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Abbreviations and Acronyms

A) Homeostasis 1. A working definition of homeostasis

Homeostasis is an evolutionarily conserved mechanism, developed by every living organism to counteract internal and external perturbations in order to maintain the stable state and function of its cells. Such perturbations can be due to internal genetic errors, throughout development and ageing, and external environmental stressors that affect the morphology, consistency and activity of a given cell or tissue.

In 1878, Claude Bernard described, for the first time, the importance of the nervous system to communicate with the external environment in order to maintain the stable state and function of internal organs, called the ''milieu interieur'' [START_REF] Hoff | The Cahier Rouge by[END_REF]. The successor of Bernard's ''Cahier rouge '', Walter Bradford Cannon, in 1929 introduced the term ''homeostasis'' to describe this concept. Homeostasis is a word composed of the Greek-derived prefix homeothat means ''similar'' and -stasis meaning ''standing still''. Therefore, Cannon used this term to describe the state of constancy of the internal environment, such as body temperature, glucose concentration, oxygen and acid-based balance. These are maintained in equilibrium thanks to the co-operation between regulatory and compensatory mechanisms [START_REF] Cooper | From Claude Bernard to Walter Cannon[END_REF]. Finally, in the beginning of the 20 th century, Norbert Wiener introduced the concept of negative feedback control, which is one of the key operations to maintain homeostasis [START_REF] Mindell | Between Human and Machine: Feedback, Control, and Computing Before Cybernetics -David A[END_REF].

These works highlighted the notion that every living organism is a dynamic environment held in equilibrium through constant communication with the external environment, feedback control and compensatory adjustments. Therefore, as Bernard had suggested, homeostasis is a 'body politic', the result of self-government. Any disruption of the regulatory mechanisms or suspension of harmonious synergy among bodily systems, would lead to disease [START_REF] Cooper | From Claude Bernard to Walter Cannon[END_REF].

Mechanisms maintaining neuronal homeostasis a) Regulatory mechanisms

Homeostatic systems are composed of a set point, describing the physiological, undisturbed, state of the system, a feedback control and sensors that detect a given perturbation, an error signal, representing the difference between the set point and the current state communicated by the sensors and, finally, homeostatic effectors that activate compensatory changes in the process being studied.

At a tissue-level, there are specialised cells, macrophages and sensory neurons that report and respond to severe perturbations, such as injuries and infections, by releasing cytokines and chemokines or by engulfing toxic protein aggregates and degenerating neurons. However, it is not yet known what the sensors that convey information about subtle changes, such as the size, pH, membrane potential, ion and nutrient concentrations of cells, are (Review by Chovatiya and Medzhitov, 2014).

Sensors activate a homeostatic response by sending a negative feedback, alerting that the stable state of the tissue has been altered from its set point. Then, the effector mechanisms elicit stress and defence responses to eliminate the perturbing agent and restore the homeostatic set point of the system. Examples of such homeostatic effectors are the Unfolded Protein Response (UPR), which promotes the degradation of misfolded proteins and the induced expression of chaperones to prevent new protein misfolding errors, and chronic adaptive stress responses triggering gene expression changes in a cell-autonomous way.

Histone Acetyltransferase (HAT) activity of Tip60 is another key regulatory mechanism maintaining developmental homeostasis. Thanks to its chromatin modifications, it controls gene transcription levels and induces programmed cell death when needed. In vivo studies have shown that abnormal levels of Histone Deacetylase 2 (HDAC2) can cause neurogenesis defects and cognitive impairments (Panikker et al., 2018). Therefore, the antagonistic relation between HAT and HDAC2 maintains neuronal histone acetylation homeostasis.

Moreover, as a stressor could affect a group of neighbouring cells, the organism has also developed non-cell-autonomous homeostatic stress responses. During this type of reaction, the affected cell sends, still unknown, paracrine signals to its neighbouring cells in order to prime them for the stressor.

Research on C. elegans revealed that such signals could be either secreted proteins or sensory neurons (Review by Chovatiya and Medzhitov, 2014).

b) The endolysosomal network

The endolysosomal network (ELN) is a key regulator of protein homeostasis and, in the nervous system, it is essential for the maintenance of neuronal health, functionality and communication with the extracellular environment. It is composed of Early Endosomes (EE), Late Endosomes (LE) and Lysosomes. EE internalise protein cargo either for recycling, proteolytic processing or for degradation. EE are also important for protein transport from the Golgi network to the plasma membrane or from the dendrites to the synapses along the neuronal axon (Figure 1). LE, also called multivesicular bodies, have a lower pH (4.8-6) and fuse with lysosomes when the protein cargo needs to be degraded.

Lysosomes are acidic compartments (pH of 4.5) composed mainly of hydrolases, such as Cathepsins.

The most abundant lysosomal protein, and hence the main lysosomal marker is LAMP and its isoforms.

Although LAMP and hydrolases are also present in LE, EM data revealed that lysosomes' morphology differs significantly from the one of LE. Lysosomes are electron dense, robust organelles rather than multivesicular bodies. These organelles are very important components of the homeostasis system as their main role is to degrade misfolded proteins or endocytosed ''toxic'' protein aggregates from the endocytic and the autophagy networks (Winckler et al., 2018). Furthermore, lysosomes are implicated in apoptosis through the mechanism of lysosomal membrane permeabilisation (LMP) that triggers the release of Cathepsins in the cytosol causing the initiation of cellular apoptosis prior to the activation of caspases. Regulation of cholesterol levels and LAMP expression was found to be crucial to avoid LMP and maintain lysosomal stability [START_REF] Repnik | The endolysosomal system in cell death and survival[END_REF]. (Schematic adapted from Winckler et al., 2018) To engulf an extracellular substance cells have developed a complex mechanism of cytosolic coat molecules that recognize and bind on specific receptors of the cargo, form a vesicle around it, endocytose it and then motor proteins propel this vesicle, through the microtubule system, to the location where it needs to be processed [START_REF] Stenmark | Guanine nucleotide exchange factor A protein that facilitates the exchange of GDP for GTP in the nucleotide-binding pocket of a GTP-binding protein. Rab GTPases as coordinators of vesicle traffic[END_REF]. The regulatory system for endocytic protein cargo sorting towards either recycling or degradation is composed of the Rab family of small GTPases.

Rab5, for example, is responsible for the clathrin-coated vesicle assembly at the plasma membrane and hence it is the marker of EE. When the endocytosed protein cargo needs to be degraded, Rab5 is replaced by Rab7 forming LE and the protein cargo is transported and stored within the small membrane-enclosed intraluminal vesicles of these LE. LE also contain many degradative enzymes, such as Cathepsins [START_REF] Repnik | The endolysosomal system in cell death and survival[END_REF]). Rab7's effector, the Rab-interacting lysosomal protein, binds with a dynactin-dynein complex to transport the late endosome and fuse it with lysosomes [START_REF] Stenmark | Guanine nucleotide exchange factor A protein that facilitates the exchange of GDP for GTP in the nucleotide-binding pocket of a GTP-binding protein. Rab GTPases as coordinators of vesicle traffic[END_REF] (Winckler et al., 2018). On the other side, Rab6 effector molecule binds Golgi vesicles to a dynactin-dynein complex to transport them to the endoplasmic reticulum. Therefore, the right association of Rab GTPase molecules to motor proteins assures the safe transport of protein cargo to their correct destination [START_REF] Stenmark | Guanine nucleotide exchange factor A protein that facilitates the exchange of GDP for GTP in the nucleotide-binding pocket of a GTP-binding protein. Rab GTPases as coordinators of vesicle traffic[END_REF].

A study using Drosophila melanogaster revealed that a dysregulation in the levels of Rab7 causes defective degradation of waste proteins, progressive loss of synaptic function and neurodegeneration (Cherry et al., 2013). Moreover, alterations in the expression of EE Rab GTPases, such as Rab3, led to defective presynaptic Calcium influx activity and hence a defective pre-synaptic homeostasis (Muller et al., 2012).

As it was previously mentioned, a disruption of the homeostasis system limits the autonomy of the organism and leads to disease. Coincidentally, numerous mutations of genes involved in the functionality of the endolysosomal network have been linked with neurodegenerative disorders, such as Alzheimer's disease (AD), Parkinson's disease (PD) and Frontotemporal dementia [START_REF] Wang | Endo-lysosomal dysfunction: a converging mechanism in neurodegenerative diseases[END_REF].

With age, although there is an increased need for clearance of damaged proteins, organelles and neuronal debris, lysosomal function and ability to travel long distances along neuronal axons decreases. Therefore, ageing is the highest risk for developing neurodegenerative disorders.

Moreover, numerous genetic risk factors of neurodegenerative diseases were found to be detrimental also for the ELN [START_REF] Carmona-Gutierrez | The crucial impact of lysosomes in aging and longevity[END_REF].

For example, familial AD (fAD) mutations on either the amyloid precursor protein (APP) or Presenilin 1 (PSEN1) result in an induced processing of APP by β-secretase or an accumulation of APP β C-terminal fragments (CTFs) due to reduced cleavage by γ-secretase, respectively. Studies on Down syndrome, AD patients' fibroblasts and AD mouse models have shown evidence that the accumulation of βCTFs causes the overactivation of Rab5 GTPases and hence the development of enlarged EE (Cataldo et al., 2000) [START_REF] Cataldo | Down syndrome fibroblast model of Alzheimer-related endosome pathology: Accelerated endocytosis promotes late endocytic defects[END_REF]. Moreover, two recent studies reported that neurons from induced Pluripotent Stem Cells (iPSCs) derived from fAD patients with several mutations on APP, PSEN1 and the trisomy 21 also accumulate enlarged EE, LE and lysosomes leading to lysosomal defects and impaired proteolysis (Hung and Livesey, 2018) (Kwart et al., 2019). Finally, the accumulation of enlarged EE causes protein transport impairment, dysregulation of cell signalling mechanisms and an accumulation of oxidative stress that leads to a progressive lysosomal dysfunction with compromised hydrolases and acidification system. Therefore, the dysregulation of the ELN might be an early biomarker of the disease.

c) Autophagy

Autophagy is another essential cellular process for the maintenance of neuronal health and function.

Cellular stress and increased metabolic demand result in an accumulation of oxidative stress in several organelles, such as mitochondria. Autophagosomes act as a quality control system, responsible for degrading impaired organelles and enlarged protein aggregates to maintain neuronal integrity [START_REF] Stavoe | Autophagy in Neurons[END_REF]. This process is regulated by autophagy-related proteins, such as Atg6, Atg7, Atg8 and Atg9. It starts with the creation of phagophores, a cup-shaped structure that engulfs substrates for degradation as its edges extend. Phagophores start developing from various membrane sources, such as the endoplasmic reticulum, the Golgi and trans-Golgi network, mitochondria, the plasma membrane and endosomal compartments. Then, Atg9, a core transmembrane protein, brings lipids to the growing phagophore from the membrane source via its interaction with vacuole protein sortingassociated 13 (Vps13) protein, a lipid transporter. Once the phagophore is completed, it forms a double-membrane spherical structure, the autophagosome. Then Atg8 and PI3P proteins are cleavedout of the mature autophagosome's membrane to let it fuse with lysosomes. Autolysosomes have an acidic pH and activate lysosomal enzymes to degrade the protein cargo. All the above happen in both macro-autophagy and selective autophagy. Selective autophagy is the autophagy of specific impaired organelles, such as mitophagy and ER-phagy [START_REF] Stavoe | Autophagy in Neurons[END_REF].

Impaired autophagy is detrimental for the organism as it causes early-onset progressive neurodegeneration that leads to reduced survival. More specifically, the earliest signs of homeostatic disruption by autophagy dysfunction are neuronal swelling, dystrophy and axonal degeneration. On the contrary, upregulation of autophagy seems to be protective. Overexpression of Atg8 in Drosophila, for example, resulted in an extended lifespan [START_REF] Menzies | Autophagy and Neurodegeneration: Pathogenic Mechanisms and Therapeutic Opportunities[END_REF].

As in the ELN, many neurodegenerative diseases are caused by mutations that affect autophagy.

Several causative mutations affect distinct steps of this process, from the phagophore formation to the lysosomal fusion, resulting in different outcomes on the neuronal survival or function. Early-onset PD, for example, is caused by mutations on Pink1 and Parkin. Both of these proteins are involved in mitophagy and their mutation causes an increased sensitivity of mitochondria to oxidative stress. Moreover, α-synuclein inclusions, found in the neurons of PD patients, mislocalise Atg9, disrupting autophagosome maturation and lysosomal fusion. Abnormal trafficking of Atg9 was also observed in Vps35 mutations causing PD. Finally, a mutation on ATP13A2 is thought to be a risk factor for PD development as it blocks acidification of lysosomes and hence causes an accumulation of autophagic vesicles in the cell [START_REF] Menzies | Autophagy and Neurodegeneration: Pathogenic Mechanisms and Therapeutic Opportunities[END_REF].

d) Glial cells

There are two main cell types in the brain, neurons and glia. Although glia had been neglected for many years, recent studies have highlighted their importance in the development, function and immune defence of the Central Nervous System (CNS) but also in diseased conditions. Therefore, glia are the master regulators of neuronal homeostasis (Figure 2).

Mammals have six types of glial cells: radial glia, astrocytes, oligodendrocytes, Schwann cells, microglia and NG2 glia. Radial glia are the primary progenitor cells for neurons and glial cells, such as astrocytes and oligodendrocytes. In the adult nervous system radial glia serve mainly as stem cells. For example, they are essential for adult neurogenesis in the Hippocampus enabling cognitive functions (Zuchero and Barres, 2015) [START_REF] Kempermann | Neurogenesis in the adult hippocampus[END_REF]. Astrocytes are the most abundant type of glia in the brain. They are responsible for neuronal survival, synaptogenesis and synapse pruning. Astrocytes reside close to the synapses in order to recycle neurotransmitters, controlling the formation and strength of the synapse, and release secreted proteins that cause synapse pruning. Both microglia and astrocytes are implicated in the pruning of weak synapses in order to achieve more precise neuronal wiring, important for memory and learning formation (Zuchero and Barres, 2015). Moreover, research studies on Drosophila, revealed that microglia and astrocytes prune synapses by phagocytosing them [START_REF] Schafer | Microglia function in central nervous system development and plasticity[END_REF]. Microglia are the main immune cell type of the brain, defending the brain and responding to infections and injuries by engulfing axonal debris, dying neurons and toxic protein aggregates. The key receptors of both astrocytes and microglia for engulfment of synapses and degenerating neurons are Megf10 and Mertk in vertebrates [START_REF] Chung | Astrocytes mediate synapse elimination through MEGF10 and MERTK pathways[END_REF].

Oligodendrocytes and Schwann cells are the myelinating glia of the CNS and the Peripheral Nervous System (PNS), respectively. Myelination is a key function of glial cells as they wrap around neuronal axons insulating them for a faster signal transmission across neurons. Along the myelinated neuronal axon there is the formation of Nodes of Ranvier enabling saltatory conduction. Myelin is also important for the metabolic and nutrient support of the neuron, providing the axon with lactate in order to produce ATP (Zuchero and Barres, 2015).

Although NG2 glia were thought to be only Oligodendrocyte Progenitor Cells, in recent years it was revealed that they are also implicated in injury response, progressive neurodegeneration and in the maintenance of synapse stability. It was shown that they exhibit unique electrophysiological properties, they get highly dynamic in response to injury, by proliferating and migrating to surround the site of injury, and they provide structural support to synapses [START_REF] Dimou | NG2-glia and their functions in the central nervous system[END_REF].

A variety of neurological disorders result from glial defects, such as Multiple Sclerosis due to loss of remyelination of neuronal axons or Amyotrophic Laterals Sclerosis caused by lack of nutrient intake and therefore metabolic support. Furthermore, as mentioned previously, astrocytes and microglia respond to brain traumas through a process called ''reactive gliosis''. A defect during this process results in the accumulation of dying neurons and protein aggregates in the brain and it is thought to have an implication in the neuropathology of AD and PD (Zuchero and Barres, 2015). Finally, there is evidence that glial cells and, more specifically, radial glia remain quiescent in the adult brain as stem cells to allow neural regeneration in the CNS after injury or for memory formation in the hippocampus (Peron and Berninger, 2015) [START_REF] Kempermann | Neurogenesis in the adult hippocampus[END_REF].

As mammalian organisms are too complex, many researchers started using the invertebrate model, Drosophila Melanogaster, to understand in more detail the cellular and molecular biology and functions of glia. Christian Klambt, one of the pioneers in Drosophila glial cells, describes that this invertebrate model has seven types of glial cells: the surface glia, which include perineurial and sub-perineurial glia, cortex glia, astrocyte-like glia, ensheathing glia and midline glia; in the PNS, we can also find wrapping glia (Figure 2). Drosophila's blood brain barrier (BBB) is composed of perineurial and sub-perineurial glia that provide nutrients and ions to the nervous system and, simultaneously, separate it from the haemolymph.

Perineurial glia are required for neuronal growth and functionality and for neuroblast proliferation.

Sub-perineurial cells control proliferation and reactivation of quiescent neuroblasts and protect them from oxidative stress under hypoxic conditions by releasing lipid droplets. Cortex glia are found below the BBB and the sub-perineurial glia, they are interlinked around neuronal cell bodies in the cortical area of the brain. This type of glia is essential for neuronal survival as they provide metabolic support, nutrients and are involved in maintaining physiological neuronal behaviour.

Neurons extend their axons and dendrites towards the centre of the brain forming the neuropil. There, we find astrocyte-like glia and ensheathing glia. Astrocyte-like glia (ALG) have similar structural, molecular and functional characteristics with mammalian astrocytes. They form highly branched protrusions that extend into the neuropil around neuronal axons and dendrites. ALGs regulate neurotransmitter homeostasis; control the expression of excitatory amino-acid transporter1 and GABA transporters to maintain the balance between excitatory and inhibitory synapses. Therefore, they ensure constant neuro-glial communication. Finally, they also act as microglia because they phagocytose neuronal axonal debris and perform Mushroom Bodies' axonal pruning during development. Ensheathing glia are a unique type of glia with flattened cell bodies and axons that wrap around the neuropil without penetrating it. They connect the neuropil to the periphery.

Midline glia are involved in the development and morphogenesis of the nervous system, and in the midline axon guidance during embryogenesis. They engulf midline axonal commissures, participate in the guidance of growth cones and generate an extracellular matrix to provide trophic support to the axons [START_REF] Jacobs | The Midline Glia of Drosophila: A molecular genetic model for the developmental functions of[END_REF].

Like in the mammalian PNS, Drosophila also have peripheral glial cells, the wrapping glia. Wrapping glia show a similar phenotype with mammalian Schwann cells, as they wrap around sensory and motor axons, except that they do not form myelin.

Drosophila is a very useful model to disentangle the physiological function of different cell types, proteins and processes. Most neurodegenerative diseases have also been modelled and studied in Drosophila as 70% of disease related genes have an orthologue in flies. In many instances of neurological disorders, glia seem to be involved. For example, it has recently been shown that in a Drosophila model of AD, with a transgenic expression of the human Amyloid β (Aβ) 42, an enhanced expression of the phagocytosis receptor Draper was able to restore behavioural phenotypes and reverse the accumulation of Aβ aggregates (Ray et al., 2017) (Yildirim et al., 2018).

As mentioned previously, macrophages are the best-known immune cells defending our organism by phagocytosing pathogens and clearing apoptotic cells. Glial cells, the brain's immune system is also able to detect and phagocytose any ''non-self'' or ''modified-self'' substances. ''Non-self'' bodies are any pathogens or toxins, such as bacteria, and ''modified-self'' include degenerating neurons, axonal debris, impaired organelles and the overproduction of misfolded proteins. Moreover, glia contribute significantly to the metamorphosis of Drosophila, from the larval to the adult stage. They facilitate and complete programmed cell death (PCD) by clearing all dying neurons and pruned axons, allowing adult forms to develop and establish connections. For example, there is evidence that glia prune and clear the Mushroom Bodies' γ lobes to let their adult forms develop [START_REF] Awasaki | Engulfing action of glial cells is required for programmed axon pruning during Drosophila metamorphosis[END_REF]. Sonnefeld and Jacobs described for the first time, using electron microscopy (EM), that in embryonic brains of fruit flies only glial cells contained internalised cellular debris (Sonnefeld and Jacobs, 1995).

Under threatening situations, such as a bacterial infection or an injury, glia activate the ''reactive gliosis'' mechanism. Both mammals and invertebrates experience this immune reaction of the brain, when glial cells proliferate, expand, migrate towards the affected site and phagocytose the degenerating axons or the pathogen. Alterations in ''reactive gliosis'' has been the cause of various neurological disorders. Therefore, understanding in more detail this mechanism would allow researchers to develop efficient treatments against such disorders. During ''reactive gliosis'' two processes are activated; the engulfment and clearance of cellular debris and the glial regenerative response (GRR) to repair the lesion created.

MacDonald et al. developed an injury paradigm consisting on the ablation of the third segment of both antennae of the fly, the olfactory receptor neuron cell bodies, and then observed the "reactive gliosis" at the antennal lobes of the brain. Upon antennal ablation, using glial type-specific Gal4 drivers, they identified that ensheathing glia express the Draper receptor, expand their protrusions to cover the damaged axons and start phagocytosing axonal debris [START_REF] Doherty | Ensheathing glia function as phagocytes in the adult Drosophila brain[END_REF] (Figure 3). Loss of function (LOF) of Draper resulted in a failure of ensheathing glia to extend their protrusions and an accumulation of cell corpses in the CNS (MacDonald, 2006). Draper is the orthologue of mammalian Megf10; it activates the JNK-STAT92E signalling pathway and the Src42A and Shark proteins that activate Rac1 to induce phagocytosis [START_REF] Kato | Gene network underlying the glial regenerative response to central nervous system injury[END_REF]. Finally, EM and immunofluorescence data revealed that after engulfment of axonal and cellular debris, there is an accumulation of endolysosomal compartments inside glia. Therefore, to digest the engulfed material, they use the ELN.

