Stroke is a pathology caused by a lack of oxygen to the brain due to the obstruction or the rupture of a cerebral blood vessel. The estimated incidence of stroke worldwide was 12.2 million in 2022 according to the World Stroke Organization (WSO).

Globally, one in four people over 25 will experience a stroke in their lifetime. It is responsible for 6.5 million deaths, representing the second leading cause of death [START_REF] Feigin | World Stroke Organization (WSO): Global Stroke Fact Sheet 2022[END_REF]) after ischemic heart disease and one of the leading causes of acquired disabilities in adults [START_REF] Feigin | Global, Regional, and National Burden of Neurological Disorders, 1990-2016: A Systematic Analysis for the Global Burden of Disease Study 2016[END_REF]. The incidence of stroke has increased during the last decades from 7.2 million of incident strokes in 1990 to 12.2 million in 2019 (IHME, University of Washington; 2023 n.d.) (Figure 1), with most of the global rise occurring in lower income and lower-middle income countries [START_REF] Feigin | World Stroke Organization (WSO): Global Stroke Fact Sheet 2022[END_REF][START_REF] Thiebaut | Modulation de l'autophagie neuronale par la sérine protéase tPA en conditions ischémiques[END_REF].

In France, there are over 140,000 new cases of stroke per year representing one stroke every 4 minutes. It is the leading cause of acquired physical disability in adults, the second leading cause of dementia after Alzheimer's disease and the second leading cause of death (first cause of death for women), with 20% of people dying within the first year following stroke (Inserm data). Stroke can occur at any age but the average age of onset is 74. The incidence rate of stroke doubles every 10 years after the age of 55 (25% of strokes occur in people under 65 while this rate rises over 50% in people over 75 (Direction de l'hospitalisation et de l'organisation des soins (DHOS) 2009). 
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Classification

There are two types of stroke: ischemic stroke (80-85% of cases) and hemorrhagic stroke (15-20% of cases).

a) Hemorrhagic stroke

Cerebral hemorrhage is a form of stroke caused by the rupture of a cerebral artery, which is weakened by hypertension (a major cause), malformation or treatment (Figure 2). The rupture causes bleeding into the brain parenchyma and a decrease in blood flow to the area supplied by the affected artery. Hemorrhagic stroke, which is fatal in over 50% of cases, accounts for 5% to 20% of all stroke cases, and its incidence varies based on age and geographic region [START_REF] Feigin | Global, Regional, and National Burden of Neurological Disorders, 1990-2016: A Systematic Analysis for the Global Burden of Disease Study 2016[END_REF]
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There are two main types of hemorrhagic stroke, depending on their location: intraparenchymal hemorrhage (around 75% of patients) and meningeal or subarachnoid hemorrhage (around 25% of patients). 

b) Ischemic stroke

Cerebral ischemia is the result of obstruction of a cerebral artery by a blood clot, stopping/reducing the blood flow to the perfused area (Figure 2). The TOAST classification (Trial of ORG 10172 in Acute Stroke Treatment subtype classification) distinguishes five types of ischemic stroke according to their etiology (H P [START_REF] Adams | Classification of Subtype of Acute Ischemic Stroke. Definitions for Use in a Multicenter Clinical Trial. TOAST. Trial of Org 10172 in Acute Stroke Treatment[END_REF][START_REF] Chung | Trial of ORG 10172 in Acute Stroke Treatment (TOAST) Classification and Vascular Territory of Ischemic Stroke Lesions Diagnosed by Diffusion-Weighted Imaging[END_REF]):

-Large-artery atherosclerosis: Atherosclerosis of the large arteries is the most common cause of ischemic stroke (30% of cases). It corresponds to the stenosis of more than 50% or the occlusion of a major cerebral artery by an unstable atheromatous plaque that progressively forms a thrombus.

-Cardioembolism: This type of stroke is characterized by the occlusion of a cerebral artery due to an embolus originating from the heart and accounts for approximately 20% of ischemic strokes.
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-Small-arteries occlusion: The occlusion of small arteries, also known as lacune, represents around 20% of ischemic strokes and concerns arterioles generally located in the deep white matter.

-Other determined etiology: This category, which accounts for 3 to 5% of cases, includes other causes of ischemic stroke such as nonatherosclerotic vasculopathies, hypercoagulable states and hematologic disorders.

-Undetermined etiology: For 25% of ischemic strokes, the cause is either multiple, unknown or its evaluation incomplete.

Figure 3. Global number of deaths caused by stroke, ischemic stroke and hemorrhagic stroke (intracerebral and subarachnoid hemorrhages) for all ages

and both sexes, from 1990 to 2019. Source: Institute for Health Metrics and Evaluation;ghdx.healthdata.org/gbd-results-tool. University of Washington, Seattle;2015. (IHME, University of Washington;2023 n.d.).

Although it represents a smaller proportion of strokes, hemorrhagic stroke is responsible for nearly as many deaths as ischemic stroke, causing 3.26 million and INTRODUCTION | Stroke 3,29 million deaths, respectively (IHME, University of Washington; 2023 n.d.) (Figure 3).

Risk factors a) Modifiable risk factors

Ten potentially modifiable risk factors account for about 90% of strokes worldwide [START_REF] Feigin | Global Burden of Stroke and Risk Factors in 188 Countries, during 1990-2013: A Systematic Analysis for the Global Burden of Disease Study 2013[END_REF][START_REF] O'donnell | Global and Regional Effects of Potentially Modifiable Risk Factors Associated with Acute Stroke in 32 Countries (INTERSTROKE): A Case-Control Study[END_REF]. There are three categories of contributing factors: behavioral factors (smoking, diet, alcohol consumption, and lack of physical activity), metabolic factors (hypertension, high cholesterol, and diabetes), and environmental factors (air pollution and lead exposure).

-Arterial hypertension: High blood pressure is the most significant risk factor for stroke, accounting for half of all stroke cases [START_REF] Feigin | Global, Regional, and National Burden of Stroke and Its Risk Factors, 1990-2019: A Systematic Analysis for the Global Burden of Disease Study 2019[END_REF][START_REF] O'donnell | Global and Regional Effects of Potentially Modifiable Risk Factors Associated with Acute Stroke in 32 Countries (INTERSTROKE): A Case-Control Study[END_REF]).

-Obesity and diet: Poor diet and high body mass index are respectively the second and third risk factors for stroke in the world. Inadequate nutrition is implicated in 31% of all strokes and includes diets that are high in sodium and red meat, while being low in fruits, vegetables and whole grains [START_REF] Feigin | Global, Regional, and National Burden of Stroke and Its Risk Factors, 1990-2019: A Systematic Analysis for the Global Burden of Disease Study 2019[END_REF]. Obesity is characterized by a body mass index superior to 30 kg/m 2 and accounts for almost a quarter of strokes [START_REF] Feigin | Global, Regional, and National Burden of Stroke and Its Risk Factors, 1990-2019: A Systematic Analysis for the Global Burden of Disease Study 2019[END_REF]).

-Diabete: High fasting plasma glucose is a common consequence of uncontrolled diabetes and is a risk factor responsible for 20% of stroke cases [START_REF] Feigin | Global, Regional, and National Burden of Stroke and Its Risk Factors, 1990-2019: A Systematic Analysis for the Global Burden of Disease Study 2019[END_REF]).

-Smoking: Tobacco and second-hand smoking account for 18% and 3.5% of stroke incidents, respectively [START_REF] Feigin | Global, Regional, and National Burden of Stroke and Its Risk Factors, 1990-2019: A Systematic Analysis for the Global Burden of Disease Study 2019[END_REF]).

-Alcohol consumption: Alcohol is a behavioral risk implicated in 6% of all strokes [START_REF] Feigin | Global, Regional, and National Burden of Stroke and Its Risk Factors, 1990-2019: A Systematic Analysis for the Global Burden of Disease Study 2019[END_REF]). In the week following heavy alcohol intake, the risk of ischemic stroke is 2.25 higher compared with no alcohol consumption [START_REF] Mostofsky | Alcohol and Immediate Risk of Cardiovascular Events: A Systematic Review and Dose-Response Meta-Analysis[END_REF]. [START_REF] Feigin | World Stroke Organization (WSO): Global Stroke Fact Sheet 2022[END_REF]).
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b) Non-modifiable risk factors

Other stroke risk factors are non-modifiable:

-Aging: Age is the major non-modifiable risk factor for stroke worldwide. In 2019, 72.6% of strokes occurred in people aged over 55, and 37.7% of strokes affected people aged 70 or older [START_REF] Feigin | World Stroke Organization (WSO): Global Stroke Fact Sheet 2022[END_REF]IHME, University of Washington;2023 n.d.). The incidence of stroke increases with age, doubling for every decade after the age of 55 [START_REF] Boehme | Stroke Risk Factors, Genetics, and Prevention[END_REF], and is driven by the global aging of populations [START_REF] Krishnamurthi | Global and Regional Burden of First-Ever Ischaemic and Haemorrhagic Stroke during 1990-2010: Findings from the Global Burden of Disease Study 2010[END_REF]).

-Sexe: In 2022, 53% of strokes occurred in women, with a higher incidence of ischemic strokes in women and a higher incidence of hemorrhagic strokes in men [START_REF] Feigin | World Stroke Organization (WSO): Global Stroke Fact Sheet 2022[END_REF]. Below 45, there is no difference in mortality between men and women, but mortality rate is higher for men aged 45-74 years old while it is higher for women over 85 [START_REF] Reeves | Sex Differences in Stroke: Epidemiology, Clinical Presentation, Medical Care, and Outcomes[END_REF]).

-Ethnicity: The risk of stroke incident is higher for African Americans, Hispanic/Latino Americans, and Indian Americans compared to white Americans [START_REF] Benjamin | Heart Disease and Stroke Statistics-2018 Update: A Report From the American Heart Association[END_REF]). In the UK, Black people have an increased risk of stroke relative to White and Asian people [START_REF] Bonnechère | Does Ethnicity Influence Dementia, Stroke and Mortality Risk? Evidence from the UK Biobank[END_REF]).

-Genetic factors: Genetic variability implies the modification of multiple pathways regulating various mechanisms. Thirty-two loci have been identified as stroke risk factors, with half of them being implicated in vascular pathologies such as arterial hypertension [START_REF] Malik | Multiancestry Genome-Wide Association Study of 520,000 Subjects Identifies 32 Loci Associated with Stroke and Stroke Subtypes[END_REF]. INTRODUCTION | Stroke

B. Pathophysiology

Different compartments are altered during ischemic stroke: firstly, there is a local decrease of cerebral blood flow (CBF) due to thrombus or embolus formation, affecting the vascular compartment; secondly, the blood-brain barrier (BBB) loses its integrity; and thirdly, parenchymal tissue is damaged.

Vascular damage

Since cerebral metabolic activity relies on oxidative phosphorylation, the brain requires a continuous supply of oxygen and glucose from circulating blood and is particularly sensitive to sudden changes. Despite accounting for only 2% of total body weight, it consumes 20% of total body oxygen and 25% of total cardiac output (Amin and Schindler 2017). A normal CBF is estimated at 50 mL/100g/min. In ischemic stroke, the formation of a blood clot leads to a reduction or complete obstruction of the arterial lumen, resulting in decreased CBF. Cerebral ischemia starts when CBF is inferior to 22 mL/100g/min. Below 10 mL/100g/min, damages are irreversible (J. [START_REF] Astrup | Thresholds in Cerebral Ischemia -The Ischemic Penumbra[END_REF]. A CBF lower than 4.8 mL/100g/min corresponds to a 95% probability of developing a cortical infarction, whereas a CBF higher than 14.1 mL/100g/mL decreases this probability to 5% [START_REF] Heiss | Penumbral Probability Thresholds of Cortical Flumazenil Binding and Blood Flow Predicting Tissue Outcome in Patients with Cerebral Ischaemia[END_REF].

The decrease of CBF in the territories affected by the occlusion is heterogeneous (J. C. [START_REF] Baron | BIBLIOGRAPHY "Noninvasive Tomographic Study of Cerebral Blood Flow and Oxygen Metabolism in Vivo[END_REF][START_REF] Marchal | Prolonged Persistence of Substantial Volumes of Potentially Viable Brain Tissue After Stroke[END_REF], resulting in three hypoperfused zones (Figure 5):

-Infarct core (CBF < 10 mL/100g/min): The ischemic core is the most affected region, experiencing a drastic drop in CBF, which leads to irreversible damages and rapid necrosis of tissues [START_REF] Furlan | Spontaneous Neurological Recovery after Stroke and the Fate of the Ischemic Penumbra[END_REF][START_REF] Heiss | Penumbral Probability Thresholds of Cortical Flumazenil Binding and Blood Flow Predicting Tissue Outcome in Patients with Cerebral Ischaemia[END_REF]. Neurons exposed to a CBF ≤ 14 mL/100g/min for more than 45 minutes have a poor survival prognosis [START_REF] Heiss | Functional Recovery of Cortical Neurons as Related to Degree and Duration of Ischemia[END_REF].

-Penumbra (10 ≤ CBF < 22 mL/100g/min): The zone around the ischemic core is partially irrigated by collateral arteries, and thus less affected by the decrease in CBF. This hypoperfused region does not present irreversible damage as its structural integrity is preserved despite an abolished synaptic activity, but its prognosis is uncertain. Although the CBF is reduced, the oxygen supply is INTRODUCTION | Stroke sufficient to ensure tissue survival for a limited period of time. The main aim of acute stroke is to rescue ischemic penumbra that is still viable, but if the CBF is not restored, the exposed neurons will eventually die [START_REF] Furlan | Spontaneous Neurological Recovery after Stroke and the Fate of the Ischemic Penumbra[END_REF]J. Astrup, Siesjö, and Symon 1981).

-Oligemia (CBF ≥ 22 mL/100g/min): The oligemia corresponds to the tissues around the ischemic penumbra that undergo a moderate and non-damaging hypoperfusion. The decrease in CBF does not affect the cellular metabolism nor induce tissular lesions [START_REF] Furlan | Spontaneous Neurological Recovery after Stroke and the Fate of the Ischemic Penumbra[END_REF]. the core (strong hypoperfusion, irreversibly infarcted tissue), the penumbra (moderate hypoperfusion, reversible damages, potentially salvageable tissue) and the oligemia (low hypoperfusion, non-damaged tissue). Without early recanalization, the core will expand to the penumbra. Adapted from [START_REF] Kloska | Acute Stroke Magnetic Resonance Imaging: Current Status and Future Perspective[END_REF]).

Alteration of the blood-brain barrier

Cerebral endothelial cells, pericytes, glia and neurons are components of the BBB that helps to maintain cerebral homeostasis by controlling exchanges between blood and parenchyma. This physiological barrier protects the central nervous system (CNS) against many toxic pathogens and exogen molecules (Weiss et al. 2009) (Figure 6). INTRODUCTION | Stroke Figure 6. Scheme of blood-brain barrier. The BBB is formed by endothelial cells linked by tight junctions, a basal lamina, pericytes and astrocytic feet. Adapted from [START_REF] Abbott | Astrocyte-Endothelial Interactions at the Blood-Brain Barrier[END_REF].

In ischemic conditions, BBB permeability is partly attributed to the action of matrix metalloproteinases (MMPs) responsible for degrading the tight junctions between endothelial cells and the basal lamina (Y. [START_REF] Rosenberg | Vasogenic Edema Due to Tight Junction Disruption by Matrix Metalloproteinases in Cerebral Ischemia[END_REF]. This BBB opening is biphasic [START_REF] Kuroiwa | Role of Extracellular Proteins in the Dynamics of Vasogenic Brain Edema[END_REF][START_REF] Maki | Biphasic Mechanisms of Neurovascular Unit Injury and Protection in CNS Diseases[END_REF]): the initial reversible phase, occurring in the first hours after ischemia (G. A. [START_REF] Rosenberg | Matrix Metalloproteinases and TIMPs Are Associated With Blood-Brain Barrier Opening After Reperfusion in Rat Brain[END_REF] and attributed to an increased expression of MMP-2 [START_REF] Chang | Activation Systems for Latent Matrix Metalloproteinase-2 Are Upregulated Immediately after Focal Cerebral Ischemia[END_REF][START_REF] Nakaji | Matrix Metalloproteinase-2 Plays a Critical Role in the Pathogenesis of White Matter Lesions After 262 BIBLIOGRAPHY Chronic Cerebral Hypoperfusion in Rodents[END_REF]); the second phase, which occurs between 24 and 48 hours. During this second phase, pro-inflammatory cytokines and free radicals provoke leukocyte infiltration, MMP-3, and MMP-9 activation, leading to irreversible BBB rupture and severe tissue damage [START_REF] Pun | Involvement of ROS in BBB Dysfunction[END_REF][START_REF] Rosenberg | Matrix Metalloproteinases and TIMPs Are Associated With Blood-Brain Barrier Opening After Reperfusion in Rat Brain[END_REF][START_REF] Rosenberg | Vasogenic Edema Due to Tight Junction Disruption by Matrix Metalloproteinases in Cerebral Ischemia[END_REF][START_REF] Dalkara | Can Restoring Incomplete Microcirculatory Reperfusion Improve Stroke Outcome after Thrombolysis?[END_REF][START_REF] Berezowski | Endothelial Cells and Astrocytes: A Concerto En Duo in Ischemic Pathophysiology[END_REF]).

MMPs are one of the most significant contributors to BBB breakdown in stroke (L.-R. Zhao et al. 2007) and include MMPs activated by hypoxia-inducible factor-1ɑ (HIF-1ɑ)-dependent mechanisms (MMP-2) and MMPs activated by cytokines (MMP-3 and MMP-9) (Y. Yang and Rosenberg 2011;Shuai Zhang et al. 2018). The degradation of integrins, the transmembrane glycoprotein receptors involved in regulation of BBB permeability and transport, leads to BBB disruption (Y. Yang and Rosenberg 2011; [START_REF] Roberts | Mice Deficient in Endothelial Α5 Integrin Are Profoundly Resistant to Experimental Ischemic Stroke[END_REF]. Disruption of tight junction protein complexes (such as claudin-5, occludin, and ZO-1) and adherens junctions (such as VE-cadherin) also contribute to BBB breakdown [START_REF] Nakano-Doi | Ischemic Stroke Activates the VE-Cadherin Promoter and Increases VE-Cadherin Expression in Adult Mice[END_REF][START_REF] Jiao | Specific Role of Tight Junction Proteins Claudin-5, Occludin, and ZO-1 of the Blood-Brain Barrier in a Focal Cerebral Ischemic Insult[END_REF].
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BBB breakdown induces a vasogenic edema characterized by the movement of water from the vascular compartment to the brain parenchyma [START_REF] Hatashita | Brain Edema and Cerebrovascular Permeability during Cerebral Ischemia in Rats[END_REF].

This edema causes an increase in cerebral volume, a rise in intracranial pressure, and ischemia-reperfusion lesions [START_REF] Klatzo | BRAIN OEDEMA FOLLOWING BRAIN ISCHAEMIA AND THE INFLUENCE OF THERAPY[END_REF]. The BBB opening is also associated with a risk of hemorrhagic transformation and a poor long-term prognosis [START_REF] Brouns | Biochemical Markers for Blood-Brain Barrier Dysfunction in Acute BIBLIOGRAPHY Ischemic Stroke Correlate with Evolution and Outcome[END_REF][START_REF] Hjort | MRI Detection of Early Blood-Brain Barrier Disruption: Parenchymal Enhancement Predicts Focal Hemorrhagic Transformation After Thrombolysis[END_REF]).

Tissue damage

After the onset of ischemia, several processes lead to cell death: inflammation, excitotoxicity, apoptosis, necrosis, autophagy, phagoptosis, necroptosis, ferroptosis, and pyroptosis [START_REF] Dirnagl | Pathobiology of Ischaemic Stroke: An Integrated View[END_REF]Tuo, Zhang, and Lei 2022;[START_REF] Şekerdağ | Cell Death Mechanisms in Stroke and Novel Molecular and Cellular Treatment Options[END_REF]. These different pathological mechanisms are interrelated and affect the entire CNS, leading to cell death and neurological disorders [START_REF] Khoshnam | Pathogenic Mechanisms Following Ischemic Stroke[END_REF]).

a) Energy failure and excitotoxicity

Excitotoxicity is the first identified molecular mechanism implicated in cerebral ischemic lesions. It refers to the rapid and massive release of the excitatory amino acid glutamate after an energy deficit [START_REF] Chamorro | Neuroprotection in Acute Stroke: Targeting Excitotoxicity, Oxidative and Nitrosative Stress, and Inflammation[END_REF].

The brain is an organ that requires a constant supply of oxygen and glucose and ensures its energy needs by glucose oxidation. Immediately following the onset of ischemia, the decrease in CBF stops oxidative phosphorylation, thereby inhibiting the production of adenosine triphosphate (ATP). The reduction in ATP is responsible for the failure of the sodium/potassium (Na + /K + ) ATPase pump. Consequently, Na + and K + ions are no longer transported across the membrane, leading to a massive INTRODUCTION | Stroke efflux of K + into the extracellular space and an influx of Na + into the cell. This prompts the voltage-gated calcium (Ca 2+ ) channels to open, resulting in an increased intracellular Ca 2+ concentration [START_REF] Martin | The Early Events of Oxygen and Glucose Deprivation: Setting the Scene for Neuronal Death?[END_REF]. The decrease in ATP also impairs the functionality of calcium extruders, such as plasma-membraneassociated Ca 2+ /ATPase and the Na + /Ca 2+ exchanger, leading to the increase of the intracellular Ca 2+ .

Inside the cell, the Ca 2+ binds to synaptotagmin, which is located at the vesicular membranes. This triggers the fusion of the vesicles with the plasma membrane, releasing glutamate into the synaptic cleft [START_REF] Şekerdağ | Cell Death Mechanisms in Stroke and Novel Molecular and Cellular Treatment Options[END_REF].

The excessive release of glutamate in the synaptic cleft causes hyperactivation of the postsynaptic ɑ-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainate, and N-methyl-D-aspartate (NMDA) receptors, inducing Na + and Ca 2+ influx in neurons and leading to their depolarization. This cascade of events results in postsynaptic necrotic cell death (Won, Kim, and Gwag 2002).

Simultaneously, ionic changes facilitate the entry of water into the cell through the plasma membrane, resulting in cytotoxic edema [START_REF] Dreier | How Spreading Depolarization Can Be the Pathophysiological Correlate of Both Migraine Aura and Stroke[END_REF]. Collectively, these mechanisms trigger a wave of depolarization, leading to an extension of the brain lesion (Won, Kim, and Gwag 2002).

The elevated concentration of intracellular calcium in ischemic tissue promotes the activation of calpain, a protease responsible for the proteolysis of cytosolic substrates. This enhanced process ultimately leads to neuronal death (Anagli et al. 2009).

The Ca 2+ influx also induces depolarization of the mitochondrial membrane, leading to the release of oxygenated free radicals. This drives the permeabilization of the mitochondrial membrane, responsible for the release of cytotoxic substances, such as cytochrome c (D. [START_REF] Liu | Activation of Mitochondrial ATP-Dependent Potassium Channels Protects Neurons against Ischemia-Induced Death by a Mechanism Involving Suppression of Bax Translocation and Cytochrome c Release[END_REF][START_REF] Doyle | Mechanisms of Ischemic Brain Damage[END_REF].

In addition to oxidative stress, cerebral ischemia leads to nitrating stress via activation of the nitric oxide synthase (NOS) pathway. While endothelial NOS (eNOS) exerts a vasodilatory effect and improves blood flow (Z. [START_REF] Huang | Enlarged Infarcts in Endothelial Nitric Oxide Synthase Knockout Mice Are Attenuated by Nitro-L-Arginine[END_REF], neuronal NOS (nNOS) and inducible NOS (iNOS) are deleterious. Indeed, iNOS stimulates the INTRODUCTION | Stroke production of nitrous oxide (NO), which leads to brain damage during ischemic reperfusion [START_REF] Danielisova | Aminoguanidine Administration Ameliorates Hippocampal Damage After Middle Cerebral Artery Occlusion in Rat[END_REF]. iNOS also induces an inflammatory response by activating the secretion of tumoral necrosis factor-ɑ (TNF-ɑ) and interleukin-β (IL-β) (Z. [START_REF] Chen | The Role of Nitric Oxide in Stroke[END_REF][START_REF] Khan | S -Nitrosoglutathione Reduces Inflammation and Protects Brain against Focal Cerebral Ischemia in a Rat Model of Experimental Stroke[END_REF]). Moreover, it has been demonstrated that nNOS inhibition reduces excitotoxicity by decreasing calpain activation (M. [START_REF] Sun | Inhibition of nNOS Reduces Ischemic Cell Death through Down-Regulating Calpain and Caspase-3 after Experimental Stroke[END_REF].

In summary, excitotoxicity is a process that induces cell death following cerebral ischemia. Excitotoxic mechanisms initiate rapid necrotic cell death and activate intracellular signaling pathways. These pathways lead to the activation of proinflammatory genes [START_REF] Şekerdağ | Cell Death Mechanisms in Stroke and Novel Molecular and Cellular Treatment Options[END_REF] and apoptosis (D. [START_REF] Liu | Activation of Mitochondrial ATP-Dependent Potassium Channels Protects Neurons against Ischemia-Induced Death by a Mechanism Involving Suppression of Bax Translocation and Cytochrome c Release[END_REF].

b) Inflammation

Inflammation is the immune system's response to external or internal aggression and plays a central role in the pathophysiology of ischemic stroke.

Inflammatory response after ischemia can be decomposed in three phases [START_REF] Drieu | Anti-Inflammatory Treatments for Stroke: From Bench to Bedside[END_REF]):

-The acute phase occurs in the first hours following stroke onset and is characterized by the activation of resident phagocytic cells such as microglia, which are responsible for clearing dead cells. Resident cells secrete proinflammatory cytokines and chimiokines which trigger the infiltration of circulating inflammatory cells, such as granulocytes, neutrophils, T lymphocytes, and monocytes/macrophage, into the ischemic region [START_REF] Buck | Early Neutrophilia Is Associated With Volume of Ischemic Tissue in Acute Stroke[END_REF]Y. Chen et al. 2003;[START_REF] Jurcau | Neuroinflammation in Cerebral Ischemia and Ischemia/Reperfusion Injuries: From Pathophysiology to Therapeutic Strategies[END_REF][START_REF] Price | Cerebral Neutrophil Recruitment, Histology, and Outcome in Acute Ischemic Stroke: An Imaging-Based Study[END_REF][START_REF] Schilling | Microglial Activation Precedes and Predominates over Macrophage Infiltration in Transient Focal Cerebral Ischemia: A Study in Green Fluorescent Protein Transgenic Bone Marrow Chimeric Mice[END_REF][START_REF] Tanaka | Migration of Enhanced Green BIBLIOGRAPHY Fluorescent Protein Expressing Bone Marrow-Derived Microglia/Macrophage into the Mouse Brain Following Permanent Focal Ischemia[END_REF]).

-The subacute phase, which happens in the first days after ischemia, corresponds to the resolution of inflammation. Infiltrated leukocytes and activated resident cells mediate the extension of the infarcted zone through a pro-inflammatory action, secreting pro-inflammatory cytokines and chimiokines, free radicals, and proteases [START_REF] Grilli | Interleukin-10 Modulates Neuronal Threshold of Vulnerability to Ischaemic Damage[END_REF][START_REF] Romanic | Matrix Metalloproteinase Expression Increases After Cerebral Focal Ischemia in Rats: Inhibition of Matrix Metalloproteinase-9 Reduces Infarct Size[END_REF]. However, the initial inflammation self-regulates, promoting remodeling and functional reorganization (Xu et al. 2020). This process is characterized by the elimination INTRODUCTION | Stroke of dead cells and tissue debris, the establishment of an anti-inflammatory environment, and the production of cellular survival factors [START_REF] Malone | Immunomodulatory Therapeutic Strategies in Stroke[END_REF]).

An anti-inflammatory environment, induced by the inhibition of pro-inflammatory cytokines, has a neuroprotective effect, reducing brain edema and infarct size [START_REF] Loddick | Neuroprotective Effects of Human Recombinant Interleukin-1 Receptor Antagonist in Focal Cerebral Ischaemia in the Rat[END_REF][START_REF] Matsumoto | Prevention of Cerebral Edema and Infarct in Cerebral Reperfusion Injury by an Antibody to Interleukin-8[END_REF]).

-The late phase is defined by the tissue repair by astrocytes and microglia and the formation of glial scar happening days and weeks after ischemic stroke incident. This phase aims to restore tissue integrity with the production of growth factors and proteases to remodel the site of injury (Iadecola and Anrather 2011).

c) Apoptosis

Apoptosis is a cell death mechanism that occurs "later" in stroke, preferentially in the ischemic penumbra where there is still sufficient energy to initiate programmed cell death. It has been reported that exposure to moderate ischemia leads neurons to apoptotic death, while more severe damage leads to necrotic death [START_REF] Bonfoco | Apoptosis and Necrosis: Two Distinct Events Induced, Respectively, by Mild and Intense Insults with N-Methyl-D-Aspartate or Nitric Oxide/Superoxide in Cortical Cell Cultures[END_REF][START_REF] Nicotera | Excitotoxins in Neuronal Apoptosis and Necrosis[END_REF].

There are two general pathways for activation of apoptosis (Figure 8):

-The intrinsic pathway: During ischemic stroke, rapid depletion of energy drives the activation of voltage-dependent Ca 2+ channels and the release of excitatory amino acids into the extracellular space. The resulting cytotoxic accumulation of intracellular Ca 2+ triggers the cleavage of Bcl-2 interacting domain (Bid) into truncated Bid (tBid) that interacts with the apoptotic protein Bax at the mitochondrial membrane. The heterodimer tBid/Bax causes the formation of mitochondrial transition pores (MTP) through which cytochrome c is released into the cytoplasm [START_REF] Guadagno | Microglia-Derived TNFα Induces Apoptosis in Neural Precursor Cells via Transcriptional Activation of the Bcl-2 Family Member Puma[END_REF]Wilkins and Swerdlow 2015). Cytochrome c interacts with Apaf-1 (Apoptotic protease activating factor-1) and procaspase-9, enabling the assembly of the apoptosome [START_REF] Riedl | Structure of the Apoptotic Protease-Activating Factor 1 Bound to ADP[END_REF]. This complex activates caspase-9, which in turn activates caspase-3.
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Caspase-3 activates endonucleases, and induces DNA damage and formation of apoptotic bodies [START_REF] Díaz-Quintana | Cytochrome c Speeds up Caspase Cascade Activation by Blocking 14-3-3ε-Dependent Apaf-1 Inhibition[END_REF][START_REF] Endo | Mitochondrial Translocation of P53 Mediates Release of Cytochrome c and Hippocampal CA1 Neuronal Death after Transient Global Cerebral Ischemia in Rats[END_REF][START_REF] Gao | Neuroprotection against Hypoxic-Ischemic Brain Injury by Inhibiting the Apoptotic Protease Activating Factor-1 Pathway[END_REF]).

In addition, the increase in intracellular Ca 2+ leads to an accumulation of mitochondrial Ca 2+ , responsible for depolarization and permeabilization of the mitochondrial membrane, leading to the release of radical oxygen species (ROS), nitric oxide (NO) and cytochrome c into the cytoplasm [START_REF] Gincel | Calcium Binding and Translocation by the Voltage-Dependent Anion Channel: A Possible Regulatory Mechanism in Mitochondrial Function[END_REF]. These inflammatory mediators are also responsible for DNA damage and cell apoptosis [START_REF] Broughton | Apoptotic Mechanisms After Cerebral Ischemia[END_REF][START_REF] Morita-Fujimura | Superoxide During Reperfusion Contributes to Caspase-8 Expression and Apoptosis After Transient Focal Stroke[END_REF][START_REF] Sugawara | Reactive Oxygen Radicals and Pathogenesis of Neuronal Death After Cerebral Ischemia[END_REF].

-The extrinsic pathway: Ischemia induces the release of extracellular apoptosis mediators, which can activate death receptors located on the plasma membrane, such as Fas receptor. Fas is involved in the activation and the release of caspase-8 into the cytoplasm [START_REF] Locksley | The TNF and TNF Receptor Superfamilies: Integrating Mammalian Biology[END_REF], which in turn induces the release of cytochrome c through the intrinsic Bid/Bax mechanism and caspase-3 activation [START_REF] Luo | Bid, a Bcl2 Interacting Protein, Mediates Cytochrome c Release from Mitochondria in Response to Activation of Cell Surface Death Receptors[END_REF] The ER is an organelle essential for the synthesis, conformation, post-translational modification, and transport of all secreted and membrane proteins. In addition, it regulates lipid synthesis, Ca 2+ homeostasis, and initiates adaptive protective mechanisms in response to cellular stress [START_REF] Hetz | Disturbance of Endoplasmic Reticulum Proteostasis in Neurodegenerative Diseases[END_REF]Roussel et al. 2013). The ER is the main storage site for intracellular Ca 2+ thanks to the constant pumping of Ca 2+ from the cytosol to the ER by the sarcoendoplasmic reticular Ca 2+ -ATPase (SERCA). After ischemic stroke, the cessation of ATP production alters protein maturation and the energy drop causes the failure of the SERCA pumps [START_REF] Doutheil | Recovery of Neuronal Protein Synthesis after Irreversible Inhibition of the Endoplasmic Reticulum Calcium Pump[END_REF]. This leads to an increased cytosolic Ca 2+ triggering excitotoxicity [START_REF] Parsons | Global Ischemia-Induced Inhibition of the Coupling Ratio of Calcium Uptake and ATP Hydrolysis by Rat Whole Brain Microsomal Mg2qrCa2q ATPase[END_REF], and dysfunction in chaperone proteins [START_REF] Szydlowska | Calcium, Ischemia and Excitotoxicity[END_REF]Thiebaut et al. 2019).

