian of SD L . This result of this convolution is also a gaussian of SD T , related to L and PSF by T

2 = PSF 2 + L 2 .
T is the so-called "size" output of the Trackpy locate function. The knowledgeable of T and PSF allows the derivation of L . We then defined the lysosome "diamete" d L as the full width at half maximum of its gaussian approximation, inferred by d L =2 p 2ln2 L . For the PSF size PSF we took the measured value of the smallest FND spot observed in several trajectories with our microscope. This value was PSF =112 nm, consistent with the theoretical Airy radius ⇢A=286 nm (diffraction limit at 700 nm maximum emission wavelength for the 1.49 numerical aperture objective used), and the empirical relation PSF = ρ A 3 , giving here an experimental PSF SD of 286/3=95 nm.

Overall, the second generation of the analysis program, based solely on python codes, allows us to automatically analyze a large number of movies in a much shorter amount of time than the first one. Typically, one day (⇡ 12 hours duration) of experimental acquisition (corresponding to ⇡ 500 GB of video data) takes about 1 day of processing.

Conclusion of Chapter 4

In this chapter, we first presented some of the imaging tools reported to study the endolysosomal intraneuronal transport . Apart from the use of fluorescent dyes (like lysotracker), and fluorescent proteins (that requires overexpression, possibly perturbing cell homeostasis), the tracking of optically active nanoparticles spontaneously internalized by endocytosis has recently emerged as a less invasive approach, possibly more adapted to long-term (few days) studies.

In this area, sized 35-nm fNDs show many advantages, starting from their spontaneous internalization in neuronal branches, a bright and photostable emission in the far-red spectrum and an absence of cytotoxicity.

We briefly introduced the conventional kymograph approach to quantify directed transport from videomicrosopy data and then detailed our method consisting in automatically extracting the coordinates of single fluorescent entities trajectories from fluorescence microscopy videos.

Two generations of analysis pipelines were developed, the first one requiring the use of multiple softwares with numerous manual interventions making the whole process time-consuming and non convenient, and the more recent method, that relies on python functions based on the trackpy library.

This second generation of analysis has a throughput large enough to be deployed on large videomicroscopy datasets. Hence this is the one we deployed to investigate the impact of ↵-syn and A protein assemblies on the endo-lysosomal transport as described in the next Chapter 5, and also to study their own transport when labelled with sufficiently photostable fluorophores.

In Chapter 1, we described the importance of the endosomal pathway in maintaining neuronal homeostasis. Disruption of endo-lysosomal trafficking is expected to impair neuronal functions. Indeed, defect in endo-lysosomal trafficking has emerged as a common trait, at the cellular level, of neurodegenerative diseases, such as AD and PD. As these diseases are characterized by the accumulation of pathogenic proteins ↵-syn (Chapters 2) and A (Chapters 3), we wondered what is the link between these aggregates and intraneuronal trafficking defects. Several studies have documented their roles in mediating synaptopathy, but their impacts on endo-lysosomal transport remain unclear. Here, we address this question in mouse cortical neuron primary cultures and for various polymorphs of the protein aggregates, using the intraneuronal transport quantitative assay introduced in Chapter 4.

We externally applied two ↵-syn fibrillar polymorphs, namely fibrils (↵-synF) and ribbons (↵-syn), A fibrils (A F) and oligomers (A O) on the cortical neurons cultures.

All these protein aggregates polymorphs were produced by Ronald MELKI's team (MIR-Cen, Institut de Biologie François Jacob, CEA, Fontenay-aux-Roses, France) according to protocols described in Appendix D.1.

After application of these protein assemblies onto the mature neurons, we thoroughly analyzed their effects on endosomal and lysosomal transport. Furthermore, using fluorescently labeled ↵-syn and A assemblies, we could observe and quantify the directed motions of those pathogenic protein assemblies within neurons.

Our studies intend to address three pivotal questions:

• do ↵-synF, ↵-synR, A F and A O influence the fraction of endo-lysosomal cargoes moving along the microtubules?

• do the pathogenic protein assemblies impact the dynamic of intraneuronal endosomal and lysosomal transport?

• are pathogenic protein assemblies actively transported with similar transport properties than endosome or lysosome?

In this chapter, we will present the results related to the scientific questions mentioned above individually. They have also been submitted for publication. They are currently under revision in the journal eNeuro and are also available on their initial submission form on bioRxiv: https://doi.org/10.1101/2021.05.15.444288.

Before presenting these results, and based on Chapters 4 method, I briefly describe the experimental conditions that need to be set to quantify the intraneuronal transport.

Quantification of endosomal transport using fluorescent nanodiamonds in primary cortical neurons at DIC21

Previous studies in the team where this thesis was conducted demonstrated that fND are spontaneously internalized into the neuron through endocytosis, and are found colocalized with specific marker of endosomal-lysosomal compartments 24 hours after their internalization [START_REF] Haziza | Fluorescent nanodiamond tracking reveals intraneuronal transport abnormalities induced by brain-disease-related genetic risk factors[END_REF]. The team observed that fND colocalized (fraction indicated) with endosome and lysosome at different stages of their maturation, each characterized by specific membrane protein markers: EEA1 (5%) and Rab5 (9%) for early endosomes (EE); Rab7 (4.5%) for late endosome (LE); Rab11 (4.5%) for recycling endosome (RE); LysoTrakcer (5%) for the lysosome and TNG38 (3%) for the trans-Golgi network to which EE can partly fuse [START_REF] Haziza | Fluorescent nanodiamond tracking reveals intraneuronal transport abnormalities induced by brain-disease-related genetic risk factors[END_REF] (Figure 5.1 A).

In the present studies related to my PhD thesis work, we applied the same, now well established, internalization protocol. This protocol was designed to greatly limit any non-specific interaction of fND, especially their attachment to the coverslip supporting the neuron culture.

We used primary cultures of cortical neurons (Appendix D.2), and internalization of fNDs was conducted after 21 days of culture (DIC21) (Appendix D.4), followed by the transport recording using a home-made pseudo-TIRF video-microscope (Appendix B.2.3), at the rate of 20 frame/s during 2 minutes.

For the video acquisition, we selected each field-of-view (FoV) based on the criteria that they contain nearly the same density of neuronal branches, as determined from differential interference contrast (DIC, Appendix A.2) images. The typical number of fNDs trajectories detected in FoV of size 40⇥80 µm during 2 min of video acquisition is illustrated in Figure 5.1.

The perfectly stable fluorescence of fNDs allows us to reconstruct their trajectories accurately and identify "go" and "stop" phases (Figure 5.1 B) in the transport of fND-labelled endosomes along neuronal branches as observed in differential interference contrast microscopy (Figure 5.1 C). Our analysis methods to parse each trajectory in "go" and "stop" phases, and determine quantitative associated parameters were detailed described in Section 4.2.2.

Quantification of the effects of α-synF and R on endolysosomal transport of cultured neurons

Our aim was to investigate the influence of these pathogenic ↵-syn fibrillar polymorphs on the fraction of cargoes having directed motion inside neuronal branches. Primary cultures of cortical neurons were incubated at DIC20 with ↵-synF or ↵-synR at a concentration of 0.2 µM during 24 hours. The next day, on DIC21, the endosomal (or lysosomal) compartments were labeled both in normal (control) and ↵-synF or R pre-treated neurons cultures using fNDs (or LysoTracker Deed red dye, respectively), followed by videomicroscopy acquisition. The impact of ↵-synF and R on the fraction of moving endosomes and their mobility are discussed below.

α-synF and α-synR largely reduce the fraction of moving endosomes but increase the dynamics of the ones with directed motions

We first measured the number of fND detected per field-of-view (FoV) of 40⇥80 µm size during 2 mins of observation. We demonstrated that exposure to ↵-synF or ↵-synR led to a slight decrease (26% for ↵-synF and 13% for ↵-synR) in the number of fND (moving or not) present in each FoV, indicating that both ↵-syn fibrillar polymorphs impact the fND interactions with neurons (Figure 5.2 A). We then estimated the fraction fND exhibiting a directed motion, which can only correspond to particles internalized in endosomes and then taken in charge by molecular motors.