However, it remains unclear how glial cells distinguish between healthy and dying neurons; in other words, what is the ''eat me'' signal? It has been suggested that there might be an ''eat me'' cue if the dying neuron is right next to the glial cell, but in case it is further away, there might also be a ''come and get me'' cue. The latter could be a secreted chemoattractant cue from neurons alerting glia to migrate towards the dying neuron and engulf it. CED-1 is the C. elegans orthologue of Draper and it was found accumulated near cell corpses. It is thought that the extracellular domain of CED-1 binds with the ''eat me'' ligand cue and subsequently activates the downstream engulfment pathway.

Finally, it is important to note that there are two theories; either the ''eat me'' ligand is unique for every type of engulfment target or there is a specific signal for each type of target: cell corpses, axonal debris or pruned axons, and hence an appropriate Draper isoform receptor (Logan and Freeman, 2007).

To understand the genetic network regulating glial regenerative response (GRR), the switch from quiescence to proliferation and differentiation of neuropil glia after an acute injury, Kato and colleagues developed a paradigm involving stabbing of the larval ventral nerve cord (VNC) [START_REF] Kato | The Glial Regenerative Response to Central Nervous System Injury Is Enabled by Pros-Notch and Pros-NFκB Feedback[END_REF]. The lesion caused by the stabbing first expands due to neurodegeneration and then shrinks.

After the expansion, ensheathing glia, as mentioned previously, clear out the dying neurons and let neuropil glia, ALG to repair and fill in the lesion. It was observed that the stubbing induced a 10% increase in ALG cell division. ALG express similar genes as the NG2 mammalian glia, such as Notch, Prospero and kon-tiki. Like in mammals, where a spinal cord injury, a traumatic brain injury or a stroke induce oligodendrocyte precursor cells (OPCs) to regenerate after loss of oligodendrocytes (OLs), ALG have a similar reaction. Kato et al., proposed a model whereby after injury, there is an increased expression of Dorsal, the homologue of the NfκB in flies, that activates the expression of Notch. Then, via the activation of kon-tiki, Notch induces glial proliferation at the site of the injury [START_REF] Kato | The Glial Regenerative Response to Central Nervous System Injury Is Enabled by Pros-Notch and Pros-NFκB Feedback[END_REF].

However, to stop proliferation and stabilise differentiation, Prospero comes into play, blocking Notch and kon-tiki expression. This interplay between Notch and Prospero is essential in order to maintain ALG quiescent when not needed but primed to respond rapidly to an acute injury [START_REF] Losada-Perez | Molecular mechanism of central nervous system repair by the Drosophila NG2 homologue kon-tiki[END_REF] [START_REF] Hidalgo | Go and stop signals for glial regeneration[END_REF].

Neurological disorders linked with the homeostasis signalling system

A multitude of studies have emerged reporting molecular links between the homeostasis signalling system and neurological disorders.

Programmed cell death is a key process to maintain the physiological development of the CNS. A recent study using a Drosophila model of AD has revealed that this homeostatic process is regulated by the interaction between the APP intracellular domain (AICD) and the HAT activity of Tip60. Tip60 is a transcription regulator involved in cell signaling, DNA damage repair, cell cycle checkpoint control and, in collaboration with the AICD, it regulates the expression of p53 and hence the induction of apoptotic cell death in the CNS (Pirooznia et al., 2012).

To identify the molecular regulatory mechanism behind pre-synaptic homeostasis, Dickman and Davis conducted a Drosophila forward genetic screen. During this study, using electrophysiology, they observed that LOF of dysbindin, a gene known to cause Schizophrenia in humans, was responsible for a blockage in homeostatic synapse compensation and hence altered pre-synaptic homeostatic plasticity. Moreover, they described that dysbindin regulates vesicle pool size and release from the pre-synaptic to the post-synaptic site. Concluding that the cause of the neuropathology behind schizophrenia might be linked to altered pre-synaptic homeostasis [START_REF] Dickman | The schizophrenia susceptibility gene dysbindin controls synaptic homeostasis[END_REF].

Chronically (>1-2 weeks ex-vivo culture) isolated neocortices from cats were used as a model to simulate and study brain injuries. Researchers performed electrophysiology measurements on these neocortices and the deafferented nerve cells, and revealed the presence of epileptic burst activities.

Homeostatic synaptic plasticity should normally maintain the physiological levels of activity with compensatory mechanisms regulating the balance between excitation and inhibition firing rates.

Therefore, brain injuries could lead to an alteration in homeostatic synaptic plasticity resulting in an accumulation of abundant epileptic bursts (Houweling et al., 2005).

Fragile X Syndrome is another great example of dysregulation of two homeostatic mechanisms. It is thought that Fragile X Syndrome is mainly due to a LOF mutation of the Fragile X Mental Retardation (FMR) gene. Under physiological conditions, FMR protein blocks mRNA translation downstream of metabotropic glutamate receptor (mGluR1 and mGluR5) and hence regulates its abundant de novo protein synthesis [START_REF] Hou | Dynamic Translational and Proteasomal Regulation of Fragile X Mental Retardation Protein Controls mGluR-Dependent Long-Term Depression[END_REF]. Moreover, a recent study using Fmr1 KO mice revealed that, under such conditions, there is also an error in the binding of mGluR5 to the post-synaptic long isoform of the scaffolding protein Homer. Homer normally binds on the intracellular site of mGluR5's and is important for its trafficking, localization and function. Therefore, this binding maintains mGluR5 downstream activation of protein synthesis at physiological levels [START_REF] Ronesi | Disrupted Homer scaffolds mediate abnormal mGluR5 function in a mouse model of fragile X syndrome[END_REF]. The dysregulation of these two homeostasis mechanisms may cause a wide range of symptoms, from epileptic seizures, intellectual disability to social anxiety and hyperactivity that characterize the Fragile X Syndrome.

There is phenotypic overlap between the Fragile X Syndrome and Autism Spectrum Disorders (ASD).

The symptoms of ASD vary as well from severe cognitive impairments to social communication deficits.

It is thought to be caused by various genetic mutations leading to alterations in the maintenance of balance between excitatory and inhibitory synaptic connections during early development.

Furthermore, ASD is characterized by an abnormal shape and size of neurons caused by alterations in the mTOR pathway that regulates cellular growth [START_REF] Bourgeron | A synaptic trek to autism[END_REF] [START_REF] Murdoch | Recent developments in the genetics of autism spectrum disorders[END_REF].

Finally, as mentioned previously, alterations in the homeostasis system can also cause neurodegenerative disorders. For example, a failure of glial ability to defend the brain by clearing ''non-self'' and ''modified self'' bodies or an alteration in the endolysosomal and autophagy network morphology and functionality can lead to AD and PD. More specifically, genetic predispositions to AD, fAD mutations and environmental factors leading to an alteration in the processing of APP are thought to induce the pathology. By altering this processing there is an imbalance between the two distinct cleaved and secreted products of APP, sAPPα and sAPPβ, and hence to their respective functions.

However, this dysregulation triggers the homeostasis response mechanisms that should re-balance the system. The levels of homeostatic response to such perturbations are also an indication of the onset and severity of the disease. Understanding this interplay and being able to detect any alteration can be an early biomarker of the pathology and lead to the development of effective treatments [START_REF] Castrillo | Alzheimer's as a Systems-Level Disease Involving the Interplay of Multiple Cellular Networks[END_REF].

Parkinson's disease

Parkinson's disease (PD) is another neurodegenerative disorder where alterations of cellular homeostasis are thought to be implicated in the development of the disease.

In 1817 James Parkinson medically described the, previously observed, condition of resting tremors and reduced muscle power as a neurological disorder. 50 years later, Jean-Martin Charcot, at the Salpêtrière hospital, completed the medical description of this neurological disorder by adding bradykinesia to its symptoms. Charcot was also the first to suggest re-naming this disease from "Shaking palsy" to "Parkinson's disease" (Charcot, 1872) [START_REF] Goetz | The history of Parkinson's disease: Early clinical descriptions and neurological therapies[END_REF].

Today we know that PD affects an estimate of 7-10 million people worldwide. The prevalence of the disease increases with age and men have 1.5 more chances of developing it than women. As mentioned previously, the main symptoms of PD are resting tremor, bradykinesia and rigidity.

Furthermore, the two key neuropathological hallmarks of PD are the accumulation of α-synuclein aggregates, forming the Lewy bodies, and the loss of dopaminergic neurons in the substantia nigra [START_REF] Tysnes | Epidemiology of Parkinson's disease[END_REF]. More than 85% of PD cases are late-onset sporadic PD caused by environmental factors and <10% of PD cases are early-onset (EO) caused by inherited genetic mutations. Several mutations have been identified in PD families and most of these genes are implicated in mechanisms maintaining cellular homeostasis, such as mitochondrial function, the endolysosomal network and autophagy [START_REF] Corti | What genetics tells us about the causes and mechanisms of Parkinson's disease L[END_REF]. These important genetic risk factors are presented and studied in more detail in the second chapter of this thesis.

B) The Amyloid Precursor Protein (APP)

APP is a type I transmembrane protein with a long extracellular domain, the Aβ transmembrane region and a short intracellular domain, the AICD. APP is part of a larger family of APP proteins composed of APP, APP like protein 1 (APLP1) and APLP2. APP is a functionally and structurally conserved protein across a variety of species, from invertebrates to mammals (Kang et al., 1987) (Yoshikai et al., 1990) (Wasco et al.,1993) (Figure 4a). For example, its ortholog in the worm, C.elegans, is the APP-like1 (APL-1) (Daigle and Li, 1993) and in the fruit fly, Drosophila melanogaster, the Amyloid precursor proteinlike (APPL) (Rosen et al., 1989). APP undergoes two competing proteolytic processes; the amyloidogenic pathway, releasing secreted APPβ (sAPPβ), Aβ oligomers and the AICD, and the nonamyloidogenic, releasing sAPPα, P3 and AICD [START_REF] Esch | Cleavage of amyloid β peptide during constitutive processing of its precursor[END_REF] [START_REF] Haass | Trafficking and proteolytic processing of APP[END_REF] (Figure 4b). This proteolytic processing is happening in distinct organelles because some secretases are active only in acidic environments. More specifically, during the amyloidogenic pathway, APP is internalized into endosomes and is cleaved by the β-secretase, BACE 1, releasing sAPPβ in the endosomal lumen.

However, during the non-amyloidogenic pathway, APP is cleaved by the α-secretase, ADAM10, on the membrane releasing sAPPα and P3 extracellularly. Using the OptiCAB method Das et al. were able to detect the cellular location where APP and BACE1 were binding to each other. This method is based on the complementarity between a fluorescent protein attached to the C-terminal site of the fulllength APP (flAPP) and another one tagged on the C-terminal site of BACE1. Once they bind together, they release a fluorescent signal of high intensity. Therefore, they confirmed that the amyloidogenic cleavage of APP by β secretase BACE1 happens in early endosomes, near the trans-Golgi network (Das et al., 2016). After cleavage by β-secretase, the APP β-CTF is cleaved by γ-secretase releasing Aβ oligomers (Van der [START_REF] Van Der Kant | Cellular Functions of the Amyloid Precursor Protein from Development to Dementia[END_REF]. Most of these fragments are composed of 40 amino acids, Aβ40, but 10% of them have a longer, fibrillogenic form of 42 amino acids, Aβ42, which is what we find in the Aβ plaques of AD patients [START_REF] Sisodia | γ-Secretase, notch, Aβ and Alzheimer's disease: Where do the presenilins fit in?[END_REF]. APP is mainly known for its implication in AD but it can also cause hereditary cerebral amyloid angiopathy (CAA) which I will explain in more detail below. In 1906, a clinical psychiatrist and neuroanatomist, Alois Alzheimer (Figure 5) during a conference in Tübingen, Germany, presented "A peculiar severe disease process of the central cortex" [START_REF] Alzheimer | Uber einen eigenartigen schweren Er Krankungsprozeb der Hirnrinde[END_REF]. He gave this description to the symptoms followed by the histopathology of his 51 years old patient Auguste Deter who was suffering from paranoia, sleep troubles, memory loss, aggressiveness and confusion. After her death, in 1906, he observed the presence of senile plaques and neurofibrillary tangles in her brain and, for the first time, linked this histopathology to the above symptoms [START_REF] Schachter | Alzheimer's disease[END_REF]. Although not much attention was given to these findings during the Tübingen conference, Alzheimer's senior colleague and collaborator, Emil Kraepelin, described this disease in his textbook and named it "Alzheimer's disease" (Kraepelin, 1913). A few years later, Alzheimer and his colleagues observed the brain of another patient with similar symptoms, Josef F., and discovered that this brain was lacking neurofibrillary tangles. This observation required nearly a century to receive an explanation when Möller and Graeber re-examined the post-mortem brain slides and suggested that neurofibrillary tangles are present at a later stage during Alzheimer's disease development [START_REF] Möller | The case described by Alois Alzheimer in 1911. Historical and conceptual perspectives based on the clinical record and neurohistological sections[END_REF]) [START_REF] Lovestone | Fleshing out the amyloid cascade hypothesis: the molecular biology of Alzheimer's disease[END_REF]. This was the beginning of research on this debilitating neurodegenerative disorder.

Senile plaques

Senile plaques are extracellular lesions at the neuropil, composed of Aβ oligomers at their core and surrounded by neuronal debris and activated astrocytes. When researchers isolated the Aβ peptides from these plaques, cloned and sequenced them, they revealed that Aβ is a proteolytic fragment of the APP695 protein. More specifically, an Aβ fragment is composed of 40-42 amino acids and results from the cleavage of the sAPPβ by the γ secretase [START_REF] Selkoe | The molecular pathology of Alzheimer's disease[END_REF]. The presence of senile plaques, as observed also by Alois Alzheimer, is thought to happen prior to the development of neurofibrillary tangles [START_REF] Smith | Variable phenotype of Alzheimer's disease with spastic paraparesis[END_REF].

Neurofibrillary tangles EM studies since 1963 described the neurofibrillary tangles observed in the post-mortem brain of patients as "Paired helical filaments" (PHF) [START_REF] Kidd | Paired helical filaments in electron microscopy of Alzheimer's Disease[END_REF]) (Terry, 1963). Further immunocytochemistry and sequencing data revealed that these PHFs were composed of the human phosphoprotein Tau.

Using antibodies against the human phosphoprotein Tau, researchers concluded that the PHFs [START_REF] Hippius | The discovery of Alzheimer's disease[END_REF] observed in post-mortem AD brains were abnormally phosphorylated Tau proteins [START_REF] Nukina | One of the antigenic determinants of paired helical filaments is related to tau protein[END_REF]) (Montejo de Garcini and [START_REF] De Garcini | Self assembly of microtubule associated protein tau into filaments resembling those found in alzheimer disease[END_REF].

Tau is a microtubule-associated protein. It stabilizes microtubules allowing neurite extension and strengthening. However, its overexpression can be detrimental to the neurons as it is an antagonist of kinesin and hence it can block protein transport along the axon. The most well-known and studied isoform is the 441 Tau protein expressed in the CNS. Moreover, evidence shows that glycoprotein synthase kinase 3β (GSK3) regulates Tau phosphorylation and, as observed in AD brains, hyperphosphorylation of Tau limits its binding to microtubules [START_REF] Avila | Tau protein, the main component of paired helical filaments[END_REF]. Finally, it is important to note that these insoluble neurofibrillary Tau tangles are also present, independently from Aβ plaques, in other types of neurodegenerative disorders, such as Tauopathies, frontotemporal dementia and PD [START_REF] Selkoe | The molecular pathology of Alzheimer's disease[END_REF]. Studies on fruit flies have shown that Tau overexpression causes neuronal degeneration, movement and learning defects and a shortened lifespan (Papanikolopoulou and Skoulakis, 2015).

b) Prevalence

In the last decades, technological and medical advances have significantly increased life expectancy, and this has resulted in the increased presence of ageing-related cognitive disorders such as AD. In 2015, 46.8 million cases of dementia were registered worldwide and this number is predicted to increase dramatically by 2050. AD is also an economic burden for the society as the total cost of dementia in 2015 amounted to 818 billion US dollars (World Alzheimer Report, 2015). A recent European study reported that there is a 4.4% prevalence of AD in Europe, with a higher prevalence among women with low levels of education [START_REF] Niu | Prevalencia e incidencia de la enfermedad de Alzheimer en Europa: metaanálisis[END_REF]. In the USA, there are currently 5.8 million citizens living with AD. Although the American population is comparable to the European one with regard to medical and technological advances and the high proportion of elderly people in the population, there is a higher prevalence of AD in the USA due to lifestyle and dietary differences (Alzheimer's disease facts and figures, 2019).

c) Familial AD

FAD represents less than 1% of all cases and manifests its symptoms at an early age, 30-60 years old.

FAD is caused by autosomal-dominant mutations mainly found on APP, PSEN1 and PSEN2 genes (St [START_REF] George-Hyslop | Familial Alzheimer's disease: Progress and problems[END_REF]) [START_REF] Gatz | Role of genes and environments for explaining Alzheimer disease[END_REF]. The identification of fAD mutations has been very constructive in understanding the mechanisms behind the pathology of the disease. Until today, more than 300 fAD mutations have been described on APP, PSEN1 and PSEN2 genes.

George

APP

Most APP mutations are found near the α, β or γ secretase cleavage sites and promote the cleavage of APP by the β secretase, causing a shift towards the amyloidogenic processing and, consequently, a reduction of the α-secretase processing products. Below is the description of a few of the most studied fAD mutations on APP (Figure 6).

The London and Indiana (APP V717L) mutation cluster near the γ secretase site and favour the production of long Aβ42 peptides. The French (APP V715M) is also found close to the γ secretase site but it has an unusual outcome: it causes a decrease in the total amount of Aβ oligomers produced without affecting the release of Aβ42 [START_REF] Ancolio | Unusual phenotypic alteration of β amyloid precursor protein (βAPP) maturation by a new Val-715 → Met βAPP-770 mutation responsible for probable early-onset Alzheimer's disease[END_REF]. The Flemish (APP692) and Dutch (APP693) mutations, on the other side, are found near the α secretase site in the middle of the Aβ region. These mutations result in vascular and diffused Aβ deposits causing the development of vascular type dementia and haemorrhagic strokes [START_REF] Hendriks | Presenile dementia and cerebral haemorrhage linked to a mutation at codon 692 of the β-amyloid precursor protein gene[END_REF][START_REF] De Jonghe | Flemish and Dutch mutations in amyloid β precursor protein have different effects on amyloid β secretion[END_REF]. The Arctic (APP E693G) mutation is also located within the Aβ sequence and is found to reduce the amount of soluble Aβ40 and Aβ42, enhancing the Aβ protofibril formation and hence the accumulation of misfolded Aβ plaques [START_REF] Nilsberth | The "Arctic" APP mutation (E693G) causes Alzheimer's disease by enhanced Aβ protofibril formation[END_REF]. The Swedish (APP670/671) mutation is found at the N-terminal side of the Aβ region. It causes an increased production and secretion of Aβ40 and Aβ42 [START_REF] Mullan | A pathogenic mutation for probable Alzheimer's disease in the APP gene at the N-terminus of β-amyloid[END_REF].

Interestingly, the Icelandic (APP A673T) mutation has a unique neuroprotective effect against AD. This mutation was mostly found in the elderly population, originating from Scandinavian and Icelandic families, without any sign of cognitive impairment. The mutation is located close to the β-secretase site, resulting in an impaired cleavage of APP by BACE-1. Studies on cell-culture revealed that the neuroprotective effect of this mutation might be due to the fact that it causes a 50% reduction in production of sAPPβ and a slight increase in the α-secretase processing and production of sAPPα [START_REF] Jonsson | A mutation in APP protects against Alzheimer's disease and age-related cognitive decline[END_REF]. Interestingly, studies using the OptiCAB method reported that, although this mutation did not affect APP's vesicular trafficking, the conformation of the flAPPice did not allow the binding with BACE1 explaining the reduced production of sAPPβ (Das et al., 2016).

PSEN1 and PSEN2

γ-secretase is a complex intramembrane protease composed of four proteins, namely PSEN, Nicastrin, presenilin enhancer 2 (Pen-2), and anterior pharynx defective 1 (Aph1) (Figure 7). PSEN is, however, the main catalyst for its functionality and, in combination with different proteins, forms different types of γ-secretases. Alterations of PSEN1 is the most prevalent cause of fAD and, to this day, there are more than 170 described mutations on PSEN1. PSEN 2 mutations are rarer. γ-secretases cleave several type I transmembrane proteins, such as the adhesion molecules N-cadherin and E-cadherin, the neurotrophin receptor, the axon guidance molecule DCC and neuregulin. However, the two most impactful transmembrane proteins that are processed by γ-secretases are APP and the Notch receptor.

Mutations on PSEN1 lead to a reduction in the general amount of Aβ produced but an increased Aβ42:Aβ40 ratio. Under physiological conditions, Aβ42 occurs less often and it is thought to be the pathogenic form of Aβ oligomers as it aggregates faster [START_REF] Scheuner | Secreted amyloid β-protein similar to that in the senile plaques of Alzheimer's disease is increased in vivo by the presenilin 1 and 2 and APP mutations linked to familial Alzheimer's disease[END_REF].

γ-secretase cleavage of Notch at its transmembrane domain is essential to release the intracellular domain that initiates and regulates the transcription of genes involved in development and differentiation. Therefore, γ-secretase inhibitors used as AD treatments have serious side effects due to the impact on the Notch signaling mechanism, such as gastrointestinal bleedings, hair loss and immune reactions [START_REF] Bergmans | γ-secretases: from cell biology to therapeutic strategies[END_REF].