It has been demonstrated that neuronal autophagy is increased following cerebral ischemia [START_REF] Nitatori | Delayed Neuronal Death in the CA1 Pyramidal Cell Layer of the Gerbil Hippocampus Following Transient Ischemia Is Apoptosis[END_REF][START_REF] Rami | Focal Cerebral Ischemia Induces Upregulation of Beclin 1 and Autophagy-like Cell Death[END_REF] but its role, either beneficial or deleterious, is still debated. Several interactions exist between ER stress
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and autophagy. Indeed, the ER is able to mediate autophagy when misfolded proteins accumulate within the ER and activate protein kinase RNA-like ER kinase (PERK) to induce autophagy [START_REF] Kouroku | ER Stress (PERK/eIF2α Phosphorylation) Mediates the Polyglutamine-Induced LC3 Conversion, an Essential Step for Autophagy Formation[END_REF]. In contrast, an activation of autophagy with rapamycin reduces ER stress after neonatal cerebral hypoxia-ischemia [START_REF] Carloni | Increased Autophagy Reduces Endoplasmic Reticulum Stress after Neonatal Hypoxia-Ischemia: Role of Protein Synthesis and Autophagic Pathways[END_REF]. INTRODUCTION | Tissue-type plasminogen activator II. Tissue-type plasminogen activator Tissue-type plasminogen activator (tPA) is a glycoprotein that belongs to the serine protease family. It is mainly synthesized by endothelial cells, a bit by the hepatocytes, and then released into the bloodstream. tPA is best known for its role in fibrinolysis, as it has the ability to cleave inactive plasminogen into active plasmin, which is responsible for the breakdown of fibrin clots. Because of its proteolytic activity that facilitates the reperfusion of blood vessels, tPA is used as a pharmacological treatment during the acute phase of ischemic strokes (National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group 1995). tPA is physiologically expressed in the vascular compartment, but also in various brain structures (such as hippocampus, cortex, and amygdala) by several cell types of the brain parenchyma (including neurons, oligodendrocytes, and microglia). It has been shown that tPA can interact, via its different domains, with proteins and receptors, thus playing numerous roles in physiological and pathological conditions. In summary, tPA is a pleiotropic protein executing a variety of functions, some of which are independent of its catalytic activity [START_REF] Thiebaut | The Role of Plasminogen Activators in Stroke Treatment: Fibrinolysis and Beyond[END_REF].

A. History

The discovery of various proteins involved in the endogenous fibrinolytic cascade led to the development of pharmacological thrombolysis.

In ancient Greece, Hippocrates observed that blood from deceased people was not clotted. This observation was forgotten and rediscovered by the Italian anatomist Giovanni Battista Morgagni in 1761, who noted during his autopsies that blood did not coagulate directly after death [START_REF] Morgagni | De sedibus et causis morborum per anatomen indagatis libri V. Tomus 7[END_REF].

In 1838, Prosper-Sylvain Denis observed the spontaneous dissolution of blood [START_REF] Denis | Essai sur l'application de la chimie à l'étude physiologique du sang de l'homme et à l'étude physiologicopathologique, hygiénique et thérapeutique des maladies de cette humeur : ouvrage présenté à l'Académie des sciences[END_REF], and Gabriel Andral hypothesized in 1844 that blood reliquefies (Andral 1845), thus establishing the premises of the fibrinolytic system. In 1889, Joseph Denys and Henri de Marbaix were the first to postulate the existence of a "dormant" endogenous INTRODUCTION | Tissue-type plasminogen activator fibrinolytic enzyme [START_REF] Denys | Les peptonisations provoquées par le chloroforme et quelques autres substances[END_REF], and the French physiologist Albert Dastre coined the term fibrinolysis in 1893 [START_REF] Dastre | Fibrinolyse dans le sang[END_REF].

In 1902, Conradi first observed the ability of an enzyme to dissolve blood clots by adding extracts of various organs [START_REF] Conradi | Über Die Beziehung Der Autolyse Zur Blutgerinnung[END_REF]. Hedin detected proteolytic activity in a fraction of serum [START_REF] Hedin | On the Presence of a Proteolytic Enzyme in the Normal Serum of the Ox[END_REF], which was later identified as plasminogen, the inactive precursor of plasmin, responsible for the degradation of fibrin present in blood clots [START_REF] Christensen | A PROTEOLYTIC ENZYME OF SERUM: CHARACTERIZATION, ACTIVATION, AND REACTION WITH INHIBITORS[END_REF].

In 1952, this fibrinolytic activator was isolated from pig heart tissue and named fibrinokinase (T. [START_REF] Astrup | Isolation of a Soluble Fibrinolytic Activator from Animal Tissue[END_REF]. In human, fibrinokinase was first purified in 1979 from the blood vessel perfusates [START_REF] Binder | Purification and Characterization of Human Vascular Plasminogen Activator Derived from Blood Vessel Perfusates[END_REF] and then from the uterus [START_REF] Rijken | Purification and Partial Characterization of Plasminogen Activator from Human Uterine Tissue[END_REF]). However, because 5 kg of human uterus were required to obtain 1 mg of fibrinokinase, purification of fibrinokinase from supernatant of human melanoma cultures was developed. This enzyme was then renamed tissuetype plasminogen activator [START_REF] Rijken | Purification and Characterization of the Plasminogen Activator Secreted by Human Melanoma Cells in Culture[END_REF].

The first human administration of tPA was performed in 1981 by Willem Weimar in the Netherlands. Two renal transplant patients with renal venous thrombosis were successfully treated by intravenous infusion of 5 or 7.5 mg tPA over 24 hours (Weimar et al. 1981).

In 1983, Diane Pennica successfully cloned tPA, thus enabling eukaryotic cells to produce recombinant tPA [START_REF] Pennica | Cloning and Expression of Human Tissue-Type Plasminogen Activator cDNA in E. Coli[END_REF]. Eight years later, Désiré Collen and Roger Lijnen demonstrated tPA's ability to promote clot lysis by inducing plasminogendependent fibrinolysis [START_REF] Collen | Basic and Clinical Aspects of Fibrinolysis and Thrombolysis[END_REF]. After a successful clinical study in 1995, tPA is used as a thrombolytic agent agent in the treatment of ischemic stroke et al. 1986). Human tPA is synthesized as a polypeptide chain of 527 amino acids and comprises five domains whose three-dimensional structure is maintained by 17 disulfide bridges [START_REF] Pennica | Cloning and Expression of Human Tissue-Type Plasminogen Activator cDNA in E. Coli[END_REF]. tPA has an O-glycosylation site on Thr 61 [START_REF] Harris | Tissue Plasminogen Activator Has an O-Linked Fucose Attached to Threonine-61 in the Epidermal Growth Factor Domain[END_REF]) and three N-glycosylation sites. Two N-glycosylations are constitutive at Asn 117 and Asn 448 . The third N-glycosylation is alternative and located on Asn 184 . Type I tPA is glycosylated at Asn 117 , Asn 184 , and Asn 448 , while type II tPA is glycosylated only at Asn 117 and Asn 448 (Figure 8) [START_REF] Mori | The Activation of Type 1 and Type 2 Plasminogen by Type I and Type II Tissue Plasminogen Activator ( * )[END_REF][START_REF] Pohl | Tissue Plasminogen Activator: Peptide Analyses Confirm an Indirectly Derived Amino Acid Sequence, Identify the Active Site Serine Residue, Establish Glycosylation Sites, and Localize Variant Differences[END_REF]. Asn 117 glycosylation is involved in the clearance of tPA, Asn 184 inhibits its binding to fibrin, and Asn 448 is necessary for fibrin selectivity [START_REF] Toul | Identification, Characterization, and Engineering of Glycosylation in Thrombolytics[END_REF].

tPA consists of five distinct domains, which from its N-terminal end to its C-terminal end are:

-Finger domain: This domain, named for its analogy with the Finger domain of fibronectin, is located between residues 4 and 50. It is involved in the binding of tPA to fibrin, resulting in the formation of a ternary complex with plasminogen [START_REF] Kagitani | Expression in E. Coli of Finger-Domain Lacking Tissue-Type Plasminogen Activator with High Fibrin Affinity[END_REF]. The finger domain interacts with annexin II [START_REF] Hajjar | An Endothelial Cell Receptor for Plasminogen/Tissue Plasminogen Activator. I. Identity with Annexin II[END_REF], low-density lipoprotein receptor-related (LRP) [START_REF] Bu | Identification and Partial Characterization by Chemical Cross-Linking of a Binding Protein for Tissue-Type Plasminogen Activator (t-PA) on Rat Hepatoma Cells. A Plasminogen Activator Inhibitor Type 1-Independent t-PA Receptor[END_REF], and is involved in the binding to Plasminogen inhibitor-1 (PAI-1), one of tPA's inhibitors [START_REF] Kaneko | Interactions between the Finger and Kringle-2 Domains of Tissue-Type Plasminogen Activator and Plasminogen Activator Inhibitor-11[END_REF]).

-EGF-like domain: This domain, known as the EGF-like domain due to its homology with the epidermal growth factor (EGF), is located between residues 50 and 87 and allows tPA to activate EGF receptors [START_REF] Ortiz-Zapater | Tissue Plasminogen Activator Induces Pancreatic Cancer Cell Proliferation by a Non-Catalytic Mechanism That Requires Extracellular Signal-Regulated Kinase 1/2 Activation through Epidermal Growth Factor Receptor and Annexin A2[END_REF].

Its O-glycosylation site is associated with the recapture and clearance of tPA in the liver [START_REF] Hajjar | Alpha-Fucose-Mediated Binding and Degradation of Tissue-Type Plasminogen Activator by HepG2 Cells[END_REF][START_REF] Hurtado | Activation of the Epidermal Growth Factor Signalling Pathway by Tissue Plasminogen Activator in Pancreas Cancer Cells[END_REF]).

-Kringle 1 domain: This domain, located between residues 87 and 176, contains a non-functional active site with a high affinity for lysine called lysine binding site (LBS). Kringle 1 is involved for the uptake and clearance of tPA by liver endothelial cells via the mannose receptor through its glycosylation at the Asp 117 [START_REF] Kuiper | Interaction of Mutants of Tissue-Type Plasminogen Activator with Liver Cells: Effect of Domain Deletions[END_REF][START_REF] Smedsrød | Tissue Plasminogen Activator Is Endocytosed by Mannose and Galactose Receptors of Rat Liver Cells[END_REF]. This domain is also thought to be involved in inhibiting endothelial cell proliferation (H.-K. [START_REF] Kim | Inhibition of Endothelial Cell Proliferation by the Recombinant Kringle Domain of Tissue-Type Plasminogen Activator[END_REF]. The role of the Kringle 1 domain is not well known.

-Kringle 2 domain: The Kringle 2 domain is located on residues 176 to 256 and characterized by a functional LBS. It plays a role in tPA's capacity to bind and INTRODUCTION | Tissue-type plasminogen activator activate numerous proteins, such as plasminogen, the GluN1 subunit of NMDA receptors, platelet derived growth factor-CC (PDGF-CC), and high-mobility group box-1 (HMGB-1) proteins [START_REF] Fredriksson | Tissue Plasminogen Activator Is a Potent Activator of PDGF-CC[END_REF][START_REF] Lopez-Atalaya | Toward Safer Thrombolytic Agents in Stroke: Molecular Requirements for NMDA Receptor-Mediated Neurotoxicity[END_REF][START_REF] Roussel | HMGB-1 Promotes Fibrinolysis and Reduces Neurotoxicity Mediated by Tissue Plasminogen Activator[END_REF]).

-Serine protease domain: The serine protease domain of tPA is responsible for the cleavage of inactive plasminogen into active plasmin through the catalytic triad, which is composed of three amino acids: His 322 , Asp 371 and Ser 478 [START_REF] Pennica | Cloning and Expression of Human Tissue-Type Plasminogen Activator cDNA in E. Coli[END_REF]. tPA is synthesized in its single-chain form (sc-tPA) and can be cleaved into a twochain form (tc-tPA) [START_REF] Rijken | Purification and Characterization of the Plasminogen Activator Secreted by Human Melanoma Cells in Culture[END_REF]. The conversion of sc-tPA to tc-tPA is INTRODUCTION | Tissue-type plasminogen activator achieved by hydrolysis of the Arg 275 -Ile 276 peptide bond by various proteases such as plasmin or kallikreins [START_REF] Ichinose | Proteolytic Activation of Tissue Plasminogen Activator by Plasma and Tissue Enzymes[END_REF]Wallén, Bergsdorf, and Rånby 1982). Following this process, the heavy chain (A chain) and the light chain (B chain) remain linked to each other via a disulfide bridge between Cys 299 and Cys 430 (Figure 8) [START_REF] Lamba | The 2.3 Å Crystal Structure of the Catalytic Domain of Recombinant Two-Chain Human Tissue-Type Plasminogen Activator[END_REF].

Most serine proteases are synthesized in a single-chain zymogen form, i.e. they have no enzymatic activity, and become active after their cleavage into a double-chain form [START_REF] Hoylaerts | Kinetics of the Activation of Plasminogen by Human Tissue Plasminogen Activator. Role of Fibrin[END_REF]. However, tPA is a unique serine protease, as it is active in both forms. In the presence of an allosteric regulator such as fibrin, both sc-tPA and tc-tPA display the same catalytic or fibrinolytic activity, while tc-tPA is five more active than sc-tPA in the absence of fibrin [START_REF] Boose | The Single-Chain Form of Tissue-Type Plasminogen Activator Has Catalytic Activity: Studies with a Mutant Enzyme That Lacks the Cleavage Site[END_REF][START_REF] Petersen | The Effect of Polymerised Fibrin on the Catalytic Activities of One-Chain Tissue-Type Plasminogen Activator as Revealed by an Analogue Resistant to Plasmin Cleavage[END_REF].

C. Expression of tPA 1. Vascular expression

tPA was initially identified in the blood circulation where it is predominantly produced and released by endothelial cells. The majority of tPA in the vascular compartment is localized in microvessels with a diameter of less than 100 µm [START_REF] Levin | Localization of Tissue Plasminogen Activator in the Endothelium of a Limited Number of Vessels[END_REF]. It is secreted in its single-chain form and circulates at a concentration of 70 pM [START_REF] Binder | Purification and Characterization of Human Vascular Plasminogen Activator Derived from Blood Vessel Perfusates[END_REF][START_REF] Rijken | New Insights into the Molecular Mechanisms of the Fibrinolytic System[END_REF].

Its precise location within the endothelial cell is not well understood. A study suggests it is stored within the Weibel-Palade bodies, mainly known for containing von Willebrand factor (VWF) [START_REF] Huber | Tissue-Type Plasminogen Activator (t-PA) Is Stored in Weibel-Palade Bodies in Human Endothelial Cells Both in Vitro and in Vivo[END_REF], while others propose that it is stored in a different type of granule, denser and smaller in size [START_REF] Emeis | An Endothelial Storage Granule for Tissue-Type Plasminogen Activator[END_REF].

Endothelial cells can release tPA either constitutively (Angles-Cano et al. 1985) or in response to a specific stimulus, such as factors in the coagulation cascade, hypoxia or increased pressure on the vessel wall [START_REF] Diamond | Fluid Flow Stimulates Tissue Plasminogen Activator Secretion by Cultured Human Endothelial Cells[END_REF][START_REF] Emeis | An Endothelial Storage Granule for Tissue-Type Plasminogen Activator[END_REF]. This physiological mechanism is particularly important in preventing the formation of an occlusive thrombus [START_REF] Osterlund | Myocardial Ischemia Induces Coronary T-PA Release in the Pig[END_REF].
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Endothelial cells were previously thought to be the main source of circulating tPA.

However, a recent study by Zheng and colleagues has demonstrated that hepatocytes also contribute to basal plasma tPA under physiological conditions. This finding suggests that hepatocyte-derived tPA produced by the liver could initiate fibrinolysis following blood clot formation (Z. Zheng et al. 2019).

Peripheral expression

The expression of tPA was first demonstrated in the blood. Since then, its activity has been identified in numerous organs such as the uterus, lungs, muscles, heart and kidneys [START_REF] Albrechtsen | The Fibrinolytic Activity of Animal Tissues[END_REF][START_REF] Rouf | Tissue-Type Plasminogen Activator: Characteristics, Applications and Production Technology[END_REF]. Its expression is associated with tissue remodeling and vascularization, such as during endometrial development [START_REF] Lockwood | A Biological Model for the Regulation of Peri-Implantational Hemostasis and Menstruation[END_REF].

Hepatocytes also express tPA protein and mRNA (L. P. Zhang et al. 1999;[START_REF] Riehle | Tissue-Type Plasminogen Activator Is Not Necessary for Platelet-Derived Growth Factor-c Activation[END_REF] and have been shown to be a significant source of plasma tPA, contributing at 40-50% to the basal tPA concentration in plasma and to fibrinolysis. This hepatocyte-derived tPA is negatively regulated by the corepressor DACH1 and positively regulated by the transcription factor ATF6 (Z. Zheng et al. 2019;[START_REF] Schuck | Microautophagy -Distinct Molecular Mechanisms Handle Cargoes of Many Sizes[END_REF]. In hepatocytes, tPA was also demonstrated to block the production of apolipoprotein B (apoB)-lipoproteins, responsible for the initiation and promotion of atherosclerosis cardiovascular disease. By binding to apoB via the LBS of its Kringle 2 domain, hepatocyte-tPA impairs very-low-density lipoproteins (VLDL) assembly, resulting in apoB degradation and reduced plasma apoB-lipoprotein levels (W. [START_REF] Dai | Intracellular tPA-PAI-1 Interaction Determines VLDL Assembly in Hepatocytes[END_REF]).

Central nervous system expression

The presence of tPA in the central nervous system (CNS) was first demonstrated in 1981. Its expression has been observed in endothelial cells lining cerebral vessels and in neurons at different stages of development [START_REF] Soreq | Plasminogen Activator in the Rodent Brain[END_REF], suggesting that tPA has roles beyond its involvement in fibrinolysis. INTRODUCTION | Tissue-type plasminogen activator In 1993, its synthesis by neurons was characterized in many adult brain structures, such as cerebellum, hippocampus, hypothalamus, cortex, and striatum [START_REF] Sappino | Extracellular Proteolysis in the Adult Murine Brain[END_REF]. In humans, tPA messenger ribonucleic acid (mRNA) was detected in additional regions, such as the choroid plexus, brain stem, pituitary gland, spinal cord, and thalamic nuclei [START_REF] Teesalu | Tissue Plasminogen Activator and Neuroserpin Are Widely Expressed in the Human Central Nervous System[END_REF]). More recently, various murine cortical regions that express tPA have been identified. These zones, where approximately 10-15% of neurons express tPA, include retrosplenial, primary somatosensory, perirhinal, and piriform cortices [START_REF] Louessard | Tissue Plasminogen Activator Expression Is Restricted to Subsets of Excitatory Pyramidal Glutamatergic Neurons[END_REF].

At the cellular level, tPA is expressed by the majority of CNS cell types (Figure 9): neurons, mastocytes, pericytes, endothelial cells, ependymocytes [START_REF] Louessard | Tissue Plasminogen Activator Expression Is Restricted to Subsets of Excitatory Pyramidal Glutamatergic Neurons[END_REF], astrocytes [START_REF] Toshniwal | Secretion of Plasminogen Activator by Cerebral Astrocytes and Its Modulation[END_REF], oligodendrocytes [START_REF] Correa | Tissue Plasminogen Activator Prevents White Matter Damage Following Stroke[END_REF], and microglia [START_REF] Siao | Cell Type-Specific Roles for Tissue Plasminogen Activator Released by Neurons or Microglia after Excitotoxic Injury[END_REF].

Figure 9. Cell-type specificity of tPA expression in the adult mouse brain.

Immunohistochemistry on mouse brain sections after injection of the neuronal transporter inhibitor colchicine. tPA (antibody raised against tPA; red) is present in different cell types (set of antibodies specific to each cell type; green): endothelial cells, mature APC-positive oligodendrocytes, mastocytes, ependymocytes, and hippocampal mossy fiber. Adapted from [START_REF] Louessard | Tissue Plasminogen Activator Expression Is Restricted to Subsets of Excitatory Pyramidal Glutamatergic Neurons[END_REF].

INTRODUCTION | Tissue-type plasminogen activator a) tPA in neurons tPA is synthesized and localized within dendrites and synapses [START_REF] Shin | Rapid, Activity-Induced Increase in Tissue Plasminogen Activator Is Mediated by Metabotropic Glutamate Receptor-Dependent mRNA Translation[END_REF], where it is stored in presynaptic vesicles [START_REF] Parmer | Tissue Plasminogen Activator (t-PA) Is Targeted to the Regulated Secretory Pathway. Catecholamine Storage Vesicles as a Reservoir for the Rapid Release of t-PA[END_REF]. It is then transported in secretory vesicles along the dendrites before being released at the growth cones to facilitate axonal elongation (J. E. [START_REF] Lochner | Real-Time Imaging of the Axonal Transport of Granules Containing a Tissue Plasminogen Activator/Green Fluorescent Protein Hybrid[END_REF].

It has been shown that tPA is contained in dense-core vesicles located in dendritic spines, and neuronal depolarization leads to its release via Ca 2+ -dependent exocytosis (Janis E. [START_REF] Lochner | Activity-Dependent Release of Tissue Plasminogen Activator from the Dendritic Spines of Hippocampal Neurons Revealed by Live-Cell Imaging[END_REF]). Once at the synapse, tPA can interact with NMDA receptors and modulate long-term potentiation (LTP) as well as learning and memory functions [START_REF] Baranes | Tissue Plasminogen Activator Contributes to the Late Phase of LTP and to Synaptic Growth in the Hippocampal Mossy Fiber Pathway[END_REF][START_REF] Lochner | Activity-Dependent Release of Tissue Plasminogen Activator from the Dendritic Spines of Hippocampal Neurons Revealed by Live-Cell Imaging[END_REF].

tPA is expressed in glutamatergic excitatory pyramidal neurons where it is stored in synaptobrevin-2-positive glutamatergic synaptic vesicles [START_REF] Louessard | Tissue Plasminogen Activator Expression Is Restricted to Subsets of Excitatory Pyramidal Glutamatergic Neurons[END_REF].

Cortical neurons constitutively exocytose tPA through vesicle-associated membrane protein 2 (VAMP2) at the synapse. [START_REF] Lenoir | Post-Synaptic Release of the Neuronal Tissue-Type Plasminogen Activator (tPA)[END_REF]. Recently, tPA was also shown to be expressed by cortical GABAergic neurons which control perineuronal nets (PNN) turnover, a specific form of extracellular matrix (ECM) [START_REF] Lépine | Parvalbumin Interneuron-Derived Tissue-Type Plasminogen Activator Shapes Perineuronal Net Structure[END_REF]).

b) tPA in astrocytes

The synthesis of tPA by astrocytes has been demonstrated both in vitro and in vivo in mice [START_REF] Toshniwal | Secretion of Plasminogen Activator by Cerebral Astrocytes and Its Modulation[END_REF][START_REF] Stevenson | Characterization of Tissue Plasminogen Activator Expression and Trafficking in the Adult Murine Brain[END_REF]. In humans, tPA is mainly found in activated astrocytes, suggesting its involvement in pathological processes [START_REF] Hultman | Retinoids and Activation of PKC Induce Tissue-Type Plasminogen Activator Expression and Storage in Human Astrocytes[END_REF].

Its expression and secretion appear to be regulated by a mechanism, involving retinoids and the activation of protein kinase C, that could facilitate the clearance of tPA from the CNS.

Once released into the synaptic cleft by neurons, tPA can be recaptured by astrocytes via LRP receptors. The recycling of extracellular tPA by astrocytes could, therefore, regulate its concentration at the synapse and modulate its effects on NMDA receptordependent signaling [START_REF] Cassé | Glutamate Controls tPA Recycling by Astrocytes, Which in Turn Influences Glutamatergic Signals[END_REF]. INTRODUCTION | Tissue-type plasminogen activator c) tPA in oligodendrocytes Several studies have confirmed the presence of tPA in oligodendrocytes [START_REF] Correa | Tissue Plasminogen Activator Prevents White Matter Damage Following Stroke[END_REF][START_REF] Leonetti | Tissue-Type Plasminogen Activator Exerts EGF-like Chemokinetic Effects on Oligodendrocytes in White Matter (Re)Myelination[END_REF][START_REF] Louessard | Tissue Plasminogen Activator Expression Is Restricted to Subsets of Excitatory Pyramidal Glutamatergic Neurons[END_REF]. It is primarily found in mature oligodendrocytes, and its expression decreases with aging. It has been demonstrated that tPA in oligodendrocytes facilitates the migration of oligodendrocyte precursors during development and during remyelination following white matter lesion [START_REF] Leonetti | Tissue-Type Plasminogen Activator Exerts EGF-like Chemokinetic Effects on Oligodendrocytes in White Matter (Re)Myelination[END_REF]). d) tPA in microglia tPA is also synthesized by microglia. It seems to play a role in microglial activation, as well as in inflammation and neurodegeneration processes [START_REF] Rogove | Activation of Microglia Reveals a Non-Proteolytic Cytokine Function for Tissue Plasminogen Activator in the Central Nervous System[END_REF][START_REF] Siao | Cell Type-Specific Roles for Tissue Plasminogen Activator Released by Neurons or Microglia after Excitotoxic Injury[END_REF][START_REF] Tsirka | Excitotoxin-Induced Neuronal Degeneration and Seizure Are Mediated by Tissue Plasminogen Activator[END_REF].

D. Regulation of tPA expression 1. Hepatic clearance

In humans, the half-life of tPA in plasma is approximately six minutes (Verstraete et al. 1985). It is cleared by endocytosis via membrane receptors located on hepatocytes and hepatic endothelial cells. Several receptors are involved in this reuptake, including mannose receptors [START_REF] Kuiper | Characterization of the Interaction in Vivo of Tissue-Type Plasminogen Activator with Liver Cells[END_REF]), LRP receptors (Yepes et al. 2003), and a galectin-dependent pathway [START_REF] Nagaoka | Participation of a Galectin-Dependent Mechanism in the Hepatic Clearance of Tissue-Type Plasminogen Activator and Plasma Kallikrein[END_REF]).

Astrocytic recapture

It has been suggested that astrocytes are involved in the clearance of extracellular tPA from the CNS via a reuptake process. Astrocytes internalize neuronderived tPA through constitutive endocytosis mediated by LRP and dependent on INTRODUCTION | Tissue-type plasminogen activator dynamin and clathrin. This endocytosis involves interaction between the Finger domain of tPA and the endocytosis receptor LRP1. This internalized tPA is either degraded via lysosomes, or undergoes exocytotic recycling. tPA exocytosis is inhibited by extracellular glutamate via a kainate receptor-mediated signaling pathway. Indeed, kainate receptors act as sensors of extracellular glutamate and inhibit tPA recycling by activating PKC [START_REF] Cassé | Glutamate Controls tPA Recycling by Astrocytes, Which in Turn Influences Glutamatergic Signals[END_REF]).

tPA inhibitors

In 1963, the existence of a blood inhibitor of plasminogen activators (tPA and uPA) was postulated after the observation of a fibrinolysis inhibitor that did not directly affect plasmin [START_REF] Brakman | Selective Inhibition in Human Pregnancy Blood of Urokinase Induced Fibrinolysis[END_REF]. Subsequent studies showed that the level of tPA mRNA synthesis does not always correlate with its enzymatic activity. For example, although mRNA is found throughout the hippocampus, no proteolytic activity is detected in the CA1 region (Ammon's horn 1), suggesting the presence of a tPA inhibitor within the brain parenchyma [START_REF] Sappino | Extracellular Proteolysis in the Adult Murine Brain[END_REF]). These inhibitors were later identified as molecules belonging to the serpin family.

Serpins are glycosylated monomeric proteins consisting of 350-400 amino acids, with a molecular weight of 40-60 kDa. The main feature of serpins is their reactive center loop (RCL), which allows them to bind to proteases. Once attached, the proteases cleave the RCL, generating a covalent bond between the two molecules that forms a stable complex inhibiting protease activity (Figure 11). Serpins can also exist in a latent form, in which interaction with the protease is not possible [START_REF] Huntington | Structure of a Serpin-Protease Complex Shows Inhibition by Deformation[END_REF][START_REF] Silverman | The Serpins Are an Expanding Superfamily of Structurally Similar but Functionally Diverse Proteins. Evolution, Mechanism of Inhibition, Novel Functions, and a Revised Nomenclature[END_REF]. INTRODUCTION | Tissue-type plasminogen activator The protease is driven to the opposite pole and a covalent bond is formed between the serpin and the protease, leading to its inhibition. Adapted from (Tang et al. 2015).

Four serpins are currently known to inhibit tPA: plasminogen activator inhibitor-1 (PAI-1), PAI-2, neuroserpin (NS) and nexin-1 protease [START_REF] Sprengers | Plasminogen Activator Inhibitors[END_REF]. In the brain parenchyma, PAI-1 and NS are the main inhibitors of tPA. a) Nexin-1

In addition to thrombin, which is its preferred target, nexin-1, also known as SerpinE2, is capable of inhibiting plasminogen activators and plasmin [START_REF] Scott | Protease Nexin. Properties and a Modified Purification Procedure[END_REF]. Although it is involved in hemostasis, it is barely detectable in plasma. Nexin-1 is found in numerous organs (such as the male and female reproductive systems, kidneys, lungs, spleen, and heart) as well as in blood vessels, where it is secreted by endothelial cells, smooth muscle cells and platelets [START_REF] Baker | Protease Nexins and Cellular Regulation[END_REF][START_REF] Bouton | Emerging Role of serpinE2/Protease Nexin-1 in Hemostasis and Vascular Biology[END_REF][START_REF] Leroy-Viard | Covalent Binding of Human Thrombin to a Human Endothelial Cell-Associated Protein[END_REF]. Platelet-derived nexin-1 has been shown to have anti-fibrinolytic and anti-thrombolytic properties [START_REF] Boulaftali | Platelet Protease Nexin-1, a Serpin That Strongly Influences Fibrinolysis and Thrombolysis[END_REF][START_REF] Bouton | Emerging Role of serpinE2/Protease Nexin-1 in Hemostasis and Vascular Biology[END_REF].
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Nexin-1 is expressed by glial cells and neurons within the brain parenchyma [START_REF] Gloor | A Glia-Derived Neurite Promoting Factor with Protease Inhibitory Activity Belongs to the Protease Nexins[END_REF][START_REF] Simpson | Neuronal Expression of Protease-Nexin 1 mRNA in Rat Brain[END_REF], and is believed to play a role in LTP in the hippocampus. Its overexpression or absence is responsible for epileptic phenomena both in vitro and in vivo [START_REF] Lüthi | Endogenous Serine Protease Inhibitor Modulates Epileptic Activity and Hippocampal Long-Term Potentiation[END_REF][START_REF] Meins | Progressive Neuronal and Motor Dysfunction in Mice Overexpressing the Serine Protease Inhibitor Protease Nexin-1 in Postmitotic Neurons[END_REF].

Nexin-1 is also abundant around cerebral vessels, particularly in smooth muscle cells and astrocytic end-feet. Therefore, any disruption of the BBB opening could result in extravasation of thrombin and blood serine proteases, which are deleterious to brain parenchyma. In such cases, nexin-1 could play a protective role by inhibiting them [START_REF] Choi | Protease Nexin-1. Localization in the Human Brain Suggests a Protective Role against Extravasated Serine Proteases[END_REF]).

b) PAI-1

Peripherally, PAI-1, also known as SerpinE1, is present in many organs and cell types. It is abundant in plasma, where it is synthesized by endothelial cells, smooth muscle cells and platelets. Once secreted, it can bind to vitronectin, a glycoprotein of the extracellular matrix, which stabilizes its activity (Alessi et al. 1988;[START_REF] Lindahl | Stability of Plasminogen Activator Inhibitor 1 (PAI-1)[END_REF]. PAI-1 circulates in plasma in three forms: an active form bound to vitronectin, a free form that spontaneously loses its activity with a halflife of 90 minutes, and an inactive form bound to tPA [START_REF] Lindahl | Stability of Plasminogen Activator Inhibitor 1 (PAI-1)[END_REF]. PAI-1 is capable of binding to both sc-tPA and tc-tPA [START_REF] Rijken | Purification and Characterization of the Plasminogen Activator Secreted by Human Melanoma Cells in Culture[END_REF]. The complexes formed between tPA and PAI-1 are highly stable, making the inhibition of tPA almost definitive (A. Zhou, Carrell, and Huntington 2001). Moreover, the association of PAI-1 with tPA does not interfere with its elimination by the liver. In fact, tPA can be cleared by hepatocytes in both its free and PAI-1-complexed form [START_REF] Nagaoka | Participation of a Galectin-Dependent Mechanism in the Hepatic Clearance of Tissue-Type Plasminogen Activator and Plasma Kallikrein[END_REF]).

In the CNS, PAI-1 is only expressed in very small quantities by astrocytes and neurons [START_REF] Bouton | Emerging Role of serpinE2/Protease Nexin-1 in Hemostasis and Vascular Biology[END_REF][START_REF] Hino | Immunohistochemical Localization of Plasminogen Activator Inhibitor-1 in Rat and Human Brain Tissues[END_REF], except under pathological conditions. For instance, during stroke, it is overexpressed by many cell types, including perivascular macrophages and astrocytes [START_REF] Dietzmann | Expression of the Plasminogen Activator System and the Inhibitors PAI-1 and PAI-2 in Posttraumatic Lesions of the CNS and Brain Injuries Following Dramatic Circulatory Arrests: An Immunohistochemical Study[END_REF][START_REF] Docagne | Transforming Growth Factor-Beta1 as a Regulator of the Serpins/t-PA Axis in Cerebral Ischemia[END_REF]). In the parenchyma, PAI-1 is a potent inhibitor of tPA but is less effective in the presence of fibrin, unlike nexin-1 which can inhibit both tPA and fibrin-bound plasmin [START_REF] Bouton | Emerging Role of serpinE2/Protease Nexin-1 in Hemostasis and Vascular Biology[END_REF][START_REF] Thelwell | The Regulation by Fibrinogen and Fibrin of Tissue Plasminogen Activator Kinetics and Inhibition by Plasminogen Activator Inhibitor 1[END_REF]. INTRODUCTION | Tissue-type plasminogen activator c) PAI-2 This serpin, synthesized by trophoblastic cells, is capable of inhibiting plasminogen activators. It is mainly present intracellularly in a non-glycosylated form.