We observed that this fraction decreases by 49% upon exposure of neurons to ↵-synF and 45% in the case of ↵-synR (Figure 5.2 B). Such decrease in the number of cargoes transported along microtubules is expected to impair the homeostasis and even the functions of cortical neurons.

We then measured transport parameters of these moving endosomes under normal and ↵-syn fibrillar polymorphs exposure conditions, starting with the length of the trajectories that did not show any significant changes (Figure 5.2 C, D; decrease of 4% under ↵-synF exposure and 5% for ↵-synR).

We then measured the velocity and run length of each moving phase and observed their increase (velocity: 31% and 38%; run length: 80% and 100%, for ↵-synF and ↵-synR respectively (resp.)). In contrast, the pausing time (duration) decreases (40% decrease for both ↵-syn fibrillar assemblies) while the pausing frequency increases (19% and 25%, for ↵-synF and R resp.)(Figure 5.2 E-H).

To summarize, both ↵-syn fibrillar assemblies decrease the number of endosomes moving inside the neurons while increasing the dynamics of the moving ones. Next, we investigated whether these ↵-syn fibrillar assemblies impact the lysosomal transport too.

α-synF and α-synR largely reduce the fraction of moving lysosomes without major changes in their transport properties

To analyze the lysosomal transport, we labeled the lysosomal compartments with LysoTracker Deep red (AppendixD.4) both in normal (control) and ↵-syn fibrillar assemblies pre-treated neurons cultures on DIC21, followed by video acquisition. LysoTracker Deep red is an established marker for lysosomes, which only becomes fluorescent once inside lysosomes.

We tracked their movement using the same pseudo-TIRF video-microscopy and applied the same analysis methods used in fNDs trajectories reconstruction and quantification. We first quantified the fraction of moving lysosomes inside the neurons, then analyzed their transport parameters. The results we observed are discussed below.

Addition of ↵-synR induces a slight but significant decrease (15%) in the number of lysosomes.

No changes are detected with ↵-synF (Figure 5.3 A). This result suggests that ↵-synR reduces the endocytosis, which is also compatible with the observed decrease of fND interacting with neurons (Figure 5.2 A), probably revealing their reduced uptake. Furthermore, in a similar way to endosomes (Figure 5.2 B), both ↵-syn fibrillar assemblies decrease the fraction of lysosomes having a directed motion (Figure 5.3 B; 46% and 32% for ↵-synF and R resp.). The large decrease in the fraction of lysosomes can be further verified from the example of FoV showing lysosomes trajectories in the different conditions (Figure 5.3 D). We also analyzed the lysosome trajectory lengths, while we only observed a slight decrease (Figure 5.3 C; 9% and 3% for ↵-synF and R resp.).

We next quantified the transport parameters of these moving lysosomes using the same analysis paradigm as for fND. In contrast to the considerable impact on the endosomal transport, exposure of ↵-synF did not cause any changes in lysosomes transport parameters. Interestingly, when cortical neurons were exposed to ↵-synR, we measured a slight increase in lysosomes velocity (6%) and a larger increase in run length (26%), but no significant change in pausing time, and only a slight increase in pausing frequency (4%) (Figure 5.3 E-H).

Conclusion of section 5.2

We studied the effects of ↵-syn fibrillar polymorphs on endosomal and lysosomal transport inside the primary cortical neurons. We labeled the endosomal and lysosomal compartments with fNDs and LysoTrakcer Deed red, respectively. We subsequently monitored their transport using our well-established pseudo-TIRF microscopy.

First, we revealed that both ↵-synF and ↵-synR hugely decrease the number of moving endosomes and lysosomes transported inside the neuronal branches. This phenomenon should disrupt the homeostasis and some functions of neurons.

Secondly, we measured the transport parameters of these moving endosomes and lysosomes.

Notably, ↵-synF polymorphs only impact the endosomal transport and not the lysosomal one, while ↵-synR impact both transports. Moreover, while ↵-syn decreases the fraction of moving compartments, the latter also display a higher dynamics (faster transport in moving phase but also more frequent pauses) compared to control conditions. We hypothesized that the alterations of endo-lysosomal compartements dynamics might be due to changes of intracellular calcium ion concentration as previous studies demonstrated that such variations modulate the vesicular transport of newly synthesized AMPA [START_REF] Hangen | Neuronal activity and intracellular calcium levels regulate intracellular transport of newly synthesized ampar[END_REF] receptor proteins.

We also investigated the effects of A oligomers (A O) and A fibrils (A F) on endosomal and lysosomal transport. The results are detailed in the following section.

Quantification of the effects of A assemblies on endolysosomal transport of cultured neurons

To investigate the influence of pathogenic A assemblies on the fraction of moving cargoes inside the neurons, primary cultures of cortical neurons were incubated with at the day in culture DIC20 with A oligomers (A O) or A fibrils (A F) for 24 hours at either 0.2 µM or 1 µM concentration.

On DIC21, the endosomal (lysosomal) compartments were labeled both in normal (control) and A O or A F pre-treated neurons cultures using fNDs (LysoTracker Deep Red, resp.), followed by videomicroscopy acquisitions. The impact of A O and A F on the fraction of moving endosomes and lysosome and on the mobility of these compartments are discussed below.

A F and A O largely reduce the fraction of moving endosomes but only slightly increase the mobility of the ones with directed motions

We began with the same concentration of 0.2 µM as for ↵-syn assemblies. We observe that both A assemblies decrease the number of fND per FoV (Figure 5.4 A; 19% and 18% for A F and A O resp.) and also decrease the fraction of fND having a directed motion (Figure 5.4 B; 11% and 18% for A F and A O resp.).

Although we detected these impacts, we could not observe any directed motion of the fluorescently-labelled (ATTO 488) form of these A assemblies at 0.2 µM, contrary to fluorescentlylabelled ↵-syn assemblies. by 50% compared to controls (without any treatment), while it remained unchanged in the condition of A F exposure (Figure 5.7 A). We further quantified the fraction of moving lysosomes, which was 1.6-fold and 5.7-fold decreased in neurons exposed to A F and A O, respectively (Figure 5.7 B).

Lysosome trajectory lengths were only slightly decreased for A F but more significantly reduced for A O exposure (Figure 5.7 C).

We also measured lysosome transport parameters in the presence of 1 µMA or A O. For A F, we observed almost no change in velocity, pausing time, and pausing frequency. In contrast, neurons treated with A O led to a 1.7-fold increase of the pausing time. The run length decreased significantly for both A assemblies (9% and 13% decrease for A F and A resp.) (Figure 5.7

E-H).

Change in lysosome size due to Aβ aggregates -It was observed in APP mouse transgenic mouse model of Alzheimer's disease [START_REF] Gowrishankar | Massive accumulation of luminal protease-deficient axonal lysosomes at alzheimer's disease amyloid plaques[END_REF], that lysosome size increased.

Hence, we questioned if detectable changes in their diameter happen also in our experiments upon 24 and 48h exposure to 1 µMA F and A O. We describe the method to quantify the lysosome size in Chapter 4.2.2. Indeed, we observed a slight increase (7%) of lysosome diameter upon exposure of neurons of A F at 24 h that disappears at 48 h that contrasts with the increase we observed at both time points (11% and 7% at 24 h and 48 h resp.) in neurons exposed to 1 µMA O (Figure 5.8).

The finding that A O addition triggers an increase in lysosomes number and size and a decrease in their movements is in agreement with previous reports [START_REF] Gowrishankar | Massive accumulation of luminal protease-deficient axonal lysosomes at alzheimer's disease amyloid plaques[END_REF], Marshall et al., 2020].