Down syndrome -Trisomy 21

Glenner and Wong discovered that 40-year-old Down syndrome patients start presenting the same behavioral and histopathological symptoms as AD patients. Down Syndrome (DS) is a neurological genetic disorder characterised by an additional copy of the chromosome 21, causing intellectual disability and social dysfunctions. As the gene encoding for the APP protein is also found on the 21 st chromosome, DS patients have an elevated expression of APP. Therefore, this is another inherited mutation causing AD and its discovery encouraged the hypothesis that APP is a key causal factor for the development of AD [START_REF] Hardy | The amyloid hypothesis of Alzheimer's disease: Progress and problems on the road to therapeutics[END_REF]) [START_REF] Glenner | Alzheimer's disease and Down's syndrome: Sharing of a unique cerebrovascular amyloid fibril protein[END_REF].

d) Sporadic AD

Sporadic AD accounts for 99% of all cases and represents late-onset AD with symptoms manifesting themselves from the age of 65 and over. It is a multifactorial disease resulting from an interaction between genetic, epigenetic, environmental and behavioural risks. Several studies have identified a few genetic risk factors and I will describe the two most prevalent ones: Apolipoprotein E (APOE)ε4 and TREM2 mutations.

APOEε4 is the most prevalent genetic risk factor for the development of sporadic AD. APOE is an apolipoprotein, regulating lipid metabolism. It is polymorphic and has three major alleles: ε2, ε3 and ε4. Although they differ only by a few amino acids, they have a distinct structure and function. The inheritance of one or both copies of the APOEε4 allele causes a disruption in lipoprotein trafficking that leads to four times or eight times higher risk, respectively, to develop AD [START_REF] Lane-Donovan | More than Cholesterol Transporters: Lipoprotein Receptors in CNS Function and Neurodegeneration[END_REF]. Furthermore, it was shown that this allele promotes colocalisation of APP with BACE1, increasing endocytosis of APP and hence promoting the amyloidogenic processing (Das et al., 2016).

Other than the main hallmarks of AD: the Aβ plaques and neurofibrillary Tau tangles, studies on AD patients also revealed the presence of neuroinflammatory alterations, such as in the morphology and functionality of astrocytes and microglia. Moreover, it was suggested that although an increase of inflammatory markers and activation of reactive gliosis could be beneficial at early stages of the disease because of the engulfment and clearing of Aβ aggregates, an overactivation of neuroinflammatory responses and release of cytokines might become toxic and cause neurodegeneration [START_REF] Griffin | Glial-Neuronal Interactions in Alzheimer's Disease: The Potential Role of a 'Cytokine Cycle' in Disease Progression[END_REF]. Thanks to genome wide association studies (GWAS), researchers were able to identify novel genetic risk factors for the development of AD. Several of these genetic risk factors were associated with microglial function but the most prevalent one was the triggering receptors expressed on myeloid cells (TREM2) and its variants. Mutations on TREM2 can increase by 2-4 times the risk of developing sporadic AD, highlighting the importance of microglia in the pathology of the disease. In the CNS, TREM2 is found specifically in microglia and is highly expressed with ageing and under neurological disorders, such as PD, Amyotrophic lateral sclerosis (ALS) and AD.

Mutations on TREM2 and LOF studies revealed that the role of TREM2 is to enhance the recruitment of microglia to the Aβ plaques and activate microglial phagocytosis of cellular debris, apoptotic neurons and pathogens [START_REF] Zhao | TREM2 Is a Receptor for β-Amyloid that Mediates Microglial Function[END_REF]. The most common variant of TREM2 found in sporadic AD patients is R47H, a single nucleotide polymorphism (SNP) that induces a minor conformational change in TREM2 [START_REF] Gratuze | New insights into the role of TREM2 in Alzheimer's disease[END_REF]. In vitro data suggest that such a minor mutation is sufficient to reduce the affinity of TREM2 with its ligands and disrupt the phagocytic function of microglia, thus reducing the engulfment of Aβ and Aβ-lipoprotein complexes [START_REF] Zhao | TREM2 Is a Receptor for β-Amyloid that Mediates Microglial Function[END_REF].

Interestingly, APOE is a key ligand of TREM2, along with other lipoproteins and microbial products, and it was also found to be implicated in the recruitment of microglia to Aβ plaques [START_REF] Ulrich | ApoE facilitates the microglial response to amyloid plaque pathology[END_REF].

These data and observations led to the hypothesis that there might be a synergistic effect between APOE ε4 allele and TREM2 variants in the neuropathology of sporadic AD [START_REF] Yeh | TREM2 Binds to Apolipoproteins, Including APOE and CLU/APOJ, and Thereby Facilitates Uptake of Amyloid-Beta by Microglia[END_REF]. For example, it was found that mononuclear blood cells from APOE ε4 carriers with AD had a higher expression of TREM2 than non-carriers [START_REF] Casati | Increased expression of TREM2 in peripheral cells from mild cognitive impairment patients who progress into Alzheimer's disease[END_REF]. Moreover, studies in a Tauopathy mouse model revealed an accumulation of APOE puncta inside microglia [START_REF] Leyns | TREM2 deficiency attenuates neuroinflammation and protects against neurodegeneration in a mouse model of tauopathy[END_REF]. However, the implication of microglia in AD, the molecular mechanism behind this APOE-TREM2 synergy and its effects in the neuropathology of the disease are still unclear and need further investigation.

e) Clinical description

AD is a progressive neurodegenerative disorder associated with ageing, as in 99% of cases symptoms appear in a population older than 65 years old. In hereditary fAD, around 1% of cases, the disease onset can be between 30 and 60 years of age. Both AD and fAD manifest themselves in a wide range of anatomical, cognitive and behavioural symptoms that vary among individuals affected and their severity progresses with age (Table 1).

Alzheimer's disease 1. a chronic and progressive neurodegenerative disease of unknown cause. It is the most common form of dementia, responsible for 60-70% of cases. It is associated with ageing and characterised by cognitive impairment and deterioration of memory, thinking, orientation, comprehension, calculation, learning capacity, language, and judgement. ("Dementia Fact sheet". World Health Organization. 12 December 2017.) ("Alzheimer's disease." The Merriam-Webster.com Dictionary, Merriam-Webster)

A healthy brain is composed of 100 billion neurons creating connections, called synapses, which form a network that enables neurons to communicate with each other. One key alteration in AD is the progressive loss of synaptic connections disrupting this network. This process is followed by progressive neuronal death and AD symptoms such as cognitive impairment and loss of the ability to walk, speak and swallow.

There are three stages observed in AD pathology: the pre-clinical, starting 20 years prior to disease symptoms, the mild cognitive impairment and finally the dementia stage [START_REF] Braak | Neuropathological stageing of Alzheimer-related changes[END_REF].

Although the pre-clinical stage starts years before the behavioural and anatomical symptoms arise, currently available diagnostic tools do not allow physicians to detect the actual onset of the disease.

Therefore, it is important to investigate the cause of the disease and hence identify alterations that occur much earlier than the currently used biomarkers. 1.

Cause Around 30 years ago, the cause of AD was thought to be an alteration of the acetylcholine esterase enzyme and the neurotransmitter release in the hippocampus. This hypothesis was based on observations of loss of cholinergic neurons in the hippocampus. Researchers related this anatomical defect to the memory loss and cognitive decline present in AD patients. However, as AD affects a variety of neuronal types and neurotransmitters, all cholinergic drugs developed to rebalance the system failed to treat the disease [START_REF] Selkoe | The molecular pathology of Alzheimer's disease[END_REF].

Current dogma supports the "Amyloid cascade hypothesis" stipulating that the cause of AD is the accumulation of Aβ42 oligomers extracellularly, causing the formation of aggregated Aβ plaques that cause inflammation, oxidative stress, altered ionic homeostasis and, eventually, neuronal loss.

Simultaneously, Aβ plaques are thought to also induce the formation of hyperphosphorylated neurofibrillary Tau tangles, causing synapse degeneration [START_REF] Selkoe | The molecular pathology of Alzheimer's disease[END_REF] [START_REF] Whalen | Small non-fibrillar assemblies of amyloid β-protein bearing the Arctic mutation induce rapid neuritic degeneration[END_REF].

Treatment

There are three cholinesterase inhibitor drugs approved by the FDA and administered in the USA, namely donepezil, galantamine and rivastigmine, and one NMDA receptor antagonist, memantine.

These drugs temporarily improve symptoms in cases diagnosed at an early or moderate stage but do not treat or even significantly slow down the disease's progress. Furthermore, although some promising anti-amyloid drugs that reached clinical trials, such as aducanumab, had indeed managed to eliminate the Aβ plaque load, AD symptoms persisted [START_REF] Sevigny | The antibody aducanumab reduces Aβ plaques in Alzheimer's disease[END_REF]. Therefore, targeting Aβ plaques might be the wrong approach for the development of a treatment against AD.

f) Rejecting the amyloid cascade hypothesis

As Herrup stated, "Our circle of exploration has been focused for too long on a single disease hypothesis. It is time to listen to our own data, reject it and move forward." One quarter of the elderly population presents an accumulation of senile Aβ plaques without ever developing mild cognitive impairment, dementia or AD [START_REF] Villemagne | Amyloid β deposition, neurodegeneration, and cognitive decline in sporadic Alzheimer's disease: A prospective cohort study[END_REF]. Moreover, studies on mice overexpressing Aβ oligomers in their brains showed that despite the presence of Aβ senile plaques, the mice did not develop AD-like symptoms, neurofibrillary Tau tangles or neurodegeneration. In fact, mice developed very mild AD symptoms that usually occur in humans after neurodegeneration has already started [START_REF] Kim | Normal cognition in transgenic BRI2-Aβ mice[END_REF] [START_REF] Herrup | The case for rejecting the amyloid cascade hypothesis[END_REF].

Furthermore, during a study on Huntington's disease, it was suggested that inclusion bodies, such as Tau neurofibrillary tangles and Aβ aggregates could be neuroprotective. This is in conclusion to data showing that increasing the amount of inclusion bodies in huntingtin mutant neuronal culture, reduced the levels of neurodegeneration [START_REF] Arrasate | Inclusion body formation reduces levels of mutant huntingtin and the risk of neuronal death[END_REF]. Consequently, the above data suggest that Aβ is not sufficient to cause AD and its presence could only signal the risk of having the disease, without being a conclusive factor. Evidence suggests that AD is a systemic disease affecting integrity, homeostasis and the functionality of basic cellular processes, such as the endolysosomal network, calcium homeostasis, neuronal cell cycle regulation, metabolism and neuroinflammation [START_REF] Herrup | The case for rejecting the amyloid cascade hypothesis[END_REF].

Implications of APP in other neurological disorders

As described previously, one of the products of APP's amyloidogenic proteolytic processing are the Aβ oligomers that get released in the extracellular space. When accumulated, these oligomers aggregate and form the Aβ plaques. In post-mortem AD brains, researchers have observed these plaques in areas surrounding neurons. However, these Aβ oligomers were also found inside blood vessels. When accumulated, they cause a vascular disease described as cerebral amyloid angiopathy (CAA). CAA is also associated with ageing, obesity and diabetes and it causes hemorrhagic strokes and the development of cognitive defects. CAA is present in 80% of AD cases [START_REF] Schelle | Early Aβ reduction prevents progression of cerebral amyloid angiopathy[END_REF].

Furthermore, it has been reported, both in vitro and in vivo, that CAA affected brains can also trigger the formation of misfolded Tau tangles inside the vasculature and in other areas of the cerebral cortex [START_REF] You | Tau as a mediator of neurotoxicity associated to cerebral amyloid angiopathy[END_REF].

The two key differences between AD and CAA are the location of the Aβ oligomers and the isoform of these oligomers. In CAA, we find them in the vasculature of the brain, where there is mainly an accumulation of Aβ40 whereas AD brains show an accumulation of Aβ42 oligomers [START_REF] Herzig | Mechanism of cerebral beta-amyloid angiopathy: murine and cellular models[END_REF]) [START_REF] Gkanatsiou | A distinct brain beta amyloid signature in cerebral amyloid angiopathy compared to Alzheimer's disease[END_REF]. Moreover, in contrast to AD, there is a potential treatment against CAA.

Using a mouse model of CAA, studies revealed that administering a β-secretase, BACE-1, inhibitor reduces the Aβ40 deposition in the cerebrospinal fluid, successfully delaying the development and progression of CAA [START_REF] Schelle | Early Aβ reduction prevents progression of cerebral amyloid angiopathy[END_REF]. Studies on mice, revealed that neuronal APP starts being expressed at an early embryonic stage in both excitatory and inhibitory GABAergic neurons, mainly in the hippocampus and the cortex.

C) Understanding the biology of APP

However, in vitro studies suggested that mammalian APP may also be expressed in glia, such as activated astrocytes and microglia (Van der Kant and Goldstein, 2015) [START_REF] Guo | Amyloid precursor protein revisited: Neuron-specific expression and highly stable nature of soluble derivatives[END_REF].

The known physiological functions of human APP

Since the protein's discovery in 1987, many researchers have been interested in deciphering its physiological function (Kang et al., 1987) [START_REF] Haass | Cellular processing of beta-amyloid precursor protein and the genesis of amyloid beta-peptide[END_REF]. This field of research has been divided into two important questions: a) Which neuronal functions require the implication of APP? b) Do alterations in the physiological function of APP have an impact on the pathology of AD?

To answer the first question, researchers developed animal models lacking one or more of the APP family members. Results from such studies revealed that it is not essential to express all APP family members, as animals without one of the proteins were viable and fertile, such as an APP-/-APLP2+/+ APLP1+/+ mouse (Figure 8). Therefore, this suggests redundancy and compensation among the APP family of proteins. However, while viable and fertile, mice lacking one of these proteins had reduced body weight, minor defects in locomotion, reduced grip strength, altered circadian rhythm and an altered long-term potentiation (LTP) with very low scores in the Morris water-maze test (Muller et al., 1994) [START_REF] Zheng | β-amyloid precursor protein-deficient mice show reactive gliosis and decreased locomotor activity[END_REF]. To explain these minor defects caused by the LOF of APP, APLP1 or APLP2, researchers started investigating in more detail the function and mechanisms where these proteins are implicated in neuron biology.

a) APP's role in development

As APP's mRNA expression starts from an early embryonic stage, specifically embryonic day 9.5 in mice, which coincides with the development of the nervous system, researchers started studying its involvement in neuronal development [START_REF] Salbaum | Embryonic expression pattern of amyloid protein precursor suggests a role in differentiation of specific subsets of neurons[END_REF]. Such studies revealed an implication of APP from neural stem cell (NSC) proliferation and differentiation to neuronal migration and formation of functional synapses.

(Adapted from [START_REF] Nicolas | Amyloid precursor protein and neural development[END_REF] First, several in vitro studies on mammalian cortical neurons showed that alterations in APP affected NSC proliferation and resulted in a significant reduction of neural progenitor cells (NPCs). However, this phenotype was rescued with the addition of sAPPα in the culture medium. Therefore, sAPPα, the secreted form of APP through the non-amyloidogenic processing, shows similarities with growth factors, such as the induction of NSC proliferation [START_REF] Hayashi | Alzheimer amyloid protein precursor enhances proliferation of neural stem cells from fetal rat brain[END_REF] [START_REF] Ohsawa | Amino-terminal region of secreted form of amyloid precursor protein stimulates proliferation of neural stem cells[END_REF] [START_REF] Caillé | Soluble form of amyloid precursor protein regulates proliferation of progenitors in the adult subventricular zone[END_REF] [START_REF] Demars | Soluble amyloid precursor protein: A novel proliferation factor of adult progenitor cells of ectodermal and mesodermal origin[END_REF].

Furthermore, data showed that sAPPα expression also triggers neuronal differentiation. In human embryonic stem cell cultures, overexpression of sAPPα promoted their differentiation into neurons [START_REF] Freude | Soluble amyloid precursor protein induces rapid neural differentiation of human embryonic stem cells[END_REF]. Then, Young Pearce et al. revealed that APP LOF during embryogenesis caused a defective neuronal migration from the ventricular zone to the cortical plate (Young Pearce et al., 2008). The mechanism behind this role of APP in neuronal migration was found to be through the interaction of the YENPTY intracellular domain of APP with the Fe65 protein [START_REF] Sabo | The Alzheimer amyloid precursor protein (APP) and FE65, an APP-binding protein, regulate cell movement[END_REF].

After NSC proliferation, differentiation, and neuronal migration, researchers observed the implication of APP in axonal outgrowth and guidance. Results confirmed that APP is required for axonal guidance rather than neuronal expansion. Using gain-of-function (GOF) and LOF experiments, Rama et al.

discovered that APP is a receptor of Netrin 1 and through this binding, it activates a downstream signalling pathway, regulating the proper axonal guidance of commissural neurons [START_REF] Rama | Amyloid precursor protein regulates netrin-1-mediated commissural axon outgrowth[END_REF]).

APP's highest level of expression in mammalian brains is reached during the second postnatal week, corresponding with the brain maturation and formation of synaptic connections. This suggests that the development and maintenance of stable synaptic connections between neurons could also require APP (Loffler and Huber, 1992). Indeed, APLP2 null mice with an additional deletion of the APP gene at the neuromuscular junction (NMJ) resulted in impaired synaptic morphology, neurotransmission and finally, locomotor defects (Muller et al., 1994). These results highlighted the role of APP as a transsynaptic adhesion molecule, required both at the pre-and post-synaptic site (Wang et al., 2009).

Finally, APP interacts with lipoproteins extracellularly and regulates their metabolism providing a source of cholesterol to the cell, which is essential for synaptogenesis and spine maintenance at the dendritic tree [START_REF] Wang | What are lipoproteins doing in the brain α[END_REF].

b) APP's role throughout adulthood and the neuroprotective effects of sAPPα

Post-developmentally, alterations in the levels of APP expression affect spine density and dendritic branching, causing an age-dependent reduction of LTP. Interestingly, a study by Tyan et al. revealed that expressing sAPPα in the hippocampus of APP-/-mice, was able to significantly recover the spine density and morphology introducing the neuroprotective role of sAPPα [START_REF] Tyan | Amyloid precursor protein (APP) regulates synaptic structure and function[END_REF].

Consistently, APP is required for learning, memory formation and spatial orientation. For example, APP -/-mice with reduced LTP developed defective spatial navigation skills that were rescued by the expression of sAPPα [START_REF] Ring | The Secreted-Amyloid Precursor Protein Ectodomain APPs Is Sufficient to Rescue the Anatomical, Behavioral, and Electrophysiological Abnormalities of APP-Deficient Mice[END_REF].

In contrary to sAPPα, expressing sAPPβ, the product of the amyloidogenic pathway, had no effect on plasticity. Therefore, the neuroprotective properties of sAPPα should lie in the additional 16 aminoacid sequence on the C-terminal region that has been cleaved-off in sAPPβ. This sequence is thought to provide a protein conformation beneficial for the neurons [START_REF] Peters-Libeu | sAβPPα is a Potent Endogenous Inhibitor of BACE1[END_REF]. Moreover, it was shown that within this, 16 amino acid, sequence is also the inhibitory domain of BACE-1. When Obregon et al. treated APPSwedish cells and mice with sAPPα, they observed a reduction in the immunoprecipitated flAPP with BACE-1 and a reduction in the Aβ oligomer production, respectively [START_REF] Obregon | Soluble amyloid precursor protein-α modulates β-secretase activity and amyloid-β 2 generation[END_REF]. Interestingly, Israel et al. observed that inhibiting BACE-1 in iPSCs derived from AD patients decreased the GSK3β-mediated Tau phosphorylation [START_REF] Israel | Probing sporadic and familial Alzheimer's disease using induced pluripotent stem cells[END_REF] [START_REF] Deng | Soluble amyloid precursor protein alpha inhibits tau phosphorylation through modulation of GSK3β signaling pathway[END_REF]. Therefore, sAPPα could protect neurons against Tau phosphorylation.

Although sAPPα has all the above neurotrophic and neuroprotective properties, it is important to maintain its levels stable as its overexpression can increase cellular proliferation at abnormally high levels and become tumorigenic. Therefore, there is a need for further investigation of sAPPα's mechanism of action before developing AD treatments based on sAPPα [START_REF] Adlerz | IGF-1-induced processing of the amyloid precursor protein family is mediated by different signaling pathways[END_REF] [START_REF] Zhou | The roles of amyloid precursor protein (APP) in neurogenesis, implications to pathogenesis and therapy of alzheimer Disease (AD)[END_REF].

c) APP's interactions with cell signalling pathways

Intracellular APP CTFs are known to interact with various signalling proteins via their phosphorylation sites. The highly conserved intracellular APP YENPTY motif binds to the phosphotyrosine-binding domain of cell-signalling proteins, such as SH2-domain proteins, Fe65 and X11 Mint adaptor proteins and cytosolic tyrosine kinases, such as Abelson (Abl) and Sarcoma (Src). Through these interactions, the AICD is implicated in clathrin-mediated endocytosis of protein cargo, cell proliferation and differentiation, induction of neurite outgrowth, APP's proteolytic processing and other, yet unknown, functions (Figure 9a) [START_REF] Tamayev | The interactome of the amyloid β precursor protein family members is shaped by phosphorylation of their intracellular domains[END_REF]. After cleavage by γ-secretase, the AICD translocates to the nucleus and may be functioning as a transcription regulator [START_REF] Konietzko | AICD Nuclear Signaling and Its Possible Contribution to Alzheimers Disease[END_REF] (Figure 4b). Furthermore, Rice et al. proposed that sAPPα acts as a ligand to GABABR1a receptor, binding to its Sushi domain to regulate synaptic transmission [START_REF] Rice | Secreted amyloid-b precursor protein functions as a GABA B R1a ligand to modulate synaptic transmission[END_REF]. Moreover, as suggested by Milosch et al. sAPPα can also act as a ligand to the flAPP to activate a downstream intracellular signaling cascade involving the binding of AICD to Go proteins [START_REF] Milosch | Holo-APP and G-proteinmediated signaling are required for sAPPα-induced activation of the Akt survival pathway[END_REF]. This binding is thought to be responsible for the activation of pro-survival signaling pathways, such as PI3K, Akt, NFkB and ERK, that induce the phosphorylation and hence inhibition of the GSK3β. By inhibiting this kinase, it reduces the cellular stress signaling pathway c-Jun N-terminal kinases (JNK) and apoptosis (Figure 9b First, they have a very short lifecycle and a very short lifespan, of around 80 days, that allows the investigation of ageing-associated neurodegenerative disorders, and a high reproduction rate, as each female can lay 750 to 1500 eggs in her lifetime (Figure 10a). Moreover, the fly brain is a complex organ with many distinct functions, but still simpler than the human one as it is composed of approximately 100.000 neurons, as opposed to 100 billion in humans.