Only 20% of PAI-2 is glycosylated and secreted [START_REF] Ny | Plasminogen Activator Inhibitor Type-2. A Spontaneously Polymerizing Serpin That Exists in Two Topological Forms[END_REF]. Under physiological conditions, PAI-2 is not detectable in plasma, but during pregnancy it is secreted by trophoblastic cells and released into the circulation [START_REF] Astedt | Significance of the Plasminogen Activator Inhibitor of Placental Type (PAI-2) in Pregnancy[END_REF]. A low level of circulating PAI-2 seems to correlate with an increased risk of pre-eclampsia [START_REF] Chappell | Vitamin C and E Supplementation in Women at Risk of Preeclampsia Is Associated with Changes in Indices of Oxidative Stress and Placental Function[END_REF][START_REF] Severens-Rijvers | Circulating Fibronectin and Plasminogen Activator Inhibitor-2 Levels as Possible Predictors of Recurrent Placental Syndrome: An Exploratory Study[END_REF]).

d) Neuroserpin

Neuroserpin (NS) is expressed almost exclusively in the CNS, but very small quantities are also found in certain organs such as the kidneys, heart, testicles, and pancreas. Although various studies have indicated that it is absent in the blood circulation and therefore plays no role in vascular tPA regulation, its presence in patient serum was reported in 2011. This serum NS is thought to have neuroprotective properties, notably inhibiting excitotoxicity and inflammation induced by ischemic stroke [START_REF] Rodríguez-González | Association between Neuroserpin and Molecular Markers of Brain Damage in Patients with Acute Ischemic Stroke[END_REF]. Of note, this paper was the only one to report levels of NS in the serum, and its results have not been confirmed/reproduced yet.

At the cellular scale, while it can be expressed by astrocytes, NS is almost exclusively synthesized by neurons [START_REF] Docagne | Transforming Growth Factor-Beta1 as a Regulator of the Serpins/t-PA Axis in Cerebral Ischemia[END_REF][START_REF] Osterwalder | Neuroserpin, an Axonally Secreted Serine Protease Inhibitor[END_REF][START_REF] Schrimpf | Human Neuroserpin (PI12): cDNA Cloning and Chromosomal Localization to 3q26[END_REF].

Within the CNS, tPA and NS are often co-expressed, reinforcing the idea that tPA is the physiological target of this serpin [START_REF] Teesalu | Tissue Plasminogen Activator and Neuroserpin Are Widely Expressed in the Human Central Nervous System[END_REF]). Studies have shown that it can inhibit both forms of tPA, with tc-tPA being inhibited more effectively [START_REF] Osterwalder | Neuroserpin, an Axonally Secreted Serine Protease Inhibitor[END_REF]. However, given that fibrinolytic activity of tPA in some brain structures was evidenced despite their co-expression, NS does not appear to completely inhibit it [START_REF] Teesalu | Tissue Plasminogen Activator and Neuroserpin Are Widely Expressed in the Human Central Nervous System[END_REF].
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Studies have reported that the NS-tPA complex is unstable and dissociates rapidly. It is likely that the cleavage of RCL by tPA results in the formation of an excessively long loop, preventing the complex from stabilizing and leading to the release of tPA. With a half-life of ten minutes, this complex has lower stability compared with other serpin-tPA complexes, which have a half-life of several weeks [START_REF] Carlson | Neuroserpin Differentiates Between Forms of Tissue Type Plasminogen Activator via pH Dependent Deacylation[END_REF][START_REF] Ricagno | Human Neuroserpin: Structure and Time-Dependent Inhibition[END_REF]. Although this serpin preferentially inhibits tc-tPA, the complex it forms with sc-tPA is more stable. In fact, NS-tc-tPA complexes are only stable at acidic pH [START_REF] Carlson | Neuroserpin Differentiates Between Forms of Tissue Type Plasminogen Activator via pH Dependent Deacylation[END_REF]). Altogether, these data suggest another role for NS that has not been identified yet.

E. Functions of tPA 1. Functions of tPA in the vascular compartment a) Fibrinolysis Fibrinolysis is a mechanism within the coagulation system responsible for dissolving fibrin clots in the bloodstream. Essential for maintaining vascular homeostasis, this process relies on plasmin, an endogenous enzyme whose role is to hydrolyse fibrin into fragments. Plasmin is a serine protease produced by the liver as an inactive proenzyme: plasminogen [START_REF] Collen | Basic and Clinical Aspects of Fibrinolysis and Thrombolysis[END_REF].

There are two types of plasminogen activators in humans: tPA and uPA. Although they have different characteristics, they both lead to the conversion of plasminogen into plasmin. While tPA has limited capability to activate plasminogen in the absence of a cofactor, its efficiency in converting plasminogen to plasmin increases a hundredfold in the presence of fibrin [START_REF] Hoylaerts | Kinetics of the Activation of Plasminogen by Human Tissue Plasminogen Activator. Role of Fibrin[END_REF].

Fibrin contains two sites in close proximity: one allows its binding to tPA and the other facilitates its binding to plasminogen. Together, fibrin, tPA, and plasminogen form a ternary complex in which the ability of tPA to cleave its ligand is significantly enhanced.

This system ensures that tPA activates the plasminogen present in the fibrin clot while sparing circulating plasminogen. By protecting it from its inhibitors, this arrangement allows plasmin to fulfill its role in fibrinolysis before being inhibited [START_REF] Chapin | Fibrinolysis and the Control of Blood Coagulation[END_REF]. INTRODUCTION | Tissue-type plasminogen activator Inhibition of fibrinolysis can take place at the level of plasminogen activators or directly via inhibition of plasmin by α-2-antiplasmin and α-2-macroglobulin (Figure 11) [START_REF] Thiebaut | The Role of Plasminogen Activators in Stroke Treatment: Fibrinolysis and Beyond[END_REF]. These inhibitors play an important role in regulating fibrinolysis, primarily to prevent hyperfibrinolysis. Hyperfibrinolysis not only increases the risk of hemorrhage but also alters the integrity of the BBB [START_REF] Martinez De Lizarrondo | Hyperfibrinolysis Increases Blood-Brain Barrier Permeability by a Plasmin-and Bradykinin-Dependent Mechanism[END_REF].

Figure 11. Mechanism of action of endogenous fibrinolysis. The tPA, when released into the circulation, is capable of converting plasminogen into plasmin in proximity to fibrin clots. The resulting plasmin can then degrade the fibrin, facilitating clot lysis. Fibrinolysis is regulated by PAI-1 (tPA inhibitor) and ɑ2-antiplasmin (plasmin inhibitor). Created with Biorender.

Recombinant forms of plasminogen activators (native or modified), such as tenecteplase and reteplase, have been used to dissolve blood clots in patients suffering from thromboembolic diseases, including ischemic stroke and myocardial infarct (Figure 12) [START_REF] Thiebaut | The Role of Plasminogen Activators in Stroke Treatment: Fibrinolysis and Beyond[END_REF]. Only tPA is currently approved for the treatment of patients with acute ischemic stroke (National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group 1995). However, in 2019, the American Heart Association/American Stroke Association (AHA/ASA) guidelines recommend to choose tenecteplase over IV alteplase in patients without INTRODUCTION | Tissue-type plasminogen activator contraindications for IV fibrinolysis who are also eligible to undergo mechanical thrombectomy [START_REF] Powers | Guidelines for the Early Management of Patients With Acute Ischemic Stroke: 2019 Update to the 2018 Guidelines for the Early Management of Acute Ischemic Stroke: A Guideline for Healthcare Professionals From the American Heart Association/American Stroke Association[END_REF]. Indeed, Tenecteplase administered as a 0.25 mg/kg single intravenous bolus has not been proven to be superior or noninferior to alteplase but might be considered as an alternative to alteplase in patients with minor neurological impairment and no major intracranial occlusion. In 2021, the European Stroke Organisation (ESO), published the same recommendations, suggesting intravenous thrombolysis with tenecteplase over alteplase [START_REF] Berge | European Stroke Organisation (ESO) Guidelines on Intravenous Thrombolysis for Acute Ischaemic Stroke[END_REF]. In a study where patients with intraventricular hemorrhage were randomly assigned to receive either tPA or an extraventricular drain, mortality was lower in the tPA group (18%) compared to the placebo group (29%). However, a higher rate of disability was observed in the tPA group compared to the placebo group. Enhanced intraventricular clot clearance was associated with improved outcomes, but only 33% of patients in the tPA group achieved the target of 80% clot dissolution, potentially diminishing the clinical benefit of intraventricular thrombolysis (Figure 13) [START_REF] Hanley | Thrombolytic Removal of Intraventricular Haemorrhage in Treatment of Severe Stroke: Results of the Randomised, Multicentre, Multiregion, Placebo-Controlled CLEAR III Trial[END_REF].

(2) In ischemic stroke According to the latest Cochrane systematic review, 27 clinical studies have tested thrombolytic agents for the treatment of ischemic stroke (Joanna M. Wardlaw et al. 2014). These thrombolytic agents include streptokinase (a protein synthesized by several species of streptococci that can bind to human plasminogen), recombinant tPA, pro-urokinase, urokinase, and desmoteplase (a protein derived from the saliva of vampire bats that can activate plasminogen). Over the past five years, tenecteplase has emerged as a potential alternative to alteplase as a thrombolytic agent, due to its ease of administration (a single intravenous bolus of 0.25 mg/kg) and reported efficacy in treating acute ischemic strokes caused by large vessel occlusion (Hill and Michel 2018) (Figure 12).

Although tenecteplase is recommended over tPA for patients with acute ischemic stroke of less than 4.5h duration with large vessel occlusion [START_REF] Berge | European Stroke Organisation (ESO) Guidelines on Intravenous Thrombolysis for Acute Ischaemic Stroke[END_REF][START_REF] Powers | Guidelines for the Early Management of Patients With Acute Ischemic Stroke: 2019 Update to the 2018 Guidelines for the Early Management of Acute Ischemic Stroke: A Guideline for Healthcare Professionals From the American Heart Association/American Stroke Association[END_REF], only the intravenous administration of tPA at 0.9 mg/kg (initial intravenous bolus followed by infusion over 30 minutes) is currently approved as a therapeutic intervention (National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group 1995). The main limitations of the use of tPA in ischemic stroke are (Figure 13):

-The narrow therapeutic window: 4 to 5 hours after the onset of stroke symptoms [START_REF] Hacke | Thrombolysis with Alteplase 3 to 4.5 Hours after Acute Ischemic Stroke[END_REF]).

-The low recanalization rate of tPA [START_REF] Bhatia | Low Rates of Acute Recanalization with Intravenous Recombinant Tissue Plasminogen Activator in Ischemic Stroke: Real-World Experience and a Call for Action[END_REF]. [START_REF] Thiebaut | The Role of Plasminogen Activators in Stroke Treatment: Fibrinolysis and Beyond[END_REF].
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According to a review by the Calgary Stroke Program, the rate of acute recanalization within 2 hours of tPA administration remains low, with less than 35% of patients achieving acute recanalization [START_REF] Bhatia | Low Rates of Acute Recanalization with Intravenous Recombinant Tissue Plasminogen Activator in Ischemic Stroke: Real-World Experience and a Call for Action[END_REF]. Several factors are associated with the lack of recanalization, including a prolonged delay before treatment, poor collateral circulation, or a thrombus size larger than 8 mm [START_REF] Riedel | The Importance of Size: Successful Recanalization by Intravenous Thrombolysis in Acute Anterior Stroke Depends on Thrombus Length[END_REF].

Since acute recanalization is a significant prognostic factor, therapeutic strategies aiming to enhance the recanalization rate through intravenous thrombolysis are of paramount clinical significance. Various strategies are being explored to improve tPA's effectiveness:

-Strategies based on preventing tPA inhibition by endogenous factors and enhancing its proteolytic activity led to the bioengineered development of tenecteplase, a recombinant tPA containing three mutations: two in the Kringle 2 domain and one in the serine protease domain. Tenecteplase has increased resistance to PAI-1, better fibrin specificity, and an extended half-life. The INTRODUCTION | Tissue-type plasminogen activator NORTEST trial found no significant difference in mortality and functional recovery between patients treated with tenecteplase and those treated with tPA [START_REF] Logallo | Tenecteplase versus Alteplase for Management of Acute Ischaemic Stroke (NOR-TEST): A Phase 3, Randomised, Open-Label, Blinded Endpoint Trial[END_REF]. In contrast, the EXTEND-IA TNK trial reported a higher reperfusion rate (22% versus 10%) in the tenecteplase-treated group compared with the tPA-treated group. Additionally patients treated with tenecteplase exhibited better functional recovery than those treated with tPA [START_REF] Campbell | Tenecteplase versus Alteplase before Thrombectomy for Ischemic Stroke[END_REF]. Since 2019, tenecteplase is recommended over tPA for patients with acute ischemic stroke of less than 4.5h duration and with large vessel occlusion [START_REF] Powers | Guidelines for the Early Management of Patients With Acute Ischemic Stroke: 2019 Update to the 2018 Guidelines for the Early Management of Acute Ischemic Stroke: A Guideline for Healthcare Professionals From the American Heart Association/American Stroke Association[END_REF][START_REF] Berge | European Stroke Organisation (ESO) Guidelines on Intravenous Thrombolysis for Acute Ischaemic Stroke[END_REF]).

-Strategies aiming to inactivate tPA inhibitors have been developed to enhance tPA's efficacy and promote fibrinolysis. One strategy proposes the use of a "diabody", a modified antibody targeting two proteins, to block two inhibitors of the fibrinolytic process: PAI-1, and a thrombin-activatable fibrinolysis inhibitor (TAFI). In a mouse model of ischemic stroke, co-administration of this "diabody" improves the efficacy of tPA without raising the risk of bleeding (Wyseure et al. 2015). A variety of molecules that inhibit PAI-1, including antibodies, nanobodies, and small molecules, have been identified. Despite promising results in animal models [START_REF] Denorme | Inhibition of Thrombin-Activatable Fibrinolysis Inhibitor and Plasminogen Activator Inhibitor-1 Reduces Ischemic Brain Damage in Mice[END_REF]Vaughan 2011), no molecules that inhibit PAI-1 have been tested in ischemic stroke patients to date.

-Other strategies focus on the degradation of other thrombus components.

Fibrin constitutes only a portion of the thrombus. Furthermore, tPA exerts minimal effects on platelet-rich thrombi, which could impede recanalization.

However, clinical trials involving the simultaneous administration of tPA and an antiplatelet drug have demonstrated limited efficacy and an increased risk of bleeding (Harold P. [START_REF] Adams | Emergency Administration of Abciximab for Treatment of Patients with Acute Ischemic Stroke: Results of an International Phase III Trial: Abciximab in Emergency Treatment of Stroke Trial (AbESTT-II)[END_REF]Zinkstok, Roos, and ARTIS investigators 2012). In animals, it has been shown that arterial platelet aggregation involves specific receptors and proteins, such as VWF and the glycoprotein GpIb-α (Le [START_REF] Behot | GpIbα-VWF Blockade Restores Vessel Patency by Dissolving Platelet Aggregates Formed under Very High Shear Rate in Mice[END_REF][START_REF] Momi | Reperfusion of Cerebral Artery Thrombosis by the GPIb-VWF Blockade with the Nanobody ALX-0081 Reduces Brain Infarct Size in Guinea Pigs[END_REF], which are not essential for hemostasis in the brain. Consequently, strategies targeting platelet aggregates specifically can induce arterial recanalization without significantly increasing the risk of hemorrhagic transformation. Thus, pharmacological strategies that target VWF and ADAMTS-13 (a desintegrin and INTRODUCTION | Tissue-type plasminogen activator metalloproteinase with thrombospondin motifs) [START_REF] Denorme | ADAMTS13-Mediated Thrombolysis of t-PA-Resistant Occlusions in Ischemic Stroke in Mice[END_REF] or N-acetylcysteine are also promising [START_REF] Martinez De Lizarrondo | Potent Thrombolytic Effect of N-Acetylcysteine on Arterial Thrombi[END_REF]. This is especially pertinent since, in stroke patients, intracranial thrombi are rich in VWF (Le [START_REF] Behot | GpIbα-VWF Blockade Restores Vessel Patency by Dissolving Platelet Aggregates Formed under Very High Shear Rate in Mice[END_REF]. Additionally, reduced plasma levels of ADAMTS-13 could serve as an indicator of tPA treatment failure [START_REF] Bustamante | Usefulness of ADAMTS13 to Predict Response to Recanalization Therapies in Acute Ischemic Stroke[END_REF]).

-Strategies that combine intravenous thrombolysis and thrombectomy have also been developed. Mechanical thrombectomy involves the removal of the fibrin clot by inserting a probe into the artery. This procedure is performed on patients who have experienced an occlusion in a major artery of the anterior circulation [START_REF] Jayaraman | Embolectomy for Stroke with Emergent Large Vessel Occlusion (ELVO): Report of the Standards and Guidelines Committee of the Society of NeuroInterventional Surgery[END_REF]. Depending on the eligibility criteria used, only 3% to 22% of patients are eligible for this endovascular treatment. The primary eligibility criteria include therapeutic window (that can be up to 24 hours), lesion size, age, severity of symptoms, and most importantly anatomical location of the occlusion [START_REF] Mokin | ASPECTS, Large Vessel Occlusion, and Time of Symptom Onset: Estimation of Eligibility for Endovascular Therapy[END_REF][START_REF] Thiebaut | Modulation de l'autophagie neuronale par la sérine protéase tPA en conditions ischémiques[END_REF][START_REF] Rai | A Population-Based Incidence of Acute Large Vessel Occlusions and Thrombectomy Eligible Patients Indicates Significant Potential for Growth of Endovascular Stroke Therapy in the USA[END_REF]. The Mr CLEAN clinical trial demonstrated that, for patients with ischemic stroke due to occlusion of a large-caliber intracranial artery in the anterior circulation, thrombectomy within 6 hours of symptom onset, when preceded by treatment with tPA, had a more favorable neurological outcome than pharmacological treatment alone [START_REF] Berkhemer | A Randomized Trial of Intraarterial Treatment for Acute Ischemic Stroke[END_REF]. Other clinical trials have corroborated this finding [START_REF] Campbell | Endovascular Therapy for Ischemic Stroke with Perfusion-Imaging Selection[END_REF][START_REF] Goyal | Randomized Assessment of Rapid Endovascular Treatment of Ischemic Stroke[END_REF].

-Other strategies aim to reduce the risk of bleeding. A meta-analysis of 27 studies, including 10,239 stroke patients, revealed that patients treated with streptokinase, tPA, urokinase, or desmoteplase developed cerebral hemorrhages four times more frequently than patients who received no treatment (J. M. Wardlaw 2001). Symptomatic intracerebral hemorrhage is considered as the most severe complication of thrombolytic therapy, with the highest incidence occurring within the first 24 hours and a mortality rate exceeding 50% (Yaghi et al. 2017). Unlike tPA, tenecteplase does not increase the incidence of intracerebral hemorrhage [START_REF] Campbell | Tenecteplase versus Alteplase before Thrombectomy for Ischemic Stroke[END_REF]). An international study assessed the incidence of symptomatic intracerebral hemorrhage in 3,297 stroke patients, of mainly Asian descent, treated with either a low-dose (0.6 mg/kg) or a standard-dose (0.9 mg/kg) of tPA. This study revealed a difference in hemorrhagic transformation between the low-dose INTRODUCTION | Tissue-type plasminogen activator group (1.0%) and the standard-dose group (2.1%), suggesting that the prevalence of hemorrhagic transformation is associated with the dose of tPA (Anderson et al. 2016). In contrast, a large-scale meta-analysis indicated that treatment delay was not significantly associated with the risk of hemorrhagic transformation [START_REF] Demchuk | Prediction of Haematoma Growth and Outcome in Patients with Intracerebral Haemorrhage Using the CT-Angiography Spot Sign (PREDICT): A Prospective Observational Study[END_REF]. On the other hand, the TARGET-STROKE study, which involved 71,169 patients with acute ischemic stroke treated with tPA, demonstrated that reducing the time-to-treatment resulted in a decreased prevalence of hemorrhagic transformation [START_REF] Fonarow | Door-to-Needle Times for Tissue Plasminogen Activator Administration and Clinical Outcomes in Acute Ischemic Stroke before and after a Quality Improvement Initiative[END_REF]). Via its Finger domain, tPA can interact with LRP receptors located on perivascular astrocytes. This mechanism facilitates the entry of vascular tPA into the parenchyma and causes the detachment of the astrocytic end-feet from the basal lamina. This alters the BBB and increases the risk of hemorrhage [START_REF] Benchenane | Oxygen Glucose Deprivation Switches the Transport of tPA across the Blood-Brain Barrier from an LRP-Dependent to an Increased LRP-Independent Process[END_REF][START_REF] Polavarapu | Tissue-Type Plasminogen Activator-Mediated Shedding of Astrocytic Low-Density Lipoprotein Receptor-Related Protein Increases the Permeability of the Neurovascular Unit[END_REF]Yepes et al. 2003).

Through its Kringle 2 domain and catalytic domain, tPA can interact with and activate PDGF-CC. PDGF-CC in turn activates PDGF-α receptors located on pericytes and astrocytes, leading to alteration of the BBB [START_REF] Fredriksson | Tissue Plasminogen Activator Is a Potent Activator of PDGF-CC[END_REF][START_REF] Su | Activation of PDGF-CC by Tissue Plasminogen Activator Impairs Blood-Brain Barrier Integrity during Ischemic Stroke[END_REF].

MMPs, which degrade the extracellular matrix, also play a role in opening the BBB. tPA can activate MMP-9, 2 and 3, thus weakening tight junctions and altering the basal lamina of cerebral vessels [START_REF] Lijnen | Plasmin and Matrix Metalloproteinases in Vascular Remodeling[END_REF]Y. Suzuki et al. 2009). One study demonstrated, both in vitro and in vivo, that tPA activates MMP-3 in endothelial cells, a process dependent on LRP and nuclear factor kappa B (NF-κB) (Y. [START_REF] Suzuki | Tissue-Type Plasminogen Activator (t-PA) Induces Stromelysin-1 (MMP-3) in Endothelial Cells through Activation of Lipoprotein Receptor-Related Protein[END_REF]. Additionally, clinical studies have indicated a correlation between plasma MMP-9 levels and the risk of hemorrhagic transformations [START_REF] Montaner | Matrix Metalloproteinase Expression Is Related to Hemorrhagic Transformation after Cardioembolic Stroke[END_REF].
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Function of tPA in the central nervous system

As previously mentioned, tPA is expressed by various CNS cells and is found in different brain regions. This pleiotropic protein can interact with a multitude of proteins and receptors across its five domains, leading to both deleterious and beneficial effects. Furthermore, its single-chain and two-chain forms have distinct roles in the CNS, as described below.

a) Glutamatergic modulation

Glutamate is the primary excitatory neurotransmitter in the brain. At most excitatory synapses, glutamate is released into the synaptic cleft from vesicles in the presynaptic neuron through a Ca 2+ -dependent mechanism [START_REF] Birnbaumer | The Naming of Voltage-Gated Calcium Channels[END_REF].

During neuronal activity, the depolarization of glutamatergic neurons has been shown to trigger exocytosis of tPA, alongside the glutamate release into the synapse [START_REF] Gualandris | Basic Fibroblast Growth Factor Overexpression in Endothelial Cells: An Autocrine Mechanism for Angiogenesis and Angioproliferative Diseases[END_REF].

There are two main classes of glutamate receptors: G protein-coupled metabotropic glutamate receptors (mGluR) and ionotropic receptors, which include the NMDA, Kainate and AMPA receptors.

The NMDA receptor is a tetrameric complex, formed from the assembly of four proteins, each constituting a receptor-channel monomer [START_REF] Traynelis | Glutamate Receptor Ion Channels: Structure, Regulation, and Function[END_REF]). These monomers exist in several forms, each resulting from the expression of different genes, and are referred to as subunits. To date, three major subunit families have been identified: GluN1, GluN2, and GluN3 [START_REF] Moriyoshi | Molecular Cloning and Characterization of the Rat NMDA Receptor[END_REF][START_REF] Monyer | Heteromeric NMDA Receptors: Molecular and Functional Distinction of Subtypes[END_REF]).

These subunits share a common foundational structure. For the receptor to be functional, it mandatorily requires the assembly of two GluN1 subunits combined with two GluN2 subunits, or a combination of GluN2 and GluN3 subunits [START_REF] Schorge | Studies of NMDA Receptor Function and Stoichiometry with Truncated and Tandem Subunits[END_REF]Ulbrich and Isacoff 2007;2008).

The NMDA receptor includes an extracellular amino-terminal domain (ATD) responsible for subunit assembly, and a ligand binding domain (LBD) where agonist binding and recognition occur. It also has a transmembrane domain (TMD) comprising 4 transmembrane segments (M1 to M4), with the M2 segment forming a reentrant loop INTRODUCTION | Tissue-type plasminogen activator that constitutes the ion channel. The C-terminus contains the carboxy-terminal domain (CTD), which is involved in receptor trafficking (Figure 14) [START_REF] Mayer | Glutamate Receptors at Atomic Resolution[END_REF][START_REF] Paoletti | NMDA Receptor Subunits: Function and Pharmacology[END_REF]. The GluN1 subunit has the binding sites for the two co-agonists, Dserine and glycine, while the GluN2 subunit contains the site for glutamate binding.

The NMDA receptor is also selectively activated by the exogenous compound from which it takes its name: N-methyl D-aspartate.

Figure 14. Schematic representation of NMDA receptor activation. The NMDA receptor is composed by four domains, comprising an amino-terminal domain (ATD), a ligand-binding domain (LBD), a transmembrane domain (TMD), and a carboxyterminal domain (CTD). The activation of the receptor requires the binding of its ligand

(glutamate or NMDA) and its co-agonist (glycine or D-serine), followed by a depolarization to remove the Mg 2+ plug. Created with Biorender.

At resting potential, the receptor is blocked by a magnesium ion (Mg 2+ ). This ion is expelled during membrane depolarization [START_REF] Crunelli | Mg2+ Dependence of Membrane Resistance Increases Evoked by NMDA in Hippocampal Neurones[END_REF]. The NMDA receptor is considered an activity coincidence detector, due to its requirement for prior membrane depolarization [START_REF] Seeburg | The NMDA Receptor Channel: Molecular Design of a Coincidence Detector[END_REF].

INTRODUCTION | Tissue-type plasminogen activator

Glutamate plays a role in numerous processes related to brain development, such as neuronal migration and differentiation, as well as many cognitive functions, including memory and learning. However, glutamate can also induce excitotoxic death and be involved in neurodegeneration processes. Excess glutamate can lead to overactivation of NMDA receptors, causing deleterious Ca 2+ influx into neurons.

Consequently, glutamate is implicated in various CNS diseases, including epilepsy, Huntington's disease, Alzheimer's disease, Parkinson's disease, head trauma, and stroke [START_REF] Lewerenz | Chronic Glutamate Toxicity in Neurodegenerative Diseases-What Is the Evidence?[END_REF].

In 1995, tPA was shown to be involved in excitotoxicity in mice. Specifically, tPA-deficient mice displayed resistance to neuronal death following injection of glutamatergic agonists into the hippocampus [START_REF] Tsirka | Excitotoxin-Induced Neuronal Degeneration and Seizure Are Mediated by Tissue Plasminogen Activator[END_REF]. This susceptibility to neuronal loss was restored after administrating tPA within the brain, and intraparenchymal injection of PAI-1 to WT mice induced an excitotoxic resistance similar to that observed in tPA-deficient mice [START_REF] Tsirka | Neuronal Cell Death and tPA[END_REF].

Plasminogen-deficient mice are resistant to kainate induced toxicity in hippocampal neurons, suggesting a role of plasminogen activation into plasmin in excitotoxicity [START_REF] Tsirka | Neuronal Death in the Central Nervous System Demonstrates a Non-Fibrin Substrate for Plasmin[END_REF]).

In 2001, in an in vitro model of NMDA toxicity on cortical neurons, it was demonstrated that tPA can cleave the ATD of the GluN1 subunit of NMDA receptor, enhancing NMDA receptors signaling with an increased Ca 2+ influx and excitotoxic neuronal death (Nicole et al. 2001). This cleavage involves the LBS located on the Kringle 2 domain of tPA with the Arg 260 of the GluN1 subunit [START_REF] Fernández-Monreal | Arginine 260 of the Amino-Terminal Domain of NR1 Subunit Is Critical for Tissue-Type Plasminogen Activator-Mediated Enhancement of N-Methyl-D-Aspartate Receptor Signaling[END_REF][START_REF] Lopez-Atalaya | Toward Safer Thrombolytic Agents in Stroke: Molecular Requirements for NMDA Receptor-Mediated Neurotoxicity[END_REF]. tPA has also been demonstrated to modulate NMDA receptors distribution at the neuronal surface via its interaction with the Lys 178 of GluN1 subunit [START_REF] Lesept | Tissue-Type Plasminogen Activator Controls Neuronal Death by Raising Surface Dynamics of Extrasynaptic NMDA Receptors[END_REF]. The use of an antibody directed against the ATD of GluN1 subunit, called Glunomab, blocks the pro-excitotoxic effect of tPA in an NMDA toxicity model, without affecting the basal effect of NMDA receptors [START_REF] Lesept | Tissue-Type Plasminogen Activator Controls Neuronal Death by Raising Surface Dynamics of Extrasynaptic NMDA Receptors[END_REF][START_REF] Macrez | Neuroendothelial NMDA Receptors as Therapeutic Targets in Experimental Autoimmune Encephalomyelitis[END_REF]). These deleterious effects of tPA appear to depend on the presence of GluN2 subunits in the NMDA receptor. In line with this hypothesis, hippocampal neurons do not express GluN2D and are not affected by the proexcitotoxic effect of tPA (A. Baron et al. 2010). In addition, inhibiting GluN2D in cortical neurons, which do express GluN2D, prevents the pro-excitotoxic effects of tPA [START_REF] Jullienne | Selective Inhibition of GluN2D-Containing N-Methyl-D-Aspartate Receptors Prevents Tissue Plasminogen Activator-Promoted Neurotoxicity Both in Vitro and in Vivo[END_REF]. In contrast, it was demonstrated that simply expressing the INTRODUCTION | Tissue-type plasminogen activator GluN1 and GluN2A subunits in HEK cells is enough to restore the potentiating effect of tPA on NMDA signaling [START_REF] Fernández-Monreal | Arginine 260 of the Amino-Terminal Domain of NR1 Subunit Is Critical for Tissue-Type Plasminogen Activator-Mediated Enhancement of N-Methyl-D-Aspartate Receptor Signaling[END_REF]). Both in vitro with cultured cortical neurons, and in vivo with intrastriatal injections, only sc-tPA exerts this proexcitotoxic effect on NMDA receptors [START_REF] Parcq | Unveiling an Exceptional Zymogen: The Single-Chain Form of tPA Is a Selective Activator of NMDA Receptor-Dependent Signaling and Neurotoxicity[END_REF]) (Figure 15).

The ability of tPA to cleave the GluN1 subunit of NMDA receptors is not the only mechanism contributing to neurotoxicity. In fact, tPA can activate microglia, which play a role in excitotoxic neuronal death [START_REF] Rogove | Neurotoxic Responses by Microglia Elicited by Excitotoxic Injury in the Mouse Hippocampus[END_REF].

It has been demonstrated that tPA can also indirectly activate NMDA receptors, relying on its interaction with LRP receptors found on neurons [START_REF] Samson | Tissue-Type Plasminogen Activator Requires a Co-Receptor to Enhance NMDA Receptor Function[END_REF].

In contrast, in other in vitro and in vivo models of excitotoxicity, tPA has been shown to reduce excitotoxic death. This mechanism is independent of tPA's enzymatic activity and involves extra-synaptic NMDA receptors containing GluN2A subunit. Furthermore, inhibition of ER stress in vitro, facilitated by the interaction of tPA with membrane Grp78 (glucose-related protein 78), protects neurons from cell death induced by oxygen and glucose deprivation (OGD) [START_REF] Louessard | Activation of Cell Surface GRP78 Decreases Endoplasmic Reticulum Stress and Neuronal Death[END_REF].

tPA also exhibits neuroprotective effects by inhibiting autophagy through the [START_REF] Thiebaut | The Role of Plasminogen Activators in Stroke Treatment: Fibrinolysis and Beyond[END_REF]. INTRODUCTION | Tissue-type plasminogen activator Moreover, it has been evidenced that tc-tPA down-regulates GluN2B-NMDA receptors-driven signaling. Indeed, tc-tPA can activate the MET receptor, leading to endocytosis and proteasome-dependent degradation of the NMDA receptors containing the GluN2B subunit. By downregulating NMDA receptors' signaling, tPA displays a neuroprotective role [START_REF] Hedou | Two-Chains Tissue Plasminogen Activator Unifies Met and NMDA Receptor Signalling to Control Neuronal Survival[END_REF].

The contrasting effects of tPA on excitotoxic cell death could be attributed to various factors: the type of neurons involved, the model used to study cell death, or the dose of tPA administered [START_REF] Thiebaut | The Role of Plasminogen Activators in Stroke Treatment: Fibrinolysis and Beyond[END_REF]. sc-tPA and tc-tPA seem to have opposite effects, with sc-tPA tending to be pro-excitotoxic, while tc-tPA appears to reduce Ca 2+ influx and play a neuroprotective role (Figure 15) [START_REF] Bertrand | Conformations of Tissue Plasminogen Activator (tPA) Orchestrate Neuronal Survival by a Crosstalk between EGFR and NMDAR[END_REF][START_REF] Parcq | Unveiling an Exceptional Zymogen: The Single-Chain Form of tPA Is a Selective Activator of NMDA Receptor-Dependent Signaling and Neurotoxicity[END_REF]), but without any clinical evidence. b) Cerebral development Brain development involves a complex sequence of events, encompassing cell proliferation, differentiation, migration, and the establishment of connections and interactions between various cell types. The formation of the neural network necessitates the degradation of the extracellular matrix, which is facilitated by proteins such as MMPs, disintegrins, and specific serine proteases [START_REF] Nadarajah | Ventricle-Directed Migration in the Developing Cerebral Cortex[END_REF][START_REF] Stiles | The Basics of Brain Development[END_REF]van den Ameele et al. 2014). It has been shown that tPA is expressed during various embryonic stages, particularly in areas of neuronal migration and tissue remodeling. This suggests that tPA plays a role in CNS development by contributing to the degradation of the extracellular matrix [START_REF] Fredriksson | Tissue Plasminogen Activator Is a Potent Activator of PDGF-CC[END_REF]).