Conclusion of section 5.3

This section studied the effects of A oligomers and fibrils on endosomal and lysosomal transport inside the primary cortical neurons. We labeled the endosomal and lysosomal compartments (with fNDs and LysoTracker Deep red, respectively), and subsequently monitored their transport using our well-established pseudo-TIRF videomicroscopy.

↵-syn and A assemblies transport within neuron while documenting their impact on endosomes and lysosomes transport on the two-color channels of our video-microscope (see Appendix B.2.2).

We first studied the transport of ↵-syn fibrillar assemblies (Figure 5.9). We discovered that ↵-synF and R perform directed movements as shown by examples of trajectories in Figure 5.9 A-B. We compared these motions to the endosomal transport in the presence of ↵-syn fibrillar polymorphs. Interestingly, ↵-synF and R trajectories are about 29% shorter than those of fND (Figure 5.9 C).

We further compared the transport parameters and observed smaller velocity (Figure 5.9 D; 5% and 10% for ↵-synF and ↵-synR resp.), run length (Figure 5.9 E; 39% and 46% for ↵-synF and ↵-synR resp.) and pausing time (Figure 5.9 F; 19% and 21% for ↵-synF and ↵-synR resp.) for ↵-synF and ↵-synR-loaded cargoes compared to those of fND-containing endosomes. On the contrary, ↵-synF and ↵-synR pausing frequencies were larger than those of fND (Figure 5.9 G; 19% and 8% for ↵-synF and ↵-synR resp.).

The shorter trajectories length and run length, together with larger pausing frequency, suggest that cargoes loaded with ↵-synF and ↵-synR are transported less efficiently than those containing fND.

Likewise, we also investigated the intraneuronal transport of A (Figure 5 Similar to ↵-syn fibrillar assemblies (Figure 5.9), the shorter trajectories length and run-length together with the larger pausing frequency suggest that cargoes loaded with A F and A O are transported less efficiently than those containing fND.

Colocalisation ↵-syn and A assemblies with moving lysosomes -Finally, we quantitatively assessed the colocalisation of the protein aggregates with moving lysosomes, as a function of neuron exposure time 24, 48 and 72 hours (Figure 5.11). While the fraction of ↵-syn fibrillar assemblies moving in or with lysosomes increases from ⇡4% at 24 h to 12-14% at 72 h, it reaches already ⇡41% at 24 h for A fibrils continuing its increase up to ⇡51% at 48 h. A O moving in or with lysosomes have slightly lower colocalization proportions, while much larger than for ↵-syn fibrillar assemblies.

Conclusion of section 5.4

Here we measured and quantified the intraneuronal transport of different fluorescently labeled protein assemblies, including the ↵-syn fibrils and ribbons, A oligomers and fibrils. We observed that these protein assemblies were transported less efficiently than fND-containing endosomes, with shorter run-length and more pauses. Furthermore, these protein assemblies displayed similar transport characteristics.

We further investigated the proportion of dynamical colocalized events between moving pathogenic protein assemblies and moving lysosomes. We observed the fraction of the protein assemblies located inside the lysosomal compartment increased with time for types. Additionally, we showed that A protein assemblies display a higher proportion of colocalization with lysosomes. This feature suggests a higher potency of A protein assemblies to interact with lysosomal compartments.

Conclusion of Chapter 5

Endo-lysosomal transport is required for neuronal dynamics and function maintenance. Defects of their trafficking have been implicated in the major pathogenesis of neurodegenerative diseases such as Parkinson's and Alzheimer's disease. Here, we analyzed endo-lysosomal transport extraction and quantification of their motions with high throughput. ↵-syn fibrillar polymorphs, A oligomers, and fibrils induce a two-fold decrease of the fraction of nanodiamonds transported along microtubules. This remarkable decrease in moving endosomes is expected to have a massive impact on neuronal homeostasis. We next assessed lysosomes dynamics by using LysoTracker dye. Neurons exposure to A oligomers led to an increase in the number of lysosomes, a decrease in the fraction of moving lysosomes, and an increase in their size, reminiscent of that found in the APP transgenic model of Alzheimer's disease.

We then analyzed the effect of pathogenic protein assemblies on endosomal and lysosomal transport and quantified their directed transport within cortical neurons. We report different impacts of the pathogenic protein assemblies on endosomal and lysosomal transport parameters.

We also observed that their own transport dynamics departs from the one of endosomes. It is closer to the one of lysosomes, especially for both A polymorphs for which we measured a colocalization reaching 50.5% of moving A F with lysosomes. This fraction is much lower for ↵-syn polymorph (reaching a max of 14.5% only). This indicates that A and ↵-syn have some direct but also different interaction with lysosomes.

In the coming General Conclusion, we summarize our results on the quantification of the endo-lysosomal transport impairment by the PD or AD-related ↵-syn or A (resp.) pathogenic protein aggregates, in the context of these diseases, and at the more specific sub-cellular and molecular levels. Regarding the still largely open question of the transport mechanism of the pathogenic aggregates, we suggest some possible directions of study. Finally, in our perspective we stress the importance of complexifying the models by incorporating the glial cells components that is emerging as an important actor in the disease evolution too. cant reductions of moving endosomes and lysosomes along microtubules. These changes are supposed to impact the synaptic function hugely. Therefore, targeting the defects of endo-lysosomal trafficking mediated by pathogenic protein assemblies may provide therapeutic strategies to mitigate the synaptic deficits.

Our studies also established a new result: pathogenic protein assemblies are transported differently compared to endosomes and impact some of the endo-lysosomal transport parameters.

These differences raise the question of how they are transported inside the neurons after their internalization and how they subsequently disrupt the endo-lysosomal transport?

The transport machinery of pathogenic protein assemblies

We hypothesize that these internalized protein assemblies may be transported through different routes (Figure 5.13):

1. protein assemblies could be transported inside endo-lysosomal compartments that uses different molecular motors than the one at play for endosomes, 2. protein assemblies could be transported via endo-lysosomal compartments but outside of them, being connected to the compartement via adaptors similar to those described for RNA granules [START_REF] Fernandopulle | Rna transport and local translation in neurodevelopmental and neurodegenerative disease[END_REF] (see Chapter 1.4 introducing such "hitchhiking" process), 3. protein assemblies could be transported along the microtubule after being associated directly to a molecular motor, without the need of any membrane surrounded compartment.

Association of the protein aggregates to endo-lysosomal vesicles has been already reported [START_REF] Brahic | Axonal transport and secretion of fibrillar forms of ↵-synuclein, a 42 peptide and httexon 1[END_REF], but the rupture of endosomal compartment has also been observed (and seemed to be favored by these aggregates) [START_REF] Flavin | Endocytic vesicle rupture is a conserved mechanism of cellular invasion by amyloid proteins[END_REF], which leaves open the possibility that they are subsequently transported by motors without the need of an association to a membraneous compartment.

Future studies may allow us to address the question, taking advantage of the following techniques:

• Analysis of neuronal immuno-precipitates of protein assemblies may be instrumental in identifying the molecular actors involved in the protein aggregates transport.

Escaped protein assemblies might be the key player impacting the endo-lysosomal transport As we mentioned previously, protein assemblies are suggested to induce vesicle rupture through an unknown mechanism, with their possible subsequent cytosol release. We hypothesize that the changes of the moving fraction of cargoes (endosomes and lysosomes) might due to the rupture events. Furthermore, the "escape" protein assemblies could subsequently affect the transport properties of the remaining endosomes/lysosomes observed in our study through distinct ways:

(i) a direct interaction of between "escaped" protein assemblies and transport machinery (motors, microtubules-associated proteins, and microtubules).

(ii) indirect induction of translation changes in transport protein expression.

Deciphering these mechanisms could have a significant impact on improving treatment options for these neurodegenerative diseases.