More than a century ago Thomas Morgan identified the white eyed fly and developed the theory of heredity. Morgan and his team revealed that the transmission of the white eye phenotype is linked to inheritance of the X chromosome. Moreover, in 1916, Bridges gave evidence that chromosomes contain genes and published polytene chromosome maps assigning genes to specific sections. The first genetic mutations were generated after the discovery by Muller, in 1927, that X-ray irradiation causes chromosomal rearrangements. Moreover by the 1930s, thanks to the X-ray irradiation method combined with closely spaced break points, two groups demonstrated the possibility of generating genomic deficiencies and duplications. Following X-ray irradiation, mutagenesis and forward genetic screens were conducted by administering ethyl methane sulfonate (EMS) to flies. Three decades later, Hogness and his team decided to create genetic clones constructing physical maps of whole chromosomes. By 1975 they had developed a library of clones representing the entire Drosophila genome (Rubin and Lewis, 2000) [START_REF] Letsou | Small flies? Big discoveries: Nearly a century of Drosophila genetics and development[END_REF].

What enriched significantly our knowledge on development was Ed Lewis's discovery of the homeotic genes. Along with Lewis, in 1980, Nusslein and Wieschaus started genome-wide mutational screens that allowed them to describe how larvae are organised in segments and that a mutation at the embryonic stage would have significant repercussions in the adult fly. This work linked the phenotypic differences observed by Morgan with developmental mutations. They revealed the importance of development for the morphology and life of the adult organism. Finally, their work led to the discovery of major signalling pathways in embryonic development that revolutionised the work on both invertebrate and mammalian development (Rubin and Lewis, 2000) [START_REF] Letsou | Small flies? Big discoveries: Nearly a century of Drosophila genetics and development[END_REF].

Ever since the complete sequencing of the Drosophila genome, and even before, there has been a great development of genetic tools allowing the identification of genes implicated in pathologies and the investigation of their functions and interactions with other gene networks. [START_REF] Ejsmont | The little fly that could: Wizardry and artistry of Drosophila genomics[END_REF].

One of the most remarkable breakthroughs in Drosophila that led to the creation of most of the genetic tools we use today is the P-transposable element-based germline transformation, developed in 1982 by Rubin and Spradling. This method enabled the insertion of a foreign DNA sequence into the genome, creating transgenic flies, and allowed them to achieve the first rescue of a mutant phenotype [START_REF] Rubin | Genetic transformation of Drosophila with transposable element vectors[END_REF]. Thanks to this technique we were also able to insert markers that allow us to track the expression of a gene in vivo and sequences that knock-down the expression of a target gene.

The P-transposable element technology enabled the creation of the Gal4-upstream activation sequence system (Gal4-UAS), by Brand and Perrimon in 1993, which allows the insertion of any gene in the host genome and its expression in a specific or targeted location. This system is based on the yeast Gal4 gene encoding for the Gal4 transcription activator. As described in Figure 10b, we introduce the sequence for the Gal4 gene with a genomic enhancer that determines the location of its expression, tissue or cell type, in the genome of the fruit fly using the P-transposable element. Then we cross this fly with a fly expressing Gal4 binding sites, UAS, prior to the gene of interest. This allows the binding of Gal4 and expression of our gene of interest wherever the genomic enhancer of the Gal4 drives its expression [START_REF] Brand | Targeted gene expression as a means of altering cell fates and generating dominant phenotypes[END_REF]. Furthermore, an expansion of this system, the mosaic analysis with a repressible cell marker (MARCM) allows the expression of the gene of interest in a few cells only, within a tissue, forming clones (Harrison and Perrimon, 1993). In addition, the introduction of the Gal80 transcription repressor of Gal4, not only enabled the MARCM technique but also the temporal regulation of transgene expression. Finally, another important advance in genomic engineering has been the clustered regularly interspaced short palindromic repeat (CRISPR) system and its RNA-driven Cas9 nuclease (CRISPR-Cas9) [START_REF] Jinek | A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity[END_REF]. This tool improved significantly the way and efficiency with which researchers create fly lines with engineered genomic modifications, such as complete knock-ins or knock-outs of genes of interest [START_REF] Ejsmont | The little fly that could: Wizardry and artistry of Drosophila genomics[END_REF].

Thanks to the small size of the fly brain, we are able to image neuronal processes throughout the complete, intact brain in 3D and high resolution using confocal microscopy. Moreover, a recent study by Özel et al. revealed the possibility to perform live imaging in cultured brains for up to 24 hours. This technique gave more insights on neuronal development and allowed the live tracking of subcellular protein cargo vesicular trafficking and sorting (Özel et al, 2015) (Jin et al., 2018). Finally, it is important to acknowledge that fruit flies are a low cost, ethically approved model organism that provides a large quantity of data in a short amount of time.

For all of the above reasons, and mainly because fruit flies express a single homologue of the APP protein, the amyloid precursor protein-like, we decided to study the physiological function of APP using the Drosophila melanogaster as model organism.

b. Discovery of APPL, the single homologue of human APP695

In 1989, Rosen, Martin-Morris, Luo and White isolated the single homologue of the human APP in Drosophila melanogaster and named it the Amyloid precursor protein-like (APPL). They described it as a protein encoded by a 6.5 kilobase transcript, highly expressed in the nervous system with an amino acid sequence that showed a very strong similarity with the human neuronal APP695, as they both lack the Kunitz-like domain [START_REF] Arai | Expression patterns of βamyloid precursor protein (β-APP) in neural and nonneural human tissues from alzheimer's disease and control subjects[END_REF]. Furthermore, they localised this sequence at the tip of the first chromosome, the X chromosome, between the ventral nervous system defective (vnd) and the embryonic lethal abnormal visual system (elav) gene loci (Rosen et al., 1989) (Martin-Morris andWhite, 1990). This region has been known for its importance in neural development.

In situ hybridisation data of the appl transcript offered more details on the expression pattern of APPL throughout development. APPL starts being expressed at embryonic stage 12 (9 hours post fertilisation), alongside the development of the first neural processes, and persists throughout development until adulthood. During larval stages, APPL transcripts were seen expressed specifically in the nervous system, with a high intensity at the cortical region of the CNS. In contrast to the mammalian expression of APP family proteins, in Drosophila there was no expression of APPL in nonneuronal tissues, such as muscles, salivary glands, fat bodies or the gut. Moreover, although larval stages are characterised by a dynamic change and development of the nervous system, APPL's expression was restricted to post-mitotic neurons. Finally, the last modulations of the CNS to adopt the adult configuration happen during pupal stages. This is when Martin-Morris and White observed the highest intensity of APPL expression in the CNS and, more specifically, the axon tracts, cortical areas, the retina and antennae. Consistently, APPL RNA expression in the adult was also restricted to the nervous system (Martin-Morris and White, 1990).

At a subcellular level, APPL is localised both at the cortical layer, the neuronal cell bodies, and the neuropil region, where we find the axons and the formation of synapses. Moreover, studies have

shown that APPL's expression varies between neuronal types and areas of the neuropil. For example, there is a higher concentration in the photoreceptor axons and the Mushroom bodies (MBs). MBs are the structure responsible for learning and memory formation; it is the hippocampus of the fly brain.

They are composed of the calyx and Kenyon cells that extend their axon to form the peduncle from which the axon splits into the α/α', β/β' and γ-lobes. Furthermore, in the adult, APPL seems to be highly expressed also in the central complex, the centre controlling locomotor behaviour, visual place learning and spatial orientation memory [START_REF] Torroja | APPL, the Drosophila member of the APP-family, exhibits differential trafficking and processing in CNS neurons[END_REF].

Parallels between APP and APPL

APPL has a significant morphological homology with the human APP695, of around 30% overall sequence identity. More specifically, the E1 and E2 extracellular domains have a 37% identity between the two species and the intracellular part 47% identity. This supports the structural conservation of APP throughout evolution and the existence of a common progenitor gene encoding the APP protein prior to the arthropod and vertebrate lineage divergence (Martin-Morris and White, 1990).

Furthermore, Luo et al., using immunoblots, noticed that there were two different sized forms of APPL: a 145kDa and a 130kDa form. After generating two polyclonal antibodies, an anti-flAPPL and anti-APPL c-term and performing immunoblots, they observed that the 130kDa form was missing the intracellular c-term part. Moreover, they then extracted embryonic cells for culture and observed that the 130kDa form of APPL was released in the medium. Therefore, they concluded that the full length APPL (145kDa) is a membrane-associated glycoprotein that is rapidly cleaved, secreting the shorter form of APPL (130kDa) extracellularly. Furthermore, as this cleavage and release of secreted APPL also happens in mammalian organisms, it meant that they had discovered a mechanism of physiological significance for the secreted form and full-length form of APP [START_REF] Luo | Identification, secretion, and neural expression of APPL, a Drosophila protein similar to human amyloid protein precursor[END_REF].

The high conservation of the intracellular region of APP in APPL suggested that both the γ-secretase cleavage and the binding sites of Go interacting proteins might also be conserved. Therefore, researchers started investigating the proteolytic processing of APPL and whether it also resulted in the production of an Aβ-like peptide. At first, Greeve et al. described the existence of an endogenous βsecretase in Drosophila; when they overexpressed the human APP form in Drosophila, they observed the release of Aβ oligomers [START_REF] Greeve | Age-Dependent Neurodegeneration and Alzheimer-Amyloid Plaque Formation in Transgenic Drosophila[END_REF]. Furthermore, after screening the fly genome for a coding sequence similar to the one of human BACE1, Carmine-Simmen et al. identified the Drosophila BACE-like sequence and named it dBACE. They then overexpressed dBACE and APPL in the CNS and, using western blot, observed a smaller band corresponding to the cleaved 14kDa βCTF, confirming that dBACE can also act as a secretase and cleave APPL. To identify whether there is also an α-secretase cleavage of APPL, they co-expressed APPL with the homologue of ADAM proteases, kuzbanian (KUZ).

This also resulted in a smaller 14,5kDa band corresponding to the αCTF. These data give evidence, not only for the cleavage of APPL by α and β secretase, but also for the location of the cleavage sites on APPL. Although both α and β sites seem to be in a very similar location to the human APP695 protein, the α secretase is prior to the β secretase cleavage site, resulting in a shorter extracellular form and a longer CTF. Finally, they wanted to examine whether the conserved γ secretase complex could cleave the αCTF and βCTF releasing "toxic" Aβ peptides. Indeed, when they co-expressed UAS Presenilin and UAS APPL in all neurons, using the elav Gal4 driver, they observed the production of a Drosophila 

c. APPL loss of function phenotypes

To investigate the physiological function of APPL in vivo, researchers created a fruit fly lacking the appl gene. To create this APPL null fly, they used existing X chromosomal terminal deficiencies and Y borne duplications and associated them using X-ray irradiation resulting with flies that all had a break between the vnd and elav gene loci. They then performed immunoblots of head lysates from all these genetically modified fruit flies to identify the genotype that results in flies missing both the 145kDa and the 130kDa APPL protein forms. In the end, the genotype corresponding to the APPL null flies, APPL d , was the Df(1)RT 518 /y + m 64 Y with a synthetic interstitial deletion of the appl gene locus (Figure 11a). APPL d flies were viable and fertile, without any morphological defects. However, as previously seen in the mammalian APP KO model, APPL d flies showed behavioural defects. More specifically, they resulted in significantly reduced performance comparing to the control group in shock reactivity experiments, where a noxious stimulus induces a locomotor escape response, and during fast phototaxis assays, where locomotor reactivity is induced by light (Figure 11b). These assays suggested that one of the main behavioural defects of APPL d flies is their reduced locomotor reactivity (Luo et al., 1992).

It was later confirmed that the LOF of APPL is responsible for these behavioural defects, because when they re-expressed the appl gene in an APPL d background, the phototaxis defect was rescued. However, expressing the APPL secretion-deficient (APPL sd ) form of the protein in an APPL d background could not improve the phenotype. APPL sd has a deletion on its extracellular domain that blocks its cleavage from secretases and hence leads to a fruit fly without the secreted 130kDa form of the appl protein (Figure 12). The fact that this construct was not able to rescue the phototaxis defect and resulted in a similar outcome with the APPL d flies supports the need for APPL to be cleaved in order to perform its physiological functions (Luo et al., 1992).

Although human APP and APPL share many structural homologies, they are not identical. For example, APPL is longer than APP by 200 amino acids and dAβ peptide sequence is not identical with the human Aβ. However, Luo et al. wanted to examine whether there is a functional homology between these two proteins. By creating transgenic fruit fly APPL d lines expressing the human neuronal APP695 form, they gave evidence for its functional homology as this construct could rescue the phototaxis assay defect (Luo et al., 1992).

d. The known physiological functions and molecular mechanisms of APPL

The first described role of APPL was its implication in the vesicular trafficking of protein cargo through the axons. Torroja and colleagues observed a blockage of synaptotagmin transport along the axon in APPL d flies [START_REF] Torroja | APPL, the Drosophila member of the APP-family, exhibits differential trafficking and processing in CNS neurons[END_REF]. Then APPL d flies showed a significant reduction of synaptic boutons at the NMJ. Interestingly, although overexpression of APPL caused an overproduction of synaptic boutons, when researchers expressed the APPL construct missing the intracellular domain, it could not rescue this defect. Therefore, they concluded that the intracellular domain of APPL was required for the proper formation of synaptic boutons at the NMJ (Torroja et al., 1999). Further investigations revealed that APPL interacts, extracellularly, with the cell adhesion molecule Fasciclin II (FasII) and, intracellularly, with the dX11/Mint proteins for the synapse formation at the NMJ (Ashley et al., 2005). FasII is a transmembrane protein that is thought to regulate synaptogenesis, as alterations in its levels either pre-or post-synaptically, have shown to affect the synaptic bouton formation.

Immunoprecipitation experiments gave evidence for the formation of a complex between FasII, APPL and dX11/Mint and concluded that this complex regulates synaptogenesis at the NMJ. Furthermore, researchers described that dX11/Mint binding proteins are also important for the proper localisation of APPL. Mutant flies for dX11/Mint resulted in mislocalised APPL at the calyx of the MBs instead of the peduncle [START_REF] Gross | X11/mint genes control polarized localization of axonal membrane proteins in Vivo[END_REF].

Studies on embryonic neuroblasts cultures revealed that dysregulation of the levels of APPL, either overexpression or complete deletion of the protein, resulted in reduced neurite outgrowth. Moreover, when they expressed an APPL sd construct in an APPL null cell line, it resulted in excessive neurite outgrowth that returned to physiological levels only when adding the secreted form of APPL (SAPPL). This data suggested that SAPPL acts as a ligand to the flAPPL and regulates neurite outgrowth. In vivo data also support the role of APPL in axonal outgrowth during development and in adults, via the Abl kinase, dX11/Mint and disabled (Dab1) pathway activation. Recently, Soldano and colleagues described the role of APPL as a neuronal modulator during development for the axonal outgrowth of MB α and β lobes. They observed a mild defect of β lobe axonal outgrowth in APPL d flies with a 12% phenotype penetrance, which increased when reducing one copy of a key member of the Wnt Planar Cell Polarity pathway (Wnt PCP), such as VanGogh (Vang). Therefore, after studying this pathway interaction, they concluded that APPL cell-autonomously regulates the axonal outgrowth of the MB's β lobe by acting as a receptor of Wnt, forming a complex with its core transmembrane proteins Vang and Frizzled, and activating Abl kinase intracellularly via the binding of the adaptor protein Dab1 (Soldano et al., 2013). Another mild phenotype of APPL d flies supporting its role in neurite outgrowth is the defective R7 photoreceptor expansion to the medulla [START_REF] Mora | β amyloid protein precursor-like (Appl) is a Ras1/MAPK-regulated gene required for axonal targeting in Drosophila photoreceptor neurons[END_REF]. Leyssen et al. discovered an adult-specific role of APPL in the neuronal axonal arborisation. More specifically, they investigated the lateral neurons and observed that APP or APPL overexpression causes increased axonal outgrowth via the AICD. Therefore, axonal arborisation during adulthood requires the AICD interaction with Dab1, which activates Abl kinase. As observed in mammals, brain injury in flies also shows an increased expression of APPL at the site of the injury, suggesting its role in stress response and neuronal repair mechanisms. A key protein of the injury response pathway is the JNK and its effector proteins. For example, c-Jun was recently shown to be required for accurate axonal regeneration after axotomy. Therefore, it seems that the expression of both APPL and JNK is upregulated independently in response to an acute injury and that they then interact with each other, via the scaffolding protein APLIP1, the Drosophila orthologue of JIP1-B. Their interaction via this protein might be essential for axonal arborisation in response to brain injury (Leyssen et al., 2005) [START_REF] Taru | Interaction of Alzheimer's β-amyloid precursor family proteins with scaffold proteins of the JNK signaling cascade[END_REF]. Moreover, it was shown that APPL is implicated in maintaining neuronal health as APPL d flies have a significantly shorter lifespan compared to wildtype, and an increased accumulation of neurodegenerative vacuoles by 30 days of age (Wentzell et al., 2012). In addition, reducing APPL's expression in an already neurodegenerative mutant fly line, such as in lochrig (Loe) or yata, worsened the degenerative phenotype, the accumulation of large vacuoles (Tschape et al., 2002) [START_REF] Sone | Loss of yata, a novel gene regulating the subcellular localization of APPL, induces deterioration of neural tissues and lifespan shortening[END_REF]. Loe overactivates AMP-activated protein kinase (AMPK) blocking cholesterol synthesis.

Therefore, it affects the cleavage of APPL resulting in reduced SAPPL. This explains, in part, the neuroprotective outcome, reduction of vacuoles, observed when overexpressing SAPPL and flAPPL in loe mutant flies (Tschape et al., 2002) (Wentzell et al., 2012). Co-immunoprecipitation data suggested that sAPPL binds on flAPPL to confer this neuroprotective function. However, to identify which, from the α-secretase and the β-secretase product, is the neuroprotective agent, they overexpressed kuzbanian and dBACE separately. Results revealed that although the increased kuzbanian cleavage of APPL, producing SAPPLα, reduced neurodegeneration, overexpression of dBACE and production of SAPPLβ was detrimental (Wentzell et al., 2012) [START_REF] Cassar | Analysis of amyloid precursor protein function in Drosophila melanogaster[END_REF]. Interestingly, there is a study showing that dBACE is required for glial survival in the subretinal layer of the lamina cortex.

They show that knocking-down dBACE in the retina causes age-dependent increased apoptosis and vacuole formation in the subretinal layer of the lamina cortex, where there are only glial cells. They argue that this is due to a reduced cleavage of the flAPPL by dBACE but more evidence is needed to confirm the interaction between SAPPLβ and glial cells [START_REF] Bolkan | β-secretase cleavage of the fly amyloid precursor protein is required for glial survival[END_REF].

Another role of APPL in adulthood has been the long-term memory formation. As APPL is highly expressed in the MBs, the site of learning and olfactory memory formation, Goguel and colleagues decided to observe the effects of altered APPL expression in memory formation. Although short-term memory did not seem to be affected, long-term memory was disrupted by both higher and lower levels of APPL. As they knocked-down the expression of APPL specifically in the MBs and only during adulthood, and as long-term memory formation requires synaptic plasticity, we can conclude that APPL has a distinct function in the MBs during adulthood on synaptic plasticity [START_REF] Goguel | Drosophila amyloid precursor protein-like is required for long-term memory[END_REF].

Finally, APPL has been reported to have a role in the maintenance of circadian rhythmicity. Induced cleavage of APPL, resulting in a faster accumulation of AICD, caused alterations in the circadian rhythm in an age-dependent manner. After cleavage by γ-secretase, AICD is transported to the nucleus, where it binds on Fe65 and Tip60 creating a transcription regulatory complex. Therefore, as increased levels of AICD were found to alter the transcription of period in the pacemaker cells and as, in parallel, alterations of Tip60 expression resulted in sleep disturbances, Blake et al. concluded that APPL regulates the circadian rhythm through its intracellular domain interactions with Fe65 and Tip60 [START_REF] Blake | Manipulations of amyloid precursor protein cleavage disrupt the circadian clock in aging Drosophila[END_REF].

D) Thesis outline -objectives

Understanding the physiological function of APP has been a subject of interest for many researchers due to its mutations being a causal factor of AD. For the past three decades, it has been thought that the cause of AD is the accumulation of a misfolded form of the Aβ oligomers that leads to neurodegeneration. However, although recently developed and clinically trial-tested amyloidocentric drugs succeeded in reducing the amyloid load, they all failed to improve cognitive decline and memory loss. Therefore, many in the field start questioning the presumed cause of AD and wonder whether the alteration of the physiological function of APP might have an important impact on the pathology.

As described above, APP is a structurally and functionally conserved transmembrane protein across many species and is broadly expressed in the brain throughout life. Both APP and APPL have pleiotropic effects on neuron biology, from development to adulthood. Moreover, each conserved domain of this transmembrane protein has distinct binding proteins and regulates different neuronal processes.

Without APP and APPL, both vertebrates and invertebrates, respectively, experience mild developmental, cellular growth, locomotor and functional defects. Furthermore, many of the studies mentioned previously highlight the importance of maintaining the expression levels of APP and APPL, and their competitive cleavage between α-and β-secretase in physiologically balanced levels. Finally, in vivo studies suggest and provide evidence for a neurotrophic and neuroprotective effect of sAPPα (or sAPPLα) specifically and non-amyloidogenic pathway products in general. However, the questions of what their function is in the adult brain and what the cellular mechanisms underlying this function might be, remain essentially unanswered.