In 1999, It was shown that tPA-deficient mice exhibit delayed neuronal migration, leading to an accumulation of granular cells within the molecular layer of the cerebellum. More recently, the role of tPA in cell migration during embryonic development was confirmed, especially in the migration of oligodendrocyte progenitors along vessels [START_REF] Leonetti | Tissue-Type Plasminogen Activator Exerts EGF-like Chemokinetic Effects on Oligodendrocytes in White Matter (Re)Myelination[END_REF]) and in the migration of cortical neurons in the intermediate zone [START_REF] Pasquet | Tissue-Type Plasminogen Activator Controlled Corticogenesis Through a Mechanism Dependent of NMDA Receptors Expressed on Radial Glial Cells[END_REF].
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tPA is secreted at neuronal growth cones [START_REF] Krystosek | Plasminogen Activator Release at the Neuronal Growth Cone[END_REF], where it activates plasminogen. With the newly formed plasmin and MMPs, tPA can degrade the extracellular matrix and induce neurite growth (García-Rocha, Avila, and Armas-Portela 1994; [START_REF] Pittman | Neuronal Plasminogen Activators: Cell Surface Binding Sites and Involvement in Neurite Outgrowth[END_REF]. In fact, the inhibition or absence of tPA results in hindered neurite outgrowth, while its overexpression promotes this process via LRP receptors (S. H. [START_REF] Lee | tPA Regulates Neurite Outgrowth by Phosphorylation of LRP5/6 in Neural Progenitor Cells[END_REF][START_REF] Pittman | Neuronal Plasminogen Activators: Cell Surface Binding Sites and Involvement in Neurite Outgrowth[END_REF]. 

2013). c) Synaptic plasticity

The amygdala and hippocampus are critical regions involved in learning and memory processes. The primary molecular mechanism underlying these processes is LTP, characterized by sustained increase in synaptic transmission efficiency following repeated excitatory stimulation (S. [START_REF] Nabavi | Engineering a Memory with LTD and LTP[END_REF]. This phenomenon has also been observed in other brain regions, including the motor cortex [START_REF] Iriki | Long-Term Potentiation in the Motor Cortex[END_REF]) and the striatum (Uno and Ozawa 1991).

The glutamatergic system plays a central role in this process. The presynaptic neuron releases a large quantity of glutamate following high-frequency stimulation. The released glutamate in turn activates postsynaptic glutamatergic receptors, including AMPA receptors which are the first to be activated and induce local depolarization. This depolarization results in the removal of the magnesium (Mg 2+ ) block from NMDA receptors, leading to their activation. This process triggers an influx of Ca 2+ and K + into postsynaptic neurons, thereby initiating molecular cascades responsible for strengthening the synapse.

LTP is divided into two phases : -The early phase, which lasts a few hours and involves enzymatic mechanisms modulating synaptic efficacy. INTRODUCTION | Tissue-type plasminogen activator -The late phase, which lasts several days and contributes to improving synaptic efficiency by relying on de novo protein synthesis [START_REF] Bliss | Long-Lasting Potentiation of Synaptic Transmission in the Dentate Area of the Anaesthetized Rabbit Following Stimulation of the Perforant Path[END_REF][START_REF] Collingridge | Excitatory Amino Acids in Synaptic Transmission in the Schaffer Collateral-Commissural Pathway of the Rat Hippocampus[END_REF][START_REF] Frey | Effects of cAMP Simulate a Late Stage of LTP in Hippocampal CA1 Neurons[END_REF][START_REF] Nicoll | A Brief History of Long-Term Potentiation[END_REF].

Under physiological conditions, tPA is highly expressed in the amygdala and hippocampus [START_REF] Sappino | Extracellular Proteolysis in the Adult Murine Brain[END_REF][START_REF] Teesalu | Tissue Plasminogen Activator and Neuroserpin Are Widely Expressed in the Human Central Nervous System[END_REF]). In 1993, tPA was reported to play a role in the activation of hippocampal neurons. Specifically, the activation of these neurons leads to a rapid increase in mRNA encoding for tPA [START_REF] Qian | Tissue-Plasminogen Activator Is Induced as an Immediate-Early Gene during Seizure, Kindling and Long-Term Potentiation[END_REF].

In vitro studies have demonstrated that the inhibition of tPA alters the initiation of the late phase of LTP, while administration of tPA enhances this process [START_REF] Baranes | Tissue Plasminogen Activator Contributes to the Late Phase of LTP and to Synaptic Growth in the Hippocampal Mossy Fiber Pathway[END_REF]. These findings are supported by in vivo studies, where the overexpression of tPA results in increased LTP and improved learning and memory processes [START_REF] Madani | Enhanced Hippocampal Long-Term Potentiation and Learning by Increased Neuronal Expression of Tissue-Type Plasminogen Activator in Transgenic Mice[END_REF]. In contrast, tPA-deficient mice display memory deficits (R. [START_REF] Pawlak | Rapid, Specific and Active Site-Catalyzed Effect of Tissue-Plasminogen Activator on Hippocampus-Dependent Learning in Mice[END_REF].

The role of tPA in LTP varies depending on its form. Specifically, only sc-tPA has been shown to modulate LTP [START_REF] Parcq | Unveiling an Exceptional Zymogen: The Single-Chain Form of tPA Is a Selective Activator of NMDA Receptor-Dependent Signaling and Neurotoxicity[END_REF].

Several mechanisms might explain tPA's role in LTP:

-Through its interaction with NMDA receptors [START_REF] Qian | Tissue-Plasminogen Activator Is Induced as an Immediate-Early Gene during Seizure, Kindling and Long-Term Potentiation[END_REF] -Through its interaction with LRP receptors, which could promote neurite growth and the development of new synapses (S. H. [START_REF] Lee | tPA Regulates Neurite Outgrowth by Phosphorylation of LRP5/6 in Neural Progenitor Cells[END_REF]Zhuo et al. 2000) -By degrading the extracellular matrix, thereby facilitating the formation of new synapses [START_REF] Baranes | Tissue Plasminogen Activator Contributes to the Late Phase of LTP and to Synaptic Growth in the Hippocampal Mossy Fiber Pathway[END_REF] -Through its capacity to activate the brain-derived neurotrophic factor (BDNF), which is essential for LTP [START_REF] Pang | Cleavage of proBDNF by tPA/Plasmin Is Essential for Long-Term Hippocampal Plasticity[END_REF] -By its ability to cleave reelin, an important protein in regulating synaptic functions [START_REF] Trotter | Dab1 Is Required for Synaptic Plasticity and Associative Learning[END_REF])
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In the literature, the role tPA in the apoptosis of various brain cells can be sometimes opposite.

Few papers suggest a pro-apoptotic role of tPA. First, in hippocampal neurons when tPA is secreted by activated microglia [START_REF] Flavin | Microglial Tissue Plasminogen Activator (tPA) Triggers Neuronal Apoptosis in Vitro[END_REF]. Second, tPA potentiates apoptosis in human brain endothelial cells subjected to hypoxia, as well as in cortical neurons from NMDA-treated mice (D. [START_REF] Liu | Tissue Plasminogen Activator Neurovascular Toxicity Is Controlled by Activated Protein C[END_REF]. However, many studies show an anti-apoptotic effect of tPA in different models. tPA protects cortical neurons from apoptosis induced by serum deprivation by activating the pro-survival PI3K pathway, independently of its proteolytic activity [START_REF] Liot | Tissue-Type Plasminogen Activator Rescues Neurones from Serum Deprivation-Induced Apoptosis through a Mechanism Independent of Its Proteolytic Activity[END_REF] (Figure 16). Similarly, tPA activates the PI3K/Akt axis to protect oligodendrocytes from apoptosis. This effect is dependent on the interaction of its EGF domain with EGF receptors [START_REF] Correa | Tissue Plasminogen Activator Prevents White Matter Damage Following Stroke[END_REF]. It seems that multiple receptors are implicated in the anti-apoptotic function of tPA. Indeed, various studies have shown the involvement of annexin II (H.-Y. Lee et al. 2007), NMDA receptors containing the GluN2A subunit [START_REF] Echeverry | Tissue-Type Plasminogen Activator Is a Neuroprotectant in the Mouse Hippocampus[END_REF], and the EGF receptor [START_REF] Bertrand | Conformations of Tissue Plasminogen Activator (tPA) Orchestrate Neuronal Survival by a Crosstalk between EGFR and NMDAR[END_REF][START_REF] Henry | High T-PA Release by Neonate Brain Microvascular Endothelial Cells under Glutamate Exposure Affects Neuronal Fate[END_REF][START_REF] Lemarchand | Stressed Neurons Protect Themselves by a Tissue-Type Plasminogen Activator-Mediated EGFR-Dependent Mechanism[END_REF]. Additionally, tPA converts plasminogen into plasmin, which subsequently activates pro-BDNF to mature BDNF This process leads to the activation of Tropomyosin receptor kinase B (Trk-B), reducing apoptosis [START_REF] Head | Inhibition of P75 Neurotrophin Receptor BIBLIOGRAPHY Attenuates Isoflurane-Mediated Neuronal Apoptosis in the Neonatal Central Nervous System[END_REF]).

e) Inflammation

tPA is able to modulate the inflammatory response to tissue injury in various pathologies (L. [START_REF] Lin | Tissue Plasminogen Activator and Inflammation: From Phenotype to Signaling Mechanisms[END_REF][START_REF] Mehra | The Plasminogen Activation System in Neuroinflammation[END_REF].

During excitotoxic injury, mice deficient in tPA exhibited reduced microglial activation and neuronal death [START_REF] Rogove | Activation of Microglia Reveals a Non-Proteolytic Cytokine Function for Tissue Plasminogen Activator in the Central Nervous System[END_REF]. At the site of the lesion, tPA is secreted by both neurons and microglia, subsequently acting as a cytokine through its binding to annexin II via its Finger domain, which leads to microglial activation [START_REF] Flavin | Microglial Tissue Plasminogen Activator (tPA) Triggers Neuronal Apoptosis in Vitro[END_REF][START_REF] Siao | Cell Type-Specific Roles for Tissue Plasminogen Activator Released by Neurons or Microglia after Excitotoxic Injury[END_REF][START_REF] Siao | Tissue Plasminogen Activator Mediates Microglial Activation via Its Finger Domain through Annexin II[END_REF]. Once activated, microglia releases various factors, including pro-inflammatory cytokines and tPA, involved in neurodegenerative processes and the degradation of the extracellular matrix [START_REF] Siao | Cell Type-Specific Roles for Tissue Plasminogen Activator Released by Neurons or Microglia after Excitotoxic Injury[END_REF].

In chronic kidney disease, tPA activates the NF-κB pathway in macrophages, modulating their infiltration and activation within kidney parenchyma (L. [START_REF] Lin | Tissue Plasminogen Activator Activates NF-κB through a Pathway Involving Annexin A2/CD11b and Integrin-Linked Kinase[END_REF].
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In a model of multiple sclerosis, tPA plays an immunomodulatory role by enhancing the inflammatory T cell immune response [START_REF] Mizrachi | Role of Tissue Plasminogen Activator in Clinical Aggravation of Experimental Autoimmune Encephalomyelitis and Its Therapeutic Potential[END_REF][START_REF] Hélie | Tissue Plasminogen Activator Worsens Experimental Autoimmune Encephalomyelitis by Complementary Actions on Lymphoid and Myeloid Cell Responses[END_REF].

The effects of tPA on inflammation are believed to be mediated through its interaction with LRP receptors. Indeed, after cerebral ischemia induced by middle cerebral artery occlusion, mice lacking LRP receptors on microglial cells exhibited reduced cerebral edema and decreased MMP-9 levels. Administration of tPA to these mice did not result in increased microglial activation, in contrast to what was observed in wild-type mice (C. Zhang et al. 2009).

f) Cognition

Being involved in synaptic plasticity, tPA influences several related to memory [START_REF] Calabresi | Tissue Plasminogen Activator Controls Multiple Forms of Synaptic Plasticity and Memory[END_REF]. The deletion of tPA results in impaired spatial learning [START_REF] Benchenane | Anti-NR1 N-Terminal-Domain Vaccination Unmasks the Crucial Action of tPA on NMDA-Receptor-Mediated Toxicity and Spatial Memory[END_REF][START_REF] Calabresi | Tissue Plasminogen Activator Controls Multiple Forms of Synaptic Plasticity and Memory[END_REF]. The interaction between tPA and the NMDAR in the hippocampus and entorhinal cortex is essential for promoting spatial learning [START_REF] Benchenane | Anti-NR1 N-Terminal-Domain Vaccination Unmasks the Crucial Action of tPA on NMDA-Receptor-Mediated Toxicity and Spatial Memory[END_REF][START_REF] Hébert | The Story of an Exceptional Serine Protease, Tissue-Type Plasminogen Activator (tPA)[END_REF][START_REF] Obiang | GluN2D Subunit-Containing NMDA Receptors Control Tissue Plasminogen Activator-Mediated Spatial Memory[END_REF].

The amygdala plays a role in anxiety, stress response and fear. In this brain structure, tPA participates in the development of anxiety following stress by promoting synaptic remodeling (Robert [START_REF] Pawlak | Tissue Plasminogen Activator in the Amygdala Is Critical for Stress-Induced Anxiety-like Behavior[END_REF] and enhancing the effects of corticotropinreleasing factor (CRF), a major stress modulator [START_REF] Matys | Tissue Plasminogen Activator Promotes the Effects of Corticotropin-Releasing Factor on the Amygdala and Anxiety-like Behavior[END_REF]). In the amygdala, tPA is critical for contextual fear learning and recall [START_REF] Calabresi | Tissue Plasminogen Activator Controls Multiple Forms of Synaptic Plasticity and Memory[END_REF]. Finally, tPA-deficient mice exhibit a less anxious phenotype than wild-type mice (Robert [START_REF] Pawlak | Tissue Plasminogen Activator in the Amygdala Is Critical for Stress-Induced Anxiety-like Behavior[END_REF].

g) White matter

In white matter lesions, tPA is involved in remyelination and axonal regeneration. In an inflammatory context, fibrin deposits form lesions, intensifying the inflammatory response and enhancing axonal degeneration. tPA is able to reduce fibrin deposits through its fibrinolytic action, subsequently reducing axonal damage [START_REF] Akassoglou | Tissue Plasminogen Activator-Mediated Fibrinolysis Protects against Axonal Degeneration and Demyelination after Sciatic Nerve Injury[END_REF]. In contrast, the role of tPA in axonal regeneration has been INTRODUCTION | Tissue-type plasminogen activator shown to be independent of its ability to convert plasminogen into plasmin [START_REF] Minor | Tissue Plasminogen Activator Promotes Axonal Outgrowth on CNS Myelin after Conditioned Injury[END_REF].

Under neuroinflammatory conditions, such as multiple sclerosis, there is a decrease in tPA accompanied by an increase in PAI-1. This leads to a rise in the tPA-PAI-1 complex formation. Consequently, the ability of tPA to generate plasmin is reduced, resulting in a diminished fibrin degradation and enhanced axonal damage [START_REF] Gveric | Impaired Fibrinolysis in Multiple Sclerosis: A Role for Tissue Plasminogen Activator Inhibitors[END_REF][START_REF] Gveric | tPA Receptors and the Fibrinolytic Response in Multiple Sclerosis Lesions[END_REF]. In animal models of multiple sclerosis, tPA-deficient mice exhibit increased fibrin accumulation, which results in more severe disease symptoms and incomplete recovery [START_REF] East | A Role for the Plasminogen Activator System in Inflammation and Neurodegeneration in the Central Nervous System during Experimental Allergic Encephalomyelitis[END_REF]. Conversely, in the same model, inhibiting PAI-1 leads to reduced axonal degeneration and demyelination [START_REF] Pelisch | Plasminogen Activator Inhibitor-1 Antagonist TM5484 Attenuates Demyelination and Axonal Degeneration in a Mice Model of Multiple Sclerosis[END_REF]. Additionally, tPA can promote oligodendrocyte migration and survival in white matter injury, through its EGF domain [START_REF] Correa | Tissue Plasminogen Activator Prevents White Matter Damage Following Stroke[END_REF]Leonetti et al. 2017).

Following spinal cord injury, tPA expression increases and is believed to be involved in the degradation of chondroitin sulfate proteoglycans (CSPGs), which are extracellular matrix proteins that inhibit axonal regrowth [START_REF] Bukhari | Axonal Regrowth after Spinal Cord Injury via Chondroitinase and the Tissue Plasminogen Activator (tPA)/Plasmin System[END_REF]. It has been demonstrated that tPA can activate ADAMTS-4, a protease that degrades CSPGs, thereby improving axonal regrowth and functional recovery after spinal cord injury [START_REF] Lemarchant | tPA Promotes ADAMTS-4-Induced CSPG Degradation, Thereby Enhancing Neuroplasticity Following Spinal Cord Injury[END_REF].

Under physiological conditions, ADAMTS-4 expression by oligodendrocytes also plays a role in the myelination process and motor abilities [START_REF] Pruvost | ADAMTS-4 in Oligodendrocytes Contributes to Myelination with an Impact on Motor Function[END_REF].

h) Autophagy

Recently, tPA has been demonstrated to be an autophagy modulator during ischemic stroke. By degrading insulin-like growth factor binding protein 3 (IGFBP3), tPA increases the free form of insulin-like growth factor 1 (IGF-1), enhancing its bioavailability in the blood of both mice and human stroke patients. As a result, IGF-1 can activate its receptor, the IGF-1 receptor (IGF-1R), leading to reduced autophagy via the PI3K/Akt/mTOR pathway (Thiebaut et In 1963, de Duve introduced the term "autophagy" which comes from the Greek and means 'self-eating' ("phagos": to eat; "auto": oneself). He described autophagy as a process that leads to the degradation of cellular constituents, such as organelles and macromolecules, by the lysosome. In the mid-1990s, the discovery of autophagyrelated genes (ATG) in the yeast Saccharomyces cerevisiae led to a better understanding of the function and role of autophagy [START_REF] Klionsky | A Unified Nomenclature for Yeast Autophagy-Related Genes[END_REF]Tsukada and Ohsumi 1993). To date, more than 40 ATG genes have been identified in yeast, many of which have one or more mammalian homologs. In addition, 16 ATG genes are conserved in mammals and regulate autophagosome formation in all eukaryotes [START_REF] Klionsky | Guidelines for the Use and Interpretation of Assays for Monitoring Autophagy (4th Edition)1[END_REF].

Autophagy is described as a catabolic process through which a cell degrades and recycles its cytoplasmic material, thereby maintaining its homeostasis. The products of lysosomal degradation are essential for the synthesis of new macromolecules. The autophagic pathway, which is involved in the degradation of misfolded proteins, damaged organelles, and long-lived proteins, complements the proteasome pathway INTRODUCTION | Autophagy that degrades short-lived proteins. Depending on the mode by which the elements to be degraded are delivered to the lysosome, three forms of autophagy can be distinguished (Figure 17) [START_REF] Klionsky | Guidelines for the Use and Interpretation of Assays for Monitoring Autophagy (4th Edition)1[END_REF]): microautophagy, chaperonemediated autophagy (CMA), and macroautophagy. Microautophagy is a non-selective lysosomal degradation process, described as the direct engulfment of cytoplasmic material into the lysosome (Figure 17). This form of autophagy is induced under stress conditions, such as hypoxia, and is characterized by a random invagination of the membrane to trap proteins of the cytosol and various organelles, such as mitochondria, lipid droplets, ER, peroxisomes, and the nuclear fragments [START_REF] Farré | Turnover of Organelles by Autophagy in Yeast[END_REF][START_REF] Schuck | Microautophagy -Distinct Molecular Mechanisms Handle Cargoes of Many Sizes[END_REF].

Microautophagy is known to play several roles, including regulating the lipid/protein ratio on the lysosomal surface, maintaining organelle size, membrane composition, and lipid metabolism. It can occur simultaneously with macroautophagy or simply be a constitutive method for degrading long-lived proteins and membrane proteins [START_REF] Farré | Turnover of Organelles by Autophagy in Yeast[END_REF]W. Li, Li, and Bao 2012;[START_REF] Mijaljica | Microautophagy in Mammalian Cells: Revisiting a 40-Year-Old Conundrum[END_REF]. To date, only micro-ER-autophagy has been identified in mammalian systems [START_REF] Loi | ESCRT-III-Driven Piecemeal Micro-ER-Phagy Remodels the ER during Recovery from ER Stress[END_REF]).

Chaperone-mediated autophagy

Chaperone-mediated autophagy (CMA) is a selective form of autophagy observed only in eukaryotes. It facilitates the delivery of proteins to the lysosome without the use of vesicles (Figure 17). All CMA protein substrates contain a KFERQ peptide motif that is recognized by the chaperone Heat Shock cognate protein 70 (Hsc70) [START_REF] Chiang | A Role for a 70-Kilodalton Heat Shock Protein in Lysosomal Degradation of Intracellular Proteins[END_REF]). The Hsc70 binds to the substrate, forming a complex that enables the substrate's delivery to the lysosome. Once inside the lysosome, this complex is targeted to the lysosomal transmembrane protein known as lysosomeassociated membrane protein type 2A (LAMP-2A). In its monomeric form, LAMP-2A serves as a receptor for CMA substrates. However, its oligomerization is essential for substrate translocation into the lysosomal lumen. Substrates are sequentially transferred into the lysosome with the assistance of a chaperone located into the lysosomal lumen. CMA plays a crucial role in protein quality control by selectively eliminating altered or damaged proteins [START_REF] Tekirdag | Chaperone-Mediated Autophagy and Endosomal Microautophagy: Joint by a Chaperone[END_REF]. INTRODUCTION | Autophagy

Macroautophagy

Macroautophagy is the best-known and most extensively described form of autophagy in the literature. Macroautophagy is often simply referred to as "autophagy", and this is how it will be referenced throughout the remainder of the manuscript. Unlike microautophagy and CMA, autophagy allows substrates to be sequestered away from the lysosome. This process necessitates the synthesis of an autophagosome, a double-membrane vesicle, which facilitates the transport of organelles, large protein complexes with extended half-lives, and nucleic acids found in the cytoplasm. The autophagosome then fuses with the lysosome to form an autolysosome, leading to the simultaneous degradation of a vast number of cellular components. The material degraded by lysosomal hydrolases is subsequently released back into the cytoplasm to enable the synthesis of new molecules (Figure 17) (Y. [START_REF] Feng | The Machinery of Macroautophagy[END_REF].

C. Molecular mechanisms of autophagy

Autophagy is an evolutionarily conserved dynamic process, orchestrated and regulated by ATG genes through various signaling complexes. The process of autophagy can be divided into several major stages:

-Initiation: It begins with the formation of a double membrane known as the phagophore (or isolation membrane).

-Elongation: The phagophore then elongates, evolving into an autophagosome that sequesters cytoplasmic elements.

-Maturation: Ultimately, the autophagosome fuses with a lysosome. This concluding stage results in the creation of an autolysosome (or autophagolysosome), where the sequestered material is broken down by lysosomal hydrolases and subsequently recycled [START_REF] Klionsky | Guidelines for the Use and Interpretation of Assays for Monitoring Autophagy (4th Edition)1[END_REF].
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Initiation a) Phagophore origin

Autophagy begins with the formation of a phagophore, a double membrane enriched in phosphatidylinositol-3-phosphate (PI3P). In yeast, phagophores originates from a single membrane structure known as the pre-autophagosomal structure (PAS) (K. [START_REF] Suzuki | The Pre-Autophagosomal Structure Organized by Concerted Functions of APG Genes Is Essential for Autophagosome Formation[END_REF]. Despite autophagy being discovered over 50 years ago, the origin of the mammalian phagophore membrane remains unclear. It is not synthesized de novo, but rather originates from pre-existing organelles, with the nucleation process involving Atg proteins.

Several intracellular compartments have been identified as potential membrane donors, supporting the hypothesis of multiple origins:

-Endoplasmic reticulum: The phagophore membrane may originate from a specific region of the ER that is rich in PI3P and has a shape resembling the Greek letter "Ω", known as the omegasome. In the event of amino acid deficiency, PI3P concentration increases locally, prompting the ER membrane to expand and form the omegasome [START_REF] Axe | Autophagosome Formation from Membrane Compartments Enriched in Phosphatidylinositol 3-Phosphate and Dynamically Connected to the Endoplasmic Reticulum[END_REF]). This "PI3P platform" is where the isolation membrane originates. PI3P recruits the double FYVE domain-containing protein 1 (DFCP1) and WD-repeated domain phosphoinositide-interacting protein 2 (WIPI2) via its FYVE domain. This allows the isolation membrane to expand and form the phagophore (Figure 18) [START_REF] Axe | Autophagosome Formation from Membrane Compartments Enriched in Phosphatidylinositol 3-Phosphate and Dynamically Connected to the Endoplasmic Reticulum[END_REF][START_REF] Polson | Mammalian Atg18 (WIPI2) Localizes to Omegasome-Anchored Phagophores and Positively Regulates LC3 Lipidation[END_REF] -Mitochondria: Autophagosome may also form along the mitochondria. Indeed, specific autophagic proteins, such as Atg5 and the microtubule associated protein light chain 3 (MAP1LC3/LC3), have been observed to transiently colocalize with proteins on the mitochondrial outer membrane. Additionally, mitochondria-specific fluorescent lipids have been detected translocating from the mitochondria to autophagosomes [START_REF] Hailey | Mitochondria Supply Membranes for Autophagosome Biogenesis during Starvation[END_REF]. Furthermore, phagophores seem to originate at sites where the ER and mitochondria are in contact, mediated by the recruitment of the Atg14 protein by the SNARE (soluble N-ethylmaleimide-sensitive-factor attachment protein receptor) protein syntaxin 17 (STX17) [START_REF] Hamasaki | Autophagosomes Form at ER-Mitochondria Contact Sites[END_REF].
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-Plasma membrane and endosomes: It has been shown that the plasma membrane can contribute to phagophore biogenesis through a clathrindependent endocytosis mechanism, where clathrin is a structural protein constituting coated vesicles. The interaction between the Atg16L1 protein and clathrin generates an autophagosome precursor, a vesicle that precedes phagophore formation [START_REF] Ravikumar | Plasma Membrane Contributes to the Formation of Pre-Autophagosomal Structures[END_REF]. Endosomes, especially recycling endosomes, also play a role in phagophore formation. The Atg9 protein appears to facilitate transport and connection between endosomes, the Golgi apparatus and the plasma membrane [START_REF] Imai | Atg9A Trafficking through the Recycling Endosomes Is Required for Autophagosome Formation[END_REF][START_REF] Puri | ATG16L1 Meets ATG9 in Recycling Endosomes: Additional Roles for the Plasma Membrane and Endocytosis in Autophagosome Biogenesis[END_REF].

The plasma membrane contributes to phagophore formation via at least two distinct Atg proteins: Atg9, which is translocated from the plasma membrane to recycling endosomes through early endosomes, and Atg16L1, which is directly transported from the plasma membrane to recycling endosomes. The fusion of vesicles containing Atg9 and those containing Atg16L1, facilitated by the SNARE VAMP3 (vesicle associated membrane protein 3), is crucial for the biogenesis of autophagosomal precursors (Figure 19) [START_REF] Puri | Diverse Autophagosome Membrane Sources Coalesce in Recycling Endosomes[END_REF]. [START_REF] Puri | ATG16L1 Meets ATG9 in Recycling Endosomes: Additional Roles for the Plasma Membrane and Endocytosis in Autophagosome Biogenesis[END_REF].

-Golgi apparatus: The Golgi apparatus, as well as the intermediate compartment between the ER and the Golgi apparatus, serve as sources for phagophore nucleation [START_REF] Ge | The ER-Golgi Intermediate Compartment Is a Key Membrane Source for the LC3 Lipidation Step of Autophagosome Biogenesis[END_REF]. In 2015, a close communication between the phagophore and the Golgi apparatus was evidenced [START_REF] Biazik | Ultrastructural Relationship of the Phagophore with Surrounding Organelles[END_REF]. In addition, Atg9 was shown to cycle between the trans-Golgi network and endosomes [START_REF] Imai | Atg9A Trafficking through the Recycling Endosomes Is Required for Autophagosome Formation[END_REF]Young et al. 2006). Thereafter, vesicles containing Atg9 are transported from the Golgi apparatus to the isolation membrane, where they contribute to phagophore formation (Figure 20) [START_REF] Imai | Atg9A Trafficking through the Recycling Endosomes Is Required for Autophagosome Formation[END_REF][START_REF] Orsi | Dynamic and Transient Interactions of Atg9 with Autophagosomes, but Not Membrane Integration, Are Required for Autophagy[END_REF]H. Yamamoto et al. 2012).

The formation of phagophore involves the Atg9 protein, the only transmembrane protein in the autophagy machinery. Its precise role remains unclear, but it appears to be important in providing membranes for phagophore formation (Y. [START_REF] Feng | Autophagic Membrane Delivery through ATG9[END_REF]H. Yamamoto et al. 2012). Notably, both yeast and mice without Atg9 exhibit autophagy deficiencies. When Atg9 is deleted in HEK (human embryonic kidney) cells, phagophore formation is inhibited during the early stages of autophagy [START_REF] Orsi | Dynamic and Transient Interactions of Atg9 with Autophagosomes, but Not Membrane Integration, Are Required for Autophagy[END_REF]. The transport of Atg9 via several organelles, including the Golgi apparatus and recycled endosomes, is essential for initiating and continuing the autophagy process.

However, rather than serving as a structural element of the autophagosome, Atg9 participates in phagophore formation (Figure 20) [START_REF] Orsi | Dynamic and Transient Interactions of Atg9 with Autophagosomes, but Not Membrane Integration, Are Required for Autophagy[END_REF]. It has been shown that this mechanism necessitates the phosphorylation of Atg9 at its N-terminal domain (Tyr8) by Src Kinase. This phosphorylation promotes the interaction between Atg9 and the adaptor protein 1/2 (AP1/2) complex, directing its displacement within the cell. It is postulated that EGF receptors might activate the Src kinase (C. Zhou et al. 2017). The activity of mTORC1 is primarily influenced by receptor tyrosine kinases, the availability of nutrients and amino acids, the energetic state of the cell, and growth factors (X. M. [START_REF] Ma | Molecular Mechanisms of mTOR-Mediated Translational Control[END_REF]. mTORC1 is integrated into the PI3K/Akt pathway.
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When PI3K is activated, it results in the accumulation of PIP3 at the plasma membrane. PIP3 is a phospholipid that plays a role in the recruitment and activation of Akt. Once Akt is activated, it phosphorylates the tuberous sclerosis complex 2 (TSC2), inhibiting its activity. This inactivation of TSC2, a negative regulator of mTORC1, allows for mTORC1's activation by Ras homolog enriched in brain (Rheb).

Moreover, Akt can directly activate mTORC1 by phosphorylating PRAS40 (J. [START_REF] Huang | A Complex Interplay between Akt, TSC2 and the Two mTOR Complexes[END_REF]. Beyond the PI3K/Akt pathway, mTORC1 can also be regulated by:

-ERK kinases which can activate mTORC1 by inhibiting TSC2 [START_REF] Carrière | Oncogenic MAPK Signaling Stimulates mTORC1 Activity by Promoting RSK-Mediated Raptor Phosphorylation[END_REF].

-Amino acids which activate mTORC1 independently of the TSC1/2 complex.

Consequently, when energy intake diminishes, mTORC1 activity decreases [START_REF] Hara | Amino Acid Sufficiency and mTOR Regulate P70 S6 Kinase and eIF-4E BP1 through a Common Effector Mechanism[END_REF]Wolfson and Sabatini 2017).

-The Adenosine Monophosphate-activated protein kinase (AMPK), activated when the cell's energy levels are low. By phosphorylating both TSC2 and Raptor, AMPK suppresses mTORC1 activity [START_REF] Egan | The Autophagy Initiating Kinase ULK1 Is Regulated via Opposing Phosphorylation by AMPK and mTOR[END_REF]. This lipid plays a pivotal role in recruiting WIPI2 and DFCP1, both of which are essential for phagophore formation. From [START_REF] Thiebaut | Modulation de l'autophagie neuronale par la sérine protéase tPA en conditions ischémiques[END_REF].
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The mTORC1 complex serves as a central sensor of the cell's energy status and regulates the autophagy pathways. Under physiological conditions, this complex interacts with the ULK1 complex, inhibiting its kinase activity by phosphorylating the ULK1/2 and Atg13 proteins. INTRODUCTION | Autophagy In contrast, during periods of nutritional deficiency, mTOR is suppressed. This results in its detachment from the ULK1 complex and the subsequent dephosphorylation of the ULK1/2 and Atg13 proteins. The kinase activity of ULK1/2 is subsequently restored, facilitating its autophosphorylation as well as the phosphorylation of Atg13 and FIP200 (Figure 22) [START_REF] Egan | The Autophagy Initiating Kinase ULK1 Is Regulated via Opposing Phosphorylation by AMPK and mTOR[END_REF][START_REF] Jung | ULK-Atg13-FIP200 Complexes Mediate mTOR Signaling to the Autophagy Machinery[END_REF][START_REF] Egan | The Autophagy Initiating Kinase ULK1 Is Regulated via Opposing Phosphorylation by AMPK and mTOR[END_REF].

Figure 22. Regulation of the ULK1 complex by mTOR. In normal conditions,

nutrients are abundant and mTOR is activated. It phosphorylates ULK1/2 and Atg13, thus inactivating their kinase activity, leading to the inhibition of autophagy. In cases of amino acid deficiency, mTOR is inactivated and cannot phosphorylate the proteins within the ULK1 complex. Consequently, ULK1/2 undergo autophosphorylation and phosphorylate Atg13 and FIP200, thereby inducing autophagy. From [START_REF] Thiebaut | Modulation de l'autophagie neuronale par la sérine protéase tPA en conditions ischémiques[END_REF].