Glial cells are required in disease pathogenesis

Research in neurodegenerative diseases have for a longtime been focused on neuronal populations and their associated phenotypes. Likewise, our study is based on the simple primary cultures of cortical neurons with over 98% purity. However, the pathophysiological mechanism is likely to involve other cell populations. Recently, the role of glial cells, which comprise about 33-66% of the human brain cells [START_REF] Jäkel | Glial cells and their function in the adult brain: a journey through the history of their ablation[END_REF], is increasingly coming into the spotlight for Alzheimer's and Parkinson's disease [Arranz and De Strooper, 2019].

Glial cells, such as astrocytes, and microglial cells, are involved in many fundamental processes in the brain, including the formation and pruning of synapses [START_REF] Allen | Astrocyte glypicans 4 and 6 promote formation of excitatory synapses via glua1 ampa receptors[END_REF], synaptic plasticity [START_REF] Buskila | Astrocytic inos-dependent enhancement of synaptic release in mouse neocortex[END_REF], maintenance of synaptic transmission [START_REF] Capuani | Defective glutamate and k+ clearance by cortical astrocytes in familial hemiplegic migraine type 2[END_REF] endo-lysosomal transport impairment may be an indirect consequence of glial cells activation by pathogenic protein assemblies. In this sequential scenario, this activation would primarily impact the synaptic functions and subsequently modify the intraneuronal transport.

Furthermore, a recent study demonstrated that glial cells of different brain regions also have distinct morphological and functional features. Such local variety is suggested to be responsible for the regional susceptibility to the neurodegenerative diseases and for their distinct phenotypes [START_REF] Batiuk | Identification of region-specific astrocyte subtypes at single cell resolution[END_REF]. The glial cells also display phenotypic changes during the course of the disease. However, the relevance and extent of glial contribution to neuronal dysfunction remain largely unknown.

To advance in this domain, in the context of the endo-lysosomal impairment by ↵-syn and A assemblies that we revealed, it would be of interest to extend our approach from pure neuronal cultures to co-culture with glial cells. However, adjusting the proportion of the different populations of glial cells cultured with the neurons, while maintaining physiological conditions may be a big challenge.

Important effort are still needed to advance the numerous open questions reviewed and to make progress towards effective therapies for neurodegenerative diseases. Indeed, any solution to the critical issues outlined here is likely to advance our understanding of the diseases substantially.

Therapeutic strategies intended to stop the spreading of the pathological proteins will most likely constitute a fundamental step forward in treating neurodegenerative diseases.

??? Nowadays, DF microscopy is used to determine the tissue distribution of scattering nanoparticles, in particular in whole small animals, both invertebrate and vertebrate (like zebrafish larvae) [START_REF] Mattsson | Brain damage and behavioural disorders in fish induced by plastic nanoparticles delivered through the food chain[END_REF].

Furthermore, using anisotropic nanoprobes and polarized illumination, DF can serve to probe rotation movements. This approach was used in cultured neurons, to investigate the rotation dynamics of endosomes after they had internalized gold nanorods [START_REF] Kaplan | Rotation of endosomes demonstrates coordination of molecular motors during axonal transport[END_REF]. Such very fine study allows to investigate the tiny motions associated to specific phases of the transport, and in particular the reversal transition. It provides information not accessible with purely, nonpolarization resolved fluorescence imaging.

Finally, another advantageous feature of the DF is the ability to combine darkfield imaging with fluorescence imaging [START_REF] Stavitskaya | Fluorescence and cytotoxicity of cadmium sulfide quantum dots stabilized on clay nanotubes[END_REF].

A.4 Conclusion

Transmitted light microscopy techniques have numerous advantages, such as low phototoxicity, simple setup, and no need for fluorophores or other contrast materials. Despite their advantages, these label-free techniques cannot selectively visualize subcellular compartments, processes, or protein location, which generated a demand for new microscopy methods. The introduction of fluorescent microscopy, using a variety of fluorescent indicators that can be tailored in terms of their specificity for targets such as proteins, lipids, or ions has has become the most popular method for studying dynamic behavior exhibited in live-cell imaging. Moreover, fluorescent images are quantitative, thus can easily be analyzed by suitable software.

filter is a so-called band-pass filter, meaning that it only allows light of a certain wavelength interval to pass (i.e, light in the interval in which the emission intensity for the fluorophore is at its highest). Light of this wavelength passes through the filter, while any other residual excitation light or background fluorescence is filtered out. Finally, the fluorescence hits a prism, which reflects the light toward the eyepiece of the microscope or a camera (or both) in order to capture high-resolution images of the sample [Lichtman andConchello, 2005, Sanderson et al., 2014]. [START_REF] Specht | A critical and comparative review of fluorescent tools for live-cell imaging[END_REF]; however, to make visible the molecules/structure of interest, fluorescent dyes are usually targeted to molecules (proteins, peptides) or to cell compartments by antibody conjugates, or peptide tags. This requires fixation of cells, which renders live-cell imaging impossible. Some fluorescent dyes have been designed to apply for the live cell imaging like Lysotracker (for lysosome specific labelling); however, despite the small size, exhibition of moderate to high quantum yields, and widespread availability in various color (Figure B.5), most fluorescent dyes undergo photobleaching and exhibit cytotoxicity during continuous excitation. Additionally, the intensity of the fluorescence depends on the local environment and can influenced by pH, hydrophobicity, temperature, and solvent. These drawbacks limit their application in long-term observations, including intraneuronal transport measurement, which is why we used perfectly stable fluorescent nanodiamonds label in our method. the advantage that a small light intensity is sufficient to illuminate the specimen and gets it emit enough light. Hence, imaging speed is increased, while bleaching of fluorophores and phototoxic effects of cells is reduced. For this reason, wide-field fluorescence microscopy is often used for the long-term imagining of living specimens. It is a simple method well adapted to to record a whole specimen at once with an array detector. However, this illumination/detection strategy also collects out-of-focus fluorescence (stray light) emerging from regions outside the focal plane, which reduces the image contrast. Alternatively, different post-acquisition methods can be applied to improve the spatial resolution after the wide-field image has been captured [START_REF] Verdaasdonk | B ending the rules: Widefield microscopy and the abbe limit of resolution[END_REF]. For example, deconvolution of the acquired image by the instrument response function (point spread function) allows to extrapolate images with a sub-diffractions resolution [START_REF] Sage | Deconvolutionlab2: An open-source software for deconvolution microscopy[END_REF]. However, post-processed images always need to compare to the original image to exclude image-processing artifacts.

Finally, a wide variety of live-cell specimens, including adherent cells, bacteria, yeast, and very thin tissue sections, are ideal candidates for imaging in wide-field fluorescence microscopy; however, thick tissues or acquisitions of cellular dynamics required higher spatiotemporal resolution are best imaged using the more advanced techniques discussed below.

B.2.2 TIRF microscopy generalities

Total internal reflection fluorescence (TIRF) microscopy (TIRFM) is an elegant optical inverted fluorescence microscopy technique developed by Daniel AXELROD (Univ. of Michigan, Ann Arbor, USA) in the early 1980s [Axelrod, 1989] that allows to illuminate only a very small volume -the evanescent regionabove the sample substrate (limited to a thickness of about 100 nm).

In comparison, the thickness of a confocal image section is approximately 500 nm. TIRF is used to image fluorescent samples in an aqueous environment (index of refraction n water ) that are in contact with a solid substance with a high refractive index (e.g. coverglass, index of refraction n glass ). The advantages of TIRF small illumination volume are: (i) the high signalto-background ratio compared to normal epifluorescence microscopy; (ii) there is virtually no out-of-focus fluorescence collected; (iii) cells are exposed to a significantly smaller amount of light. Furthermore, the depth d at which the evanescent wave extends, with an exponential dependence, can be tuned as it depends on the angle of incidence ✓ > ✓ c , according to:

d = /4⇡ q n glass 2 sin 2 ✓ n water 2 , (B.2)
where is the excitation laser wavelength. To obviate this limitation, we used pseudo-TIRF by applying oblique illumination and the incident angle of excitation laser beam was tuned to be slightly less than critical angle required for complete total internal reflection. In pseudo-TIRF, most of the light is reflected at the glass-water interface like in TIRF illumination, but it is also refracted at a grazing angle propagating at a very small angle relative to the glass-water surface (Figure B.8 b). Hence pseudo-TIRF illumination maintains the advantage of high signal-to-background ration of pure TIRF, while penetrating deeper.