Therefore, we hypothesised that the overarching physiological function of APP and APPL is to be a homeostatic factor, maintaining structural integrity and function of the nervous system by assuring a steady development and counteracting internal and external perturbations throughout ageing.

To investigate this hypothesis, I took advantage of the Drosophila melanogaster model organism and its, conveniently, single orthologue of the human APP695, the APPL, and examined its role throughout adulthood, its cellular functions, molecular mechanisms and implications to neurodegeneration.

The Drosophila Amyloid Precursor Protein homologue mediates neuronal survival and neuro-glial interactions Introduction

Early-onset familial Alzheimer's disease (fAD) is caused by several mutations either in the Amyloid Precursor Protein (APP) or in the Presenilin (PSEN-1 and PSEN-2) genes [START_REF] Goate | Segregation of a missense mutation in the amyloid precursor protein gene with familial Alzheimer's disease[END_REF][START_REF] Clark | The structure of the presenilin 1 (S182) gene and identification of six novel mutations in early onset AD families[END_REF]. APP is a functionally and structurally conserved transmembrane protein, present in both invertebrates like Caenorhabditis elegans and Drosophila melanogaster [START_REF] Daigle | apl-1, a Caenorhabditis elegans gene encoding a protein related to the human βamyloid protein precursor[END_REF][START_REF] Rosen | A Drosophila gene encoding a protein resembling the human β-amyloid protein precursor[END_REF] and mammals [START_REF] Kang | The precursor of Alzheimer's disease amyloid A4 protein resembles a cell-surface receptor[END_REF][START_REF] Yoshikai S Ichi | Genomic organization of the human amyloid beta-protein precursor gene[END_REF]7]. APP undergoes two competing proteolytic processes; the amyloidogenic processing where it is internalized into endosomes and cleaved by β-secretase and subsequently γ-secretase releasing sAPPβ, the amyloid- (Aβ) oligomers and APP intracellular domain (AICD), and the non-amyloidogenic processing where APP is cleaved on the cellular membrane by α-secretase and subsequently γ-secretase releasing sAPPα, the P3 domain and AICD [8].

FAD mutations result in the enhancement of the amyloidogenic processing of APP and hence in an increased release of Aβ oligomers, but also, a reduced production of sAPPα [START_REF] Cacace | Molecular genetics of early-onset Alzheimer's disease revisited[END_REF] and potentially other unknown effects on APP's physiological function, such as the balance between its intracellular and extracellular activities. The accumulation of Aβ oligomer aggregates is also present in the brain of patients with sporadic Alzheimer's Disease (AD), forming the Aβ plaques and leading to the hypothesis that Aβ plaques are the main cause of the disease [START_REF] Selkoe | Toward a Comprehensive Theory for Alzheimer's Disease. Hypothesis: Alzheimer's Disease Is Caused by the Cerebral Accumulation and Cytotoxicity of Amyloid β-Protein[END_REF]. However, thus far all anti-amyloid treatment, although often successful in reducing the amyloid load, have failed to improve AD symptoms [START_REF] Selkoe | The amyloid hypothesis of Alzheimer's disease at 25 years[END_REF]. This raises the need for a better understanding of the physiological function of APP in order to design better future treatment.

In vitro loss of function (LOF) studies on human or mouse APP revealed its involvement in a variety of functions related to neuron biology, such as neural stem cell proliferation, differentiation and neurite outgrowth of hippocampal neurons [START_REF] Tl | Secreted APP regulates the function of full-length APP in neurite outgrowth through interaction with integrin beta1[END_REF]. Moreover, it seems to have a role in synapse formation, as a synaptic adhesion molecule [START_REF] Wang | Presynaptic and postsynaptic interaction of the amyloid precursor protein promotes peripheral and central synaptogenesis[END_REF]. APP's conserved intracellular domain interacts with many proteinsignaling pathways such as, the JNK to induce cell death [START_REF] Kögel | Regulation of gene expression by the amyloid precursor protein: Inhibition of the JNK/c-Jun pathway[END_REF], X11/JIP to activate cell differentiation [START_REF] Biederer | Regulation of APP-dependent transcription complexes by Mint/X11s: Differential functions of Mint isoforms[END_REF] and with Fe65 to modulate gene transcription [START_REF] Sumioka | Role of 14-3-3γ in FE65-dependent gene transactivation mediated by the amyloid β-protein precursor cytoplasmic fragment[END_REF].

In Drosophila melanogaster, APP-Like (APPL) is the single homologue of the human neuronal APP695

sharing 30% homology at the amino acid level [START_REF] White | The Drosophila transcript encoded by the beta-amyloid protein precursor-like gene is restricted to the nervous system[END_REF]. In vivo LOF studies have demonstrated that APPL is involved in axonal outgrowth during development [START_REF] Soldano | The Drosophila homologue of the amyloid precursor protein is a conserved modulator of Wnt PCP signaling[END_REF], axonal transport of vesicles or mitochondria [START_REF] Torroja | Neuronal overexpression of APPL, the Drosophila homologue of the amyloid precursor protein (APP), disrupts axonal transport[END_REF][START_REF] Bouleau | Drosophila models of Alzheimer's disease: Advances, limits, and perspectives[END_REF], synapse formation at the neuromuscular junction [START_REF] Torroja | The Drosophila β-amyloid precursor protein homolog promotes synapse differentiation at the neuromuscular junction[END_REF] and long-term and working memory formation [START_REF] Bourdet | The full-length form of the drosophila amyloid precursor protein is involved in memory formation[END_REF][START_REF] Rieche | Drosophila Full-Length Amyloid Precursor Protein Is Required for Visual Working Memory and Prevents Age-Related Memory Impairment[END_REF]. Moreover, it has been shown that the SAPPL has a neuroprotective function by rescuing vacuole formation in the brain of neurodegenerative mutant flies through its binding to the full length APPL [START_REF] Wentzell | Amyloid precursor proteins are protective in Drosophila models of progressive neurodegeneration[END_REF]. Finally, like in mammals, APPL acts as a receptor and interacts with G0 proteins, cell adhesion molecules, and intracellular modulators like the dX11/Mint protein, Tip60 and Fe65 [START_REF] Hase | Expression and characterization of the Drosophila X11-like/Mint protein during neural development[END_REF][START_REF] Ashley | Fasciclin II signals new synapse formation through amyloid precursor protein and the scaffolding protein dX11/Mint[END_REF][START_REF] Pirooznia | Tip60 HAT activity mediates APP induced lethality and apoptotic cell death in the CNS of a Drosophila Alzheimer's disease model[END_REF].

An interesting observation is that most APP LOF studies in a plethora of neuronal processes and molecular mechanisms reveal relatively mild phenotypes with relatively low penetrance. Combined with the fact that neuronal forms of APP are expressed throughout the brain, this suggests that APP is a homeostasis factor required for the brain to develop correctly, remain stable and counteract internal and external perturbations. The nervous system encounters several types of genetic mutations and environmental perturbations that can cause organelle stress, cell death and finally can lead to developmental, age or stress associated disorders. To counteract this, animals have evolved a defense homeostatic signaling system, composed of protein chaperones and transcriptional mechanisms [START_REF] Panikker | Restoring Tip60 HAT/HDAC2 balance in the neurodegenerative brain relieves epigenetic transcriptional repression and reinstates cognition[END_REF] involving both neurons and glial cells such as Astrocytes, Schwann cells and oligodendrocytes [START_REF] Fawcett | The glial scar and central nervous system repair[END_REF].

However, the molecules that neurons use to communicate homeostatic signals to glia remain largely unknown.

A major homeostatic cellular mechanism is the endolysosomal recycling and degradation pathway [START_REF] Winckler | The endolysosomal system and proteostasis: From development to degeneration[END_REF]. This pathway ensures that cellular cargo is properly recycled between the membrane and various organelles or degraded to maintain protein homeostasis and cellular health. A study on primary neurons revealed that an APP intracellular binding protein, PAT-1, regulates the number of early endosomes and endocytosis [START_REF] Senol | Protein interacting with Amyloid Precursor Protein tail-1 (PAT1) is involved in early endocytosis[END_REF]. Recently, two studies revealed that iPSC-derived human neurons with either APP or PSEN1 fAD knock-in mutations show enlarged and defective early endosomes and lysosomes [START_REF] Hung | Altered γ-Secretase Processing of APP Disrupts Lysosome and Autophagosome Function in Monogenic Alzheimer's Disease[END_REF][START_REF] Kwart | A Large Panel of Isogenic APP and PSEN1 Mutant Human iPSC Neurons Reveals Shared Endosomal Abnormalities Mediated by APP β-CTFs, Not Aβ[END_REF]. Therefore, this might suggest a role for APP in the neuronal endolysosomal pathway.

Along with the endolysosomal network, autophagy is another major homeostatic mechanism activated by cellular stress, nutrient starvation and infections. Autophagosomes engulf protein aggregates and dysfunctional organelles and fuse with lysosomes in order to degrade them. This mechanism is regulated by the expression of the target of Rapamycin (mTOR) kinase. Interestingly, alterations of the mTOR pathway have been linked with AD symptoms, suggesting that autophagy might also be affected in AD [START_REF] Perluigi | mTOR signaling in aging and neurodegeneration: At the crossroad between metabolism dysfunction and impairment of autophagy[END_REF]. Moreover, studies on AD patients and animal models of AD revealed that dysfunctional autophagy causes the accumulation of Aβ aggregates [START_REF] O'keefe | Using Drosophila Models of Amyloid Toxicity to Study Autophagy in the Pathogenesis of Alzheimer's Disease[END_REF].

To investigate the in vivo role of APP in neuronal homeostasis we used Drosophila as a model organism and investigated the consequences of the deletion of its homologue, the Appl gene. We report that loss of APPL results in the increased accumulation of apoptotic cells in the brain at a critical young age.

We link this accumulation to defects in the endolysosomal pathway in both neurons and glia and show that APPL is required for neuro-glial communication.

Results

APPL is required for neuronal survival in young adult flies

To investigate the implication of APPL in brain health of adult flies, we started with quantifying the survival of APPL null flies (appl d ) [START_REF] Luo | Human amyloid precursor protein ameliorates behavioral deficit of flies deleted for appl gene[END_REF] compared to genetic background controls (Canton S) at different stages of their lifespan. As previously reported [START_REF] Wentzell | Amyloid precursor proteins are protective in Drosophila models of progressive neurodegeneration[END_REF], appl d flies die significantly earlier than their control counterparts in a sex-independent manner starting at 2-3 weeks of age (Figure 1a). This suggests that loss of APPL compromises survival at an early age. Because Drosophila APPL is an exclusively neuronal protein [START_REF] White | The Drosophila transcript encoded by the beta-amyloid protein precursor-like gene is restricted to the nervous system[END_REF], we asked whether neuronal health is compromised in APPL mutants during the first 3 weeks of life. We measured the cell death load in the brain of appl d and controls at 2, 7, 21 and 45 days of age. To quantify the number of dying cells at any given moment, we stained whole mount brains with Cleaved Drosophila Death caspase protein-1 (Dcp-1), the homologue of human Caspase 3, and manually quantified the Dcp-1 positive cells across the entire brain (Figure1b, b'). In both genotypes, 2 day old flies show significant cell death in their brain due to ongoing brain remodeling [START_REF] Kimura | Postmetamorphic cell death in the nervous and muscular systems of Drosophila melanogaster[END_REF]. By 7 days of age however, there is a sharp drop in the number of apoptotic cells in controls. In contrast, the drop in apoptosis is significantly reduced in appl d flies, with an average of 7-8 apoptotic cells per brain at any given time point. Counter staining with the neuronal marker Elav and the glial marker Repo showed that all dying cells detected were neurons (Figure 1b'',b"',b'''',b'''''). With age, at 21 and 45 days old, both control and appl d flies show a similar increase in apoptotic cells (Figure 1c). These data suggest that loss of APPL renders neurons particularly sensitive during the first week of life. APPL is only detectable in neurons although some reports have claimed it may be expressed in glia [START_REF] Luna | Amyloid Precursor Protein in Drosophila Glia Regulates Sleep and Genes Involved in Glutamate Recycling[END_REF]. To test whether APPL expression in neurons is required for their survival at 7 days old, we knocked-down the expression of APPL using the UAS-Gal4 system expressing APPL RNAi only in neurons using the panneuronal nSyb-Gal4 driver. This resulted in significantly more apoptotic neurons in APPL knock-down flies compared to controls, similar to appl d flies (Figure 1d) (Figure S3).

In summary, our data show that loss of APPL in neurons results in excessive neuronal death during the first week of life and a corresponding reduction in life starting 1-2 weeks later. We next asked by what mechanism APPL acts to protect neurons and flies from premature death. 

APPL expression and its products should be kept in physiological levels to maintain neuronal health

To confirm that APPL is required to maintain neuronal health at physiological levels, we re-expressed in appl d background flies the full length APPL (flAPPL), only the secreted form (SAPPL) and APPL lacking the extracellular domain (APPLδNterm) (Figure 2a). Data revealed that both the flAPPL and SAPPL rescue significantly the increased number of apoptotic cells in the brain of 7 days old appl d flies (Figure2b). To examine the gain of function effect of the above constructs on the neurodegeneration phenotype at 7 days old seen in appl d flies, we expressed each of these distinct APPL constructs in control background flies expressing APPL endogenously. Results indicated that flAPPL, and more importantly SAPPL, should be kept at physiological endogenous levels in order to maintain neuronal health. Raising the expression of flAPPL caused a slight increase in the amount of apoptotic cells and raising the expression of the secreted form of APPL significantly increased the amount of apoptotic cell death (Figure 2c).

Altogether, these results suggest that a balanced expression of APPL is required as part of an unknown molecular mechanism, at an early age, around 7 days old, in order to maintain the stable state of the whole organism, neuronal health and balance. 

APPL regulates the size and number of neuronal early endosomes

We have previously shown that APPL is a neuronal modulator of the Wnt PCP pathway for the axonal outgrowth during development. Specifically, loss of APPL sensitizes growing axons to reduction in Wnt-PCP signaling and renders the PCP core protein VanGogh (Vang) haploinsufficient [START_REF] Soldano | The Drosophila homologue of the amyloid precursor protein is a conserved modulator of Wnt PCP signaling[END_REF]. We started by examining the genetic interaction between appl and vang by removing one copy of vang in the appl d background and measuring neuronal death at 7 days of age. In contrast to the developmental effect on axon growth, we found no effect on the number of apoptotic neurons (Figure S2) suggesting a different mechanism.

Alterations in the autophagy pathway of both vertebrates and invertebrates result in the presence of enlarged subcellular vesicles, swollen dystrophic neurites, early-onset neurodegeneration throughout the brain and reduced survival. For example, Atg8 and Atg7 mutant flies had a shortened lifespan and revealed the accumulation of vacuoles inside neuronal cells. Finally, studies on fAD mammalian models described an increased activation of autophagy prior to the Aβ aggregates appearance. This increase in Atg8 puncta could also be due to a blockage of lysosomal fusion with autophagosomes and hence an accumulation of immature autophagosomes [57]. Our in vivo data coincide with the fAD phenotypes in both patients and model organisms. We also report an increased amount of Atg8 puncta in both neurons and glia at 7 and 14 days of age but this time in APPL null flies (Figure S4a,b). Therefore, we can conclude that alterations of the APP processing and, in this case, LOF of APPL causes an accumulation of autophagosomes. However, alterations in autophagy were not linked with the earlyonset increase in apoptotic cells, as an Atg7 mutation in appl d background flies did not improve or worsen the 7 days old cell death phenotype (Figure S4d).

A number of observations suggest a tight link between the APP family of proteins and endolysosomal trafficking. First, both human APP and fly APPL carry highly conserved endocytic motifs in their intracellular domains [START_REF] Lai | Characterization of sorting signals in the β-amyloid precursor protein cytoplasmic domain[END_REF], which interact with proteins involved in endocytosis [START_REF] Senol | Protein interacting with Amyloid Precursor Protein tail-1 (PAT1) is involved in early endocytosis[END_REF]. Second, APP has been implicated in the regulation of the endocytosis of cell surface receptors [START_REF] Zhang | The amyloid precursor protein modulates α2Aadrenergic receptor endocytosis and signaling through disrupting arrestin 3 recruitment[END_REF]. Third, as the endolysosomal pathway is involved in APP's and APPL's cleavage by β-and γ-secretases, perturbations of the endolysosomal pathway can have negative repercussions in the proteolytic processing of APP and hence the amount of Aβ produced [START_REF] Nixon | Amyloid precursor protein & endosomal-lysosomal dysfunction in Alzheimer's disease: Inseparable partners in a multifactorial disease[END_REF]. Fourth, two recent in vitro studies showed evidence for the development of enlarged early endosomes and lysosomes in human iPSCs with various fAD mutations in the APP and PSEN1 genes [START_REF] Hung | Altered γ-Secretase Processing of APP Disrupts Lysosome and Autophagosome Function in Monogenic Alzheimer's Disease[END_REF][START_REF] Kwart | A Large Panel of Isogenic APP and PSEN1 Mutant Human iPSC Neurons Reveals Shared Endosomal Abnormalities Mediated by APP β-CTFs, Not Aβ[END_REF]. We therefore investigated whether loss of APPL causes defects in endolysosomal function in the brain.

We used an acidification-sensing double fluorescent (DF) tag, composed of a pH sensitive GFP (pHluorin) and pH-resistant mCherry fused to a myristoylated residue to track all plasma membrane trafficking (myr-DF) [START_REF] Jin | Live Observation of Two Parallel Membrane Degradation Pathways at Axon Terminals[END_REF]. This probe allows the tracking of the trafficking of membrane cargo through the endolysosomal pathway. In neutral pH vesicles, like early endosomes, the probe will fluoresce in both green and red channels, while in acidic vesicles, such as late endosomes and lysosomes, the GFP signal will be quenched and the probe will fluoresce only in red (Figure 3a). Differences in fluorescence values between controls and mutant would indicate potential defects in endolysosomal trafficking.

The myr-DF probe was expressed in all neurons, using the nSyb-Gal4 driver, in control and appl d flies (Figure 3c,c'). We focused our imaging and quantifications on two easy to identify neuronal populations; the Kenyon cells of the mushroom body and the Projection Neurons of the antennal lobes (Figure 3b). In live confocal imaging data of 7-day-old flies, due to the diffused green signal of pHLuorin, the probe does not distinguish between early and late endosomes, but permits to measure the quantity and volume of the endolysosomal compartments. This analysis revealed the presence of significantly enlarged endolysosomal compartments in the neurons of appl d flies compared to those of controls (Figure 3c-d) (Figure S5a-b).

Live imaging data could only inform us about the trafficking of the protein cargo to an acidic vesicle, with a pH below 6, but not its degradation inside this vesicle [START_REF] Jin | Live Observation of Two Parallel Membrane Degradation Pathways at Axon Terminals[END_REF]. To quantify the effect of APPL LOF on the degradation of plasma membrane protein cargo we quantified red-only compartments in fixed tissue, where irreversibly damaged pHLuorin leads to the selective loss of green fluorescence [START_REF] Jin | Live Observation of Two Parallel Membrane Degradation Pathways at Axon Terminals[END_REF].

Contrary to live imaging, in fixed brains the GFP was concentrated in non-acidic endosomes and hence it was feasible to distinguish between early endosomes and degradative compartments. Results from 7 days old fixed brains showed a marginal but not significant increase in the number of degradative compartments between control and appld brains (Figure 3e, e', Figure S5d). However, the volume of degradative compartments in appl d flies was significantly larger (Figure 3f,g). Together, these analyses evoke the possible enlargement of late-endosome-like vesicles, suggesting a deficit in the regulation of the volume of endolysosomal compartments in appl d flies. To further investigate these potential defects at higher resolution, we used Transmission Electron Microscopy (TEM) (Figure 4a,b). Whereas the overall size of the neuronal cell body did not differ between mutants and controls (Figure 4c), we noted the presence of enlarged clear-single membraned endosome-like vesicles with darker content in appl d neurons (Figure 4a,d). In addition, there were more of them per section than in controls (Figure 4e,f). On the other hand, lysosomal size did not seem to be affected in appl d flies (Figure 4b, g) and there was a marginal but significant increase in lysosomal number per section (Figure 4h). These data confirm the presence of defects in the neuronal endolysosomal pathway in the absence of APPL, and suggest that these defects arise mostly in endosomes.

Our data so far suggest a defective accumulation of enlarged endosomes in neurons of appl d flies. The trafficking of cargo from the membrane to early endosomes is regulated by the Rab5 GTPase. To investigate whether defects in early endosomes cause the increase in the number of dying neurons in appl mutant brains, we removed one copy of the rab5 gene in an appl null background. This completely rescued the neuronal cell death phenotype at 7 days of age back to control levels (Figure 4i-j).

Moreover, reducing a copy of rab5 rescued the early death rate and extended the lifespan of the appl null flies (Figure S7a). We conclude that reducing the trafficking to early-endosomes in an appl null condition re-equilibrates the system and rescues the functioning of the endolysosomal pathway.

To test whether the rescue effect is specific to the early endosomal stage, we removed a copy of the gene encoding the late endosomal marker Rab7 in appl d mutant background. In contrast to reduction of Rab5 levels, this failed to rescue the number of apoptotic cells found in the brains of 7 days old appl d flies (Figure 4k), and indeed significantly worsened the lifespan of the flies relative to controls (Figure S7b), consistent with a role for Rab7 itself in neurodegeneration [START_REF] Cherry | Charcot-Marie-Tooth 2B mutations in rab7 cause dosage-dependent neurodegeneration due to partial loss of function[END_REF].