The activated ULK1 complex migrates to the phagophore, where it stimulates the PI3KC3 complex. When amino acid deficiency causes mTORC1 inhibition, ULK1 can directly phosphorylate Beclin-1 at Ser 14 . This specific phosphorylation enhances the activity of the PI3KC3 complex [START_REF] Russell | ULK1 Induces Autophagy by Phosphorylating Beclin-1 and Activating VPS34 Lipid Kinase[END_REF]). Another phosphorylation site has been identified on Beclin1: Ser 30 [START_REF] Park | ULK1 Phosphorylates Ser30 of BECN1 in Association with ATG14 to Stimulate Autophagy Induction[END_REF]). Moreover, the ULK1 complex can phosphorylate the AMBRA1 protein, a component of the PI3KC3 complex. This INTRODUCTION | Autophagy phosphorylation facilitates the interaction between AMBRA1 and Beclin1 and allows the PI3KC3 complex to dissociate from the dynein motor [START_REF] Cianfanelli | AMBRA1 Links Autophagy to Cell Proliferation and Tumorigenesis by Promoting C-Myc Dephosphorylation and Degradation[END_REF][START_REF] Nazio | mTOR Inhibits Autophagy by Controlling ULK1 Ubiquitylation, Self-Association and Function through AMBRA1 and TRAF6[END_REF]. Moreover, Beclin1 can boost the kinase activity of VPS34, leading to the release of PI3P at the site of phagophore formation [START_REF] Kihara | Beclin-Phosphatidylinositol 3-Kinase Complex Functions at the Trans-Golgi Network[END_REF]. This lipid molecule plays a crucial role in autophagosome development by recruiting the DFCP1 and WIPI2 proteins and extending the isolation membrane (Figure 23) [START_REF] Axe | Autophagosome Formation from Membrane Compartments Enriched in Phosphatidylinositol 3-Phosphate and Dynamically Connected to the Endoplasmic Reticulum[END_REF][START_REF] Polson | Mammalian Atg18 (WIPI2) Localizes to Omegasome-Anchored Phagophores and Positively Regulates LC3 Lipidation[END_REF]. The pro-apoptotic proteins, Bcl-2 associated agonist of cell death (Bad) and Bcl-2 associated x (Bax), can also attach to Bcl-2, leading to the release of Beclin1 [START_REF] Pedro | BAX and BAK1 Are Dispensable for ABT-737-Induced Dissociation of the BCL2-BECN1 Complex and Autophagy[END_REF]. When Beclin1 binds with either UV irradiation resistance-associated gene (UVRAG), an onco-suppressor, or endophilin B1 (Bif-1), it encourages the activation of the PI3KC3 complex and the commencement of autophagy [START_REF] Liang | Autophagic and Tumour Suppressor Activity of a Novel Beclin1-Binding Protein UVRAG[END_REF]2008;[START_REF] Takahashi | Bif-1 Interacts with Beclin 1 through UVRAG and Regulates Autophagy and Tumorigenesis[END_REF]).

c) Non-canonical autophagy

Many groups have demonstrated the pivotal role of the mTORC1, ULK1/2, and PI3KC3 complexes in initiating phagophore formation. Yet, recent studies have identified a form of autophagy that does not rely on these complexes. This noncanonical type of autophagy may operate independently of:

-mTOR: Lithium can induce autophagy through a mechanism that doesn't rely on mTOR, implying the presence of an alternate pathway in autophagy regulation [START_REF] Sarkar | Lithium Induces Autophagy by Inhibiting Inositol Monophosphatase[END_REF]. Similarly, in a model of Huntington's disease, the aberrant accumulation of a mutant protein triggered mTOR-independent autophagy, facilitating the clearance of protein aggregates (A. Yamamoto, Cremona, and Rothman 2006). Furthermore, when communication between the ER and mitochondria is disrupted, it results in an energy imbalance and heightened autophagy within the cell. In this case, the autophagy induction is not driven by the mTOR pathway but rather by AMPK (Ahumada-Castro et al.

2019).
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-ULK1/2: In mice deficient in ULK1, the clearance of organelles, such as mitochondria and ribosomes, is compromised. However, these mice manage to survive past the neonatal stage, a period during which autophagy is crucial for ensuring an adequate supply of amino acids and glucose to the liver, heart, and skeletal muscles [START_REF] Kundu | Ulk1 Plays a Critical Role in the Autophagic Clearance of Mitochondria and Ribosomes during Reticulocyte Maturation[END_REF]. This implies either that ULK1 is not vital for this autophagic process or that its absence is counterbalanced by ULK2.

Interestingly, both glucose deprivation and ammonia exposure can trigger autophagy in embryonic fibroblasts of ULK1/2-deficient mice [START_REF] Cheong | Ammonia-Induced Autophagy Is Independent of ULK1/ULK2 Kinases[END_REF]). Likewise, poliovirus can induce autophagy without the involvement of the ULK1 complex (Corona [START_REF] Velazquez | Poliovirus Induces Autophagic Signaling Independent of the ULK1 Complex[END_REF]).

-Beclin1: Beclin1-independent autophagy seems to be linked with cell death (L. Sun et al. 2015). For instance, autophagy triggered by the neurotoxin 1-methyl-4-phenylpyridinium (MPP + ) is associated with neuronal cell death (J.-H. Zhu et al. 2007). Moreover, the polyphenol resveratrol induces death in human tumor cells that correlates with Beclin1-independent autophagy but is dependent on Atg7 and the Atg12-Atg5 complex [START_REF] Mauthe | Resveratrol-Mediated Autophagy Requires WIPI-1-Regulated LC3 Lipidation in the Absence of Induced Phagophore Formation[END_REF][START_REF] Scarlatti | Role of Non-Canonical Beclin 1-Independent Autophagy in Cell Death Induced by Resveratrol in Human Breast Cancer Cells[END_REF].

Other pro-apoptotic compounds, such as staurosporine, MK801, and etoposide, also stimulate Beclin1-independent autophagy, which contributes to apoptosis in primary cortical neurons [START_REF] Grishchuk | Beclin 1-Independent Autophagy Contributes to Apoptosis in Cortical Neurons[END_REF]. This Beclin1independent autophagy process is implicated in cell differentiation and the uptake of bacterial toxins (Arsov et al. 2011;[START_REF] Mestre | Alpha-Hemolysin Is Required for the Activation of the Autophagic Pathway in Staphylococcus Aureus-Infected Cells[END_REF]. Notably, autophagy that bypasses Beclin1 does not necessarily exclude the activation of the PI3KC3 complex or the recruitment of the WIPI protein [START_REF] Gao | Neuroprotection against Hypoxic-Ischemic Brain Injury by Inhibiting the Apoptotic Protease Activating Factor-1 Pathway[END_REF][START_REF] Smith | Arsenic Trioxide Induces a Beclin-1-Independent Autophagic Pathway via Modulation of SnoN/SkiL Expression in Ovarian Carcinoma Cells[END_REF]).

Elongation

After the phagophore is formed, its membrane extends and wraps around the cytoplasmic contents destined for degradation, forming a double-membraned vesicle known as the autophagosome. This sealed structure ensures that the targeted contents are segregated from the rest of the cytoplasmic components.
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The elongation phase is orchestrated by two conjugation systems, which are analogous to protein ubiquitination systems and are referred to as the Ubiquitin-like conjugation system. This system comprises three protein classes: E1 activating enzymes, E2 conjugating enzymes, and E3 ligases. Eight Atg family proteins play the roles of the E1, E2, and E3 enzymes. These proteins then form two distinct conjugates:

Atg12-Atg5 and LC3-phosphatidylethanolamine (LC3-PE). a) Atg12-Atg5 conjugation system Atg12 is a protein related to ubiquitin. However, unlike ubiquitin, it does not require maturation to enter the conjugation system since its sequence ends with a glycine residue. This C-terminal residue allows Atg7, serving as an E1-activating enzyme, to activate Atg12 directly. This activation, which is ATP-dependent, results in the creation of a thio-ester bond between Atg12 and Atg7 [START_REF] Tanida | Apg7p/Cvt2p: A Novel Protein-Activating Enzyme Essential for Autophagy[END_REF].

Subsequently, Atg12 is transferred to Atg10, establishing a new thio-ester bond and liberating Atg7 [START_REF] Shintani | Apg10p, a Novel Protein-Conjugating Enzyme Essential for Autophagy in Yeast[END_REF]). Atg10 then functions as an E2 conjugation enzyme, facilitating the covalent binding of Atg12 to Atg5, which triggers the formation of the Atg12-Atg5 conjugate (N. [START_REF] Mizushima | A New Protein Conjugation System in Human. The Counterpart of the Yeast Apg12p Conjugation System Essential for Autophagy[END_REF]). As of now, no E3 ligases have been identified as part of this system. This conjugation system, which is highly dynamic, consistently exists in the cytoplasm and does not necessitate a specific stimulus to form. Immediately after synthesis, Atg5 and Atg12 conjugate, and to date, no known protease cleaves this bond. Thus, it's quite rare to detect Atg12 and Atg5 in their unbound state (N. [START_REF] Mizushima | A New Protein Conjugation System in Human. The Counterpart of the Yeast Apg12p Conjugation System Essential for Autophagy[END_REF].

The Atg16L1 protein non-covalently attaches to Atg5. Using its superhelix domain, Atg16L1 forms a dimer, allowing it to pair with two Atg12-Atg5 conjugates. The resultant complex is a homo-oligomerized macromolecule weighing approximately 800 kDa (Figure 24) [START_REF] Kuma | Formation of the Approximately 350-kDa Apg12-Apg5.Apg16 Multimeric Complex, Mediated by Apg16 Oligomerization, Is Essential for Autophagy in Yeast[END_REF]. This complex then functions as the E3 enzyme for the subsequent LC3-PE conjugation system (Figure 25) [START_REF] Fujioka | Dimeric Coiled-Coil Structure of Saccharomyces Cerevisiae Atg16 and Its Functional Significance in Autophagy[END_REF][START_REF] Otomo | Structure of the Human ATG12~ATG5 Conjugate Required for LC3 Lipidation in Autophagy[END_REF].

The combination of the Atg12-Atg5 conjugate with Atg16L1 unveils a membranebinding site on Atg5, facilitating its attachment to the outer membrane of emerging INTRODUCTION | Autophagy autophagosomes. The complex assists in phagophore elongation, detaching from the autophagosome once it is sealed (Noboru [START_REF] Mizushima | Mouse Apg16L, a Novel WD-Repeat Protein, Targets to the Autophagic Isolation Membrane with the Apg12-Apg5 Conjugate[END_REF]N. Mizushima, Noda, and Ohsumi 1999).

Figure 24. The Atg12-Atg5 conjugation system. Atg12 is activated by Atg7, which serves as the E1 activating enzyme. A non-covalent bond is established between a cysteine residue in Atg7 and the C-terminal glycine of Atg12. Subsequently, this Cterminal glycine of Atg12 forms another non-covalent bond with a cysteine in Atg10.

Acting as an E2 conjugating enzyme, Atg10 facilitates the creation of a covalent bond between Atg12 and the Atg5 protein, with Atg5 functioning as the substrate. Ultimately, the Atg12-Atg5 conjugate pairs with the Atg16L1 dimer. The combined Atg13-Atg5/Atg16L1 complex operates as the E3 enzyme in the synthesis of the second LC3-PE conjugate. From [START_REF] Thiebaut | Modulation de l'autophagie neuronale par la sérine protéase tPA en conditions ischémiques[END_REF]. INTRODUCTION | Autophagy While LC3 assumes the role analogous to ubiquitin, its maturation process differs.

Initially, LC3 is in its immature form, termed pro-LC3. The protease Atg4 ensures its maturation into LC3-I by cleaving its C-terminal part [START_REF] Agrotis | Redundancy of Human ATG4 Protease Isoforms in Autophagy and LC3/GABARAP Processing Revealed in Cells[END_REF]). In the presence of ATP, Atg7, which plays the role of the E1 activating enzyme, activates and transfers LC3-I to Atg3, the E2 enzyme. This results in the conjugation of LC3-I to a membrane phospholipid. (Y. [START_REF] Ichimura | A Ubiquitin-like System Mediates Protein Lipidation[END_REF][START_REF] Kirisako | The Reversible Modification Regulates the Membrane-Binding State of Apg8/Aut7 Essential for Autophagy and the Cytoplasm to Vacuole Targeting Pathway[END_REF]. The Atg12-Atg5/Atg16L1 complex not only enhances Atg3 activity but also functions as an E3 ligase, participating in LC3-I lipidation [START_REF] Hanada | The Atg12-Atg5 Conjugate Has a Novel E3-like Activity for Protein Lipidation in Autophagy[END_REF][START_REF] Otomo | Structure of the Human ATG12~ATG5 Conjugate Required for LC3 Lipidation in Autophagy[END_REF][START_REF] Romanov | Mechanism and Functions of Membrane Binding by the Atg5-Atg12/Atg16 Complex during Autophagosome Formation[END_REF]. This system produces the LC3-PE conjugate, also known as Acting as an E2 conjugating enzyme, Atg3 establishes a covalent bond between LC3 and a phospholipid (PE). The conjugation of PE with LC3-I is facilitated by the Atg12-Atg5/Atg16L1 complex, which acts as an E3 ligase. The resulting LC3-PE conjugate, known as LC3-II, associates with both the outer and inner membranes of the phagophore. This plays a pivotal role in its elongation and eventual formation of the autophagosome. From [START_REF] Thiebaut | Modulation de l'autophagie neuronale par la sérine protéase tPA en conditions ischémiques[END_REF].

The formation of this conjugate can be triggered by specific stimuli, but the nature of this induction varies depending on the cell or tissue type. Unlike the Atg12-Atg5 conjugate, which is localized only to the outer membrane, LC3-II is uniformly distributed between both the outer and inner membranes of the phagophore. It plays a pivotal role in autophagosome formation, being essential in the autophagosome's closure (Y. [START_REF] Kabeya | LC3, a Mammalian Homologue of Yeast Apg8p, Is Localized in Autophagosome Membranes after Processing[END_REF][START_REF] Kabeya | LC3, GABARAP and GATE16 Localize to Autophagosomal Membrane Depending on Form-II Formation[END_REF]).

Unlike the Atg12-Atg5 conjugate, LC3-II remains associated even after the vesicle is fully formed. While LC3-II proteins on the outer membrane of the autophagosome are cleaved by Atg4 and recycled, those on the inner membrane persist intact. They are only degraded by lysosomal hydrolases after the autophagosome fuses with the lysosome [START_REF] Maruyama | Autophagy-Regulating Protease Atg4: Structure, Function, Regulation and Inhibition[END_REF][START_REF] Satoo | The Structure of Atg4B-LC3 Complex Reveals the Mechanism of LC3 Processing and Delipidation during Autophagy[END_REF]).

An increased conversion rate of LC3-I to LC3-II is frequently used as an indicator of autophagosome formation [START_REF] Klionsky | Guidelines for the Use and Interpretation of Assays for Monitoring Autophagy (4th Edition)1[END_REF]).

In mammals, there are at least eight identified orthologs of Atg8. These are grouped into two subfamilies, each playing a role in autophagosome biogenesis at different stages [START_REF] Shpilka | Atg8: An Autophagy-Related Ubiquitin-like Protein Family[END_REF]Y. Xin et al. 2001):

-The LC3 family, which includes LC3A, LC3B, and LC3C.

INTRODUCTION | Autophagy

-The gamma-aminobutyric acid receptor-associated protein (GABARAP) family, which consists of GABARAP1, GABARAP2, GABARAPL1, GABARAPL2/GATE-16, and GABARAPL3.

In addition to their role in autophagosome formation, LC3 family proteins are crucial for recognizing and selectively recruiting substrates for degradation. This is facilitated by autophagic receptors that possess an LC3-interacting region (LIR) domain. This domain allows them to bind to LC3-II conjugates on the phagophore membrane and encapsulate the components targeted for degradation [START_REF] Birgisdottir | The LIR Motif -Crucial for Selective Autophagy[END_REF][START_REF] Padman | LC3/GABARAPs Drive Ubiquitin-Independent Recruitment of Optineurin and NDP52 to Amplify Mitophagy[END_REF].

Numerous substrates, including ubiquitinylated substrates, protein aggregates, and damaged mitochondria, can be specifically recognized by these receptors. Although autophagy was traditionally viewed as a non-selective process, this mechanism highlights that substrates targeted for degradation can be selectively identified by autophagic receptors and subsequently delivered to the autophagosome (Johansen and Lamark 2020; [START_REF] Padman | LC3/GABARAPs Drive Ubiquitin-Independent Recruitment of Optineurin and NDP52 to Amplify Mitophagy[END_REF]Zaffagnini et al. 2018).

c) Autophagy receptors

The p62 protein (also known as sequestosome 1) was the first autophagic receptor identified. p62 possesses a ubiquitin recognition domain, called ubiquitinassociated (UBA), as well as an LIR domain, allowing it to bind to LC3-II in the autophagosome (Yoshinobu [START_REF] Ichimura | Structural Basis for Sorting Mechanism of P62 in Selective Autophagy[END_REF][START_REF] Pankiv | P62/SQSTM1 Binds Directly to Atg8/LC3 to Facilitate Degradation of Ubiquitinated Protein Aggregates by Autophagy[END_REF]).

This cargo protein plays a significant role in the autophagy of protein aggregates [START_REF] Pankiv | P62/SQSTM1 Binds Directly to Atg8/LC3 to Facilitate Degradation of Ubiquitinated Protein Aggregates by Autophagy[END_REF], mitochondria (Yamada et al. 2018), peroxisomes (P. K. [START_REF] Kim | Ubiquitin Signals Autophagic Degradation of Cytosolic Proteins and Peroxisomes[END_REF], zymogen granules (secretory granules) [START_REF] Grasso | Zymophagy, a Novel Selective Autophagy Pathway Mediated by VMP1-USP9x-P62, Prevents Pancreatic Cell Death[END_REF], viruses [START_REF] Mohamud | CALCOCO2/NDP52 and SQSTM1/P62 Differentially Regulate BIBLIOGRAPHY Coxsackievirus B3 Propagation[END_REF], and bacteria [START_REF] Chai | A Mycobacterium Tuberculosis Surface Protein Recruits Ubiquitin to Trigger Host Xenophagy[END_REF]. p62 is degraded by lysosomal hydrolases along with other cellular substrates. Consequently, p62 degradation serves as a reliable marker of autophagic activity [START_REF] Klionsky | Guidelines for the Use and Interpretation of Assays for Monitoring Autophagy (4th Edition)1[END_REF].

Other autophagic receptors similar to p62 have been identified and are referred to as p62/sequestosome 1-like receptors (SLRs) ( 

Maturation

The maturation stage of autophagy entails the fusion of the autophagosome with the lysosome. For this fusion to occur, the autophagosome must be fully closed.

In 2012, it was demonstrated that the LC3-II conjugate present on the phagophore's outer membrane must be dissociated by Atg4 for the maturation of the phagophore into a fusible autophagosome (Z.-Q. Yu et al. 2012). However, in 2019, it was evidenced that the delipidation of LC3-II by Atg4 is not a prerequisite for the fusion of the autophagosome with the lysosomes [START_REF] Agrotis | Redundancy of Human ATG4 Protease Isoforms in Autophagy and LC3/GABARAP Processing Revealed in Cells[END_REF]. Numerous studies indicate that a malfunction in the Atg conjugation system results in the build-up of unclosed autophagosomes within the cell [START_REF] Fujita | An Atg4B Mutant Hampers the Lipidation of LC3 Paralogues and Causes Defects in Autophagosome Closure[END_REF][START_REF] Kishi-Itakura | Ultrastructural Analysis of Autophagosome Organization Using Mammalian Autophagy-Deficient Cells[END_REF]N. Mizushima et al. 2001). Still, it appears that the conjugation system, including Atg3, Atg5, and Atg7, is not crucial for the fusion between autophagosomes and lysosomes, even though the autophagosome formation rate drops in cells lacking Atg3, Atg5, or Atg7 [START_REF] Tsuboyama | (NMDAR), which plays a role in autophagy-mediated neuronal death. Tissue-type plasminogen activator (tPA) is a serine protease of the central nervous system and is used as a thrombolytic agent to facilitate reperfusion during the acute phase of ischemic stroke. tPA offers neuroprotection by activating the insulin growth factor 1 receptor (IGF-1R), which in turn reduces autophagy. To gain deeper insights into the molecular mechanisms behind autophagy-mediated neuronal death caused by cerebral ischemia, we investigated the roles of NMDAR and IGF-1R activation in cortical neurons post-ischemia. Using an in vitro model of ischemic stroke (OGDreox), we found that NMDAR activation induces excitotoxicity and autophagy, subsequently leading to neuronal death. More specifically, we discovered that NMDAR negatively regulates IGF-1R by inhibiting its phosphorylation, which then decreases the phosphorylation of IRS-1 downstream. As a result, the suppression of the neuroprotective IGF-1R signaling pathway during ischemic stroke intensifies autophagic neuronal death. tPA is secreted in its single-chain form (sc-tPA) and can be converted to a two-chain form (tc-tPA) by plasmin or kallikreins. This serine protease displays both neurotrophic and neurotoxic effects with sc-tPA promoting NMDAR excitotoxicity and tc-tPA down-regulating GluN2B-NMDARs. We identified a specific cleavage mechanism of sc-tPA into tc-tPA by the activation surface of mature cortical neurons. This mechanism is plasmin-dependent and involves the LBS of the Kringle 2 domain of tPA[END_REF]. Additionally, the fusion process is hampered in cells that do not express proteins from the LC3 family [START_REF] Nguyen | Atg8 Family LC3/GABARAP Proteins Are Crucial for Autophagosome-Lysosome Fusion but Not Autophagosome Formation during PINK1/Parkin Mitophagy and Starvation[END_REF]).

The autophagosome and lysosome are distinct compartments with different cellular distributions. Indeed, autophagosomes form in the cytoplasm, while lysosomes and late endosomes are primarily localized in the peri-nuclear region, adjacent to the microtubule organizing center, the centrosome [START_REF] Jongsma | An ER-Associated Pathway Defines Endosomal Architecture for Controlled Cargo Transport[END_REF]. INTRODUCTION | Autophagy Therefore, once formed, the autophagosome must migrate to the peri-nuclear region to fuse with the lysosome. Autophagosomes use microtubules as a guide and employ the dynein-dynactin complex as a molecular motor for transportation towards lysosomes. This movement of autophagosomes is inhibited by the microinjection of anti-LC3 antibodies, suggesting a role for LC3 in this process [START_REF] Kimura | Dynein-Dependent Movement of Autophagosomes Mediates Efficient Encounters with Lysosomes[END_REF].

The interaction of Rab7, a small guanosine triphosphatase (GTPase), with FYVE and coiled-coil domain-containing protein 1 (FYCO1) establishes the connection between microtubules and the autophagosome. Consequently, with the help of Rab7, the autophagosome can move toward the cellular periphery using kinesins [START_REF] Pankiv | P62/SQSTM1 Binds Directly to Atg8/LC3 to Facilitate Degradation of Ubiquitinated Protein Aggregates by Autophagy[END_REF].

In contrast, the migration of autophagosomes toward the peri-nuclear region involves dynactin and necessitates the interaction of Rab7 with Rab-interacting lysosomal protein (RILP) and oxysterol-binding protein-related protein 1L (ORP1L) (Figure 27) [START_REF] Ma | A Non-Canonical GTPase Interaction Enables ORP1L-Rab7-RILP Complex Formation and Late Endosome Positioning[END_REF][START_REF] Jongsma | An ER-Associated Pathway Defines Endosomal Architecture for Controlled Cargo Transport[END_REF]. also binds to RILP and ORP1L to promote dynein-and/or dynactin-induced movement towards the perinuclear region. From [START_REF] Nakamura | New Insights into Autophagosome-Lysosome Fusion[END_REF].

(X.
Interestingly, the localization of lysosomes plays a role in fusion efficiency. Indeed, increasing the concentration of lysosomes in the perinuclear zone, by inhibiting the kinesin family member (Kif) 1Bβ and 2A, leads to enhanced fusion. Conversely, dispersing lysosomes to the periphery through the overexpression of Kif5B reduces the fusion rate and results in the accumulation of autophagosomes in the perinuclear space [START_REF] Cardoso | Depletion of Kinesin 5B Affects Lysosomal Distribution and Stability and Induces Peri-Nuclear Accumulation of Autophagosomes in Cancer Cells[END_REF][START_REF] Korolchuk | Lysosomal Positioning Coordinates Cellular Nutrient Responses[END_REF].

In neurons, autophagosomes are generated at the distal tip of the axon, while lysosomes are primarily synthesized in the soma [START_REF] Cai | Snapin-Regulated Late Endosomal Transport Is Critical for Efficient Autophagy-Lysosomal Function in Neurons[END_REF][START_REF] Maday | Autophagosome Biogenesis in Primary Neurons Follows an Ordered and Spatially Regulated Pathway[END_REF]. Similar to other cell types, autophagic vacuoles are transported using the dynein motor. However, this process necessitates the involvement of a specific protein: snapin. Snapin acts as an adaptor, recruiting the dynein motor for retrograde transport from the late endosome to the soma [START_REF] Cheng | Axonal Autophagosomes Recruit Dynein for Retrograde Transport through Fusion with Late Endosomes[END_REF]. Late endosomes attached to the snapin/dynein complex fuse with autophagosomes, forming amphisomes. These amphisomes are then transported to the soma, where they merge with lysosomes (Figure 28).

Fusion does not solely rely on the retrograde transport of amphisomes. A recent study showed that lysosomes are continuously delivered to the distal axon to fuse with axonal autophagosomes/amphisomes. Halting lysosome delivery in the distal axon leads to an aberrant accumulation of autophagosomes and mutant α-synuclein proteins in the axons of dorsal root ganglion neurons isolated from adult mice. This study indicates that lysosome transport in the distal axon is crucial for maintaining local autophagy and efficient clearance [START_REF] Cheng | Axonal Autophagosomes Recruit Dynein for Retrograde Transport through Fusion with Late Endosomes[END_REF]. INTRODUCTION | Autophagy

Figure 28. Amphisome retrograde transport in the axons of neurons. Formation of amphisomes through nascent autophagosome fusion with late endosomes in distal

axons enables the dynein-Snapin motor-adaptor complex to drive retrograde transport of amphisomes for lysosomal degradation in the soma of neurons. Adapted from [START_REF] Ganesan | Understanding Amphisomes[END_REF].

The co-localization of the autophagosome with the lysosome facilitates their fusion, resulting in the formation of the autolysosome. This fusion can be preceded by the creation of an amphisome, a structure derived from the fusion of an autophagosome with an endosome, facilitated by proteins from the endosomal sorting complex required for transport (ESCRT) machinery. Some studies suggest that the amphisome plays a crucial role in autolysosome formation. Both in Drosophila and in mammals, a deficiency in the ESCRT system can impede the fusion of autophagosomes with the endosomal system, leading to an accumulation of autophagosomes [START_REF] Manil-Ségalen | Interactions between Endosomal Maturation and Autophagy: Analysis of ESCRT Machinery during Caenorhabditis Elegans Development[END_REF]Tumbarello et al. 2012).

The formation of autolysosomes requires the involvement of the Rab-SNARE machinery, typically involved in vesicle-vesicle fusion. The SNARE receptor STX7,
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visible only on the outer membrane of closed autophagosomes, binds to synaptosome associated protein 29 (SNAP29) [START_REF] Itakura | The Hairpin-Type Tail-Anchored SNARE Syntaxin 17 Targets to Autophagosomes for Fusion with Endosomes/Lysosomes[END_REF].

Concurrently, ectopic P granules protein 5 (EPG5) is recruited by late endosomes/lysosomes through its interaction with Rab7 and VAMP8 (Zheng Wang et al. 2016). EPG5 then connects to LC3 via its LIR domain and to the STX7-SNAP29 complex present on autophagosomes. EPG5 stabilizes and facilitates the formation of the SNARE complex, STX7-SNAP29-VAMP8, enhancing the fusion of the autophagosome with the lysosome (Figure 29) [START_REF] Itakura | Syntaxin 17: The Autophagosomal SNARE[END_REF]Zheng Wang et al. 2016). A deficiency in EPG5 results in aberrant fusion of autophagosomes with various endocytosis vesicles, primarily due to an increase in the STX17-SNAP25-VAMP8 complex (Zheng Wang et al. 2016).

The homotypic fusion and vacuole protein sorting (HOPS) complex also contributes to the fusion process, interacting with STX17 (P. [START_REF] Jiang | The HOPS Complex Mediates Autophagosome-Lysosome Fusion through Interaction with Syntaxin 17[END_REF]. Moreover, Atg14L can act as a tethering factor by directly binding to the binary STX17-SNAP29 complex on autophagosomes, fostering STX17-SNAP29-VAMP8-dependent fusion of autophagosomes with lysosomes [START_REF] Diao | ATG14 Promotes Membrane Tethering and Fusion of Autophagosomes to Endolysosomes[END_REF]. It seems that tectonin betapropeller repeat-containing 1 (TECPR1), through its binding to PI3P and Atg5-Atg12, also functions as a tethering factor between the lysosome and autophagosome (D. EPG5 is recruited to late endosomes/lysosomes via interactions with Rab7 and VAMP8. Subsequently, it associates with LC3 and the STX17-SNAP29 complex, facilitating the assembly of the trans-SNARE fusion machinery. Unlike EPG5, Atg14L interacts with the STX17-SNAP29 complex on autophagosomes through STX7, but not with the complete STX17-SNAP29-VAMP8 SNARE complex, suggesting that Atg14L functions earlier than EPG5 in the process. PLEKHM1 acts as an adaptor protein, establishing connections with Rab7, HOPS complexes, and LC3 to promote the fusion of autophagosomes with lysosomes. EPG5, Atg14L, and the HOPS complexes serve as "tethering" entities, though their precise interrelationships remain to be delineated. These molecules work in concert to facilitate the fusion of autophagosomes with lysosomes and the subsequent formation of autolysosomes.

From [START_REF] Nakamura | New Insights into Autophagosome-Lysosome Fusion[END_REF].

A negative regulator of autophagolysosome formation is the run domain

Beclin1-interacting and cysteine-rich containing protein (Rubicon). A decrease in

Rubicon expression has been shown to increase autolysosome formation [START_REF] Matsunaga | Two Beclin 1-Binding Proteins, Atg14L and Rubicon, Reciprocally Regulate Autophagy at Different Stages[END_REF]Q. Sun et al. 2011). Rubicon is regulated by several factors, including the EGF receptor (X. [START_REF] Tan | A Kinase-Independent Role for EGF Receptor in Autophagy Initiation[END_REF], acetylated Beclin1 (T. Sun et al. 2015), and UVRAG (Y.-M. [START_REF] Kim | mTORC1 Phosphorylates UVRAG to Negatively Regulate Autophagosome and Endosome Maturation[END_REF]. Under physiological conditions, mTORC1 phosphorylates UVRAG, which can then bind to Rubicon. Conversely, during amino acid deficiency, UVRAG is no longer phosphorylated by mTORC1 and binds to HOPS, promoting autophagosome-lysosome fusion (Y.-M. [START_REF] Kim | mTORC1 Phosphorylates UVRAG to Negatively Regulate Autophagosome and Endosome Maturation[END_REF].

The final step in the autophagy process involves the degradation of the contents within the autophagosome. This step necessitates the involvement of lysosomal hydrolases, which function optimally at an acidic pH (ranging between 4.5 and 5.5).

The acidification of the autolysosome, essential for hydrolase activity, is achieved by the V-ATPase pumps located on the lysosomal membrane [START_REF] Mauvezin | Autophagosome-Lysosome Fusion Is Independent of V-ATPase-Mediated Acidification[END_REF].

These hydrolases encompass lipases that convert lipids into fatty acids, proteases which break down proteins into peptides, peptidases that turn peptides into amino acids, and nucleases that degrade nucleic acids into nucleosides. Additionally,
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lysosomal hydrolases degrade the inner membrane of the initial autophagosome.

Following this degradation, the autolysosome can serve as the basis for the formation of a new lysosome. Reactivating the protein kinase mTOR, a primary inhibitor of autophagy, appears to be essential for recycling the lysosomes that participated in autophagosome maturation (L. Yu et al. 2010).

The primary function of autophagy is to degrade cytoplasmic elements and recycle the resultant macromolecules, allowing the synthesis of essential components to counteract various stress conditions. As a result, these macromolecules must be reintroduced into the cytosol for reuse.

D. Autophagy regulation

In physiological conditions, autophagy is constitutively activated. However, its activity depends on various stimuli regulated by signaling pathways and stress signals.

mTOR pathway

The mTOR signaling pathway is the primary regulator of autophagy. mTORC1 acts as a negative regulator of this process. When mTORC1 phosphorylates ULK1/2

and Atg13 proteins, it prevents the stabilization and kinase activity of the ULK complex, thereby inhibiting autophagy [START_REF] Jung | ULK-Atg13-FIP200 Complexes Mediate mTOR Signaling to the Autophagy Machinery[END_REF]).

The PI3K/Akt pathway activates the mTORC1 complex [START_REF] Dibble | Regulation of mTORC1 by PI3K Signaling[END_REF].