B.2.3 Pseudo-TIRF live-cell video-microscopy configuration used for our intraneuronal transport measurements

We implemented pseudo-TIRF illumination on an inverted microscope (Eclipse Ti-E, Nikon, Japan) equipped with 100x magnification and NA=1.49 immersion oil objective (CFI Apo TIRF ⇥100 oil immersion, Nikon), able to make also DIC images. Two continuous-wave lasers are coupled to the microscope and fluorescence was recorded on a cooled EMCCD array detector a sequential scanning method of the point source, filtering with a pinhole conjugated with the sample observation plane (hence "confocal"), and the detection of emitted light intensity with a photomultiplier tube (PMT) or an hybrid PMT(GaAsP)-avalanche photodiode point detector (Figure B.9 a).

The purpose of LSCM is to reject out-of-focus light (stray) from the image, which can be achieved with the pinhole aperture that assures that light entering the detector come only from the focused plane. By scanning the excitation laser spot across the specimen and detecting the total fluorescence, an image can be sequentially built, pixel by pixel. Usually, the laser spot is scanned across the specimen by an orthogonal pair of oscillating mirrors mounted on galvanometric platforms.

LSCM gives numerous advantages compared to wide-field fluorescence microscopy, such as a much smaller depth of field, the elimination of the out-of-focus information, and the ability to collect serial optical sections from thick specimens. When the size of the pinhole aperture is reduced, it prevents more efficiently the stray light from being detected and increases the specific signal/background ratio for the feature of interest. However, it largely lowers the total signal, hence the optimum value of the pinhole diameter is the Airy spot size (i.e. the diffraction limit).

Extra advantages of LSCM include the ability to adjust magnification electronically by changing the area scanned by the laser without changing the objectives. The zoom-in function reduces the scan angle that in turn reduces the scan area. With a smaller area scanned (enlarged) using the same pixel number, the pixel size is reduced. So, confocal zoom improves image resolution.

The major drawback of LSCM for imaging cells and tissue is that the image is collected by raster-scanning the specimen, which is relatively slow and usually requires several seconds or longer per image, except if we use a resonant galvanometric pair of scanning mirrors, which is an advanced configuration of such instruments. Moreover, illuminating the specimen with a focused laser beam can produce some phototoxicity in living cells. In general, the dwell time of the laser beam at any position on the specimen is just a few microseconds (in the normal mode, and goes down to 72 ns in the resonant one). Hence, the laser excitation intensity must be high enough to generate a usable signal during the dwell time.

The main difficulty for live-cell imaging using LSCM is to provide sufficient contrast while overwhelming phototoxicity, particularly in situations where the cells are imaged for an extensive period. In addition, photobleaching may restrict the long-term measurement of subcellular structure dynamics [START_REF] Paddock | Laser scanning confocal microscopy: history, applications, and related optical sectioning techniques[END_REF].

Due to these various reasons, and because all our samples were made of 2D-adherent neuron cultures, we decided to conduct all our measurements with the previously described pseudo-TIRF configuration.

However, in the future, for thicker samples like cerebral organoïds, a fast "optical" sectioning method will be required. The following one, which is an extension of confocal LSCM, is one option.

B.3.2 Spinnicroscopy (SDCM)

Acquisition speed is a major concern for the study of cell physiology. Relative to LSCM having slow image acquisition speed (achieving typically a maximum of 20-30 frames/s at 512⇥512 pixels image size), SDCM has become an alternative approach to overcome this issue by relying on multiple scanning points rather than a single-point scanner. In this approach, the illumination and observation of specimen can be achieved through a spinning disk that has rows of pinholes Thanks to multiple pinholes scanning, the pixel dwell time is much longer even at fast image acquisition rate. Furthermore, this technique uses a sensitive array detector (usually an electron-multiplying charge-coupled device, EMCCD). Therefore, the illumination intensity is largely reduced so that we can limit photobleaching. These qualities have made the SDCM popular for dynamic fluorescence measurements of thick living samples. However, the SDCM has some drawbacks. The primary limitation is that light scattered or emitted by structures residing in regions out of focus can still reach the detector by traveling through adjacent pinholes (a phenomenon known as pinhole crosstalk). This artifact increases the background signal for thicker specimens, and therefore, ultimately reduces the axial resolution of the system. In addition, the limitations in its zoom capacity and the pinholes are optimized for a specific objective (typically ⇥60), and cannot be altered unless the disk can be changed [START_REF] Gräf | Live cell spinning disk microscopy[END_REF].

However, SDCM would be a technique to seriously consider when extending our intraneuronal transport assay to thicker structures.

before and after fragmentation using a JEOL 1400 electron microscope (JEOL, Tokyo, Japan).

The expression and purification of Met-A 1-42 was performed as described [START_REF] Walsh | A facile method for expression and purification of the alzheimer's disease-associated amyloid -peptide[END_REF].

A was assembled in PBS, at 4°C or 37°C without shaking for 2 or 24 h to obtain oligomers A O or fibrils A F, respectively. The two kinds of assemblies were labeled with ATTO 488 NHS-ester at a protein/dye ratio of 1:2. The labeling reactions were arrested by addition of 1 mM Tris at pH 7.5. For fibrillar A , the unreacted fluorophore was removed by two cycles of centrifugation and resuspension of the pelleted fibrils in PBS as described for ↵-syn. For oligomeric A , the oligomers were separated from the monomeric and fibrillar forms of the protein by size exclusion chromatography on a Superose 6 HR10/300 column (GE Healthcare, Life Sciences, Wauwatosa, WI, USA) equilibrated in PBS pH 7.4 at a flow rate of 0.5 mL/min. Elution was monitored by measuring absorbance at 280 nm wavelength. The Superose 6 column was calibrated with Dextran blue (over 2200 kDa), (670 kDa), -amylase (200 kDa), BSA (66 kDa), and carbonic anhydrase (29 kDa) standards (Sigma-Aldrich).

D.2 Primary mouse cortical neuron cultures

We used commercial primary mouse cortical neurons (ref. Gibco A15586, ThermoFisher) because the provider quality check guarantees a purity of 98% of neurons. The cells were grown on high optical quality glass coverslips (high-precision 170±5 µm thick, 18 mm diameter, ref.

0117580, Marienfeld GmbH, Germany). The coverslips are first cleaned with 70% ethanol, rinsed with water for injection (ref. A128730, ThermoFisher Inc., USA) and exposed during 1 h to UV light.

They were then coated with 0.1 mg/ml poly-L-ornithine (ref. P3655, Sigma-Aldrich Merck KGaA, Germany) and placed for 2 h in an incubator set at 37°C, then rinsed twice with water and let dry at biological hood for one hour. We plated an amount of 6x105 primary mouse cortical neurons (ref.

Gibco A15586, ThermoFisher) on each coated coverslip, which was then put at the bottom of a 6-wells plate, each well-being finally filled with 3 mL of neurobasal phenol red-free medium (ref.

12348017, ThermoFisher) containing 0.5 mM GlutaMax (ref. 35050061 ThermoFisher), 2% B-27 (ref. 17504044, ThermoFisher) and 1% PenStrep (ref. 15070063, ThermoFisher). The 6-well plate was then placed in an incubator at 37 °C and 5% CO2. Half of the volume of the medium was replaced with fresh medium 24 h after plating. We made the subsequent medium changes every 3 days to reduce glutamate toxicity. Neurons were grown until 21 days in culture.