Our observations suggest that in the absence of APPL, neurons accumulate enlarged vacuole-like endosomal compartments, possibly due to the dysregulation of early endosomes, resulting in neuronal death in the young adult brain and an eventual shortening of lifespan. What is intriguing, however, is why these dying neurons accumulate to a sufficient level as to be detectable instead of being cleared by glial cells. We therefore wondered whether the absence of APPL may be causing a problem with glial clearance. The extracellular domain of APPL is secreted by neurons and taken up by glia APPL is a transmembrane protein that is cleaved resulting in a secreted form, SAPPL. To explore the expression and secretion pattern of APPL, we generated a double-tagged form of APPL (dT-APPL) with GFP intracellularly (C-terminally) and mCherry extracellularly (N-terminally) (Figure 5a). To study the distribution and spread of SAPPL, we expressed dT-APPL strictly in the retina and imaged the entire brain at different stages of pupal development and in the adult (Figure S8a). Whereas the intracellular part of the appl protein (GFP), remained inside photoreceptors (Figure S8b), SAPPL (mCherry), gradually spread throughout the whole brain starting from 80H after puparium formation and remained so in adults (Figure S8a). Moreover, SAPPL was taken up by glia (Figure S8c). To ascertain that glial uptake of SAPPL was not a consequence of APPL overexpression in the presence of the endogenous protein, we repeated this experiment by expressing the dT-APPL in all post-mitotic neurons of appl null flies. Again, while the intracellular part of APPL remained in neurons, SAPPL was localized both in neurons and in glia (Figure 5b-b'''). 

Discussion

In this study, we took advantage of Drosophila melanogaster to investigate and unravel the physiological function of APPL, the single fly homologue of the human APP, in the adult brain. Our key findings are (1) that APPL is required for neuronal survival during a critical period of early life, [START_REF] Clark | The structure of the presenilin 1 (S182) gene and identification of six novel mutations in early onset AD families[END_REF] regulates the size of endolysosomal vesicles in neurons and glia, and (3) that secreted APPL is taken up by glial cells to enable the clearance of neuronal debris.

APPL is required for adult brain homeostasis through the endolysosomal pathway A homeostatic signaling system is composed of a set point, a feedback control, sensors and an error signal. The error signal activates homeostatic effectors to drive compensatory alterations in the process being studied [START_REF] Davis | Homeostatic signaling and the stabilization of neural function[END_REF].

We propose a model (Figure 8) whereby the presence of APPL and its cleaved forms maintain the physiological flow of vesicular trafficking, either for degradation or for recycling, through the endolysosomal network in neurons. Simultaneously, in case of a system failure, a particular stress or an acute injury, there is increased release of SAPPL, the error signal, activating degradation in glial cells, the homeostatic effector, to reset the system to its baseline. It has been observed that appl null flies have a shorter lifespan and develop large neurodegenerative vacuoles in their brain by 30 days old [START_REF] Wentzell | Amyloid precursor proteins are protective in Drosophila models of progressive neurodegeneration[END_REF]. In the present study, we demonstrate that the brain of appl null flies shows signs of dysfunctional homeostasis from a much younger age of 7 days old, resulting in a significantly increased number of apoptotic neurons and a significantly increased death rate from 20 days old.

Studies on Down syndrome (Trisomy 21), representing cases of elevated expression of APP, AD patient fibroblasts, AD mouse models and recent studies using patients' iPSCs have all shown evidence of a defective endolysosomal network [START_REF] Cataldo | Endocytic pathway abnormalities precede amyloid β deposition in sporadic alzheimer's disease and down syndrome: Differential effects of APOE genotype and presenilin mutations[END_REF][START_REF] Hung | Altered γ-Secretase Processing of APP Disrupts Lysosome and Autophagosome Function in Monogenic Alzheimer's Disease[END_REF][START_REF] Kwart | A Large Panel of Isogenic APP and PSEN1 Mutant Human iPSC Neurons Reveals Shared Endosomal Abnormalities Mediated by APP β-CTFs, Not Aβ[END_REF]. In particular, neurons derived from AD patient iPSCs show that fAD mutations in APP or PSEN1 as well as knockout of APP, all cause alterations in the endolysosomal vesicle size and functionality. Some of the toxic effects on endolysosomal trafficking have been attributed not to amyloid accumulation but rather to the potential toxicity of the sAPP and/or APP β C-terminal fragment (APPCTF), while a wealth of literature suggests that full length APP and sAPPα are neuroprotective [START_REF] Copanaki | SAPPα antagonizes dendritic degeneration and neuron death triggered by proteasomal stress[END_REF][START_REF] Wentzell | Amyloid precursor proteins are protective in Drosophila models of progressive neurodegeneration[END_REF].

APPL as a neuronal inducer of glial activity

Glial cells are the key immune responders of the brain that maintain neuronal homeostasis through neurotrophic mechanisms and by clearing degenerating neurons. Our data show that neuronal expression of APPL is necessary and sufficient to activate glial clearance of neuronal debris, and that glia take up neuronally released SAPPL. It has also previously been shown that acute injury of the adult brain elicited an increased expression of APPL at and near the site of injury [START_REF] Leyssen | Amyloid precursor protein promotes post-developmental neurite arborization in the Drosophila brain[END_REF]. Interestingly, a recent study using iPSCs derived astrocytes with APP KO and fAD mutations revealed that loss of full-length APP (flAPP) impairs cholesterol metabolism and the ability of astrocytes to clear Aβ protein aggregates [START_REF] Fong | Full-length amyloid precursor protein regulates lipoprotein metabolism and amyloid-clearance in human astrocytes[END_REF]. Moreover, upregulation of APP expression in neurons and α-secretase expression in reactive astrocytes was observed after the denervation of the mouse dentate gyrus [START_REF] Turco | Upregulation of APP, ADAM10 and ADAM17 in the denervated mouse dentate gyrus[END_REF]. Together these observations indicate that the expression and proteolytic processing of APP are part of a neuro-glial signaling system responsible for monitoring brain health and activating glial responses to neuronal injury. Further future work will be needed to describe how exactly secreted APP fragments are taken up by glia and what cellular and molecular components they interact with and modify within glial cells to mediate appropriate levels of glial activation.

Implications for neurodegeneration

Our findings that the complete loss of the Drosophila APP homologue causes deficits in the endolysosomal pathway, in neuron-induced glial clearance of debris and in neuronal death and organismal lifespan strongly suggest that, in the adult brain, the physiological function of full-length APP and the consequences of fAD mutations are mechanistically related to one another. Furthermore, the fact that neuronal death and defective neuronal endosomes are observed very early in life of appl mutant flies further supports the notion that significant deficits exist in the AD brain long before any clinical symptoms appear. This may suggest that examining the size and/or function of the early endosome may identify risk for future neurodegeneration and offer future treatment pathways.

Future directions

This study paves the way to new questions. First, it is crucial to identify whether it is the toxicity of a dysfunctional endolysosomal network, the delayed glial clearance of apoptotic cells or both that cause this early onset accumulation of apoptotic neurons in the brain of APPL null flies. Moreover, as the phenotype penetrance of APPL d flies has been relatively low, it would be interesting to examine the new APPL null allele, APPL c2.1 , developed by Dura's team using the CRISPR-Cas9 method (unpublished). This is a genome with a complete knock out of the whole appl sequence. 

Lifespan experiments

For the lifespan experiment, eclosing adults were collected under CO2-induced anaesthesia, over a 12hr period, and were left to mate for 48hrs before sorting them into single sexes. After sorting, they were housed at a density of 15 flies per vial. Throughout the lifespan, flies were kept in a humidified, temperature-controlled, incubator with 15hr:9hr light:dark cycle at 25 o C on a standard, sucrose yeast corn and agar, media. Finally, they were transferred into new food and scored for death every 2-3 days throughout adult life [START_REF] Rera | Intestinal barrier dysfunction links metabolic and inflammatory markers of aging to death in Drosophila[END_REF].

Immunochemistry

Adult brains were dissected in phosphate buffered saline (PBS) and fixed in 3.7% formaldehyde in PBT (PBS+Triton 0.3%) for 15min. The samples were subsequently rinsed four times for 0 ', 5', 15' and 30' in PBT 0.3% and blocked in 1% BSA for at least 1 hour. Following these steps, the brains were incubated with the primary antibody diluted in 1% BSA overnight at 4 o C. Then the samples were rinsed four times for 0 ', 5', 15' and 30' in PBT 0.3% and were subsequently incubated with the appropriate fluorescent secondary antibodies in dark for 2 hours at room temperature. Finally, after four rinses with PBT 0.3% the brains were placed in PBS and mounted on a polarised slide using Vectashield (Vector labs) as the mounting medium.

The mounted fixed brains were imaged on an Olympus 1200 confocal microscope equipped with the following emission filters: 490-540 nm, 575-620 nm and 665-755 nm.

The following antibodies were used: rabbit anti-cleaved Drosophila Dcp-1 (Cell Signalling, 1:100), rat anti-elav (Hybridoma bank, 1:100), mouse anti-repo (Hybridoma bank, 1:10) and mouse anti-nc82 (Hybridoma bank, 1:100).

Transmission Electron Microscopy

First, we cut 7 days old Drosophila adult heads and their proboscics and fixed them in 2% glutaraldehyde +2% PFA+ 1mM CaCl2 in 0.1M sodium cacodylate buffer, pH 7.4, for 1hour at room temperature (RT). Following three rinses with Na-cacodylate buffer, we post-fixed samples with 1% osmium tetroxide in the same 0.1M sodium cacodylate buffer for 1h at RT.Then we dehydrated them in a graded series of ethanol solutions (75, 80, 90 and 100%, 10 min each). Final dehydration was performed twice in 100% acetone for 20 min. Subsequently, we infiltrated samples with Epon 812 (epoxy resin) in two steps: 1 night at +4°C in a 1:1 mixture of Epon and acetone in an airtight container and 2h at RT in pure Epon. Finally, we placed samples in molds with fresh resin and cured them in a dry oven at 60°C for 48h.

5 and 8 days post ablation and followed the immunostaining procedure, as previously described, in dark. We used anti-nc82 as the neuropil antibody in order to better visualise the antennal lobe glomeruli of the adult brain and focus our quantification of the endogenously expressed GFP covered region accordingly.

Limitations

It is important to note that appl d flies tend to lose their phenotypic penetrance with time. Therefore, it is rare to find the same phenotypic penetrance, results, when performing the same experiment at two different moments with a long time interval between the experiments. To counteract this limitation we have been cleaning their genetic background by backcrossing appl d flies to a control, Canton S, background. This is the explanation for the difference in lifespan between Figure 1 and Figure S6 because these graphs represent data resulting from two separate experiments performed with a long time interval between the two. Moreover, it is important to notice that the n is 150 flies per genotype in the lifespan of Figure 1, whilst the n was only around 50 flies per genotype in the lifespan of Figure S6. However, even with this difference the important early increase in deaths in appl d flies is present in both graphs/experiments and it is clear that reducing one copy of Rab5 in an appl d background rescued this early onset of death.

Another limitation that we should mention, is the general low number of Dcp-1 positive cells in the adult brain of flies. This limitation made us focus on subtle differences and makes it harder to illustrate in a Figure how the data really looks like. However, it allowed us to perform all quantifications manually and in the supplementary, there is a figure showing confocal Z-stacks of brains stained with Dcp-1 (Figure S1). It is important to also take into account that the Dcp-1 staining marked only the cells in apoptosis the exact moment that I dissected the brain. 

Introduction

Parkinson's disease (PD) is the second most common neurodegenerative disorder after Alzheimer's disease (AD). It is an age-associated disorder affecting 1-2% of the population above 60 years old. The key hallmark of PD is the presence of Lewy bodies inside neurites causing the death of dopaminergic neurons (DNs) in the substantia nigra. As DNs are responsible for locomotor activity, PD causes resting tremors, muscle stiffness and postural instability. In later stages, when Lewy bodies affect more neuronal populations, such as serotoninergic neurons, patients show also cognitive and psychiatric problems. Lewy bodies are composed of α-synuclein aggregates and it was found that mutations on the gene encoding for α-synuclein, SNCA, is a key cause of PD [START_REF] Corti | What genetics tells us about the causes and mechanisms of Parkinson's disease L[END_REF]. Although the progression of this disease is irreversible, most PD patients are treated with L-dehydroxyphenylalanine (L-Dopa) and, recently, a combination of L-Dopa with Carbidopa. Such treatment enhances Dopamine biosynthesis and hence improves the locomotor symptoms. However, since its administration, studies have shown that it causes various side effects, such as oxidative stress, inflammation, psychosis and, most importantly, dyskinesia in a dose-dependent way [START_REF] Salat | Levodopa in the treatment of Parkinson's disease: Current status and new developments[END_REF] (Pagano et al., 2017) [START_REF] Dorszewska | Molecular Effects of L-dopa Therapy in Parkinson's Disease[END_REF]. Therefore, scientists developed a surgical intervention, namely deep brain stimulation, to improve PD symptoms without depending on the drug treatment [START_REF] Fang | Neuropsychiatric Disease and Treatment Dovepress The role of deep brain stimulation in Parkinson's disease: an overview and update on new developments[END_REF].

More than 85% of PD cases are late-onset sporadic PD caused by environmental factors, such as plant fertilizers, heavy metals and smoking, and <10% of PD cases are early-onset (EO) caused by inherited genetic mutations. Several mutations have been identified in PD families and most of these genes are implicated in mitochondrial function, the endolysosomal network and autophagy. Some of these mutations are present on the following set of genes: SNCA, PARK1, PINK1, LRRK2, ATP13A2, GIGYF2, HTRA2, PLA2G6 and FBXO7. Interestingly, studies revealed that some late-onset PD patients were also found to have mutations in some of these genes without any prior PD history in their family. Most of these causative mutations were either autosomal dominant (AD) or autosomal recessive (AR), missense mutations and they resulted in diverse clinical symptoms. For example, as described above, one of the most common causative mutation of AD PD is on the SNCA gene encoding for α-synuclein, a protein that regulates tyrosine hydroxylase and hence dopamine biosynthesis [START_REF] Sidhu A | Does α-synuclein modulate dopaminergic synaptic content and tone at the synapse?[END_REF].

AR forms of causative mutations cause mainly EO PD (<40 years old) and are found in homozygosity in patients from consanguineous families. The two most well-known AR genes causing PD, PINK1 and Parkin, have been found to have a role in mitochondrial quality control, by inducing mitophagy, and to be L-Dopa treatment responsive [START_REF] Chan | Broad activation of the ubiquitin-proteasome system by Parkin is critical for mitophagy[END_REF] [START_REF] Dagda | Loss of PINK1 function promotes mitophagy through effects on oxidative stress and mitochondrial fission[END_REF][START_REF] Vives-Bauza | PINK1-dependent recruitment of Parkin to mitochondria in mitophagy[END_REF]. Parkin patients show EO disease symptoms such as dystonia and hyperreflexia caused by the loss of DNs in the substantia nigra. As Parkin is an E3 ubiquitin ligase protein, mutations on its gene cause a LOF of ubiquitination, a mechanism important for proteasomal degradation, and hence the accumulation of protein aggregates inside neurons [START_REF] Shimura | Familial Parkinson disease gene product, parkin, is a ubiquitin-protein ligase[END_REF]. PINK1 is the second most frequent cause of EO AR PD. This is a tumor suppressor protein with a serine-threonine kinase domain targeting mitochondria and ensuring their physiological functioning [START_REF] Beilina | Mutations in PTENinduced putative kinase 1 associated with recessive parkinsonism have differential effects on protein stability[END_REF]. Furthermore, DJ-1 is the least common AR gene causing EO PD. It is part of a family of molecular chaperones, which are activated during oxidative stress. Under oxidative stress, DJ-1 gets translocated to the mitochondrial membrane and activates a, yet unknown, neuroprotective mechanism. Mutations on DJ-1 destabilize the protein, leading to its degradation [START_REF] Andres-Mateos | DJ-1 gene deletion reveals that DJ-1 is an atypical peroxiredoxin-like peroxidase[END_REF]. Finally, another known EO AR PD gene is ATP13A2. Mutations on this gene were observed in Kufor-Rakeb syndrome families that develop juvenile Parkinsonism. ATP13A2 encodes a lysosomal type 5 P-type ATPase protein and mutations on this gene cause dysfunctional lysosomes that lead to neurodegeneration [START_REF] Williams | Kufor Rakeb disease: Autosomal recessive, levodopa-responsive Parkinsonism with pyramidal degeneration, supranuclear gaze palsy, and dementia[END_REF]) (Di Fonzo et al., 2007).

Despite the progress in PD research, Lesage and colleagues wanted to identify a wider range of mutated genes causing EO PD in order to accelerate diagnosis and develop novel drugs and therapies against this pathology. Therefore, they took advantage of the access to a large cohort of consanguineous PD families, and isolated individuals with PD from such families, throughout the world, and performed whole genome sequencing (WGS), whole exome sequencing (WES) and RNA sequencing. After comparing these data to control individuals, they identified a list of potential PD causative mutations on several genes. Then they selected the mutations found in homozygosity in at least two families and created cell models to examine, in vitro, the impact of these mutations [START_REF] Lesage | Loss of VPS13C Function in Autosomal-Recessive Parkinsonism Causes Mitochondrial Dysfunction and Increases PINK1/Parkin-Dependent Mitophagy[END_REF].

In 2016, this investigation resulted in the discovery of a novel PD gene, VPS13C. Patients with mutations on this gene showed an EO, rapid and severe progression of the disease with the presence of Lewy bodies. Moreover, the in vitro cell model of this mutation revealed the implication of VPS13C in the mitochondrial pathway. They concluded that such mutations worsen mitochondrial vulnerability to oxidative stress and disrupt mitophagy, causing neurodegeneration [START_REF] Lesage | Loss of VPS13C Function in Autosomal-Recessive Parkinsonism Causes Mitochondrial Dysfunction and Increases PINK1/Parkin-Dependent Mitophagy[END_REF].

Previous studies on Drosophila melanogaster revealed, for the first time, the physiological function of PINK1 and Parkin in mitochondrial homeostasis [START_REF] Clark | Drosophila pink1 is required for mitochondrial function and interacts genetically with parkin[END_REF]. Therefore, to screen further PD candidate genes from the list mentioned previously, in vivo, we decided to also use the fruit fly as model organism. We performed a genetic screening of LOF of these genes and observed their impact on locomotion in young and old flies. After two consecutive screenings, we identified two strong PD candidate genes that we will further analyse.

Startle-induced negative geotaxis assay

To measure the LOF impact of each of these genes on the fruit flies' locomotion, we used the startleinduced negative geotaxis (SING) assay protocol (Figure 1a) described by Barone and Bohman.

 The protocol starts with the selection of young (~10 days old), age-matched flies of the right genotype and separation by gender. These flies were then anesthetized, at least 30 min before the assay, with CO2 and placed inside an empty food vial, attaching another one upside down, in order to create a long clear plastic tube where flies have space to climb.

 Then we created a background scale on a white sheet and placed it perpendicular to the bench in order to measure the climbing distance of the flies. A camera was also placed 20cm in front of the paper at a stable place, consistent throughout the whole experiment.

 Finally, the SING assay consisted of tapping down for a few seconds, in a consistent way the tubes with the flies, as close as possible to the sheet, and, after setting up a timer for 20 seconds, taking a snapshot of the tube. This was repeated 15 times with a 1min interval for every tube (Barone and Bohmann, 2013).

 It is important to note that it was a blind screening as we were not aware of which were the positive controls and which the PD candidate genes. LOF phenotype was assessed by counting the percentage of flies from the total number of flies in that vial that could climb above the 5cm threshold in 20 seconds after tapping the vial, versus the percentage of flies that could not cross this threshold. Control: ;UAS GFP; Gal4nsyb. We have circled in light blue all genes that show a loss of locomotor activity when knocked down. These RNAi lines were only tested in a single experimental repeat, this is why there are no error bars or statistical analysis. As some PD genes, such as PINK1, are known to induce a locomotion impairment with age [START_REF] Cornelissen | Deficiency of parkin and PINK1 impairs age-dependent mitophagy in drosophila[END_REF], we repeated the SING assay in a restricted selection of the candidate genes but this time adding the ageing factor. After testing the positive control, PINK1, and four candidate genes at 10 and 35 days old, we identified two strong PD candidates, namely PI31 and GRAMD1B corresponding to PSMF1 (proteasome inhibitor subunit 1) and GRAMD1C (Gram domain containing 1C) human orthologues, respectively. LOF of GRAMD1B caused locomotor deficits regardless of age and a significant death rate by 35 days old, while PI31 LOF showed an ageing dependent effect with no locomotor defects at 10 days, but a significant drop in climbing ability at 35 days (Figure 4). Mutations on these genes were found on 2 unrelated Turkish consanguineous families. 

Next steps

Previous studies have shown that mutations on AR genes causing PD, such as PINK1, Parkin, ATP13A2 and DJ-1 impair homeostasis system of both vertebrates and invertebrates. Some dysregulate mitochondrial morphology and functions, and others disrupt proteasome mechanisms, such as chaperones. Moreover, these defects affect particularly DNs and hence the locomotor actions of the organism [START_REF] Corti | What genetics tells us about the causes and mechanisms of Parkinson's disease L[END_REF]. Therefore, to unravel the mechanism behind the locomotor function of the strong PD candidate genes that we identified during the RNAi screenings, and their implication in PD, we will perform the following functional assays focused on DNs.

The discovery by Birman et al. that the Tyrosine Hydroxylase (TH) enzyme regulates DNs' biosynthesis also in Drosophila led to the creation of a TH Gal4 driver [START_REF] Birman | A novel and major isoform of tyrosine hydroxylase in Drosophila is generated by alternative RNA processing[END_REF]) (Friggi-Grelin et al., 2002). This allows us to examine the anatomical impact of GRAMD1B and PI31 knockdown on DNs by expressing a fluorescent marker specifically in this neuronal population. Furthermore, to study the role of these genes in the homeostasis system and, more specifically, mitochondria, which seem to be affected in most PD causative mutations, we will express a mitochondrial marker, mitoGFP, using the TH Gal4 driver. Preliminary data on control flies have shown the feasibility of this method and the resolution that allows us to evaluate the involvement of GRAMD1B and PI31 in mitochondrial development, morphology or degradation (Figure 5a). L-Dopa was discovered in the 1960s and has been used for the past 40 years as the main treatment to alleviate PD symptoms. A study on Dopamine-deficient fruit flies, showing significant locomotor defects, gave evidence for the efficiency of the pharmacological administration of L-Dopa with a very low concentration of Carbidopa, as it managed to rescue the locomotor phenotype (Cichewicz et al., 2016). Therefore, another way of confirming that GRAMD1B and PI31 are causing PD is to treat these knockdown flies with L-Dopa/Carbidopa on their food and observe whether this is sufficient to rescue the climbing phenotype.