This activation, dependent on receptor tyrosine kinase, is modulated by nutrients, including cholesterol [START_REF] Castellano | Lysosomal Cholesterol Activates mTORC1 via an SLC38A9-Niemann-Pick C1 Signaling Complex[END_REF] and amino acids such as leucine and glutamine [START_REF] Son | Leucine Signals to mTORC1 via Its Metabolite Acetyl-Coenzyme A[END_REF]H. W. S. Tan, Sim, and Long 2017a). A deficiency in nutrients has been found to inhibit mTORC1, leading to the subsequent activation of autophagy. Such inhibition can occur through the activation of AMPK and the lysosomal recruitment of TSC1/2. Additionally, growth factors, such as insulin, can regulate mTORC1 [START_REF] Demetriades | Regulation of TORC1 in Response to Amino Acid Starvation via Lysosomal Recruitment of TSC2[END_REF][START_REF] Inoki | TSC2 Is Phosphorylated and Inhibited by Akt and Suppresses mTOR Signalling[END_REF]. INTRODUCTION | Autophagy mTOR was identified in 1994 through biochemical isolation using a rapamycin-FKBP12 (tacrolimus-binding protein of 12 kDa) complex. This complex specifically binds to mTORC1 and inhibits its kinase activity allosterically [START_REF] Chiu | RAPT1, a Mammalian Homolog of Yeast Tor, Interacts with the FKBP12/Rapamycin Complex[END_REF][START_REF] Sabatini | RAFT1: A Mammalian Protein That Binds to FKBP12 in a Rapamycin-Dependent Fashion and Is Homologous to Yeast TORs[END_REF][START_REF] Sabers | Isolation of a Protein Target of the FKBP12-Rapamycin Complex in Mammalian Cells[END_REF]. Consequently, rapamycin is extensively used as an autophagy activator. Its pro-autophagic properties have been demonstrated in yeast under nutrient-rich conditions, in glioma cell lines, and in in vitro and in vivo models of neurodegenerative diseases [START_REF] Noda | Tor, a Phosphatidylinositol Kinase Homologue, Controls Autophagy in Yeast[END_REF][START_REF] Takeuchi | Synergistic Augmentation of Rapamycin-Induced Autophagy in Malignant Glioma Cells by Phosphatidylinositol 3-Kinase/Protein Kinase B Inhibitors[END_REF][START_REF] Ravikumar | Aggregate-Prone Proteins with Polyglutamine and Polyalanine Expansions Are Degraded by Autophagy[END_REF][START_REF] Ravikumar | Inhibition of mTOR Induces Autophagy and Reduces Toxicity of Polyglutamine Expansions in Fly and Mouse Models of Huntington Disease[END_REF]).

Additionally, its effects have been observed in the mouse nervous system, specifically the spinal cord and cerebellum [START_REF] Castillo | Measurement of Autophagy Flux in the Nervous System in Vivo[END_REF]).

Class III PI3K complex

The PI3KC3 complex plays a pivotal role in autophagy up-regulation, being essential for phagophore formation, nucleation, and elongation. Beclin1 serves as a platform, recruiting either autophagy-activating or -inhibiting proteins to form various complexes.

Autophagy-activating proteins include:

-UVRAG, which associates with both Beclin1 and Bif-1, thereby enhancing the activity of the PI3KC3 complex [START_REF] Liang | Autophagic and Tumour Suppressor Activity of a Novel Beclin1-Binding Protein UVRAG[END_REF]2008;[START_REF] Takahashi | Bif-1 Interacts with Beclin 1 through UVRAG and Regulates Autophagy and Tumorigenesis[END_REF]).

-Nuclear receptor binding factor 2 (NRBF2), responsible for assembling the PI3KC3 complex [START_REF] Cao | NRBF2 Regulates Macroautophagy as a Component of Vps34 Complex I[END_REF][START_REF] Lu | NRBF2 Regulates Autophagy and Prevents Liver Injury by Modulating Atg14L-Linked Phosphatidylinositol-3 Kinase III Activity[END_REF]).

-Vacuole membrane protein 1 (VMP-1), which links to Beclin1 [START_REF] Ropolo | The Pancreatitis-Induced Vacuole Membrane Protein 1 Triggers Autophagy in Mammalian Cells[END_REF]).

-Ambra1, which stabilizes the ULK1 complex and facilitates the release of PI3KC3 from the dynein motor to the ER, prompting autophagosome formation [START_REF] Cianfanelli | AMBRA1 Links Autophagy to Cell Proliferation and Tumorigenesis by Promoting C-Myc Dephosphorylation and Degradation[END_REF][START_REF] Bartolomeo | The Dynamic Interaction of AMBRA1 with the Dynein Motor Complex Regulates Mammalian Autophagy[END_REF][START_REF] Nazio | mTOR Inhibits Autophagy by Controlling ULK1 Ubiquitylation, Self-Association and Function through AMBRA1 and TRAF6[END_REF]).

-E1B19K, he adenovirus oncoprotein which interacts with the BH3 domain of Beclin1 [START_REF] Gannagé | Matrix Protein 2 of Influenza A Virus Blocks Autophagosome Fusion with Lysosomes[END_REF].
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p53 signaling

The p53 protein is a transcription factor that regulates the expression of several hundred genes involved in cell damage repair [START_REF] Kress | Simian Virus 40-Transformed Cells Express New Species of Proteins Precipitable by Anti-Simian Virus 40 Tumor Serum[END_REF][START_REF] Linzer | Characterization of a 54K Dalton Cellular SV40 Tumor Antigen Present in SV40-Transformed Cells and Uninfected Embryonal Carcinoma Cells[END_REF][START_REF] Farmer | Wild-Type P53 Activates Transcription in Vitro[END_REF].

p53 acts as a tumor suppressor, and its inactivation contributes to the development of many tumors. In fact, more than 50% of cancers harbor mutations in the transformation-related protein 53 (TRP53) gene [START_REF] Leroy | TP53 Mutations in Human Cancer: Database Reassessment and Prospects for the next Decade[END_REF][START_REF] Nigro | Mutations in the P53 Gene Occur in Diverse Human Tumour Types[END_REF].

Furthermore, p53 is implicated in numerous metabolic pathways, such as the insulinlike growth factor (IGF)/PI3K/mTOR pathway, in response to various cellular stresses, including oxidative stress, ER stress, and hypoxia (Z. Feng et al. 2007a). It also plays a pivotal role in regulating autophagy.

p53 can both promote and inhibit autophagy, and this duality depends on its cellular localization. The cytoplasmic form of p53 inhibits autophagy while in the nucleus, p53

acts both as a pro-autophagic transcription factor and an autophagy inhibitor.

Specifically, the nuclear form of p53 can down-regulate the expression of PTENinduced putative kinase 1 (PINK1), a crucial protein in the selective degradation of mitochondria, called mitophagy [START_REF] Tasdemir | Regulation of Autophagy by Cytoplasmic P53[END_REF][START_REF] Goiran | Nuclear P53-Mediated Repression of Autophagy Involves PINK1 Transcriptional down-Regulation[END_REF].

Activation of autophagy by p53 mainly depends on the inhibition of the mTORC1 pathway through transcriptional regulation of genes that encode:

-β1 and β2 subunits of AMPK (Z. -Sestrin 1 and 2 proteins, which are involved in mTORC1 inhibition [START_REF] Budanov | Identification of a Novel Stress-Responsive Gene Hi95 Involved in Regulation of Cell Viability[END_REF][START_REF] Budanov | P53 Target Genes Sestrin1 and Sestrin2 Connect Genotoxic Stress and mTOR Signaling[END_REF].

The p53 protein also inhibits the transcription of genes encoding Bcl-2 family proteins, leading to a reduction in the number of Bcl-2-Beclin1 complexes and promoting the formation of the PI3KC3 complex [START_REF] Miyashita | Tumor Suppressor P53 Is a Direct Transcriptional Activator of the Human Bax Gene[END_REF].
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Transcriptional activation of the damage-regulated autophagy modulator (DRAM)

protein by p53, in response to DNA damage, results in the activation of both autophagy and apoptosis processes [START_REF] Crighton | DRAM, a P53-Induced Modulator of Autophagy, Is Critical for Apoptosis[END_REF].

The genes ULK1/2, Atg7, Atg2b, Atg4a, Atg4c, Atg10, and UVRAG are also targeted by p53 to activate autophagy [START_REF] Broz | Global Genomic Profiling Reveals an Extensive P53-Regulated Autophagy Program Contributing to Key P53 Responses[END_REF]).

p53 has also been shown to negatively regulate LC3 in differentiating human trophoblasts and in a human colon cancer line, thereby controlling the autophagic balance [START_REF] Gauster | Downregulation of P53 Drives Autophagy during Human Trophoblast Differentiation[END_REF][START_REF] Scherz-Shouval | P53-Dependent Regulation of Autophagy Protein LC3 Supports Cancer Cell Survival under Prolonged Starvation[END_REF]).

E. Autophagy in ischemic stroke 1. Autophagy induction in ischemic stroke

Three days after transient cerebral ischemia, an increased number of lysosomes was observed in CA1 pyramidal neurons using electron microscopy.

Immunocytochemistry revealed that these lysosomes co-localized with cathepsin-B, a protease implicated in lysosomal degradation. This suggests that these lysosomes had already undergone fusion with an autophagosome [START_REF] Nitatori | Delayed Neuronal Death in the CA1 Pyramidal Cell Layer of the Gerbil Hippocampus Following Transient Ischemia Is Apoptosis[END_REF].

In neonatal rats, an induction of autophagy was also observed after ischemia with an activation of Beclin1 and an elevation in the number of autophagosomes, indicated by increased LC3-II levels (Puyal et al. 2009). This event is only observed on the ipsilateral side [START_REF] Carloni | Protective Role of BIBLIOGRAPHY Autophagy in Neonatal Hypoxia-Ischemia Induced Brain Injury[END_REF]. Cerebral ischemia not only results in an increase in the number of autophagosomes, but also boosts lysosomal activity, implying an enhanced autophagic flux [START_REF] Ginet | Enhancement of Autophagic Flux after Neonatal Cerebral Hypoxia-Ischemia and Its Region-Specific Relationship to Apoptotic Mechanisms[END_REF].

Similarly, in adult rats, autophagy is enhanced within the ischemic penumbra, as revealed by significant increases in Beclin1, LC3-II, and cathepsin-B levels [START_REF] Rami | Focal Cerebral Ischemia Induces Upregulation of Beclin 1 and Autophagy-like Cell Death[END_REF]Wen et al. 2008).
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Even though autophagy intensifies after an ischemic stroke, the process is not operating at its peak efficiency (C. [START_REF] Liu | Autophagy and Protein Aggregation after Brain Ischemia[END_REF]. In fact, the employment of an autophagy inhibitor, chloroquine, which obstructs the fusion of autophagosomes and lysosomes, leads to a rise in LC3-II expression in CA1 neurons of control animals [START_REF] Mauthe | Chloroquine Inhibits Autophagic Flux by Decreasing Autophagosome-Lysosome Fusion[END_REF]. In animals subjected to transient occlusion of both common carotid arteries, chloroquine only had minimal effect in the ischemic zone. This suggests that the fusion of autophagosomes and lysosomes is already compromised in ischemic neurons and some of the protein aggregates observed post-ischemia may result from a failure in autophagic flux (C. [START_REF] Liu | Autophagy and Protein Aggregation after Brain Ischemia[END_REF]).

Nevertheless, numerous publications reinforce the notion of autophagy activation following ischemic stroke [START_REF] Carloni | Activation of Autophagy and Akt/CREB Signaling Play an Equivalent Role in the Neuroprotective Effect of Rapamycin in Neonatal Hypoxia-Ischemia[END_REF][START_REF] Ruan | Remodeling of Synapses in the CA1 Area of the Hippocampus after Transient Global Ischemia[END_REF][START_REF] Sheng | Autophagy Regulates Endoplasmic Reticulum Stress in Ischemic Preconditioning[END_REF]R. Shi et al. 2012;J.-Y. Wang et al. 2011;Y.-Q. Zheng et al. 2009). Furthermore, a study involving 37 patients with acute ischemic stroke indicated that concentrations of Beclin-1 and LC3 in CSF and serum were elevated in ischemic patients compared to healthy subjects (H. [START_REF] Li | Autophagy Biomarkers in CSF Correlates with Infarct Size, Clinical Severity and Neurological Outcome in AIS Patients[END_REF]. CSF Beclin1 and LC3 levels were found to correlate positively with infarct volume and the severity of the neurological deficit and negatively with neurological recovery. However, this correlation was not observed for serum levels of Beclin1 and LC3 [START_REF] Guo | Autophagy-Related Gene Microarray and Bioinformatics Analysis for Ischemic Stroke Detection[END_REF]). Additionally, it has been noted that certain autophagy and apoptosis genes are expressed differently in ischemic stroke patients compared to healthy controls.

While under physiological conditions, the number of autophagosomes is higher in the brains of older mice, after hypoxia-ischemia, the increase in LC3-II is more pronounced in the mature brain (21-and 90-day-old mice) than in the immature brain

(5-and 9-day-old mice) (C. Zhu et al. 2005).

To substantiate the activation of autophagy under ischemic conditions, several autophagy-related signaling pathways are also activated, comprising (Figure 30):

-The Akt/CREB pathway: During neonatal hypoxia-ischemia, both Akt and CREB are activated in neurons. Phospho-Akt and phospho-CREB co-localize with Beclin1. In this model, the neuroprotective effect of rapamycin-induced autophagy is associated with the activation of the PI3K/Akt/mTOR axis and the phosphorylation of the transcription factor CREB [START_REF] Carloni | Activation of Autophagy and Akt/CREB Signaling Play an Equivalent Role in the Neuroprotective Effect of Rapamycin in Neonatal Hypoxia-Ischemia[END_REF]. INTRODUCTION | Autophagy -The AMPK pathway and mTORC1: During an ischemic stroke, the decrease in ATP raises the AMP/ATP ratio, leading to AMPK activation. Activated AMPK results in the phosphorylation of TSC1/2 and the subsequent inhibition of mTORC1 activity via Rheb (S.-H. [START_REF] Dai | Sirt3 Confers Protection against Neuronal Ischemia by Inducing Autophagy: Involvement of the AMPK-mTOR Pathway[END_REF][START_REF] Gabryel | AMP-Activated Protein Kinase Is Involved in Induction of Protective Autophagy in Astrocytes Exposed to Oxygen-Glucose Deprivation[END_REF]P. Jiang et al. 2014;P. Wang et al. 2012;[START_REF] Fu | Inhibition of AMP-Activated Protein Kinase Alleviates Focal Cerebral Ischemia Injury in Mice: Interference with mTOR and Autophagy[END_REF]. The involvement of the AMPK signaling pathway in autophagy activation following cerebral ischemia has been demonstrated with the inhibition of AMPK restoring mTORC1 activity and suppressing the induced autophagy.

-HIF-1α: Hypoxia-inducible factor 1 (HIF-1) is a heterodimeric transcriptional factor that is activated in response to hypoxia during cerebral ischemia [START_REF] Pugh | Regulation of Angiogenesis by Hypoxia: Role of the HIF System[END_REF]. This heterodimer is composed of a constitutively expressed HIF-1β subunit and an O2-regulated HIF-1α subunit (G. L. Wang et al. 1995) and regulates autophagy (Y. [START_REF] Shi | Excessive Autophagy Contributes to Neuron Death in Cerebral Ischemia[END_REF][START_REF] Shelby | Hypoxia Inducible Factor 1α Contributes to Regulation of Autophagy in Retinal Detachment[END_REF][START_REF] Kun | HIF-1α Inhibition Sensitized Pituitary Adenoma Cells to Temozolomide by Regulating Presenilin 1 Expression and Autophagy[END_REF]. The hypoxia resulting from ischemic stroke is believed to cause the overexpression and stabilization of this transcription factor which is potentially involved in transcribing genes that regulate autophagy [START_REF] Niu | Role of Hypoxia-Inducible Factors 1α (HIF1α) in SH-SY5Y Cell Autophagy Induced by Oxygen-Glucose Deprivation[END_REF]X.-Y. Xin et al. 2011;Z. Yang et al. 2014). HIF-1α activation is driven by mTORC1 which enhances its transcription and translation [START_REF] Land | Hypoxia-Inducible Factor 1alpha Is Regulated by the Mammalian Target of Rapamycin (mTOR) via an mTOR Signaling Motif[END_REF][START_REF] Dodd | mTORC1 Drives HIF-1α and VEGF-A Signalling via Multiple Mechanisms Involving 4E-BP1, S6K1 and STAT3[END_REF].

-ER stress: In ischemic stroke, autophagy can also be induced by ER stress. In a murine ischemia/reperfusion model, ER stress, induced by tunicamycin and thapsigargin, activates autophagy, and more specifically mitophagy. This effect is dependent on the eIF2α/ATF4 axis (X. Zhang et al. 2014). Additionally, melatonin administration, prior to ischemia, protects against cerebral ischemia/reperfusion injury by inhibiting ER stress-induced autophagy. In this model, ER stress impacts autophagy via the PERK and IRE1 pathways (D. Feng et al. 2017). 
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Neuronal autophagy in ischemic stroke

It is well-established that ischemic stroke induces an increase in autophagy in neurons situated within the lesion [START_REF] Nitatori | Delayed Neuronal Death in the CA1 Pyramidal Cell Layer of the Gerbil Hippocampus Following Transient Ischemia Is Apoptosis[END_REF][START_REF] Adhami | Cerebral Ischemia-Hypoxia Induces Intravascular Coagulation and Autophagy[END_REF][START_REF] Carloni | Protective Role of BIBLIOGRAPHY Autophagy in Neonatal Hypoxia-Ischemia Induced Brain Injury[END_REF][START_REF] Ginet | Enhancement of Autophagic Flux after Neonatal Cerebral Hypoxia-Ischemia and Its Region-Specific Relationship to Apoptotic Mechanisms[END_REF]Puyal et al. 2009;[START_REF] Rami | Focal Cerebral Ischemia Induces Upregulation of Beclin 1 and Autophagy-like Cell Death[END_REF]Wen et al. 2008;[START_REF] Tian | In Vivo Imaging of Autophagy in a Mouse Stroke Model[END_REF]), but the precise role of this phenomenon remains a topic of debate.

a) Neuroprotective role of autophagy in ischemic stroke

During an ischemic stroke, neurons within the ischemic lesion display numerous protein aggregates. Cerebral ischemia depletes ATP and disrupts intracellular homeostasis, inactivating ATP-dependent protein quality control systems such as molecular chaperones and folding enzymes [START_REF] Hu | Protein Aggregation after Transient Cerebral Ischemia[END_REF][START_REF] Lijnen | Plasmin and Matrix Metalloproteinases in Vascular Remodeling[END_REF]. These disruptions can lead to an accumulation of misfolded proteins in neurons, triggering ER stress [START_REF] Louessard | Activation of Cell Surface GRP78 Decreases Endoplasmic Reticulum Stress and Neuronal Death[END_REF]Roussel et al. 2013). Consequently, misfolded proteins, unprocessed nascent polypeptides, ribosomes, and chaperones accumulate and progressively aggregate during the post-ischemic phase. Protein aggregation is a nearly irreversible process that contributes to neuronal death (F. Zhang, Liu, and Hu 2006).

Autophagy displays a neuroprotective role via AMPK (S.-H. [START_REF] Dai | Sirt3 Confers Protection against Neuronal Ischemia by Inducing Autophagy: Involvement of the AMPK-mTOR Pathway[END_REF]P. Jiang et al. 2014). In the in vitro model of ischemic stroke, oxygen-glucose deprivation (OGD), sirtuin 1, a mitochondrial protein involved in protection against oxidative stress, was demonstrated to have a neuroprotective role, reducing neuronal death through AMPK phosphorylation and autophagy activation. Conversely, inhibiting AMPK results in decreased autophagy and increased neuronal death (S.-H. [START_REF] Dai | Sirt3 Confers Protection against Neuronal Ischemia by Inducing Autophagy: Involvement of the AMPK-mTOR Pathway[END_REF].

Nicotinamide phosphoribosyltransferase (Nampt), a protein implicated in nicotinamide adenine dinucleotide (NAD) biosynthesis and the inflammatory response, seems to mitigate neuronal death by enhancing autophagy through the AMPK/TSC2/mTORC1 axis (P. Wang et al. 2012).

The pro-survival effect of neuronal autophagy appears to involve regulation of the PI3K/Akt/mTOR pathway and the Akt/CREB axis [START_REF] Carloni | Activation of Autophagy and Akt/CREB Signaling Play an Equivalent Role in the Neuroprotective Effect of Rapamycin in Neonatal Hypoxia-Ischemia[END_REF]; Papadakis et al.
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and diminishes brain injury induced by hypoxia-ischemia in 7-day-old rats [START_REF] Carloni | Protective Role of BIBLIOGRAPHY Autophagy in Neonatal Hypoxia-Ischemia Induced Brain Injury[END_REF]. The neuroprotective effect of rapamycin has been confirmed in various in vivo ischemic stroke models [START_REF] Buckley | Rapamycin Up-Regulation of Autophagy Reduces Infarct Size and Improves Outcomes in Both Permanent MCAL, and Embolic MCAO, Murine Models of Stroke[END_REF][START_REF] Chauhan | Rapamycin Protects against Middle Cerebral Artery Occlusion Induced Focal Cerebral Ischemia in Rats[END_REF]. For instance, in rats, it significantly decreases infarct volume, cerebral edema, and motor deficits induced by permanent focal occlusion of a cerebral vessel [START_REF] Sheng | Autophagy Activation Is Associated with Neuroprotection in a Rat Model of Focal Cerebral Ischemic Preconditioning[END_REF].

The PI3KC3 complex also appears to play a crucial role in the neuroprotective effect of autophagy. Indeed, inhibition of autophagy using the PI3KC3 Autophagy can serve as an effector of cell death, inducing death directly, as in autophagic cell death, or through interaction with the apoptotic pathway.

(1) Autophagy and cell death

In 2004, two separate research groups showcased the direct role of autophagy in cell death. Firstly, the inhibition of caspase-8, an effector protein for apoptosis, was

shown to trigger Atg7-and Beclin1-dependent non-apoptotic cell death (L. Yu et al. 2004). Secondly, fibroblasts lacking the pro-apoptotic proteins Bax and Bak undergo Atg5-and Beclin1-dependent cell death when exposed to pro-apoptotic agents. This cell death, characterized by increased Beclin1 expression and a large number of autophagosomes and autolysosomes in the cytoplasm, is reduced by autophagy inhibitors [START_REF] Shimizu | Role of Bcl-2 Family Proteins in a Non-Apoptotic Programmed Cell Death Dependent on Autophagy Genes[END_REF][START_REF] Fazi | Fenretinide Induces Autophagic Cell Death in Caspase-Defective Breast Cancer Cells[END_REF]).

The Nomenclature Committee on Cell Death (NCCD) defines autophagic cell death as cell death that can be suppressed by inhibiting autophagy through the inhibition of at least two distinct autophagic proteins. Along with apoptosis (type I cell death) and necroptosis (type III cell death), autophagic cell death (type II cell death) is one of the three main types of programmed cell death [START_REF] Galluzzi | Molecular Definitions of Cell Death Subroutines: Recommendations of the Nomenclature Committee on Cell Death 2012[END_REF]).

Among autophagic death, there are three types of cell death (Figure 31):

-Death by excessive autophagy. This death is characterized by an upregulation of Beclin1 and an increased conversion of LC3-I to LC3-II. An accumulation of autophagic vacuoles (both autophagosomes and autolysosomes) within the cytoplasm, a gradual loss of organelles, and a disruption of intracellular membranes are observed. The nucleus and chromatin, however, remain relatively intact [START_REF] Dasari | Signalome-Wide RNAi Screen Identifies GBA1 as a Positive Mediator of Autophagic Cell Death[END_REF]R. Shi et al. 2012).

-Death due to excessive mitophagy. This death is marked by the aberrant formation of autophagosomes and autolysosomes. Excessive mitophagy can lead to an over-clearing of mitochondria, or even a total depletion of this INTRODUCTION | Autophagy organelle. Consequently, this can result in a partial or total loss of mitochondrial function, compromising oxidative respiration and ATP production [START_REF] Reef | A Short Mitochondrial Form of p19ARF Induces Autophagy and Caspase-Independent Cell Death[END_REF]Y. Wang et al. 2014;Q. Zhang et al. 2015). This energy deficiency can subsequently lead to cell death [START_REF] Sentelle | Ceramide Targets Autophagosomes to Mitochondria and Induces Lethal Mitophagy[END_REF]).

-Autosis is a form of autophagic cell death regulated by the Na+/K+ ATPase .

It can be triggered by pro-autophagic peptides, nutritional deficiencies, or hypoxia/ischemia. This type of cell death has been observed in the livers of patients with anorexia nervosa and in hippocampal neurons of 7-day-old rats subjected to hypoxia-ischemia (Y. [START_REF] Liu | Autosis Is a Na + ,K + -ATPase-Regulated Form of Cell Death Triggered by Autophagy-Inducing Peptides, Starvation, and Hypoxia-Ischemia[END_REF][START_REF] Kheloufi | Autosis Occurs in the Liver of Patients with Severe Anorexia Nervosa[END_REF]. Autosis is characterized by unique morphological features, including an increased number of autophagosomes and autolysosomes, rupture of the plasma membrane, and nuclear convolution in its early stages. In more advanced stages, there is chromatin condensation and swelling of the perinuclear space Autosis, involving changes in cell morphology, including PNS swelling and focal rupture of the plasma membrane. From [START_REF] Bialik | Autophagy-Dependent Cell Death -Where, How and Why a Cell Eats Itself to Death[END_REF].

In primary neuron cultures subjected to OGD, an increase in autophagic cell death is observed. This effect is inhibited by the autophagy inhibitor, 3-MA (R. [START_REF] Shi | Excessive Autophagy Contributes to Neuron Death in Cerebral Ischemia[END_REF].

In a neonatal model of ischemia, 3-MA significantly diminished the lesion volume, whereas an apoptosis inhibitor offered no protection [START_REF] Bao | Autophagy-Regulated AMPAR Subunit Upregulation in in Vitro Oxygen Glucose Deprivation/Reoxygenation-Induced Hippocampal Injury[END_REF]Puyal et al. 2009). Similarly, bafilomycin, an inhibitor of autophagosome-lysosome fusion, partially reverses the effects induced by ischemia. These two inhibitors increase Bcl-2 expression and reduce the number of autophagosomes and autolysosomes, infarct volume, cerebral edema, and motor deficits (Wen et al. 2008). Several publications support the idea that, in both in vitro and in vivo models of ischemic stroke, the reduction of autophagy by 3-MA and bafilomycin is neuroprotective [START_REF] Cui | Propofol Prevents Cerebral Ischemia-Triggered Autophagy Activation and Cell Death in the Rat Hippocampus through the NF-κB/P53 Signaling Pathway[END_REF];

W.-W. [START_REF] Jiang | Sodium Hydrosulfide Attenuates Cerebral Ischemia/Reperfusion Injury by Suppressing Overactivated Autophagy in Rats[END_REF][START_REF] Ryan | Temporal Pattern and Crosstalk of Necroptosis Markers with Autophagy and Apoptosis Associated Proteins in Ischemic Hippocampus[END_REF].

In primary neurons, the inhibition of Beclin1 and Atg7, using small interfering RNA (siRNA), reduces autophagy and excitotoxic cell death induced by kainate treatment associated with hypoxia (Ginet et al. 2014). Moreover, Atg7-deficient mice exhibit almost complete protection against hypoxia-induced death of hippocampal pyramidal neurons [START_REF] Koike | Inhibition of Autophagy Prevents Hippocampal Pyramidal Neuron Death after Hypoxic-BIBLIOGRAPHY Ischemic Injury[END_REF]. Conversely, in mice subjected to hypoxia-ischemia, the selective deletion of the ATG7 gene in neurons decreases autophagy and reduces infarct volume [START_REF] Kun | HIF-1α Inhibition Sensitized Pituitary Adenoma Cells to Temozolomide by Regulating Presenilin 1 Expression and Autophagy[END_REF]. A decreased expression of Atg5 also contributes to a reduction in infarct volume and neurological deficit in a model of ischemic stroke (P.

Wang et al. 2018).

In summary, studies have shown that inhibition of autophagy leads to a reduction in neuronal death and infarct volume in different models of ischemic stroke
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in vitro and in vivo. This suggests that autophagy is a process responsible for neuronal death during cerebral ischemia.

(2) Autophagy and apoptosis

Apoptosis is classified as type I cell death and characterized by cell contraction, cytoplasmic and chromatin condensation, DNA and nuclear fragmentation, and the formation of apoptotic bodies. During this process, the plasma membrane and organelles remain relatively intact.

There is an important interplay between apoptosis and Atg proteins. The mediators of both apoptosis and autophagy can either function antagonistically or cooperate to induce cell death. Various studies have highlighted a collaborative relationship between autophagy and apoptosis, where both processes are activated to facilitate cell death [START_REF] Cao | NRBF2 Regulates Macroautophagy as a Component of Vps34 Complex I[END_REF]Wirawan et al. 2010).

After cerebral ischemia, the number of cells displaying both DNA fragmentation and LC3 expression is increased, being more pronounced in the penumbra zone than in the ischemic core [START_REF] Tian | In Vivo Imaging of Autophagy in a Mouse Stroke Model[END_REF]. Moreover, 6 hours after hypoxia-ischemia in 7day-old rats, numerous autophagosomes are detected within dying neurons. Some of them display features of apoptosis, such as condensation of chromatin and cytoplasm and preservation of organelles. This suggests that in the ischemic penumbra, neurons undergoing apoptosis also exhibit robust activation of autophagy [START_REF] Ginet | Enhancement of Autophagic Flux after Neonatal Cerebral Hypoxia-Ischemia and Its Region-Specific Relationship to Apoptotic Mechanisms[END_REF]).

Interestingly, when autophagy is absent, neuronal apoptosis diminishes, and the 

2012).

In conclusion, it is well established that cerebral ischemia induces autophagy in neurons, though its exact role remains a topic of debate. Indeed, the activation of INTRODUCTION | Autophagy autophagy can be neuroprotective and may reduce ischemic damage. However, autophagy activation might actually promote neuronal death and exacerbate ischemic injury, its inhibition following ischemia being neuroprotective.
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Cerebral ischemia triggers many signaling pathways that contribute to neuronal death, including autophagy. One of the primary events following stroke is excitotoxicity due to overactivation of the NMDA receptor, which plays a role in autophagy-mediated neuronal death. The role of tyrosine kinase receptors, and more specifically of the IGF-1R, in autophagy has been largely documented in the literature [START_REF] Troncoso | Energy-Preserving Effects of IGF-1 Antagonize Starvation-Induced Cardiac Autophagy[END_REF]Y. Lin et al. 2017;S. Wang and Gu 2018). tPA is a serine protease of the central nervous system and is used as a thrombolytic agent to facilitate reperfusion during the acute phase of ischemic stroke. It was recently demonstrated that tPA offers neuroprotection by activating the IGF-1R, which in turn reduces autophagy (Thiebaut et al. 2022). However, the trigger of autophagy during ischemia and the role of IGF-1R during autophagy induction in neurons are poorly described.

The aim of my thesis is to address the following questions:

-What role does the NMDA receptor play in autophagy-induced neuronal death during cerebral ischemia? -In the in vitro model of ischemic stroke OGDreox, through which mechanism does the IGF-1R exert its neuroprotective action? tPA is secreted in its single-chain form (sc-tPA) and can be converted to a twochain form (tc-tPA) by plasmin or kallikreins [START_REF] Rijken | Fibrinolytic Properties of One-Chain and Two-Chain Human Extrinsic (Tissue-Type) Plasminogen Activator[END_REF][START_REF] Rajapakse | Biochemical Characterization of Human Kallikrein 8 and Its Possible Involvement in the Degradation of Extracellular Matrix Proteins[END_REF]). In the presence of an allosteric regulator such as fibrin, both forms exhibit the same catalytic or fibrinolytic activity, while tc-tPA is five times more active than sc-tPA in the absence of fibrin [START_REF] Rijken | Fibrinolytic Properties of One-Chain and Two-Chain Human Extrinsic (Tissue-Type) Plasminogen Activator[END_REF][START_REF] Thelwell | The Regulation by Fibrinogen and Fibrin of Tissue Plasminogen Activator Kinetics and Inhibition by Plasminogen Activator Inhibitor 1[END_REF]. This serine protease displays both neurotrophic and neurotoxic effects with sc-tPA promoting NMDAR excitotoxicity [START_REF] Parcq | Unveiling an Exceptional Zymogen: The Single-Chain Form of tPA Is a Selective Activator of NMDA Receptor-Dependent Signaling and Neurotoxicity[END_REF]) and tc-tPA down-regulating GluN2B-NMDARs [START_REF] Hedou | Two-Chains Tissue Plasminogen Activator Unifies Met and NMDA Receptor Signalling to Control Neuronal Survival[END_REF]. But, the mechanisms of tPA's cleavage responsible for the modulation of its actions in the brain parenchyma are still poorly understood.

In this context, another key objective of my thesis also follows this question: What are the molecular mechanisms governing the conversion of sc-tPA into tc-tPA?

INTRODUCTION

Macroautophagy (hereafter called autophagy) is a highly conserved catabolic pathway for protein degradation and recycling (Thiebaut et al. 2019). Autophagy is characterized by the presence of autophagosome, a double layer-membrane vesicle that fuses with lysosomes to degrade its content (Thiebaut et al. 2019;[START_REF] Klionsky | Guidelines for the Use and Interpretation of Assays for Monitoring Autophagy (4th Edition)1[END_REF]). The process is tightly regulated at multiple levels to maintain the cellular homeostasis [START_REF] Klionsky | Guidelines for the Use and Interpretation of Assays for Monitoring Autophagy (4th Edition)1[END_REF]. Autophagy can be considered as a double-edge sword. In many neurodegenerative diseases, a decrease of autophagy is associated with a worsening of the disease, due to the accumulation of unfolded/ aggregated proteins. This is particularly true for neurodegenerative accumulation diseases such as Parkinson disease, Alzheimer disease and Huntington's disease (Klionsky, Petroni, et al. 2021). However, for cerebral ischemia it seems that autophagy directly contributes to neuronal death as shown in many models using different approaches (Puyal et al. 2009;Ginet et al. 2014;Thiebaut et al. 2022).

Cerebral ischemia remains one of the major causes of mortality and disability in the world. It leads to a dramatic decrease of energy supply, including oxygen and glucose, to the hypoperfused brain areas, altering homeostasis, cellular pathways, and finally activating multiple cellular death processes (Roussel et al. 2013;Thiebaut et al. 2019).