D.3 Exposure of mouse cortical neurons to α-syn fibrillar as-

semblies, Aβ fibrils or oligomers

In all the measurements dealing with (i) the impact of pathogenic protein assemblies on endosomal-lysosomal transport, (ii) their colocalization with FND-labelled compartment or lysosomes, or (iii) the tracking of their intraneuronal transport by fluorescence video-microscopy, cortical neurons were incubated with either 0.2 µM ATTO 488-labeled ↵-syn-synF or R, or 1 µM ATTO 488-labeled A F or A O. ↵-synF or R were added at 24 h, 48 h, or 72 h before observations, while the addition time was either 24 h or 48 h for ATTO 488-labeled A F or A O. The video acquisitions of all the experiments were performed at DIC21.

D.4 Intraneuronal transport cargo labeling

To evaluate the endosomal transport parameters, we relied on our fluorescent nanodiamond assay [START_REF] Haziza | Fluorescent nanodiamond tracking reveals intraneuronal transport abnormalities induced by brain-disease-related genetic risk factors[END_REF]. We used commercially available sized 35 nm FND (brFND-35, FND Biotech, Taiwan). Each NP contains an average of 15 nitrogen-vacancy emitters displaying a peak emission wavelength around 700 nm and a full-width at half-maximum of ⇡100 nm. This far-red emission allows also to investigate the colocalization of green-emitting ATTO 488-labelled neurodegenerative-disease related species with FND-labeled cargoes. FND were internalized in cortical neurons just before the transport analysis, at DIC21. Each culture coverslip was removed from the 6-well plate containing maintaining medium and put in contact with 400 µL of fresh culture medium to which we added 2 µL of stock solution of FNDs (1 mg/mL), reaching a final FND concentration of 5 µg/mL. After 10 mins incubation, the extra FND-containing medium was absorbed by a wiper sheet and the coverslip was placed back to the dish containing the old 
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  intended to describe the pathological hallmarks of Parkinson's disease (PD) relevant to the investigations on the influence of toxic protein aggregates in endo-lysosomal transport and their intraneuronal transport (Chapter 5).

The

  SNARE complex is related to α-syn-induced synaptic dysfunction -The experimental data from transgenic mouse line expressing truncated human ↵-synuclein (1-120) that develops ↵-syn aggregates demonstrate that impairment in DA release in the striatum observed in this model is accompanied by redistribution of SNARE proteins in axon terminals[START_REF] Garcia-Reitböck | Snare protein redistribution and synaptic failure in a transgenic mouse model of parkinson's disease[END_REF]. Moreover, in vitro studies illustrated that primary neuronal cultures exposed to preformed ↵-syn fibrillar aggregates exhibited loss of SNARE proteins VAMP2 and SAP25, as well as CSP↵[START_REF] Volpicelli-Daley | Exogenous ↵-synuclein fibrils induce lewy body pathology leading to synaptic dysfunction and neuron death[END_REF]. Finally, alterations in SNARE complex was also detected in PD patients manifesting by an accumulation of SNAP25 and syntaxin in the striatum[Garcia- Reitböck et al., 2010].These observations suggest a mechanism whereby the accumulation of ↵-syn in the presynaptic terminal might lead to impairment of its function. In particular ↵-syn binding partners such as VAMP2, are sequestered into ↵-syn aggregates, resulting in hampering of SNARE-mediated vesicle fusion. Furthermore, alterations in membrane curvature by misfolded ↵-syn might account for impairment of the binding and function of other vesicle-bound SNARE co-chaperones, thus

Figure 2 .

 2 Figure 2.9: Cryo-EM structures of the two new polymorphic structures of human full-length ↵-syn fibrils. (A) The sequence of human ↵-syn showing the familial PD mutation sites in red. The colored arrow from blue to orange indicates -strands. Cryo-EM densities and atomic models of polymorph 2a (B) and polymorph 2b (C) of ↵-syn. Each cryo-EM map shows two protofibrils (blue and orange) forming a fibril. PD-associated mutation sites are illustrated. (D and E) Rainbow rendering views of the secondary structure elements in five successive rungs of both polymorphs. The height differences in a single ↵-syn fibril are also illustrated. Adapted from [Guerrero-Ferreiraet al., 2019] 
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 2 10)[Guerrero- Ferreira et al., 2019].

Figure 2 .

 2 Figure 2.10: Interface regions between two protofilaments of the ↵-syn polymorphs 2a and 2b fibrils, respectively. Adapted from[START_REF] Guerrero-Ferreira | Two new polymorphic structures of human full-length alpha-synuclein fibrils solved by cryo-electron microscopy[END_REF] 

(

  A and tau), brain structures, and clinical manifestations are estimated during the definition of clinical stages, which illustrate the continuum cascade of AD (Figure 3.2). Currently, the diagnosis and classification of AD are based on clinical and neuropsychological examinations complemented by neuron imaging studies. Nonetheless, a conclusive diagnosis still relies on pathological examination of postmortem brain tissue.

  EOAD and are strongly related to the amyloid-β metabolism. Identifying mutations in these genes has provided important insights into the molecular mechanisms and pathways involved in AD pathogenesis and provide valuable targets used in diagnosis and drug development. In addition to these genes, next-generation sequencing techniques have demonstrated rare protein-damaging variants in the SORL1[START_REF] Pottier | High frequency of potentially pathogenic sorl1 mutations in autosomal dominant early-onset alzheimer disease[END_REF], ABCA7[START_REF] Steinberg | Loss-of-function variants in abca7 confer risk of alzheimer's disease[END_REF], and TREM2[START_REF] Guerreiro | Trem2 variants in alzheimer's disease[END_REF] genes (Figure3.3 A).

  , A -containing brain extracts from either humans with AD or APP transgenic mice (AD animal model) induced cerebral -amyloidosis and associated pathology observed in APP transgenic mice in a time-and concentration-dependent manner. Moreover, the seeding activity of brain extracts was reduced or abolished by A immunodepletion, protein denaturation, or by A immunization of the host[START_REF] Meyer-Luehmann | Exogenous induction of cerebral ß-amyloidogenesis is governed by agent and host[END_REF], Duran-Aniotz et al., 2014].

  generated during laser excitation (Figure 4.1 a). Relative to organic dyes, QDs exhibit long fluorescence lifetimes, high fluorescence quantum yield (Figure 4.1 b), with large stoke shifts

Figure 4 . 3 :

 43 Figure 4.3: Use of kymograph to quantify the impact on vesicular transport of toxic protein aggregates or to measure their own transport parameters. (a) Representative kymographs comparing axonal DCV transportin control (vehicle) and A O-treated neurons (18 h, 0.5µMA O). Organelle flux is markedly reduced in the presence of A O (right kymograph), from [Decker et al., 2010]. (b1) Kymograph analysis of ↵-synF movement along axons extending from the proximal chamber in a typical recording performed at 24 h post-loading. (b2) Comparison of the average velocity of ↵-synF and R assemblies anterograde and retrograde movement in axonal tracts.Adapted from[START_REF] Gribaudo | Propagation of ↵-synuclein strains within human reconstructed neuronal network[END_REF] 

  used at the beginning of this thesis, we processed our videos with Fiji (https://fiji.sc/, enhanced version of ImageJ, NIH, USA) and Icy (http://icy.bioimageanalysis.org/, Bioimaging Unit, Institut Pasteur, Paris, France) open source softwares. With Fiji we first subtracted from each image the maximum projection image in order to remove the static fluorescent spots. Then, we reconstructed the trajectory applying first the Spot Detector plugin of Icy (relying on wavelet transform filtering), followed by the Spot Tracking one that builds the most probable set of tracks. The latter can be accessed via the Track Manager and need to be reviewed individually as many trajectories are severed into short sections and are considered as independent ones. Track Manager allows (i) to interpolate the missing point positions between two separate sections of what should be a single trajectory; and (ii) to export a text file containing the list of spot (x,y) coordinates with their signal amplitude and background (based on a 2D Gaussian fitting of fluorescence spots) constituting individual trajectories. Overall,

  .10). Both species display directed motions as revealed by examples of trajectories in Figure 5.10 A-B. These trajectories are shorter than the ones of fND in the same exposure conditions (Figure 5.10 C), as we noted for the case of ↵-syn fibrillar assemblies. Considering their transport parameters and compare to fND transport, A F and A O have slightly larger velocity (Figure 5.10 D; 8% and 12% for A F and A O resp.) and a trend towards a shorter run-length. (Figure 5.10 E; 7% and 28% for A F and A O resp.). As we detected in ↵-syn fibrillar assemblies transport, A F and A O exhibit a much shorter pausing time (Figure 5.10 F; 49% and 53% for A F and A O resp.) and a much larger pausing frequency (Figure 5.10 G; 41% and 36% for A F and A O resp.)