Finally, in order to identify more PD candidate genes and hence potential drug targets, we will continue the RNAi screening of AR genes present in homozygosity in at least two consanguineous families with PD. However, this time we developed an improved apparatus for the SING assay that will allow us to rate the climbing ability of flies automatically and hence test more genotypes in a shorter period of time (Figure 5b). decades. An unwanted consequence of this increase in life-span has been the augmentation of the burden of a multitude of neurodegenerative disorders, such as Alzheimer's disease (AD), Parkinson's disease (PD), strokes and muscular dystrophy. AD is one of the most prevalent neurodegenerative disorders affecting millions of citizens and, concurrently, one of the most challenging to tackle. For decades, the main cause of the pathology has been thought to be the accumulation of Aβ plaques in the brain. However, all developed amyloidocentric drugs, although successfully eliminating these Aβ plaques, failed to improve AD symptoms. Therefore, the cause of the disease remains unclear and researchers are starting to question the amyloidogenic hypothesis. This project (Chapter I) aimed at investigating the physiological function of the amyloid precursor protein (APP), the source of Aβ plaques, without any pre-conceived notion of its implication in AD. As observed in the pathology of other neurodegenerative disorders, such as PD, our data suggest that APP is also implicated in the homeostasis mechanism of our organism. More specifically, we showed that it has a role in the endolysosomal and autophagy networks, maintaining vesicle recycling and cargo degradation, and it is required for neuro-glial communication in response to brain injuries.

The endolysosomal network and autophagy dysregulation in AD and other neurodegenerative disorders

To understand the pathology of AD and its onset, which is thought to be at least 20 years prior to AD symptoms, we need to start examining neuronal alterations from a younger age. Therefore, using familial AD (fAD) patients and their known mutations we can examine alterations in their brain, or the brain of mutant model organisms, before the presence of symptoms. Most fAD mutations result in an altered expression or processing of APP, leading to an enhanced amyloidocentric processing, reduced full-length APP and non-amyloidogenic APP products. In Drosophila melanogaster the initial outcome of both deletion and overexpression of APPL, the fly orthologue of APP, is the accumulation of apoptotic neurons in the brain of young flies (7 days old). In flies without APPL, this is accompanied by a decrease in life-span starting also from a relatively young age (20 days old). A recent study using mouse models of AD and post-mortem mild cognitive impairment (MCI) patients, reported an increased neuronal necrosis prior to the presence of AD symptoms. Moreover, they concluded that this was mainly due to an enlarged endoplasmic reticulum (ER) and decreased levels of the Yesassociated protein (YAP). Interestingly, when they enhanced the expression of YAP during the MCI stage, they managed to reduce significantly later stage AD symptoms, such as cognitive decline and the accumulation of Aβ plaques [START_REF] Tanaka | YAP-dependent necrosis occurs in early stages of Alzheimer's disease and regulates mouse model pathology[END_REF]. Therefore, these studies highlight the importance of an early critical cellular mechanism that regulates the evolution of the pathology. synaptic structures, axon degeneration and age-dependent neuronal loss [START_REF] Minis | The proteasome regulator PI31 is required for protein homeostasis, synapse maintenance, and neuronal survival in mice[END_REF]. These studies complement our in vivo findings and will allow a further, directed, investigation to understand the implication of mutations on these genes in PD and how we could use them to create a better diagnosis and treatment for this debilitating disorder. The common point of all our findings is that mechanisms that ensure proper degradative homeostasis are potentially involved in both AD and PD, suggesting that this aspect may represent a key point of future therapeutic intervention.

Neuro-glial interactions and their impact in neurodegenerative disorders

Inflammation is the result of an infection or an injury and is responsible for maintaining and defending homeostasis. It triggers cell-autonomous stress responses, intracellular adaptations, and non-cellautonomous responses by releasing paracrine signalling agents that communicate with neighbouring immune cells (Chovatiya and Medzhitov, 2014). As intracellular adaptations have already been described above, I will now focus on the non-cell-autonomous response to perturbations and the extracellular communication of neurons with glia, the immune cells of the brain.

Analysing the pathology of several neurological disorders, researchers often came across a common feature: an altered glial response. For example, MS is a neurodegenerative disorder caused by the defective re-myelination of neuronal axons by glia. It is not yet clear whether the cause for this failure to re-myelinate newly formed axons is due to a loss of myelinating glia, such as oligodendrocytes, or to their impaired activation [START_REF] Lubetzki | Promoting repair in multiple sclerosis: problems and prospects[END_REF]. On the other hand, overactivation of glial responses, such as microgliosis, which is the overactivation of microglia resulting in the release of proinflammatory molecules, such as tumor necrosis factor, cytokines, chemokines and reactive free radicals, may be detrimental for the brain. In ALS and PD, for example, increased microgliosis in the motor cortex causes damage in dopaminergic neurons resulting in muscle weakness and atrophy [START_REF] Philips | Glial cells in Amyotrophic Lateral Sclerosis[END_REF]. Another movement disorder is Huntington's disease, which is caused by an abnormally long CAG repeat region on the Huntingtin (Htt) gene. Interestingly, expression of mutant Htt was also observed in glia, causing microgliosis and astrogliosis. Although, as described above, microgliosis results in increased inflammatory response, astrogliosis results in the blockage of glutamate uptake by astrocytes, reducing their ability to protect neurons. Therefore, neurons become more vulnerable to excitotoxicity [START_REF] Hsiao | Targeting glial cells to elucidate the pathogenesis of huntington's disease[END_REF]. Finally, microgliosis can also be beneficial for the brain as it accumulates around misfolded protein aggregates, such as Aβ plaques in AD, and enables their clearance.

As microgliosis and astrogliosis happen at a pre-symptomatic stage they could also be used as biomarkers for a faster diagnosis of neurodegenerative disorders and could potentially be novel drug targets. Therefore, more knowledge is required on the neuro-glial communication and glial activation.

APPL as a tool for regulation of glial function and neuro-glial interactions

One model to understand neuro-glial communication and activated glial stress responses is traumatic brain injury (TBI), as it releases paracrine injury signals and triggers neuroinflammation. Damaged neurons undergo Wallerian degeneration, a mechanism that activates neurite engulfment by microglia and macrophages only hours after the injury. However, it is still unclear what the paracrine molecular signal that attracts glia to the site of injury and activates their phagocytic response is.

MacDonald and colleagues started investigating the glial response to injury using Drosophila as the model organism by performing antennal ablation, thereby severing the axons of olfactory receptor neurons (ORNs). They described how ORNs undergo Wallerian degeneration and activate "reactive gliosis" causing the proliferation of glia and migration to the site of injury in order to start engulfing axonal debris. Moreover, they showed that, specifically, ensheathing glia extend their membranes to cover the degenerating axons and induce an increased expression of the Draper receptor, essential for engulfment (MacDonald et al., 2006) (Logan andFreeman, 2007). Doherty et al. described the Draper downstream effector pathway regulating glia's engulfment activity. They reported that following axonal injury, a still unknown paracrine ligand binds on Draper triggering its phosphorylation by Src 42a and the signalling cascade Shark and Rac1 that activate Stat92E transcription factor, which will then induce the transcription of its targets, such as Draper itself (Doherty et al., 2014). Furthermore, considering that TBI is a key environmental risk factor for neurodegenerative disorders, such as AD, Del Turco et al. performed an entorhinal denervation in the dentate gyrus of WT mice to study the involvement of APP in the TBI response mechanism. They revealed that such an injury provoked an increased localised expression of APP and of the α-secretases, ADAM 10 and ADAM 17, promoting the non-amyloidogenic processing (Del Turco et al., 2014). Interestingly, in invertebrates, Leyssen and colleague performed a TBI model by puncturing the optic lobe of adult flies and also observed an increased expression of APPL at the site of the injury (Leyssen et al., 2005). However, the rationale behind such an elevated expression of APPL in case of an injury was unclear.

After describing the implication of APPL in cellular homeostasis, regulating the endolysosomal pathway, we examined its non-cell-autonomous role as a paracrine agent. Data from this project (Chapter I) reveal an interaction of the secreted form of APPL with glia. Moreover, after performing the antennal ablation injury paradigm in APPL null fruit flies we showed that APPL LOF causes a defective glial clearance degenerating axons that can be rescued by re-expressing sAPPL. Therefore, the increased expression of APP and APPL after an injury could be because of its potential role as a paracrine signal, attracting glia to the site of injury and inducing their phagocytic function.

However, it is still unclear whether sAPPL is involved in glial migration, proliferation or in the engulfment mechanism. To answer this question, it would be necessary to use glial markers, such as Repo or Draper, to observe the migration of glia to the site of injury in APPL null flies and examine 129 whether there is an interaction between sAPPL and Draper. Moreover, sAPPL might also be implicated in the Stat92E pathway and induction of Draper expression under stressful conditions.

As mentioned previously, glial engulfment of degenerating axons involves the endolysosomal pathway and from our initial findings we have shown that APPL has a role in the regulation of endosomal morphology. Therefore, if glial migration to the site of injury is not affected, then the defective axonal clearance that we observed in APPL null flies could be due to a dysregulated and dysfunctional phagolysosomal system.

Finally, a study by Kato and colleagues proposes that Drosophila's adulthood can be divided into two phases; the first critical week of adulthood and the remainder ageing period. During this first critical week they describe an induced glial proliferation in response to programmed neuronal cell death (PCD), essential for the clearance of these dying neurons. Interestingly, this glial proliferation was also observed in response to a brain injury but only during this first critical week of life. Moreover, they reported that the tumor necrosis factor Eiger is essential for this glial cell division response [START_REF] Kato | Neuronal programmed cell death induces glial cell division in the adult Drosophila brain[END_REF].

130 Coincidently, we also reported a significant accumulation of dead neurons in the brain of APPL null flies specifically at the end of this first week of adult life. Therefore, another mechanism describing the role of APPL could be that sAPPL interacts with Eiger to induce glial cell proliferation in response to PCD or a brain injury, specifically during this critical period, to trigger glial clearance of neuronal debris.

Overall, the results from this project confirm our initial hypothesis that APPL, the Drosophila orthologue of APP, is involved in neuronal homeostasis. We provide evidence that APPL regulates two key homeostatic mechanisms; the endolysosomal pathway and the glial response to injury.

Interestingly, these homeostatic mechanisms are defective in various neurodegenerative disorders, such as in PD and AD. Therefore, these findings highlight the neuroprotective aspect of APPL and propose a novel way of investigating the cause of AD. Further research on the mechanism by which APPL regulates neuro-glial communication and injury response would bring us a step closer to the treatment against this devastating neurodegenerative disorder. A schematic representation of the endolysosomal network (ELN) Figure 2.
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 1 Figure 1. A schematic representation of the endolysosomal network (ELN)
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 2 Figure 2. Glial cell types in mammals and Drosophila melanogaster
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 3 Figure 3. Confocal image of the Drosophila antennal lobes pre-and post-antennal ablation. In red we see the nuclei of glial cells and in green the Draper expression, which increases after injury (Figure taken from MacDonald et al., 2006).
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 4 Figure 4. APP's proteolytic processing a) APP family of proteins and their homologues across species (taken from Nicolas and Hassan, 2014). b) APP proteolytic processing c) Representation of the structure of all products derived from the proteolytic processing of APP (taken from van der Kant and Goldstein, 2015)
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 5 Figure 5. Alois Alzheimer (picture adapted from Hippius[START_REF] Hippius | The discovery of Alzheimer's disease[END_REF] 
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 6 Figure 6 fAD mutations on APP Schematic presenting the location of each fAD mutation on the APP gene (Adapted from Kumar-Singh et al., 2002)
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 7 Figure 7 γ-secretase composition and cleavage of APP (Figure taken from Bergmans and De Strooper, 2010)

"

  Investigating the physiological functions in the normal state is a pre-requisite for the clinical study of pathological states and for developing efficient treatments." Claude Bernard 1. Structure and key characteristics of the human APP The gene encoding for APP is found on Chromosome 21; it contains 18 exons and undergoes several alternative splicing events resulting in various APP isoforms. In the brain, the most prevalent isoform is APP695. Other APP isoforms, such as APP770, APP751, APP714 and APP639, are present throughout the whole body. As mentioned previously, APP is composed of a short highly conserved C-terminal intracellular domain, the YENPTY, the transmembrane Aβ sequence and a long extracellular N-terminus composed of two dimerization domains, E1 and E2, an acidic domain, a Kunitz protease inhibitor (KPI) and an OX-2 domain (Figure 8). E1 is a binding domain for Heparin, zinc and copper.
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 8 Figure 8 The structure and expression of APP family proteins (Figure taken from Van der Kant and Goldstein, 2015).

  )[START_REF] Cheng | Phosphatidylinositol-3-kinase-Akt kinase and p42/p44 mitogenactivated protein kinases mediate neurotrophic and excitoprotective actions of a secreted form of amyloid precursor protein[END_REF]) (Kogel et al., 2012) (Muller et al., 2017) (Copenhaver and Kogel, 2017).
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 93 Figure 9 AICD protein signalling interactions a) Sequence of the AICD with the Go binding site region and the YENPTY region marked (Figure adapted from Heese and Akatsu, 2006). b) Pro-survival cell signaling pathway induced by the sAPPα binding on flAPP (Figure adapted from Copenhaver and Kogel, 2017)
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 10 Figure 10 Drosophila melanogaster's lifecycle and genetic modifications a) Representation of the Drosophila melanogaster lifecycle (Figure adapted from (Ong et al., 2015). b) Schematic describing the Gal4-UAS system developed by Brand and Perrimon (Figure taken from St Johnston, 2002).

  photoreceptors resulted in an age-dependent accumulation of dAβ aggregates that increased under combined overexpression of dBACE. Moreover, by 30 days, these flies had accumulated neurodegeneration causing the formation of large vacuoles at the site of overexpression[START_REF] Carmine-Simmen | Neurotoxic effects induced by the Drosophila amyloid-β peptide suggest a conserved toxic function[END_REF].
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 11 Figure 11 APPL loss-of-function a) This is a schematic of the chromosomal deletion of the appl gene, the Df(1)RT 518 /y + m 64 Y, to create APPL null flies (taken from Luo et al., 1992). White boxes represent the sections that remain. b) Fast phototaxis experiment using Canton S as the control population and APPL d flies with the Canton S background. As we can observe, the APPL d flies do not react to the light stimulus and remain in the dark area.
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 12 Figure 12 Representation of the gene sequence and all different forms of APP and APPL, their sequence organisation, cleavage sites, constructs used to examine the physiological function of APPL and finally the sequence comparison of Aβ and AICD between the human APP695 and Drosophila APPL (Figure adapted from Poeck et al., 2012).

Figure 1 .

 1 Figure 1. Loss of APPL increases early age mortality rate and apoptotic neuronal death. a) These survival curves represent the lifespan of appl d (APPL-/-) flies compared to control, Canton S flies. n=10 groups of 15 flies each for every condition (CS males, CS females, APPL-/-males and APPL-/-females). Total n=150 flies per condition. Two-way ANOVA with Sidak's multiple comparison test F(24, 450)=4.25, df=24, *p<0.05, **p<0.01, ***p<0.0001. b) Confocal sections of an appl d /Y;; brain stained with anti-Elav (magenta) to mark the neurons, anti-Cleaved Drosophila Dcp-1 (green) to mark the apoptotic cells and anti-Repo (white) to mark the glial cells. In the higher magnification pictures on the right panels we can notice that the Dcp-1 marked cell (white arrow) colocalises with Elav (b''-b''') but not with Repo (b''''-b'''''). c) This graph shows the number of apoptotic cells in the central brain of Control and APPL-/-flies at different ages; 2, 7, 21 and 45 days old. Each data point represents the number of apoptotic cells, Dcp-1 positive cells, in a single brain. For the analysis of this data we used Two-way ANOVA with Bonferroni's multiple comparison test F(3,189)=3.086, df=3, *p=0.027. d) Focusing on the 7 days old time point, which showed significant difference in the previous graph (c), we now knock down the expression of APPL only in neurons using the yw;UAS APPL RNAi (y+); Gal4nsyb and find a similar increase in the number of apoptotic cells comparing to the controls: yw;;Gal4nsyb/+ and w-;UAS CD8 GFP;Gal4nsyb. One-way ANOVA: F(2,106)=0.51, df=2, **p=0.0078, ***p=0.0005.

Figure 2 .

 2 Figure 2. Imbalanced expression of APPL and its products a) This is a schematic showing the three different forms of APPL; the full length APPL (fl-APPL), only the secreted form (SAPPL) and the one lacking the secreted part (APPLδNterm). b) Rescue experiment. Re-expression of all these constructs individually in an APPL null background and quantifying the number of apoptotic cells remaining in the brain of the flies at 7 days of age. One-way ANOVA: F(4, 147)=3.870, df=4,*p=0.0165 **p=0.0038 **p=0.0066. c) Overexpression of these constructs in a control background in all neurons. One-way ANOVA: F(3, 107)=3.43, df=3,*p=0.0127.

Figure 3 .

 3 Figure 3. Loss of APPL causes enlarged endolysosomal compartments in neurons a) Schematic showing the double fluorescent probe composed of a pH-sensitive pHLuorin and pH-resistant mCherry. This probe gets tagged on Myristoylated general plasma membrane proteins. When inside an early endosome it emits a yellow signal and as soon as the protein cargo is going inside an acidic vesicle then it produces a red signal. b) This cartoon represents the head of a fly. The fluorescent images on the right highlight the areas that were imaged: the Kenyon cells (KCs) and Projection neurons (PNs). c-c')These pictures are from a live snapshot of the KCs of adult, 7 days old, fly brains expressing the double fluorescent probe only in neurons. The left panel and its close-up, show a control: w*;UAS myr mCherry pH Luorin; nsyb Gal4 fly and the right panel and its close-up, an appl d mutant: APPLd; UAS myr mCherry pH Luorin; nsybGal4. d) This graph shows the quantification of the volume of endolysosomal compartments (um3). n=5 brains per genotype,****p<0.0001, Mann-Whitney post-hoc test. e-e') These confocal slices represent the same area of Kenyon cells but this time from a fixed tissue of control: w*;UAS myr mCherry pH Luorin; nsyb Gal4 and mutant: APPLd; UAS myr mCherry pH Luorin; nsybGal4 7 days old fly brains. The white arrows show the acidic degradative compartments. f) The volume of these degradative compartments is significantly higher in appl d flies , **p=0.006, Mann-Whitney post-hoc test, n=11 brains per genotype. g) A histogram of the relative frequency of degradative/acidic compartments in neurons, n=11 brains per genotype.

Figure 4 .

 4 Figure 4. APPL regulates the size of early-endosomes in neurons a) TEM horizontal sections of the cortical region of a 7 days old fly brain showing neuronal cell bodies (circled in blue) and their organelles. We can observe that there are more and enlarged earlyendosome like vacuoles (red arrow) in the brain of APPL-/-flies w*appl d /Y;; comparing to control +/+;+/+;+/+. nuc=nucleus, mito=mitochondria b) The size of lysosomes (red arrow) seem to not be affected in APPL-/-flies. c) This graph shows that the cell size is the same between control and APPL-/-flies at 7 days old. d-f)These graphs present the difference in size between the earlyendosome like vacuoles seen in APPL-/-and control fly brains and the increased prevalence of endosomes in 7 days old APPL-/-fly brains; n=3 brains per genotype and a total of 32 cells analysed per genotype. Statistical analysis was done using (d) Welch's t test **p=0.0080, (e) Binomial test: *p=0.0141 and (f) Welch's t test *p=0.0412. g) This graph shows that the size of lysosomes is not affected by the absence of APPL. h) This graph shows that there are significantly more lysosomes per cell slice in APPL-/-flies comparing to Canton S. Unpaired t-test *p=0.018. i) Confocal sections of the central brain of 7 days old APPL-/-flies (i) and APPL-/flies heterozygous for Rab5 (i'), stained with the neuronal marker elav (magenta) and the apoptotic marker dcp-1 (white). i''-i''' represent close-ups showing Dcp-1 stained cells and the colocalisation with Elav. Blue arrows point to the Dcp-1 positive cells. j) Quantification of apoptotic cells in the central brain of control w*/Y;+/+;+/+, w*appl d /Y;;, w*/Y;Rab5 KO/+; and w*appl d /Y;Rab5 KO/+;. Reducing one copy of Rab5 in an APPL-/-background shows a significant reduction in the number of Dcp-1 positive cells observed in APPL-/-flies at 7 days old. One-way ANOVA: F(3,98)=7.987, df=3, **p=0.0013 ****p<0.0001. k) 7 days old APPL-/-flies lacking one copy of Rab7, a late endosome marker, w*appl d /Y;;Rab7 KO Crispr 3P3RFP/+, do not show a difference in the number of apoptotic neuronal cell death.
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 5 Figure 5. SAPPL interacts with glia and affects their endolysosomal network a) Schematic representation of the double-tagged APPL construct with GFP on the intracellular part and mCherry on the extracellular part. b-b''') Confocal sections of an adult APPL null fly brain expressing the double-tagged construct Appldw*/Y; UAS CherryApplGFP / +; nsyb Gal4 in all neurons. In green we see the intracellular domain C-terminus of APPL and in red the secreted N-terminus of APPL. This brain is also stained with anti-Repo to mark glia (white). On the close-up panels (last row) we can clearly observe the colocalisation between SAPPL and the glial marker, Repo. c-c') These pictures are from a live snapshot of glial cells, around Kenyon cell bodies, of 7 days old fly brains expressing the double fluorescent probe only in glia. The left panel shows a control: w*; UAS myr mCherry pH Luorin; repoGal4 fly and the right panel the mutant: Appldw*; UAS myr mCherry pH Luorin; repoGal4. d, e) This graph and histogram represent the quantification of the volume of endolysosomal compartments in glia. They show that the endolysosomal compartments are smaller in glia of APPL-/-flies, ***p=0.0009, Mann-Whitney post-hoc test, n=6 brains. f, g) TEM horizontal sections of the cortical region of a 7 days old fly brain showing neuronal cell bodies and cortical glia (circled in blue) between them. We can observe that the distribution of cortical glia in the brain of APPL-/-flies is abnormal, they have an irregular shape and many vesicles, comparing to the control.