The overactivation of the N-Methyl-D-Aspartate receptor (NMDAR) is an early event that participates in the propagation of the damages. Historically, they have been shown to be responsible for excitotoxicity, apoptosis and inflammation [START_REF] Dirnagl | Pathobiology of Ischaemic Stroke: An Integrated View[END_REF], but are now implicated in many other signalling pathways related to ischemic stroke [START_REF] Seillier | Targeting NMDA Receptors at the Neurovascular Unit: Past and Future Treatments for Central Nervous System Diseases[END_REF]. Autophagy is also linked to RESULTS | Project 1 NMDAR, especially during long-term potentiation (LTP) and long-term depression (LTD) or for the trafficking of the receptor at the synapse [START_REF] Compans | NMDAR-Dependent Long-Term Depression Is Associated with Increased Short Term Plasticity through Autophagy Mediated Loss of PSD-95[END_REF][START_REF] Shen | Autophagy Controls the Induction and Developmental Decline of NMDAR-LTD through Endocytic Recycling[END_REF]X. Liu et al. 2022).

The role of tyrosine kinase receptors, and more specifically of the Insulin growth factor 1 receptor (IGF-1R), in autophagy has been largely documented in the literature [START_REF] Troncoso | Energy-Preserving Effects of IGF-1 Antagonize Starvation-Induced Cardiac Autophagy[END_REF][START_REF] Lin | The microRNA-99 Family Modulates Hepatitis B Virus Replication by Promoting IGF-1R/PI3K/Akt/mTOR/ULK1 Signaling-Induced Autophagy[END_REF][START_REF] Jiang | AMPK: Potential Therapeutic Target for Ischemic Stroke[END_REF]. We have recently shown that the activation of the IGF-1R during ischemic stroke by the thrombolytic agent tissue-type plasminogen activator protects neurons from autophagy-mediated death (Thiebaut et al. 2022).

However, the trigger of autophagy during ischemia and the role of IGF-1R during autophagy induction in neurons are poorly described. We show here that the NMDAR is the key element for autophagy activation in an in vitro model of ischemia. Moreover, in neurons NMDAR activation is enough to induce autophagy by itself. This is accompanied by a NMDAR-dependent inhibition of the IGF-1R and a global activation of autophagy.

Oxygen and glucose deprivation and reoxygenation (OGDreox)

12-14 DIV murine primary cortical neurons were subjected to oxygen and glucose deprivation followed by reoxygenation (OGDreox) in a hypoxic chamber (In VivO2 500; Ruskinn, AWEL International, Blain, France) programmed at 0.2% O2, 5% CO2 and 37°C in glucose/serum free deoxygenated DMEM. Cortical neurons are treated with MK-801 in the hypoxic chamber, at the beginning of OGDreox. For reoxygenation, Dglucose (4.5 mg/L) is added in cell media and cells are placed in normoxic conditions for 4h. Controls were subjected to sham washes.

Neuronal death

Neuronal death was quantified by measuring the lactate dehydrogenase activity released from damaged cells into the supernatant with a cytotoxicity detection kit.

Immunoblotting

Cells were dissociated in an ice-cold RIPA buffer supplemented with phosphatase and protease inhibitor cocktails, and centrifuged (10,000 g, 4°C, 10 min). Protein concentration was measured by BCA Protein Assay method, before migration on an SDS-PAGE (Bio-Rad, Hercules, CA, USA) and a transfer onto a PVDF membrane. 

Proximity Ligation Assay (PLA)

12-14 DIV murine cortical neurons, plated in 8-well chamber slides, were treated with serum free media (control condition), NMDA (300 µM), MK-801 (10 µM), or IGF-1 (33 nM) for 2h, then fixed with paraformaldehyde 4%. The proximity ligation assay was then performed, using the NaveniFlex MR kit (Navinci, Uppsala, Sweden) with the primary antibodies anti-GluN1 (1:100; 818602; BioLegend) and anti-IGF-1R (1:100; 9750S; Cell Signaling). A total of 9 frames were taken per condition and per experiment with a confocal inverted microscope (Leica TCS SP8 STED 3X, Leica, Wetzlar, Germany) and further processed using ImageJ software (NIH; Bethesda, MD, USA). The ratio of puncta per cells was normalized to the control condition.

Statistics

Statistical analyses were performed using GraphPad Prism software. Shapiro-Wilk tests were used to ensure a normal distribution. Comparisons of two data sets were performed using unpaired two-tailed Student's t-test for normally distributed data sets and Mann-Whitney test for non-normally distributed data sets. Comparisons for multiple data sets were performed using one-way analysis of variance with Tukey's test for normally distributed data sets and Kruskal-Wallis test with Dunn's multiple comparison test for non-normally distributed data sets.
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RESULTS

Autophagy flux and cell death are increased by oxygen and glucose deprivation + reoxygenation in cortical neurons and mediated by NMDARs

To investigate the molecular mechanisms underlying the neuronal response to cerebral ischemia, we assessed cell death and autophagy flux using an in vitro model of ischemia. We specifically examined the impact of oxygen-glucose deprivation followed by reoxygenation (OGDreox) on autophagy in mouse primary cortical neurons.

We conducted these experiments both in the presence and absence of the NMDAR antagonist MK-801 (Figure 1A). To assess autophagy, we measured the levels of two key proteins, namely MAP1LC3/LC3 (microtubule-associated protein 1 light chain 3)-II and SQSTM1/p62 (sequestosome 1; p62). During the autophagy process, LC3-II is recruited to autophagosome membranes, signifying the formation of autophagosomes. In contrast, p62, which is a scaffold protein that binds to LC3 and is associated with ubiquitin, reflects autophagosomal degradation. Following OGDreox treatment, we observed a 155.7% increase in the levels of LC3-II (Figure 1B), indicating enhanced autophagosome formation. Simultaneously, there was a 50.4% decrease in the levels of p62 (Figure 1C), suggesting increased autophagic flux, which implies enhanced autophagosome degradation. Inhibition of NMDARs using MK-801 completely reverses the autophagy induced by OGDreox, as evidenced by expression levels of LC3-II and p62 comparable to the control condition (Figures 1B and1C).

OGDreox enhances neuronal death through various mechanisms, including autophagy (Thiebaut et al. 2022). In cortical neurons, OGDreox elevates cell death by 45.5% compared to the control condition (Figure 1D). MK-801 protects neurons from OGDreox-induced cell death, as shown by the LDH release comparable to the control RESULTS | Project 1 condition (Figure 1D). In normoxia, MK-801 slightly decreases neuronal death, likely due to its neuroprotective action against the shear stress that occurs during the washes (Figure 1D). Collectively, these results suggest that NMDARs play a role in triggering autophagy-mediated neuronal death in an in vitro model of ischemia, with MK-801 displaying a neuroprotective action.

NMDA toxicity increases autophagy flux and cell death in cortical neurons

To explore the role of NMDARs in autophagy-mediated neuronal death following cerebral ischemia, we examined NMDA toxicity in primary mice cortical neurons (Figure 2A). We employed two distinct models: a "short tox" model, involving the administration of recombinant NMDA (at a dose of 300 µM) for a duration of 2 hours, and a "long tox" model, where NMDA (at a dose of 20 µM) was applied for a period of 24 hours. It is worth noting that both of these models result in neuronal cell death, as previously reported in the literature [START_REF] Parcq | Molecular Requirements for Safer Generation of Thrombolytics by Bioengineering the Tissue-Type Plasminogen Activator A Chain[END_REF]Baron et al. 2010;Nicole et al. 2001). The "short tox" model allowed us to investigate receptor-signaling pathways, while the "long tox" model enabled us to explore cell death mechanisms in greater detail.

As expected, NMDA induces neuronal death in a dose dependent manner in the long tox model (Figure 2B). Concurrently, NMDA also enhances autophagic activity, as evidenced by the increased expression of LC3-II (Figure 2C) and the decreased expression of p62 (Figure 2D). It is worth mentioning that starting from the 20 µM dose, the level of autophagosome formation begins to decrease, likely because of an elevated turnover and degradation by the lysosomes. At the medium dose of 20 µM RESULTS | Project 1 NMDA, the neuronal death is totally reversed by the addition of 10 µM of MK-801 (Figure 2E). The same observations are made in the short tox model. High dose of NMDA enhances autophagy flux, as shown by the increase of LC3-II (140.0%; Supplementary Figure 1A) and the decrease of p62 (76.2%, Supplementary Figure 1B). This is also inhibited by the addition of MK-801 (Supplementary Figure 1A andB). The neuronal death is also totally abolished by the addition of MK-801 (data not shown).

In the meantime, inhibiting autophagy by pre-treating neurons with a combination of the lysosomal enzyme inhibitors E64d (10 µg/mL) and pepstatin A1 (PepA; 10 µg/mL) also protects the cells from NMDA-mediated death in both long tox (20.5% decrease, Figure 2F) and short tox (56.2% decrease, Figure 2G) models.

It suggests that NMDA-induced neuronal death is partly due to autophagy. These results demonstrate that the activation of NMDARs induces autophagy-mediated neuronal death.

NMDAR activation inhibits IGF-1R phosphorylation

We have previously reported the role of IGF-1R in the inhibition of OGDreox-mediated autophagy and cell death (Thiebaut et al. 2022). Subsequently, we explored the potential connection between NMDAR and IGF-1R.

In our short tox model, we examined the impact of NMDA on the ability of IGF-1 to activate its receptor in primary mouse cortical neurons (Figure 3A). In this model, only high concentrations of NMDA (ranging from 100 µM to 1 mM) significantly reduce the phosphorylation of IGF-1R induced by IGF-1 (49.7% to 34.3% decrease, Figure 3B), while leaving IGF-1R expression unaffected (Figure 3C).

To validate the involvement of the NMDA receptor in the suppression of IGF-1R phosphorylation, we pre-treated primary mouse cortical neurons with MK-801 prior to the addition of NMDA and IGF-1 (Figure 3D). NMDA alone (at a concentration of 300 µM for 2 hours) leads to a 45.8% decrease in IGF-1R phosphorylation induced by IGF-1 (at 33 nM) (Figure 3E). This reduction is reversed in the presence of 10 µM MK-801 (Figure 3E), confirming the involvement of NMDARs. Notably, neither NMDA, IGF-1, nor MK-801 had any discernible effects on total IGF-1R expression (Figure 3F).

In summary, these findings collectively suggest that NMDA inhibits IGF-1R phosphorylation through the activation of NMDARs.

The indirect NMDAR/ IGF-1R interplay modulates their proximity at the neuronal surface

We investigated whether NMDAR and IGF-1R could form complexes using coimmunoprecipitation assays. GluN1, the constitutional subunit of NMDAR, do not coimmunoprecipitated with IGF-1R (Figure 4A) indicating that they do not directly interact with each other. We also performed a proximity ligation assay (PLA) to determine whether NMDAR and IGF-1R are nevertheless spatially close to each other.

We observed NMDAR/IGF-1R complexes in the control condition (Figure 4C). Next, we assessed the role of NMDAR and IGF-1R activation on the formation of these complexes. PLA revealed that NMDA treatment decreases the number of NMDAR/IGF-1R complexes by 40.8%, whereas IGF-1 increased this number by

DISCUSSION

Our findings unveil a novel mechanism that modulates autophagy-mediated cell death in cortical neurons. Using an in vitro model of ischemic stroke (OGDreox), we demonstrate that NMDAR activation triggers excitotoxicity and autophagy, ultimately leading to neuronal demise. Specifically, NMDAR exerts a negative regulatory effect on the tyrosine kinase receptor IGF-1R by inhibiting its phosphorylation. The suppression of the neuroprotective IGF-1R signaling pathway during ischemic stroke consequently enhances autophagic neuronal death. Notably, we also establish that the activation of NMDAR alone is sufficient to induce autophagy. Furthermore, while blocking NMDAR abolishes both cell death and autophagy, inhibiting autophagy under NMDAR activation partially mitigates cell death. This strongly suggests that a portion of NMDAR-mediated cell death is directly attributable to autophagy. Our findings indicate that NMDAR activation induces a process known as "autosis", as previously described (Y. [START_REF] Liu | Autosis Is a Na + ,K + -ATPase-Regulated Form of Cell Death Triggered by Autophagy-Inducing Peptides, Starvation, and Hypoxia-Ischemia[END_REF][START_REF] Fernández | Interaction between the Autophagy Protein Beclin 1 and Na+,K+-ATPase during Starvation, Exercise, and Ischemia[END_REF].

In basal conditions, autophagy is considered as a protective pathway, with the degradation of damaged or nonfunctional cytoplasmic material (Mizushima and Komatsu 2011). In stroke pathogenesis, many studies have highlighted the role of autophagy but whether this mechanism is protective or detrimental to neurons remains a topic of debate. Some consider it a double-edge sword (Wei, Wang, and Miao 2012;Nabavi et al. 2019;Shi, Cheng, and Chen 2021). IGF-1R has been shown to regulate autophagy via the PI3K/Akt/mTOR pathway [START_REF] Troncoso | Energy-Preserving Effects of IGF-1 Antagonize Starvation-Induced Cardiac Autophagy[END_REF][START_REF] Lin | The microRNA-99 Family Modulates Hepatitis B Virus Replication by Promoting IGF-1R/PI3K/Akt/mTOR/ULK1 Signaling-Induced Autophagy[END_REF][START_REF] Jiang | AMPK: Potential Therapeutic Target for Ischemic Stroke[END_REF] and its ligand, IGF-1, is neuroprotective in many stroke models [START_REF] Kooijman | Insulin-like Growth Factor I: A Potential Neuroprotective Compound for the Treatment of Acute Ischemic Stroke?[END_REF] they revealed an autophagy-independent neuroprotective effect of IGF-1R via the Fyn-GluN2B-CaMKII signaling pathway [START_REF] Li | IGF-1-Involved Negative Feedback of NR2B NMDA Subunits Protects Cultured Hippocampal Neurons Against NMDA-Induced Excitotoxicity[END_REF]). As we used both low (20 µM) and high (300 µM) doses of NMDA in our study, we may induce two different mechanisms. However, we are not using the same model (cortical vs. hippocampal neurons), all doses tested in the NMDA toxicity model induced autophagy, and we demonstrated that the NMDAR/IGF-1R crosstalk is independent of GluN2B (data not shown), suggesting that we did not activated the autophagy-independent Fyn-GluN2B-CaMKII pathway. In an in vitro ischemic stroke model, the protective action of tPA in cortical neurons involves the inhibition of autophagy via the degradation of IGFBP3, resulting in an increased IGF-1 bioavailability and PI3K/Akt/mTOR pathway activation (Thiebaut et al. 2022). In our model, we showed that NMDA was deleterious for neuronal survival by preventing the neuroprotective effect of IGF-1, revealing a potential mutual influence of NMDAR and IGF-1R. Our hypothesis is that this interplay between the two receptors involves the PI3K/Akt/mTOR signaling, involved in IGF-1R neuroprotection in our OGDreox model. Tissue-type plasminogen activator (tPA) is a glycoprotein of the central nervous system that belongs to the serine protease family [START_REF] Teesalu | Tissue Plasminogen Activator and Neuroserpin Are Widely Expressed in the Human Central Nervous System[END_REF][START_REF] Louessard | Tissue Plasminogen Activator Expression Is Restricted to Subsets of Excitatory Pyramidal Glutamatergic Neurons[END_REF], displaying a role in fibrinolysis through its ability to activate plasminogen into active plasmin (Collen and Lijnen 2004). It is mainly synthesized by endothelial cells in a single-chain form (sc-tPA) and released into the circulation or the extracellular space, where it can be cleaved into a two-chain form (tc-tPA) by plasmin or kallikreins [START_REF] Hoylaerts | Kinetics of the Activation of Plasminogen by Human Tissue Plasminogen Activator. Role of Fibrin[END_REF][START_REF] Rajapakse | Biochemical Characterization of Human Kallikrein 8 and Its Possible Involvement in the Degradation of Extracellular Matrix Proteins[END_REF]). In the presence of an allosteric regulator such as fibrin, both forms exhibit the same catalytic or fibrinolytic activity, while tc-tPA is five times more active than sc-tPA in the absence of fibrin [START_REF] Hoylaerts | Kinetics of the Activation of Plasminogen by Human Tissue Plasminogen Activator. Role of Fibrin[END_REF][START_REF] Thelwell | The Regulation by Fibrinogen and Fibrin of Tissue Plasminogen Activator Kinetics and Inhibition by Plasminogen Activator Inhibitor 1[END_REF].

In the bloodstream, by interacting with fibrin via its Finger domain, sc-tPA would converts plasminogen into plasmin, thus initiating fibrinolysis. The generated plasmin would then cleave sc-tPA to form tc-tPA, which can be inhibited by PAI-1, thereby regulating excessive fibrinolysis [START_REF] Kaneko | Interactions between the Finger and Kringle-2 Domains of Tissue-Type Plasminogen Activator and Plasminogen Activator Inhibitor-11[END_REF]).

In the brain parenchyma, tPA interacts with various neuronal receptors and exerts both beneficial and deleterious effects, with sc-tPA and tc-tPA playing opposite roles.

tPA can have a pro-neurotoxic effect on N-methyl-D-Aspartate receptor (NMDAR)mediated excitotoxicity (Nicole et al. 2001), by interacting with the GluN1 subunit of NMDAR via its Lysine Binding Site (LBS) located within its Kringle 2 domain [START_REF] Fernández-Monreal | Arginine 260 of the Amino-Terminal Domain of NR1 Subunit Is Critical for Tissue-Type Plasminogen Activator-Mediated Enhancement of N-Methyl-D-Aspartate Receptor Signaling[END_REF][START_REF] Lopez-Atalaya | Toward Safer Thrombolytic Agents in Stroke: Molecular Requirements for NMDA Receptor-Mediated Neurotoxicity[END_REF]. The interaction of sc-tPA with NMDAR promotes calcium influx, leading to the activation of Erk(1/2) and subsequent neuronal death, whereas tc-tPA does not (Yepes et al. 2009;[START_REF] Parcq | Unveiling an Exceptional Zymogen: The Single-Chain Form of tPA Is a Selective Activator of NMDA Receptor-Dependent Signaling and Neurotoxicity[END_REF].
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Moreover, tc-tPA was evidenced to down-regulate signaling of NMDAR containing the GluN2B subunit, while sc-tPA did not [START_REF] Hedou | Two-Chains Tissue Plasminogen Activator Unifies Met and NMDA Receptor Signalling to Control Neuronal Survival[END_REF]. In contrast, in a model of oxygen and glucose deprivation in neurons, both forms of tPA are neuroprotective, by decreasing both deleterious endoplasmic reticulum stress [START_REF] Louessard | Activation of Cell Surface GRP78 Decreases Endoplasmic Reticulum Stress and Neuronal Death[END_REF]) and autophagy-mediated neuronal death (Thiebaut et al. 2022).

However, the mechanisms of tPA's cleavage responsible for the modulation of its actions in the brain parenchyma are still poorly understood. In this study, we demonstrate a specific cleavage of sc-tPA in mature cortical neurons. This rapid process, taking place on the neuronal surface, This cell-surface mechanism, becomes apparent as early as 10 minutes and continues over time. Furthermore, this cleavage is plasmin-dependent and involves the LBS of the Kringle 2 domain of tPA.
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Human embryonic kidney (HEK)-293T cell cultures

HEK-293T were grown in DMEM GlutaMAX supplemented with 10% FBS and maintained at 37°C in a humidified 5% CO2 atmosphere.

Production of recombinant ΔK2-tPA and K2*-tPA

HEK293T cells were transfected with calcium phosphate (250 mM CaCl2, HEPES 2X, molecular biology grade water). 24h after the transfection, the medium was replaced by DMEM supplemented with 1% sodium pyruvate, 0.5% L-Glutamine, 0.3% aprotinin.

The supernatant containing the recombinant proteins was collected at 5 days and 8 days after the transfection and centrifugated at 5000 rpm during 20 minutes at 4°C. Purification of the mutant proteins was performed with a high-performance liquid chromatography using Nickel-Nitrilo-triAcetic affinity columns (Ni-NTA, GE Helthcare) and a mobile phase imidazole gradient. Positives elutions were pooled, concentrated and dialyzed in HEPES 0.3 M buffer.

Labelling of recombinant proteins with AlexaFluor 488

tPA (Actilyse®; Boehringer Ingelheim) was dialyzed in a 0.3 M HEPES buffer, pH 8.4, at 4°C for 48h (the buffer was renewed every 12h), in order to remove excipients, in particular arginine. tPA, ΔK2-tPA, and K2*-tPA were then mixed with 1 mg of AlexaFluor 488 succinimidyl ester (λexcitation: 494 nm and λemission: 517 nm), previously resuspended in 100 µL of dimethyl sulfoxide (DMSO), overnight at 4°C with constant RESULTS | Project 2 stirring. In order to remove excess AlexaFluor, the solution was dialyzed in a 0.3 M HEPES buffer.

Neuronal cell cultures

Primary cultures of cortical neurons were prepared from fetal mice (embryonic day 14) as previously described [START_REF] Rose | Cytotoxicity in Murine Neocortical Cell Culture[END_REF]. Cells were cultured on 24well plates coated with poly-D-lysine (0.1 mg/mL) and laminin (0.02 mg/mL), in DMEM supplemented with 5% FBS, 5% HS, and 1 mM L-glutamine. Cultures were maintained at 37°C in a humidified 5% CO2 atmosphere. Cytosine β-D-arabinoside (10 µM) was added after 3 days in vitro (DIV) to inhibit glial proliferation. Treatments were realized on either immature (7 DIV) or mature (12-14 DIV) cortical neurons. For lysed neurons, cells were put at -80°C overnight then defrost before incubation with tPA 488 and BSA 555 .

Astrocyte cell cultures

Primary cultures of cortical astrocytes were prepared from 1 to 3 days postnatal mice.

Cerebral cortices were dissected and dissociated in DMEM. Cells were cultured in T75 coated with poly-D-lysine (0.1 mg/mL), in DMEM supplemented with 10 FBS, 10% HS, and 1 mM L-glutamine. The medium was changed two times weekly. Experiments were performed when cells reached confluency (7-9 DIV).
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PC-12 cell cultures

PC-12 cells were grown in RPMI-1640 (11875093, Gibco) supplemented with 12.5% HS and 2.5% FBS, maintained at 37°C in a humidified 5% CO2 atmosphere. After split, cells were seeded in DMEM F12 (11039021, Gibco) supplemented with 10% FBS, 2 mM HEPES, and 44 mM sodium bicarbonate for 2 hours. Medium was then replaced by DMEM F12 supplemented with 50 ng/mL nerve growth factor (NGF; N2513, Sigma) and 0.25% BSA and renewed every two days.

Electrophoresis

Cell supernatants were concentrated with Amicon centrifugal filter unit (UFC5010), before migration on an SDS-PAGE (Bio-Rad, Hercules, CA, USA), visualized on the ChemiDoc MP Imaging System (Bio-Rad), and analyzed with Image Lab software.

Statistics

Statistical analyses were performed using GraphPad Prism software. Shapiro-Wilk tests were used to ensure a normal distribution. Comparisons of two data sets were performed using Mann-Whitney test for non-normally distributed data sets.

Comparisons for multiple data sets were performed using Kruskal-Wallis test with Dunn's multiple comparison test for non-normally distributed data sets. 

RESULTS

sc-tPA is cleaved into tc-tPA by living and lysed dead mature cortical neurons

The potential processing of tPA by cortical neurons and its underlying mechanisms were investigated by using human recombinant tPA tagged with AlexaFluor 488 (tPA 488 ).

After incubating tPA 488 with mature cortical neurons (12 DIV) for 10 minutes, the sc-tPA/tc-tPA ratio in the supernatant is reduced compared to the control condition (33% decrease; Figure 32A), indicating an increased tc-tPA proportion and decreased sc-tPA proportion. Over time, this cleavage becomes more pronounced, with the ratios decreasing further by 52% and 64% in comparison with control at 30 and 60 minutes, respectively (Figure 32A). Bovine Serum Albumin (BSA), another circulating protein which has a molecular weight comparable to that of tPA (66 kDa for BSA vs. 69 kDa for tPA), was used as a control. No cleavage was observed for BSA 555 after incubation with mature cortical neurons (Figure 32B), suggesting a cleavage mechanism specific to tPA. RESULTS | Project 2

To determine the role of cellular response in this process, we conducted the same experiments on mature neurons that had previously been lysed by freezing at -80°C.

Even when lysed, these neurons were still capable of cleaving tPA 488 after a 10 min incubation, as indicated by a 51% reduction in the sc-tPA/tc-tPA ratio compared to the control condition (Figure 32C). This reduction was further enhanced at 30 and 60 minutes, with decreases of 72% and 76% relative to the control, respectively (Figure 32C), suggesting a sustained cleavage over time. Following incubation with lysed mature cortical neurons, BSA 555 remained uncleaved (Figure 32D).

These results demonstrate that mature cortical neurons rapidly cleave tPA, and this cleavage intensifies over time. 
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The cleavage of sc-tPA into tc-tPA is less important in living and dead immature cortical neurons

When incubated with immature neurons (7 DIV) for 10 minutes, sc-tPA is cleaved into tc-tPA; resulting in a ratio decrease compared to the control condition (a 42% decrease; Figure 33A). However, this cleavage does not intensify over time, showing a 44% and 54% decrease at 30 and 60 minutes respectively (Figure 33A). No cleavage of BSA 555 was observed after its incubation with immature cortical neurons (Figure 33B).

With lysed neurons, the sc-tPA/tc-tPA ratio is reduced by 41% in comparison to the control (Figure 33C), suggesting a cleavage of sc-tPA into tc-tPA. As with living neurons, the cleavage rate does not increase with time, with reductions of 29% and 30% compared to control which are observed at 30 and 60 minutes, respectively (Figure 33C). After incubation with lysed immature cortical neurons, BSA 555 stayed uncleaved over time (Figure 33D). 

Cleavage of tPA is specific to cortical neurons

To confirm that cortical neurons were responsible for the observed cleavage of tPA, we conducted the same experiment using empty wells, previously coated with the same coating and filled with the same medium as those used for neurons. tPA 488 was not cleaved after its incubation with these coated wells (Figure 34A), confirming that RESULTS | Project 2 the coating or the plates themself do not provide an activation surface sufficient for triggering this mechanism.

We further explored whether elements present in the neuron's supernatant might play a role in this process. When incubated with the conditioned media from 12 DIV cortical neurons, tPA 488 was not cleaved (Figure 34B). This suggests a cleavage of tPA requiring the activation surface provided by mature cortical neurons.

When we treated other types of CNS cells, specifically murine cortical astrocytes with tPA 488 , we observed no cleavage (Figure 34C). Furthermore, tPA 488 remained uncleaved in the presence of cells from other species, such as the human cell line HEK-293T (Figure 34D), and the PC-12 rat cell line, whether it was differentiated into a "neuron-like" phenotype (Figure 34F) or not (Figure 34E). Altogether, these results suggest a mechanism specific to the surface of mature cortical neurons. 

Neuronal cleavage of sc-tPA is dependent of plasmin activity

Plasmin is known to cleave single-chain tPA into its two-chain form [START_REF] Rijken | Fibrinolytic Properties of One-Chain and Two-Chain Human Extrinsic (Tissue-Type) Plasminogen Activator[END_REF][START_REF] Rajapakse | Biochemical Characterization of Human Kallikrein 8 and Its Possible Involvement in the Degradation of Extracellular Matrix Proteins[END_REF]. To investigate its role in this process, neurons were exposed to aprotinin, a serine protease inhibitor. In the presence of aprotinin, the ability of neurons to cleave tPA is abolished, with the sc-tPA/tc-tPA ratio at 10, 30 and 60 minutes being comparable to that of the control condition (Figure 35A). 

The LBS located on tPA's Kringle 2 is necessary for its cleavage

Plasmin formation is inhibited by lysine analogues, such as EACA and TXA, which block the LBS of plasminogen. However, the cleavage of tPA 488 is enhanced by both analogues, as shown by reduced sc-tPA/tc-tPA ratios at 10 and 60 minutes for EACA (Figure 36A) and at 10 minutes for TXA (Figure 36B) in comparison with the lysine analogue-free conditions.

The Kringle 2 domain of tPA has been reported to bind lysine and its analogues, probably through its LBS (De Munk et al. 1989). To explore the role of this domain in tPA's cleavage, we incubated a mutated tPA missing its Kringle 2 and coupled to RESULTS | Project 2 Alexa 488 (tPA-ΔK2 488 ) on mature cortical neurons. When incubated on mature cortical neurons, tPA-ΔK2 488 remains uncleaved, being at 96% under its single-chain form (Figure 36C). The Kringle 2 domain is thus necessary for its cleavage in tc-tPA.

We then investigated the role of the LBS on this domain by treating neurons with a modified tPA in the Kringle 2 LBS that is unable to interact with NMDARs (tPA-K2*).

tPA-K2* is not cleaved by neurons with a sc-tPA/tc-tPA ratio that do not decrease over time (Figure 36D). The two-chain form do not seems to appear at the same molecular weight than tPA 488 (Figure 36D), suggesting that the slight cleavage we observed is occurring at another location of the protein.

Taken together, these demonstrate that the cleavage of sc-tPA into tc-tPA goes through the LBS of the Kringle 2 domain of tPA and is dependent of plasmin activity. DISCUSSION Our results reveal a novel mechanism modulating autophagy-mediated cell death in cortical neurons during ischemia. In an in vitro model of ischemic stroke, we showed that NMDAR activation induces excitotoxicity and autophagy, which subsequently leads to neuronal death. More precisely, NMDAR negatively regulates the tyrosine kinase receptor IGF-1R by inhibiting its phosphorylation. This results in a reduction of IRS-1 phosphorylation in neurons. The suppression of the neuroprotective IGF-1R signaling pathway during ischemic stroke consequently leads to enhanced autophagic neuronal death.

During ischemic stroke, altered blood circulation in the brain results in reduced oxygen and glucose supply, causing subsequent metabolic changes. Levels of amino acids and insulin decline, rendering them unable to activate mTORC1, the primary inhibitor of autophagy (H. W. S. Tan, Sim, and Long 2017b;[START_REF] Menon | Spatial Control of the TSC Complex Integrates Insulin and Nutrient Regulation of mTORC1 at the Lysosome[END_REF][START_REF] Hwang | Global Ischemia Induces Lysosomal-Mediated Degradation of mTOR and Activation of Autophagy in Hippocampal Neurons Destined to Die[END_REF]. Nutrient depletion in the cells diminishes ATP production, serving as a significant stimulus for the AMPK activation and thus initiating autophagy (S. [START_REF] Jiang | AMPK: Potential Therapeutic Target for Ischemic Stroke[END_REF]). An increase in misfolded proteins shifts the balance between the ubiquitinproteasome system and the autophagy pathway in favor of the latter (X. [START_REF] Liu | Molecular Switching from Ubiquitin-Proteasome to Autophagy Pathways in Mice Stroke Model[END_REF]. Moreover, factors such as mitochondrial dysfunction, accumulation of ROS, and consequent DNA damage also play a role in inducing autophagy during ischemia (Yamashima and Oikawa 2009). The ER further connects to autophagy, participating in phagophore formation [START_REF] Axe | Autophagosome Formation from Membrane Compartments Enriched in Phosphatidylinositol 3-Phosphate and Dynamically Connected to the Endoplasmic Reticulum[END_REF]) and driving autophagy via UPR pathways under ER stress conditions (Thiebaut et al. 2019).

In basal conditions, autophagy is considered as a protective pathway, with the degradation of damaged or nonfunctional cytoplasmic material (Noboru Mizushima and Komatsu 2011). In stroke pathogenesis, many studies have highlighted the role of autophagy but whether this mechanism is protective or detrimental to neurons remains a topic of debate. Some consider it a double-edge sword (Wei, Wang, and Miao 2012;Nabavi et al. 2019) There is no consensus regarding the role of autophagy in cerebral ischemia. The varied effects observed can be primarily attributed to the non-specific nature of the treatments employed. For example, 3-MA acts as an autophagy inhibitor by targeting all types of PI3Ks, which participate in other biological processes, including necrosis and apoptosis [START_REF] Qin | ER Stress Negatively Regulates AKT/TSC/mTOR Pathway to Enhance Autophagy[END_REF]. Considering that class I PI3Ks facilitate mTORC1 activation, leading to autophagy inhibition, and class III PI3Ks are pivotal in initiating autophagy, relying on these PI3K inhibitors to suppress autophagy might not be the most effective approach. Rapamycin, on the other hand, induces autophagy by inhibiting mTOR activity. Proteins such as mTORC1 have functions that extend beyond autophagy. Specifically, mTORC1 regulates cell proliferation, growth, survival, protein synthesis, and transcription (X. M. [START_REF] Ma | Molecular Mechanisms of mTOR-Mediated Translational Control[END_REF]. As such, inhibiting these proteins could impact processes other than autophagy.

The variability in results can be attributed to the models employed. Various animal models, such as electrocoagulation, photo-thrombosis, occlusion of the four common carotid arteries, and occlusion of the MCA, have been used to study autophagy in ischemic stroke. Each model produces a distinct lesion, which may account for the observed diversity in outcomes [START_REF] Fluri | Animal Models of Ischemic Stroke and Their Application in Clinical Research[END_REF]. Among these, occlusion of the MCA using a filament is the most frequently adopted method in research. This invasive procedure can result in endothelial damage and provoke an inflammatory response that is not typically observed in humans. Furthermore, the MCA occlusion can be temporary, and the resulting lesion size can vary depending on the duration of the occlusion. In the context of in vitro models, observed disparities might stem from the use of two distinct cell types: the PC12 cell lines and primary neuronal cultures. PC12 cells lack functional NMDA receptors, which could alter their response to OGDreox [START_REF] Edwards | Lack of Functional Expression of NMDA Receptors in PC12 Cells[END_REF]). Additionally, primary neurons might exhibit varying reactions to OGDreox based on their stage of maturation in vitro.