(

  dark) background (Figure A.1 c) DF microscopy has been appreciated by biologists studying transparent unstained specimens for more than a century, being a supplementary technique to support data obtained using BF microscopy.

Figure B. 2 :

 2 Figure B.2: Schematic of the working principle of fluorescence microscopy. Example of an inverted fluorescence microscope using the excitation and emission wavelengths of GFP. Adapted from https:// bitesizebio.com/

  The pseudo-TIRF illumination -At =561nm excitation wavelength, and for NA=1.49, the penetration depth (inferred from equation (B.2)) has a minimum value of 67 nm (for ✓ = ✓ max ⇡78°), but then it diverges to much larger ones when ✓ approaches ✓ = ✓ c =6 1 . For example for ✓ =62 , d =248nm. Considering that neurite thickness can be as large as a few micrometer in diameter(Figure B.8 a), the range of penetration depth of pure TIRF might not be sufficient for the efficient excitation of fluorescently-labelled endo-lysosomal compartment, in the prospect of measuring their transport parameters.

  aligned with each other in a repeat pattern of an Archimedean spiral. When the disk spins, each pinhole serves as a point source of light that scans across the specimen. The returned fluorescence must also pass through a corresponding pinhole before reaching the dichroic mirror (Figure B.9 b).

Titre:

  Effet de souches fibrillaires d'α-synucléine et d'assemblages de β-amyloïde sur la logistique endo-lysosomale dans des neurones corticaux de souris en culture Mots clés: maladie d'Alzheimer, maladie de Parkinson,agrégats protéiques toxiques,cultures primaires de neurones,transport intracellulaire,nanodiamants fluorescents Résumé: L'altération du transport axonal est récemment apparue comme un trait caractéristique commun à plusieurs maladies neurodégénératives (MN). Des anomalies précoces du transport intraneuronal ont ainsi été proposées comme traits phénotypiques communs aux MN, telles que la maladie d'Alzheimer (MA) et la maladie de Parkinson (MP). Il existe des preuves indubitables que l'accumulation anormale dans le cerveau de protéines mal repliées, notamment l'α-synucléine (αa-syn) dans la MP et la l'amyloïde β (Aβ) dans la MA, est un mécanisme physiopathologique clé qui soustend la neurotoxicité observée dans ces troubles liés à l'âge. En outre, les protéines mal repliées se rassemblent pour former des assemblages non solubles de différentes espèces, notamment des polymorphes fibrillaires (de type fibrille [α-synF] ou ruban [α-synR] pour l'α-syn, et fibrille uniquement pour l'Aβ) ou oligomèriques pour l'Aβ. Ces différents agrégats sont suspectés d'être à l'origine de la grande diversité de toxicités observée dans les MN. Il existe des preuves que ces agrégats affectent le transport endosomal, qui est essentiel à la mise en place des compartiments neuronaux, au maintien de leur dynamique et à leur bon fonctionnement. Cependant, peu d'études ont étudié, dans les mêmes neurones, les effets sur le transport endosomal des différents types d'assemblages ainsi que leur propre transport. Cette thèse présente une analyse quantitative et comparative détaillée des effets sur le transport endo-lysosomal des polymorphes fibrillaires α-synF et α-synR, des fibrilles Aβ et des oligomères Aβ, ajoutés à des neurones corticaux matures de souris en culture. Nous avons enregistré par vidéomi-croscopie de fluorescence à haute cadence les déplacements des endosomes et des lysosomes en utilisant respectivement des nanocristaux de diamants fluorescents photostables et un marqueur lysosomal fluorescent, puis nous avons extrait et quantifié automatiquement, à haut débit, les caractéristiques de leur mouvement dirigé constitué de successions de phases de déplacement et de pauses. Tous les assemblages protéiques ont conduit à une forte diminution de la fraction d'endosomes et de lysosomes présentant un mouvement dirigé, ce qui devrait avoir un effet néfaste substantiel sur l'homéostasie des neurones. Nous avons également mis en évidence que ces assemblages protéiques pathogènes modifiaient différemment les paramètres du transport endolysosomal. Enfin, nous avons quantifié les paramètres de transport des compartiments chargées avec de tels assemblages marqués par un fluorophore et nous avons observé qu'ils ont un transport plus irrégulier que celui des endosomes et des lysosomes, présentant en particulier, des pauses plus fréquentes mais aussi plus courtes. Ces observations suggèrent que ces compartiments ont des caractéristiques moléculaires distinctes, mais des travaux supplémentaires sont nécessaires pour élucider leur nature précise. Nos travaux démontrent que les polymorphes fibrillaires d'alpha-syn, les fibrilles d'Aβ et les oligomères altèrent le transport intraneuronal. Ces altérations pourraient résulter soit d'interactions directes des agrégats protéiques avec la « machinerie moléculaire » du transport intraneuronal, soit des changements d'homéostasie intracellulaire qu'ils provoquent.

  

2.3.1 Selective vulnerability of dopaminergic neurons in the substantia nigra (SN)

  

	The classic motor symptoms of PD reflect the dysfunction of neurons responsible for action
	selection, coordination, and execution of movement. Arvid CARLSSON, who discovered the crucial
	neurotransmitter dopamine described that it is concentrated in the basal ganglia, the brain region
	that controls movements. He carried out experiments in which after depletion of dopamine
	storage with drugs, he produced a loss of movement control symptoms similar to the clinical ones
	found in Parkinsonism. His findings led to the development of drugs for Parkinson's disease and
	earned him the Nobel prize in Physiology or Medicine in 2000

  The prion-like properties of tau ......................... 3.7.3 Conclusion on Section 3.7 ............................ 3.8 Conclusion of Chapter 3 ................................. This chapter is intended to describe the pathological traits of Alzheimer's disease (AD) in relation to the investigations we report in Chapter 5 about the influence of toxic protein aggregates on the endo-lysosomal intraneuronal transport.

	Alzheimer's disease (AD) acknowledged as progressive multifarious neurodegenerative dis-
	order. It is the leading cause of dementia in late adult life. The cardinal pathological features of
	the disease are the accumulation of insoluble forms of amyloid-(A ) plaques in extracellular
	spaces, and neurofibrillary tangles (tau) in intracellular compartment, accompanied by synapse
	and neuron loss.
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DMV locates in the medulla oblongata and has general visceral efferent fibers that send parasympathetic signals to the heart and lungs. They also innervate gastrointestinal smooth muscles and glands.

Limbic system is a set of brain structures that lies on both sides of the thalamus, immediately beneath the cerebrum. It includes the hypothalamus, hippocampus, amygdala, etc. It supports a variety of functions, including emotion, behavior, and memory formations.