In our study, we demonstrated that NMDA-mediated autophagy was induced in an in vitro model of ischemic stroke performed on cortical neurons. In this model, autophagy appears as a deleterious process as it mediates neuronal death, and its inhibition displays neuroprotection. This autophagic response is induced by NMDARs which prevent the activation of IGF-1R and its protective signaling pathways. LC3-II and p62 levels are increased and decreased, respectively, following OGDreox. This reflects an increase in the autophagosome formation and a degradation of the cargo p62 in autophagolysosomes, suggesting an enhanced autophagic flux after hypoxiareperfusion. The OGDreox-induced autophagy is reversed when the NMDARs are inhibited by the antagonist MK-801. This highlights the role of the NMDAR in the induction of autophagy after hypoxia. We confirmed that the NMDA toxicity triggers an autophagic response, a part of which contributes to neuronal death. We also demonstrated that NMDAR inhibits the activation of IGF-1R and the downstream IRS-1.

IGF-1R has been shown to regulate autophagy via the PI3K/Akt/mTOR pathway [START_REF] Troncoso | Energy-Preserving Effects of IGF-1 Antagonize Starvation-Induced Cardiac Autophagy[END_REF]Y. Lin et al. 2017;S. Wang and Gu 2018) and its ligand, IGF-1, is neuroprotective in many stroke models [START_REF] Kooijman | Insulin-like Growth Factor I: A Potential Neuroprotective Compound for the Treatment of Acute Ischemic Stroke?[END_REF][START_REF] Geyter | Central IGF-I Receptors in the Brain Are Instrumental to Neuroprotection by Systemically Injected IGF-I in a Rat Model for Ischemic Stroke[END_REF]. IGF-1 is neuroprotective by reversing autophagy induction via the IGF-1R/PI3K/Akt/mTOR pathway in both in vitro and in vivo MPTP/MPP+ models. In an in vitro ischemic stroke model, the protective action of tPA in cortical neurons involves the inhibition of autophagy via the degradation of IGFBP3, resulting in an increased IGF-1 bioavailability and PI3K/Akt/mTOR pathway activation (Thiebaut et al. 2022). In our model, we showed that NMDA was deleterious for neuronal survival by preventing the neuroprotective effect of IGF-1, revealing a potential mutual influence of NMDAR and IGF-1R.

tPA has been described to interact with various receptors at the neuronal level, including NMDA receptors. It appears that tPA can have opposite effects on neuronal survival depending on its form. Indeed, whereas sc-tPA has been shown to potentiate the excitotoxic effect of NMDARs [START_REF] Parcq | Unveiling an Exceptional Zymogen: The Single-Chain Form of tPA Is a Selective Activator of NMDA Receptor-Dependent Signaling and Neurotoxicity[END_REF][START_REF] Bertrand | Conformations of Tissue Plasminogen Activator (tPA) Orchestrate Neuronal Survival by a Crosstalk between EGFR and NMDAR[END_REF], tc-tPA has a neuroprotective action by downregulating GluN2B-NMDARs at the neuronal surface [START_REF] Hedou | Two-Chains Tissue Plasminogen Activator Unifies Met and NMDA Receptor Signalling to Control Neuronal Survival[END_REF]. In our second study, we demonstrated that the sc-tPA is specifically cleaved by mature cortical neurons into tc-tPA. This plasmin-dependent cleavage appears as early as 10 minutes after incubation of tPA with neurons and would involve the LBS of tPA's Kringle 2 domain.

The differential role of tPA on neuronal survival could be explained by the element it targets and the subsequent signaling it modulates. DISCUSSION Through its Kringle 2 domain, tPA cleaves the ATD of the GluN1 subunit of NMDA receptor, thus increasing NMDA receptors signaling and excitotoxic neuronal death (Nicole et al. 2001;[START_REF] Fernández-Monreal | Arginine 260 of the Amino-Terminal Domain of NR1 Subunit Is Critical for Tissue-Type Plasminogen Activator-Mediated Enhancement of N-Methyl-D-Aspartate Receptor Signaling[END_REF][START_REF] Lopez-Atalaya | Toward Safer Thrombolytic Agents in Stroke: Molecular Requirements for NMDA Receptor-Mediated Neurotoxicity[END_REF]. We tested the effect of an antibody directed against the ATD of GluN1 subunit, Glunomab, on neuronal cleavage but it did not impact the conversion of sc-tPA into tc-tPA (Figure 37). Other NMDA subunits have been shown to be involved in the pro-excitotoxic effect of tPA (A. Baron et al. 2010;[START_REF] Jullienne | Selective Inhibition of GluN2D-Containing N-Methyl-D-Aspartate Receptors Prevents Tissue Plasminogen Activator-Promoted Neurotoxicity Both in Vitro and in Vivo[END_REF][START_REF] Fernández-Monreal | Arginine 260 of the Amino-Terminal Domain of NR1 Subunit Is Critical for Tissue-Type Plasminogen Activator-Mediated Enhancement of N-Methyl-D-Aspartate Receptor Signaling[END_REF]), but the inhibition of the GluN2 subunits with AP5 and all NMDA receptors by MK-801 did not alter tPA's cleavage (Figure 37). The interaction of tPA with LRP1 via its Finger domain is involved in various processes, including excitotoxicity potentiation [START_REF] Samson | Tissue-Type Plasminogen Activator Requires a Co-Receptor to Enhance NMDA Receptor Function[END_REF][START_REF] Mantuano | LRP1 Assembles Unique Co-Receptor Systems to Initiate Cell Signaling in Response to Tissue-Type Plasminogen Activator and Myelin-Associated Glycoprotein[END_REF]. Inhibition of LRP1 with receptor associated protein (RAP) does not influence the neuronal cleavage of tPA (Figure 38). tc-tPA is able to down-regulate the NMDA receptors containing the GluN2B subunit and their signaling through the activation of the MET receptor [START_REF] Hedou | Two-Chains Tissue Plasminogen Activator Unifies Met and NMDA Receptor Signalling to Control Neuronal Survival[END_REF]).

Inhibition, with the selective MET inhibitor JNJ-38877605, and activation with MET ligand hepatocyte growth factor (HGF) had no effect on tPA cleavage (Figure 39). Proteomics experiments are also underway to identify the tPA partner responsible for its cleavage on the surface of cortical neurons. We are currently analyzing membrane DISCUSSION protein extracts from cell types with varying degrees of cleavage (mature cortical neurons, immature cortical neurons, and astrocytes) to compare their protein expression profiles. Additionally, we have cross-linked tPA to the neuronal surface to identify its partner through proteomics.
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Figure 1 .

 1 Figure 1. Global incidence of stroke, ischemic stroke and hemorrhagic stroke (intracerebral and subarachnoid hemorrhages) for all ages and both sexes, from 1990 to 2019. Source: Institute for Health Metrics and Evaluation; ghdx.healthdata.org/gbd-results-tool. University of Washington, Seattle; 2015. (IHME, University of Washington; 2023 n.d.).

Figure 2 .

 2 Figure 2. Classification of strokes into two categories: ischemic and hemorrhagic. Adapted from the Heart and Stroke Foundation of Canada.

Figure 4 .

 4 Figure 4. Contribution of the ten main modifiable risk factors for stroke worldwide[START_REF] Feigin | World Stroke Organization (WSO): Global Stroke Fact Sheet 2022[END_REF]).

Figure 5 .

 5 Figure 5. Scheme of brain involvement in acute stroke. Three zones are defined:

Figure 8 .

 8 Figure 8. Apoptotic pathway activated during ischemic stroke. Cytosolic Ca 2+ levels are increased after cerebral ischemia through the activation of NMDA receptors and voltage-dependent Ca 2+ channels. As a result, cytochrome c and ROS are released into the cytoplasm (intrinsic pathway), leading to apoptosis. Ischemic stroke also induces activation of death receptors such as Fas which are responsible for cytochrome c release and apoptosis (extrinsic pathway). Adapted from (Thiebaut 2019).

(

  National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group 1995) and is still the only pharmacological treatment authorized for the acute phase of cerebral ischemia. B. Structure of tPA Tissue-type plasminogen activator (tPA) is a 69 kDa serine protease encoded by the Plasminogen Activator, Tissue-Type (PLAT) gene on chromosome 8 (Tripputi INTRODUCTION | Tissue-type plasminogen activator

Figure 8 .

 8 Figure 8. Structure and functions of tissue-type plasminogen activator (tPA). tPA is synthesized in a single-chain form (sc-tPA) and can be cleaved by plasmin and kallikreins into a two-chain form (tc-tPA). It consists of five domains (Finger, EGF-like, Kringle 1, Kringle 2, and serine protease), 17 disulfide bridges, 3 N-glycosylation sites and one O-glycosylation site.

Figure 11 .

 11 Figure 11. Schematic illustration of the binding of tPA with serpins. tPA interacts with the serpin at the RCL: (a) tPA cleaves the loop, which is then inserted into the βsheet. (b) The protease is driven to the opposite pole and a covalent bond is formed

Figure 12 .

 12 Figure 12. Tissue-type plasminogen activators classified into eukaryotic and recombinant forms. They have various structural domains, inhibitors, and different specificities to fibrin. Thus, their route of administration and half-life vary. Plasminogen activators can have a sc-form, a tc-form, or both. From[START_REF] Thiebaut | The Role of Plasminogen Activators in Stroke Treatment: Fibrinolysis and Beyond[END_REF]).

  | Tissue-type plasminogen activator -The risk of symptomatic parenchymal hemorrhage (National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group 1995).

Figure 13 .

 13 Figure 13. Effect of tPA in ischemic and hemorrhagic stroke. Beneficial (green box) and deleterious (red box) effects of tPA in both ischaemic and hemorrhagic stroke. Effects shown in clinical studies are indicated in black, and effects shown in animal models are indicated in blue. From[START_REF] Thiebaut | The Role of Plasminogen Activators in Stroke Treatment: Fibrinolysis and Beyond[END_REF]).

  c) tPA and BBB Hemorrhagic transformation following tPA administration is a dynamic phenomenon, and its underlying mechanisms remain uncertain. However, animal studies have shown that tPA increases BBB permeability through various mechanisms, suggesting a role in hemorrhagic transformation.

  These receptors activate the ERK1/2 (extracellular signal regulated kinases 1 and 2) -CREB (cAMP response element binding protein) -ATF3 (activating transcription factor 3) pathway(Wu et al. 2013).Moreover, in vivo studies suggest that tPA favors adaptation to metabolic stress(Wu et al. 2012), enhances mechanisms managing excitatory and inhibitory synaptic transmission[START_REF] Jeanneret | Tissue-Type Plasminogen Activator (tPA) Modulates the Postsynaptic Response of Cerebral Cortical Neurons to the Presynaptic Release of Glutamate[END_REF], and protects postsynaptic density from the deleterious effects of ischemic lesions[START_REF] Jeanneret | Tissue-Type Plasminogen Activator Protects the Postsynaptic Density in the Ischemic Brain[END_REF]) (Figure15).Recently, it has been shown that tPA can modulate proteostasis during cerebral ischemia. An in vivo study revealed that co-treatment with a proteasome inhibitor enhances the beneficial effects of tPA (L.Zhang et al. 2010).

  phosphoinositide 3-kinase (PI3K) -Thymoma viral proto-oncogene (Akt/protein kinase INTRODUCTION | Tissue-type plasminogen activator B) -mammalian target of rapamycin (mTOR) pathway[START_REF] Grummisch | tPA Promotes Cortical Neuron Survival via mTOR-Dependent Mechanisms[END_REF] Thiebaut et al. 2022; Wu et al. 2012) (Figure15).

Figure 15 .

 15 Figure 15. Protective and excitotoxic roles of tPA in murine neurons. sc-tPA can induce Ca 2+ influx and excitotoxic cell death through its direct interaction with the GluN1 subunit of NMDA receptors or via tPA's indirect interaction with LRP1 receptor, which can, in turn, activate NMDA receptors. In contrast, tPA can exhibit a neuroprotective role by activating GluN2A-containing NMDA receptors, involving the Erk1/2-CREB-Atf3 and Akt-mTORC1-p70s6K pathways. tPA can interact with Grp78 to decrease ER stress and ODG-induced neuronal death. Additionally, tPA plays an antiapoptotic role through the direct interaction with EGF receptors, and via the indirect action on Trk-B receptors. The MET receptor can be activated by tc-tPA, leading to the phosphorylation of the GluN2B-containing NMDA receptors, their internalization and degradation by the proteasome. Adapted from[START_REF] Thiebaut | The Role of Plasminogen Activators in Stroke Treatment: Fibrinolysis and Beyond[END_REF]).

  tPA regulates the development and survival of Purkinje cells in the cerebellum. In a mouse model of Purkinje degeneration, excess tPA leads to deregulation of cortical thickness, defective dendrite development and abnormal synaptogenesis (J.Li et al. 

Figure 16 .

 16 Figure 16. sc-tPA and tc-tPA rescue cortical neurons from serum deprivationinduced apoptosis. A. Illustrative photomicrographs of trypan blue labeling following either 24h of serum deprivation (SD) alone, SD in the presence of sc-tPA (300 nM), or SD in the presence of tc-tPA (300 nM). B. Quantification of neuronal death following either SD alone, SD in the presence of sc-tPA (300 nM), or SD in the presence of tc-tPA (300 nM). Data are represented as mean ± SEM; n = 20; ** p < 0.01; *** p < 0.001; **** p < 0.0001; Kruskal-Wallis test; Dunn's multiple comparisons test. Unpublished data.

  Christian de Duve identified the lysosome and its lytic function by separating the different cellular compartments using centrifugation (De Duve 1957; Novikoff, Beaufay, and De Duve 1956; De Duve and Wattiaux 1966). The lysosome is the site for intracellular degradation of proteins and de Duve was later awarded the Nobel prize in Medicine in 1974 for this discovery. In 1962, using electron microscopy, Keith Porter and his student Thomas Ashford observed liver cells exposed to glucagon an increased number of lysosomes, as well as the sequestration of cytoplasmic fragments (Ashford and Porter 1962). Subsequent research revealed glucagon as an inducer of autophagy (Deter and De Duve 1967). In 1967, de Duve observed a new type of vesicle containing cytoplasmic and mitochondrial elements in varying stages of digestion. These findings suggest the contribution of another type of vesicle in intracellular digestion: the autophagosome (De Duve 1967).

Figure 17 .

 17 Figure 17. Schematic model of autophagy. A. Macroautophagy is the result of the fusion of an autophagosome, a double membrane vacuole transporting cellular cargo that has been targeted for degradation, with a lysosome. B. Chaperone-mediated autophagy involves the direct translocation, through LAMP2A, of specific proteins containing a motif recognized by a chaperone named hsc70 (heat-shock cognate protein of 70 kDa). C. Microautophagy is a non-selective lysosomal degradative process that involves direct engulfment of cytoplasmic materials by the invagination of the lysosome. Created with Biorender.

  Figure 18. Model for recruitment of Atg proteins and DFCP1 to the ER-derived membrane and formation of the phagophore. Following amino acid deficiency, PI3Ps are released in abundance at specific sites in the ER membrane known as omegasomes. Following the recruitment of WIPI2 and DFCP1, the omegasome expands and becomes the the formation site of the phagophore (in red). The phagophore elongates and closes in on itself to form the autophagosome, which detaches from the omegasome. From (Tooze and Yoshimori 2010).

Figure 19 .

 19 Figure 19. Model Schematic diagram of ATG9 and ATG16L1 trafficking pathways, showing how they meet and fuse in a VAMP3-dependent manner in recycling endosomes. Atg9 is translocated by endocytosis from the plasma

Figure 20 .

 20 Figure 20. Model for Atg9 trafficking and autophagosome formation. Atg9 cycles between plasma membrane, endosomes, and Golgi apparatus through vesicle trafficking. Atg9 traffics to and from the recycling endosomes. Retrograde trafficking of this pathway depends on the sorting motifs in Atg9. Upon autophagy induction, aportion of Atg9 transiently localizes to the isolation membranes through (i) the recycling endosomes and/or (ii) the Golgi. Adapted from[START_REF] Imai | Atg9A Trafficking through the Recycling Endosomes Is Required for Autophagosome Formation[END_REF]).

Figure 21 .

 21 Figure 21. Schematic representation of the molecular pathways that play a rolein the initiation of autophagy. The mTORC1 complex can be activated by growth factors through receptor tyrosine kinases that stimulate class I PI3Ks. These, in turn, promote the production of PIP3, which activates Akt. Once phosphorylated, Akt can inhibit the TSC1/2 complex. Consequently, this complex becomes unable to prevent Rheb from activating the mTORC1 complex. Like Akt, Erk can inhibit the TSC1/2 complex. On the other hand, AMPK, which is activated during energy imbalances or deficiencies, suppresses mTORC1 activity. The inactivation of mTORC1 paves the way for the activation of the ULK1 and PI3KC3 complexes, crucial for PI3P production.

Figure 23 .

 23 Figure 23. Regulation of the PI3KC3 complex by the ULK1 complex. The activated ULK1 complex phosphorylates Beclin1 and AMBRA1. The latter phosphorylation stabilizes the PI3KC3 complex. Beclin1 phosphorylation promotes VSP34 kinase activity, inducing PI3P production. PI3P recruits WIPI2 and DFCP1, enabling phagophore formation. From (Thiebaut 2019).

Figure 25 .

 25 Figure 25. During autophagy, two ubiquitin-like ATG conjugation systems function together to conjugate ATG8 to the phagophore membrane. The ATG12 system conjugates ATG12 to ATG5, and the ATG12-ATG5-ATG16 complex functions as an E3-like enzyme facilitating the conjugation of ATG8 to PE. Conjugation requires the C-terminal glycines in ATG8 and ATG12. While ATG12 ends in glycine, typical ATG8 needs C-terminal processing by the cysteine protease ATG4 to expose it. ATG4 also deconjugates ATG8 from the membrane for recycling purposes. ATG3 and ATG10, and ATG8 and ATG12 are evolutionarily related. WIPI (or Atg21) family proteins recruit ATG16 to autophagic membranes. PE, phosphatidylethanolamine. PtdIns3P, phosphatidylinositol-3-phosphate. WIPI, WD repeat domain, phosphoinositide interacting. From (Sidi Zhang et al. 2022).

  Figure 26. The LC3-PE conjugation system. Pro-LC3 undergoes cleavage at its Cterminal arginine, exposing the glycine residue. This mature form of LC3, termed LC3-I, gets activated by Atg7, an E1 activating enzyme. This leads to a non-covalent bond between an Atg7 cysteine and the C-terminal glycine of LC3-I. Subsequently, the Cterminal glycine of LC3-I forms a non-covalent bond with a cysteine residue on Atg3.

Figure 27 .

 27 Figure 27. Transport of autophagosomes. Rab7, via FYCO1, binds autophagosomes to a microtubule engine to facilitate movement induced by the

Figure 29 .

 29 Figure 29. Role of SNAREs in the fusion of autophagosomes with lysosomes.

  Feng et al. 2007b) -Insulin-like Growth Factor Binding Protein-3 (IGFBP3), a secreted molecule which binds to IGF family growth factors, thus inducing inhibition of the IGF/PI3K/mTOR pathway (Z. Feng et al. 2007b) -TSC2 and PTEN (Z. Feng et al. 2007b; Stambolic et al. 2001)

Figure 30 .

 30 Figure 30. Schematic illustration of signaling pathways related to autophagy during cerebral ischemia. The figure shows the many different signaling pathways involved in the activation of autophagy during cerebral ischemia. After ischemic stroke, Akt and p53 activate mTOR to inhibit autophagy in cerebral ischemia, while the activation of AMPK could inhibit the activity of mTOR and induce autophagy. Activation of p38 MAPK signaling pathway in early ischemic stroke promotes Elk1, CHOP10, LEF2C, and protein kinase MAPKK2/3 to inhibit the effects of autophagy and to maintain neuronal survival. JNK activation modulates autophagy by promoting Bcl-2/Bcl-xL phosphorylation and upregulating DRAM. Beclin-1 interacts with Bcl2 through its unique BH3 pattern to form the Bcl2-Beclin-1 complex via promoting Beclin-vps34-p50 complex dissociation to inhibit autophagy. Hypoxia caused by cerebral ischemia activates HIF-1α and induces autophagy through Bnip3, Bnip3L, and Pmaip1. Rab7 participates in autophagy by affecting the maturation of autophagosomes and the formation of lysosomes, as well as by maintaining the function of lysosomes, catalyzing autophagosomal and lysosomal fusion. From (X. Wang et al. 2021).

  inhibitor 3methyladenine results in increased neuronal necrosis in a neonatal hypoxiaischemia model[START_REF] Carloni | Activation of Autophagy and Akt/CREB Signaling Play an Equivalent Role in the Neuroprotective Effect of Rapamycin in Neonatal Hypoxia-Ischemia[END_REF]. Treatment with 3-MA also enlarges the lesion size after cerebral artery occlusion in both rats and mice (P.Wang et al. 2012;[START_REF] Cui | Propofol Prevents Cerebral Ischemia-Triggered Autophagy Activation and Cell Death in the Rat Hippocampus through the NF-κB/P53 Signaling Pathway[END_REF]. Conversely, β-arrestin 1 has been shown to interact with Beclin1 and PI3KC3/Vps34. In its absence, the activity of the PI3KC3 complex diminishes, leading to reduced autophagy and increased neuronal death, both by apoptosis and necrosis, in in vitro and in vivo models of ischemic stroke (Y.Wang et al. 2014). In mice lacking Caveolin-1, a protein which can activate autophagy by binding to the PI3KC3 complex, autophagy is compromised and brain damage resulting from cerebral artery occlusion is exacerbated[START_REF] Nah | Phosphorylated CAV1 Activates Autophagy through an Interaction with BECN1 under Oxidative Stress[END_REF].Neurons deficient in Atg7 exhibit impaired autophagy and are more susceptible to OGD. Indeed, without Atg7, mitochondrial clearance is compromised and neurons undergo apoptotic death (X.Zhang et al. 2013).Lastly, the induction of autophagy has been pinpointed as the mechanism underlying the neuroprotective effects of both melatonin and a GSK-3β inhibitor[START_REF] Carloni | Rapid Modulation of the Silent Information Regulator 1 by Melatonin after Hypoxia-Ischemia in the Neonatal Rat Brain[END_REF] X. Zhou et al. 2011). These results confirm the crucial role of autophagy in maintaining homeostasis and ensuring neuronal survival during ischemic stroke. INTRODUCTION | Autophagy b) Deleterious role of autophagy in ischemic stroke

Figure 31 .

 31 Figure 31. Summary of the three types of ADCD, their distinguishing characteristics and modes of lethality. A. Excessive bulk autophagy, resulting from a massive induction of autophagosomes and autolysosomes. Although membrane integrity is maintained, there is ballooning of the perinuclear space (PNS). B.Excessive mitophagy, autophagy-dependent selective elimination of mitochondria. C.

  infarct volume decreases (Y.-Q. Zheng et al. 2009). Beclin1 has also been shown to play a role in apoptosis during ischemia. Indeed, inhibition of Beclin1 using siRNA reduces both autophagy and neuronal apoptosis in an in vivo model of ischemic stroke (Y.-Q. Zheng et al. 2009). Furthermore, inhibiting Beclin1 prevents autophagosome formation and reduces apoptosis and neurodegenerative damage in the ipsilateral thalamus following ischemia (Xing et al.

  Membranes were blocked with PBS + 0.1% Tween 20 + 1% BSA, incubated overnight at 4°C in blocking buffer containing primary antibodies [rabbit anti-LC3B (1:1000; RESULTS | Project 1 L7543; Sigma-Aldrich), mouse anti-SQSTM1/p62 (1:1000; ab56416; Abcam), rabbit anti-pIGF-1R (1:1000; 3024S; Cell Signaling), rabbit anti-IGF-1R (1:1000; 9750S; Cell Signaling), mouse anti-GluN1 (1:1000; 818602; BioLegend)], then incubated in blocking buffer containing the corresponding peroxidase-conjugated secondary antibodies [anti-rabbit (1:50,000; A0545; Sigma-Aldrich), and anti-mouse (1:80,000; A9044; Sigma-Aldrich)]. Immunobots were visualized with Clarity Max Western ECL Substrate (1705062; BioRad) on the ChemiDoc MP Imaging System (Bio-Rad), and Image Lab software was used for the analysis.

  ; De Geyter et 120 RESULTS | Project 1 al. 2016). IGF-1 is neuroprotective by reversing autophagy induction via the IGF-1R/PI3K/Akt/mTOR pathway in both in vitro and in vivo MPTP/MPP+ models. Lead exposure in rats displays neurotoxicity, involving autophagy induction in hippocampal neurons through the inhibition of the IGF-1/PI3K/Akt/mTOR pathway (Zhang et al. 2023). In hippocampal neurons, autophagy induced by NMDA excitotoxicity is reduced by the neuroprotective action of IGF-1 through inhibition of GluN2B and activation of the PI3K/Akt/mTOR pathway (Wang et al. 2014). At a higher dose of NMDA (150 µM)
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 11 Figure 1. OGDreox increases autophagy-mediated neuronal death implicating
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 2 Figure 2. NMDA induces autophagy-mediated neuronal death. NMDA induces a
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 3 Figure 3. Activation of NMDAR inhibits IGF-1R. The phosphorylation of IGF-1R
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 412 Figure 4. The crosstalk between NMDAR and IGF-1R is indirect and modulates
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 41S1 Figure 4. The crosstalk between NMDAR and IGF-1R is indirect and modulates their
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 32 Figure 32. Cleavage of sc-tPA into tc-tPA in living and dead mature (12 DIV) pure
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 33 Figure 33. Cleavage of sc-tPA into tc-tPA in living and dead immature (7 DIV)

( 1

 1 µM) normalized to stain free in supernatant of living immature cortical neurons and representative electrophoresis. B. Densitometric quantification of BSA 555 (1 µM) normalized to stain free in % of control condition in supernatant of living immature 147 RESULTS | Project 2 cortical neurons and representative electrophoresis. C. Densitometric quantification of the ratio sc-tPA 488 /tc-tPA 488 (1 µM) normalized to stain free in supernatant of lysed by freezing immature cortical neurons and representative electrophoresis. D. Densitometric quantification of BSA 555 (1 µM) normalized to stain free in % of control condition in supernatant of lysed by freezing immature cortical neurons and representative electrophoresis. Data are represented as mean ± SD; n = 3 (A, B); n = 2 (C, D). The n is too low for the moment to perform a proper statistical analysis.
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 234 Figure 34. The cleavage of sc-tPA into tc-tPA only happens in pure cortical

Figure 35 .

 35 Figure 35. Neuronal cleavage of sc-tPA is dependent of plasmin activity. A.

Figure 36 .

 36 Figure 36. Neuronal cleavage of sc-tPA requires the lysine binding site of the

  Lead exposure in rats displays neurotoxicity, involving autophagy induction in hippocampal neurons through the inhibition of the IGF-1/PI3K/Akt/mTOR pathway(B. Zhang et al. 2023). In hippocampal neurons, autophagy induced by 50 µM NMDA excitotoxicity is reduced by the neuroprotective action of IGF-1 through inhibition of GluN2B and activation of the PI3K/Akt/mTOR pathway (Y.Wang et al. 2014). At a higher dose of NMDA (150 µM) they revealed an autophagy-independent neuroprotective effect of IGF-1R via the Fyn-GluN2B-CaMKII signaling pathway (Y.[START_REF] Li | IGF-1-Involved Negative Feedback of NR2B NMDA Subunits Protects Cultured Hippocampal Neurons Against NMDA-Induced Excitotoxicity[END_REF]). As we used both low (20 µM) and high (300 µM) doses of NMDA in our study, we may induce two different mechanisms. However, we are not using the same model (cortical vs. hippocampal neurons) and all doses tested in the NMDA toxicity model induced autophagy, suggesting that we did not activated the autophagyindependent Fyn-GluN2B-CaMKII pathway.

Figure 37 .

 37 Figure 37. Neuronal cleavage of sc-tPA does not involve the NMDA receptors.
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 38 Figure 38. Neuronal cleavage of sc-tPA does not involve the LRP1 receptor.
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 39 Figure 39. Neuronal cleavage of sc-tPA does not involve the NMDA receptors.
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Table 1 )

 1 . INTRODUCTION | Autophagy

	Pathway	Substrate	Mammalian autophagy receptors
	Aggrephagy	Protein aggregate	p62, NBR1, OPTN
	Ubiquitin-dependent Mitophagy	Mitochondria	NDP52, OPTN, p62, TAX1BP1, AMBRA1
	Ubiquitin-independent Mitophagy	Mitochondria	NIX, BNIP3, FUNDC1, Bcl2L13, FKBP8, PHB2, NLRX1, AMBRA1, cardiolipin, ceramide
	Ubiquitin-dependent Pexophagy	Peroxisome	NBR1, p62
	Lysophagy	Lysosome	TRIM16, NDP52
	Zymophagy	Secretory granule	p62
	ERphagy	ER	FAM134B, SEC62, RTN3, CCPG1, ATL3, TEX264
	Ferritinophagy	Ferritin	NCO4A
	Glycophagy	Glycogen	Stbd1
	Nuclear lamina autophagy	Nuclear lamina	Lamin B1
	Xenophagy	Bacteria	NDP52, p62, OPTN, TAX1BP1

Table 1 . Mammalian selective autophagy receptors

 1 

. From

[START_REF] Johansen | Selective Autophagy: ATG8 Family Proteins, LIR Motifs and Cargo Receptors[END_REF]

.

Table 2 . In vivo and in vitro role of autophagy in the pathogenesis of ischemic stroke.

 2 (Table 2). Abbreviations: SD, Sprague Dawley; 4VOs, 4 vessels occlusion; TSC1: Tuberous Sclerosis Complex 1; tMCAO/pMCAO/dMCAO: transient/permanent/distal middle cerebral artery occlusion; OGD/R, oxygen glucose deprivation/reperfusion; * means in vitro. From (Q.Shi, Cheng, and Chen 2021).

	Animals	Model	Phenotypes	Role of Autophagy in Ischemic Stroke
	Adult male Wistar rats	4VO	TSC1 induced autophagy	Protective
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NMDA RECEPTORS TRIGGER NEURONAL AUTOPHAGY IN AN IN VITRO

ISCHEMIC STROKE MODEL AND PREVENT IGF-1 RECEPTORS-MEDIATED NEUROPROTECTION

Triniac H 1 , Jauquet M 1 , Pelleter C 1 , Lechevallier C 1 , Vivien D 1,2 , Lemarchand E 1,2 , Roussel BD 1 .
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ABSTRACT

Cerebral ischemia activates many signaling pathways involved in neuronal death, including excitotoxicity and autophagy. Excitotoxicity is mainly due to the overactivation of the NMDA receptor by glutamate during stroke. However, the triggering signal for autophagy induction remains unclear in cerebral ischemia. To better understand these molecular mechanisms, we investigated the role of NMDAR and IGF-1R in cortical neurons in a model of pure excitotoxicity and in a model of ischemia. In an in vitro model of ischemic stroke (OGDreox), we showed that NMDAR activation induces excitotoxicity and autophagy, which subsequently leads to neuronal death. More specifically, NMDAR negatively regulates IGF-1R by inhibiting its phosphorylation in neurons. As a result, the inhibition of the neuroprotective IGF-1R signaling pathway during ischemic stroke can intensify autophagic neuronal death.

These findings indicate a crosstalk between NMDAR and IGF-1R involved in the induction of neuronal autophagy during ischemia. 

ABBREVIATIONS

Neuronal cell cultures

Primary cultures of cortical neurons were prepared from foetal mice (embryonic day 14) as previously described [START_REF] Rose | Cytotoxicity in Murine Neocortical Cell Culture[END_REF]. Cells were cultured on individual glass bottom Petri dishes (P95G; MatTek Corporation, Ashland, MA, USA), 24-well plates, or 8-well chamber slide (80806; Ibidi, Gräfelfing, Germany), coated with poly-D-lysine (0.1 mh/mL) and laminin (0.02 mg/mL), in DMEM supplemented with 5% FBS, 5% HS and 1 mM L-glutamine. Cultures were maintained at 37°C in a humidified 5% CO2 atmosphere. Cytosine β-D-arabinoside (10 µM) was added after 3 days in vitro (DIV) to inhibit glial proliferation in the 24-well plates and the 8-well chamber slides.

RESULTS

| Project 1 208.7% compared to control condition (Figure 4B,C). While co-treatment with NMDA and IGF-1 seems to increase the number of NMDAR/IGF-1R complexes at the cell surface, the addition of MK-801 reverses this effect, reducing the number of complexes to 63.3% (Figure 4B,C). Taken together, these results indicate that NMDAR and IGF-1R do not directly interact but form complexes at the neuronal surface, modulated by their respective activation. study revealed a new mechanism of autophagy regulation, providing new insights into the protective action of IGF-1R.
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SUPPLEMENTARY

MATERIAL & METHODS

Chemicals

Construction of ΔK2-tPA and K2*-tPA mutants in the pcDNA5/FRT vector

The rat ΔK2-tPA and K2*-tPA vectors were generated as previously described [START_REF] Parcq | Molecular Requirements for Safer Generation of Thrombolytics by Bioengineering the Tissue-Type Plasminogen Activator A Chain[END_REF].

RESULTS | Project 2

The ability of neurons to cleave tPA is already evident at 7 DIV, but it is not as pronounced as in mature neurons, as cleavage does not intensify over time.

RESULTS | Project 2

When treated with the specific plasmin inhibitor, α2-antiplasmin, we observed a less pronounced inhibition of cleavage compared to aprotinin in cortical neurons. The sc-tPA/tc-tPA ratio was significantly higher in the presence of α2-antiplasmin than in α2antiplasmin-free conditions at 10, 30 and 60 minutes (Figure 35B), reflecting a reduced conversion of sc-tPA into tc-tPA.

We next studied the activity of plasmin using a fluorescent substrate which releases a fluorophore upon enzyme cleavage. After 60 minutes of treatment with tPA 488 , we detect plasmin activity (Figure 35C and35D). This activity is strongly reduced in the presence of aprotinin while it is not in the EACA condition (Figures 35C and35D).

The fluorescence of tPA 488 decreases after both EACA and aprotinin treatments (Figures 35C and35D).

These findings demonstrate a cleavage system implicating plasmin activity.