GWAS is a powerful tool to investigate the genetic risk factors of human diseases. It measures and analyzes DNA sequence variation based on single nucleotide polymorphism (SNP), one type of common genetic variation. SNPs are single base-pair changes in the DNA sequence that occur with high frequency in the human genome. A central objective of genetic researches is to translate their biological insights into medical advancements[START_REF] Tam | Benefits and limitations of genome-wide association studies[END_REF].

Chaperone: In molecular biology, chaperone is a protein that assists the conformational folding or unfolding and the assembly or disassembly of other macromolecular structures.
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IMPACT OF DIFFERENT ↵-SYNUCLEIN FIBRILLAR POLYMORPHS AND -AMYLOID ASSEMBLIES ON MOUSE CORTICAL NEURONS ENDO-LYSOSOMAL LOGISTICS CONCLUSION AND PERSPECTIVES

The endosomal-lysosomal system is a complex and highly dynamical process, where internalized transmembrane proteins, receptors, receptor ligands, and some soluble extracellular proteins are transported, sorted, and/or degraded. In recent years, a particular attention has been paid to the endo-lysosomal system because it is found impaired in most neurodegenerative diseases (ND).

Our study relied on the quantification of endosomal and lysosomal transport in branches of cultured mouse cortical neurons, after the application of ↵-syn fibrillar polymorphs (fibrils and ribbons) and A assemblies (oligomers and fibrils). They provided some significant insight on the impact on the endo-lysosomal trafficking of these ND-associated pathogenic protein assemblies.

We revealed several critical events induced by pathogenic protein assemblies: the fraction of endosomes moving along microtubules is reduced (suppressed hugely) by all the protein assemblies and some of their transport parameters were affected as well. As for the lysosomes, only A O affect significantly all the transport properties (number, fraction of lysosomes moving, and transport parameters), showing that different pathogenic aggregates and polymorph lead to distinct endo-lysosomal trafficking impact. Subsequently, our data indicate that cargoes loaded with protein assemblies are transported differently from endosomes considered as control. Finally, we observed a large colocalization between A assemblies and lysosomes, suggesting their strong mutual interaction.

These results give directions for future studies that we review in this Chapter.

APPENDIX A

WHITE-LIGHT TRANSMISSION TECHNIQUES FOR LIVE-CELL IMAGING

Conventional approaches to live-cell imaging are usually based on the short or long-term timelapse investigations designed to monitor cellular motility and dynamics events utilizing transmitted light techniques, such as brightfield, darkfield microscopy, differential interference contrast (DIC) microscopy. These approaches are often harmless to live cells but they cannot detect nanometer scale structures that require for example fluorescent dye labeling as discussed in Appendix B.

A.1 Brightfield microscopy (BF)

BF microscopy is the simplest of all the optical microscopy illumination techniques. Sample illumination is transmitted (i.e., illuminated from below and observed from above) white light and contrast in the sample is caused by attenuation of the transmitted light in dense areas of the sample (Figure A.3 a). Brightfield microscopy is the primary approach of all forms of optical microscopy and has been used for the past three centuries. The general lack of contrast of BF (when using unstained samples) limits the information one can collect from cells to the membrane outline, nuclear position, and the location of "large" intracellular vesicles ( The most sensitive experiments were done by the Cheng and coworkers [START_REF] Lin | Nanodiamond for biolabelling and toxicity evaluation in the zebrafish embryo in vivo[END_REF] who conducted the toxicity evaluations of fluorescent nanodiamonds (fNDs) on the zebrafish embryo in vivo. This model is extremely sensitive to the toxicity at critical stage of embryo development. They demonstrated that for fNDs concentration below 1 mg/ml, even in the crucial stages, zebrafish embryo displayed similar development as compared to the control groups. Additionally, the fNDs were injected into the mice for more than 5 months at a dosage up to 75 mg/kg body mass and shown no evidence of toxicity, neither in living animals, nor in the histopathological examinations [START_REF] Schrand | Nanodiamond particles: properties and perspectives for bioapplications[END_REF].

C.2 Some fNDs bioapplications

fNDs fluorescent probes contain extraordinary photostability and biocompatibility, making it possible to achieve in vitro or in vivo bioapplications. fNDs have been proposed as single-particle making it possible to separate fNDs emission from the strong autofluorescence background from the tissue using fluorescence life imaging microscopy (FLIM). Therefore, FLIM imaging of fNDs was used to track the lung stem cells in vivo in a mouse model [Wu et al., 2013b](Figure C.1 c) and to determine the tissue distribution and aggregation state of fND:oligonucletotide complexes after injections [START_REF] Claveau | Harnessing subcellular-resolved organ distribution of cationic copolymerfunctionalized fluorescent nanodiamonds for optimal delivery of active siRNA to a xenografted tumor in mice[END_REF]. In addition, in vivo imaging of bare fNDs was also achieved in C-elegans using epifluorescence microscopy [START_REF] Mohan | In vivo imaging and toxicity assessments of fluorescent nanodiamonds in caenorhabditis elegans[END_REF] 

APPENDIX D MATERIALS AND METHODS

D.1 Production of α-syn fibrillar assemblies, Aβ fibrils and oligomers

The expression and purification of human WT ↵-syn was performed as previously described [START_REF] Ghee | Pa700, the regulatory complex of the 26s proteasome, interferes with ↵-synuclein assembly[END_REF]. Pure WT ↵-syn was incubated in buffer A to obtain fibrillar polymorph "fibrils" ↵-synF (50 mM Tris-HCl at pH 7.5, 150 mM KCl) and in buffer B for "ribbons" ↵-synR (5mM

Tris-HCl at pH 7.5) at 37°C under continuous shaking in an Eppendorf Thermomixer (Hamburg, Germany) set at 600 rotations per minute (rpm) for 4-7 days [START_REF] Bousset | Structural and functional characterization of two alpha-synuclein strains[END_REF]. The fibrillar ↵-syn polymorphs were centrifuged twice at 15,000 g for 10 min and resuspended twice in phosphate-buffered saline (PBS) at 1,446 g/L prior to labeling with ATTO 488 NHS-ester (#AD 488-3, Atto-Tec, Siegen, Germany) fluorophore following the manufacturer's instructions using a protein/dye ratio of 1:2. The labeling reactions were arrested by addition of 1 mM Tris (pH 7.5). The unreacted fluorophore was removed by a final cycle of two centrifugations at 15,000 g for 10 min and resuspensions of the pellets in PBS. This labeling protocol typically yields 1 ATTO molecule incorporated per ↵-syn monomer on average as previously demonstrated [START_REF] Shrivastava | ↵-synuclein assemblies sequester neuronal ↵3-na+/k+-atp ase and impair na+ gradient[END_REF]. The assemblies were examined by transmission electron microscopy after adsorption on 200 mesh carbon-coated electron microscopy grids and negative stained with 1% uranyl acetate maintaining medium. The culture was then placed back during 20 mins in the incubator before the video acquisition.

To measure lysosomal transport or investigate the colocalization of neurodegenerative diseaserelated species with lysosomes, cortical neurons were stained at DIC21, just before the observation, with LysoTracker Deep Red (ref. L12492, ThermoFisher). This dye molecule has an emission spectrum within the similar range than the one of FND. The coverslip was removed from maintaining medium and incubated with prewarmed (37°C) culture medium containing 50 nM LysoTracker for 1 h. The probe-containing medium was replaced with the old maintaining medium and followed by video acquisition.

D.5 Data representation and statistical analysis

All bar plots display the ± standard error on the mean distribution. Box plots display the median value as the horizontal line within the box whose limits are 25% and 75% percentiles; bottom and top horizontal lines correspond to 10% and 90% percentiles. As all the data compared between two conditions were random and normally distributed but with unequal variance (as tested with F-test), we performed the relevant comparison test which is the non-parametric Wilcoxon Mann-Whitney two-tailed (implicated in Igor Pro 8, Wavemetrics Inc., USA). Stars referred to the following P-value significance level: *p<0.05; **p<0.01; ***p<0.001.