Figure 6 .

 6 Figure 6. APPL null flies show defective clearance of degenerating axons a) Schematic presenting the head of a fly after antennal ablation. b-d) Confocal images of GFP-labelled olfactory receptor neuronal axons at the antennal lobes of control: w*/Y;OR83bGal4 UAS CD8 GFP/+; and APPL-/-: Appldw*/Y;OR83bGal4 UAS CD8 GFP/+; flies before antennal ablation, 2 (c) and 5 (d) days after antennal ablation. The left panels of every section are also stained with nc82 to mark the neuropil. e) Quantification of volume of GFP covered region in the OR83b innervating glomeruli before, 2 and 5 days post ablation, in control and APPL-/-flies. f) We can observe that at 5 days post ablation the volume of GFP covered region of axonal debris remaining in the APPL-/-brains is significantly higher comparing to the control, ***p=0.0009, Mann-Whitney post-hoc test. Every data point presented on the graph is the result of a brain.

Figure 7 .

 7 Figure 7. Expression of flAPPL and SAPPL rescues glial clearance of axonal debris a-a''') Confocal images of GFP-labelled olfactory receptor neuronal axons at the antennal lobes at 5 days post antennal ablation. This data show the rescue of a defective glial clearance of axonal debris, seen in APPL-/-flies, when we express the UAS APPL (a'') and UAS SAPPL (a'''). The left panels of every section are also stained with nc82 to mark the neuropil. b-d) Quantification of volume of GFP covered region (um3) in the OR83b innervating glomeruli before and at 5 (c) and 8 (d) days post ablation, in control, APPL-/-and the rescue flies: Appldw*; UAS APPL/OR83bGal4GFP; and Appldw*; UAS SAPPL/OR83bGal4GFP;. c) We can observe that at 5 days post ablation, expressing APPL and SAPPL in an APPL-/-background are able to significantly rescue the defective glial clearance. One-way ANOVA F (3, 76) = 23.13, df=3, **p=0.0019 ****p<0.0001. d) This phenotype seems to have a similar pattern at 8 days post ablation. One-way ANOVA F (3, 21) = 10.47, df=3, *p=0,04 **p=0.0099 ****p<0.0001. Every data point presented on the graph is the result of a brain.

  Second, it is important to study at what stage of the 'reactive gliosis' are APPL and SAPPL implicated and, more importantly, what are the exact receptors of SAPPL that activate glial response to injury. It has been widely recognized that the key glial receptor essential for the engulfment of axonal debris, throughout both development and adulthood, is Draper[52] [53]. Furthermore, studies have revealed that the main downstream signaling proteins that get activated by Draper are the signal transducer and activator of transcription (Stat92E), c-Jun N-terminal kinase (JNK)/AP-1 signaling, and the

Figure 8 Figure 1

 81 Figure 8. Working model

Figure 2 ;

 2 Figure 2 ;UAS-APPL-Delta N-term / CyO; D / TM6C, Df(1)w; UAS-SAPPL; (kindly provided by the lab of L. Torroja) and UAS-APPL / CyO; D / TM6C.

Figure 3

 3 Figure 3 Control: w*;UAS myr mCherry-pHLuorin;, yw*;;nsybGal4. Appl-/-: Appl d w*; UAS myr mCherry pH Luorin; nsybGal4 kindly given by the lab of R. Hiesinger.

Figure 4

 4 Figure 4 Controls: Canton S (+/+;+/+;+/+), w*/Y;+/+;+/+. Appl-/-: Appl d w*;+/+;+/+. Rab5-/+: w*;Rab5 KO/CyO; and Rab7-/+: w*;;Rab7 KO Crispr 3P3RFP/TM6B kindly given by the lab of R. Hiesinger.

Figure 5

 5 Figure 5 Control: w*;UAS myr mCherry-pHLuorin;, w*;;repoGal4 kindly given by V. Auld lab. Canton S (+/+;+/+;+/+). Appl-/-: Appldw*;+/+;+/+. Double fluorescent construct: Appldw*hsflp / FM7C Df GmR YFP; UAS CherryApplGFP / CyO; (created in the lab), yw*;;nsybGal4. Appl-/-: Appl d w*; UAS myr mCherry pH Luorin; repoGal4.

Figure 6

 6 Figure 6 Control: ;OR83bGal4 UAS CD8 GFP; kindly given by the lab of I. Grunwald. Appl-/-: Appldw*/Y;OR83bGal4 UAS CD8 GFP/+;.

Figure 7

 7 Figure 7 Rescue experiment flies: Appldw*; UAS APPL/OR83bGal4GFP; and Appldw*; UAS SAPPL/OR83bGal4GFP;.

Figure

  Figure S2 Control: w*/Y;+/+;+/+ Appl-/-: w*appl d /Y;;, and Vang-/+: appl d w*/Y;Vang-/+;.

Figure S4

 S4 Figure S4 Atg7 mutants: w-; Atg7[d77] / CyOGFP kindly provided by R. Hiesinger's lab.

Figure

  Figure S8 dT expressed specifically in the retina: ;UAS-mCherry-APPL-GFP/lexAop-CD4tdGFP; GMR-Gal4/Repo-lexA kindly provided by the lab of R. Hiesinger.

Figure

  Figure S2 APPL does not seem to interact with the Wnt PCP pathway to maintain neuronal health Quantification of apoptotic cells in the central brain of control, w*/Y;+/+;+/+, w*appl d /Y;;, and

Figure

  Figure S3 The reduced expression of APPL correlates with the increased number of apoptotic cells at 7 days old a) This graph presents the number of apoptotic cells in 7 days old flies expressing two different Appl RNAi lines: UAS Appl RNAi4: y1 sc* v1; P{TRiP.HMS01931}attP40; + / + and UAS Appl RNAi5: P{KK102543}VIE-260B. From these data we understand that UAS ApplRNAi 4 has a stronger phenotype penetrance. One way ANOVA, F (3, 137) = 6.050, df=3, p*= 0.017, p**=0.0012 b) Indeed, confocal sections of Appl staining presented reveals that expressing the UAS ApplRNAi 4 line in all post-mitotic neurons, using the nsyb Gal4 driver, reduces the most the expression of APPL, resembling the most to Appld flies.

Figure

  Figure S4 Increased autophagy in APPL null flies a-b) Graphs presenting the increased number of Atg8 puncta per brain in appld background flies at 7 and 14 days of age. Double mutations with endolysosomal markers Rab5 and Rab7 confirm that the autophagy is a distinct pathway. Reducing one copy of endolysosomal markers in an appld background does not impact the amount of autophagosomes. (a) One way ANOVA,F (5, 84) = 15.41, df=5, p****<0.0001. (b) One way ANOVA, F (5, 83) = 13.14, df=5, p**=0.0027, p****<0.0001. c) Confocal stack of the central brain stained with Elav (red) to mark the neuronal cell bodies and Atg8 (green) to mark the autophagosomes. In this picture we compare Canton S (control) flies to Appld. d) This graph represents the quantification of apoptotic cells in the brain of appld background flies with one reduced copy of the Atg7 gene.

Figure

  Figure S5 Loss of APPL causes enlarged endolysosomal compartments in neurons a)Histogram presenting the volume of each endolysosomal compartment in neurons of control, w*;UAS myr mCherry pH Luorin; nsyb Gal4 fly, and appl d mutant: APPLd; UAS myr mCherry pH Luorin; nsybGal4, flies. b) This histogram shows the relative frequency of endolysosomal compartments in neurons at different volumes um3 (bins). c) This graph shows the quantification of the number of endolysosomal compartments per um3 in neurons. d) This graph shows that the number of degradative compartments/um3 is not significantly affected by the absence of APPL, every dot corresponds to a brain. e) These graphs represent the same data as in Figure 3d but separated in smaller groups of volume ranges. It shows how the main difference in endolysosomal compartments' volumes between control and Appl-/-is in the smallest volume group.

Figure S6 .

 S6 Figure S6. APPL regulates the size of early-endosomes in neurons a) Histogram presenting the volume of each early-endosomelike vesicle in neurons of control, +/+;+/+;+/+ and APPL-/-flies, w*appl d /Y;; flies. b) This histogram represents the relative frequency of early-endosome-like vesicles and their size in APPL-/-flies, w*appl d /Y;;, comparing to control, +/+;+/+;+/+. c) This histogram represents the relative frequency of lysosomes and their size in APPL-/-flies, w*appl d /Y;;, comparing to control, +/+;+/+;+/+. d) Histogram representing the relative frequency of lysosomes per cell slice in APPL-/-flies, w*appl d /Y;;, comparing to control, +/+;+/+;+/+ fly brains.

Figure S7 .

 S7 Figure S7. Effects of endolysosomal alterations in lifespan a-b) Lifespan analysis of control and appl d flies lacking one copy of Rab5

Figure

  Figure S8. SAPPL travels ubiquitously regardless the site of expression of APPL a) Confocal sections of a control fly brain throughout development until adulthood that expresses the double fluorescent tagged APPL construct specifically in the retina using the GMR Gal4 driver, ; UAS-mCherry-APPL-GFP/lexAop-CD4tdGFP; GMR-Gal4/Repo-lexA. As we can see between P50 and P80 there is a significant release of SAPPL (white) beyond the site of expression reaching all areas of the brain. b) This is a different experiment using these flies: ; UAS-mCherry-APPL-GFP; GMR-Gal4. These close-ups on the photoreceptors confirm that it is only the SAPPL (white) that travels ubiquitously in the brain, although the C-terminus of APPL (green), the intracellular part, remains in the cell bodies where it is being expressed. c) This graph shows the adult stage of the flies used in (a) and highlights that the SAPPL (white), not only travels throughout the brain, but it also co-localises specifically with the glial marker, Repo (green). a,c) Same experiment 488 channel  Repo GFP and c-term APPL, 555 channel n-term APPL mCherry, 647 channel Elav. b) 555 channel n-term APPL mCherry, 488 channel  c-term APPL, 647 channel 24B10.

Figure S9 .

 S9 Figure S9. APPL effects on glial endolysosomal network a, c) The number of endolysosomal and degradative/acidic compartments were not affected by the absence of APPL. b,b') These confocal slices represent the same area of glial cells but this time from a fixed tissue of control and APPL-/-7 days old fly brains. d,e) The volume of degradative/acidic compartments was also similar between both conditions.

Figure

  Figure S10 Glial clearance of axonal debris at 2 days post ablation Quantification of volume of GFP covered region (um3) in the OR83b innervating glomeruli at 2 days post ablation, in control, APPL-/-and the rescue flies: Appldw*; UAS APPL/OR83bGal4GFP; and Appldw*; UAS APPLS/OR83bGal4GFP;.

Figure 1 .

 1 Figure 1. Startle-induced negative geotaxis (SING) assay was used to measure the loss of function (LOF) phenotype of Parkinson's Disease (PD) candidate genes on flies' locomotor activity compared to their positive and negative controls. a) Image of the startle-induced negative geotaxis assay setup. b) The list of PD candidate genes that were tested.

Figure 2 .

 2 Figure2. First RNAi screening of the candidate genes. LOF phenotype was assessed by counting the percentage of flies from the total number of flies in that vial that could climb above the 5cm threshold in 20 seconds after tapping the vial, versus the percentage of flies that could not cross this threshold. Control: ;UAS GFP; Gal4nsyb. We have circled in light blue all genes that show a loss of locomotor activity when knocked down. These RNAi lines were only tested in a single experimental repeat, this is why there are no error bars or statistical analysis.

Figure 3 .

 3 Figure 3. Second RNAi line screening of some of the gene candidates tested using the SING assay. Control: ;UAS GFP; Gal4nsyb. The Y axis represents the percentage of flies from 3 biological repeats in most RNAi lines. We have circled in light blue all genes that show a loss of locomotor activity when knocked down. The error bars represent the median with range.

Figure 4 .

 4 Figure 4. Age-related deterioration in the climbing performance of flies was assessed when testing a cohort of flies at 10 days old versus 35 days old and comparing the mutant flies with their genetic background controls. Data in all the above graphs resulted from three independent cohorts of agematched flies for each genotype. Significance was assessed with a Two-way ANOVA with Tukey post-hoc test, df=5, p*<0.05, p**<0.001. Controls: ;UAS GFP; Gal4nsyb and ;; Gal4nsyb.

Figure 5 .

 5 Figure 5. Functional assay and improved SING assay a) Confocal images of a control brain expressing red fluorescent protein (RFP) and Mito GFP specifically in the DNs. As we can observe in the lower panel, it allows us to detect alterations in the number and size of mitochondria inside DNs. b) On the upper panel it is a picture of the new set-up for the SING assay and the lower panel a representation of the assay and how the snapshots will look like for quantification.

Figure 1 .

 1 Figure 1.A schematic representation of the endolysosomal network (ELN) Figure2.Glial cell types in mammals and Drosophila melanogaster Figure3.Confocal image of the Drosophila antennal lobes pre-and post-antennal ablation Figure4.APP's proteolytic processing Figure5.Alois Alzheimer Figure6.fAD mutations on APP Figure7.γ-secretase composition and cleavage of APP Figure8.The structure and expression of APP family proteins Figure9.AICD protein signalling interactions Figure10. Drosophila melanogaster's lifecycle and genetic modifications Figure11.APPL loss-of-function Figure12.Representation of the gene sequence and all different forms of APP and APPL

  

  

  

  

  

Table

  

	Brain Signs -Biomarkers	Behavioural	Causes -Risk factors	Prevention
		symptoms		
	 Neuronal loss / brain	 Memory loss	 Age	 Regular physical
	atrophy	 Impaired	 Genetics	activity
	 Aβ plaques	communication	 Down Syndrome	 Management of
	 Neurofibrillary Tau	 Disorientation	(Hardy and	heart diseases,
	tangles	 Confusion	Selkoe, 2002)	diabetes, obesity,
	 Retinal pathology (Blanks	 Poor judgment	 Familial AD	smoking, cholesterol
	et al., 1996)	 Mood swings	mutations	and hypertension
	 Increased	 Apathy	(Kumar-Singh et	 Education
	astrocyte/neuron ratio	 Depression	al., 2002)	 Healthy diet
	(Blanks et al., 1996)	 Loss of the ability	 APOE-e4 (Lane-	 Lifelong learning and
	 Cytokine levels increase,	to speak, walk and	Donovan et al.,	cognitive training
	IL1 (Griffin et al., 2006)	swallow	2014)	 Stimulating work
		(Selkoe, 2012)	 TREM2 (Zhao et	 Remaining socially
			al., 2018)	and mentally active
			 Environmental factors	(Selkoe, 2012)
			 Brain injury (Griffin et al.,	
			2006)(Ikonomovic et al.,	
			2004) (Jellinger, 2004)	
			 Hyper-activation of the	
			glial inflammatory	
			processes	
			 Female sex (Niu et al.,	
			2017)	
			 Progressive DNA damage	

  Although the fruit fly genome is composed of only ~200 million base pairs, compared to 3.2 billion in humans, it encodes for 15.500 genes, only 4.500 less than in humans. Therefore, it is a very dense genome within only 4 chromosomes, compared to 23 pairs of chromosomes in humans. Furthermore, 70% of genes involved in human disorders have an orthologue in Drosophila, which makes it a very appealing model to understand mechanistically human diseases and develop treatments. Indeed, several conditions and neurological disorders have been studied using the fruit fly, such as Fragile X syndrome, alcoholism,

sleep disorders, cancer, ALS, AD and PD

(Adams et al., 2000) 

expression of matrix metalloproteinase-1 (Mmp1)[START_REF] Ray | Glial draper rescues Aβ toxicity in a Drosophila model of Alzheimer's disease[END_REF]. Therefore, this could help discovering the yet unknown receptor of SAPPL and its downstream effector-signaling pathway.
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Abstract

La protéine précurseur de l'amyloide (APP) est une protéine transmembranaire dont la structure et la fonction sont conservées chez nombreuses espèces, des invertebrés et des vertebrés. Toutefois, la fonction physiologique de cette protéine et son rôle dans la santé et la fonction du cerveau restent incertains. Étant donné que les mutations d'APP provoquent la forme familiale de la maladie d'Alzheimer, la grande majorité des recherches portent sur cet aspect de la biologie de la protéine.

Nous avons ici étudié la fonction physiologique d'APP dans le cerveau adulte à l'aide de la mouche des fruits, Drosophila melanogaster. Celle-ci ne porte qu'un seul homologue du gène APP, appelé APP Like (APPL). Des études antérieures ont fourni des preuves de l'implication d'APPL dans la formation de réseaux neuronaux et la croissance axonale par la voie de signalisation Wnt. Cependant, tout comme APP, APPL continue à s'exprimer dans l'ensemble des neurones du cerveau adulte où ses fonctions et leurs fondements moléculaires et cellulaires sont inconnus.

Dans cette étude nous montrons que la perte de fonction d'APPL entraîne la dérégulation de la fonction endolysosomale dans les neurones et les cellules gliales. Nous avons observé un élargissement important des compartiments endosomaux, suivi de la mort de cellules neuronales à un âge précoce qui entraîne une réduction de la durée de vie. Ces dysfonctionnements peuvent être amoindris par la réduction des niveaux du régulateur endosomal précoce Rab5, indiquant un rôle causal de la fonction endosomale pour la mort cellulaire. Enfin, nous montrons que le domaine extracellulaire sécrété d'APPL est capturé par les glies, régulant ainsi leur morphologie endosomale.

Cette régulation est nécessaire et suffisante pour l'élimination des débris neuronaux dans un modèle d'axotomie. Nous proposons donc que les protéines APP représentent une nouvelle famille de protéines de signalisation neurogliale nécessaire à l'homéostasie du cerveau adulte.

APPL regulates glial endolysosomal volume and debris degradation function

Considering the involvement of APPL in the regulation of the size of endosomes in neurons, we asked whether SAPPL may play a similar role in glia. We expressed the myr-DF probe specifically in glia and performed live imaging of 7-day-old control and appl d brains. In contrast to neurons, the endolysosomal compartments of glia had a reduced volume compared to the controls (Figure 5c, c', d), with no significant effects on their numbers (Figure S9a). The volume and number of degradative compartments analysed from fixed data was not affected by the absence of APPL (Figure S9b-e). TEM analysis however revealed strong glial disruptions. In control brains, cortex glia were intact and their extensions occupied the spaces between neuronal cell bodies (Figure 5f). In contrast, the distribution of cortex glia between neuronal cell bodies in appl null brains was irregular, and they showed cytoplasmic blebbing, suggesting that glia were either unhealthy or dysfunctional (Figure 5g). These data suggest the exciting possibility that SAPPL may act as a neuronal signal to regulate endolysosomal trafficking in glia. Studies on mouse brain lesion models showed increased levels of alpha-secretase (ADAM-17 and ADAM-10) in reactive astrocytes 7 days post-lesion [START_REF] Turco | Upregulation of APP, ADAM10 and ADAM17 in the denervated mouse dentate gyrus[END_REF]. In Drosophila, using a model of stabbing in the central brain and axonal ablation of olfactory receptor neurons (ORNs) Kato and colleagues showed that glia lose their ability to react to axonal lesions within 10 days after injury [START_REF] Kato | Neuronal programmed cell death induces glial cell division in the adult Drosophila brain[END_REF].

Therefore, taking into consideration these findings and our data showing a role of APPL during the first week of adulthood in the fly brain and its transfer from neurons to glia, we asked if APPL is required for glia to clear neuronal debris. To investigate this, we labelled ORNs with GFP in control and appl d

flies and used the model of antennal ablation [START_REF] Macdonald | The Drosophila Cell Corpse Engulfment Receptor Draper Mediates Glial Clearance of Severed Axons[END_REF] (Figure 6a). After ablating both antennae of 5 days old flies we dissected their brain and imaged ORN axonal debris (GFP, green) in the antennal lobes of the adult fly brain. In control brains, axonal debris were almost completely cleared by 5 days after ablation. In contrast, loss of APPL caused a significant reduction in the clearance of the degenerative axons by glia in 5 days post-ablation (Figure 6b-f). This defect was rescued by re-expressing, in an appl null background, either full length APPL or only SAPPL specifically in ORNs (Figure 7a-c). To test the extent of the delay in clearance, we examined control and appl null brains at 8 days post ablation, and found that axonal debris still persist in appl mutants at this late stage (Figure 7d). Therefore, APPL seems to be a neuronal signal required in glia to regulate their ability to clear neuronal debris.

Blocs were cut in 1 µm semi-thin sections with an ultramicrotome EM UC7 (Leica). Sections were stained with 1% toluidine in borax buffer 0.1M. Then we cut ultra-thin sections (~ 70 nm thick) and collected them on copper grid (Electron Microscopy Science). They were contrasted with Reynolds lead citrate for 7 min. Observations were made with a Hitachi HT 7700 electron microscope operating at 70 kV. Electron micrographs were taken using an integrated AMT XR41-B camera (2048x2048 pixels).

Adult brain culture and live imaging

Adult brains were dissected in cold Schneider's Drosophila Medium and mounted, posterior side up, in the culture chambers perfused with culture medium and 0.4% dialyzed low-melting agarose [START_REF] Özel | Filopodial dynamics and growth cone stabilization in Drosophila visual circuit development[END_REF].

Live imaging was performed at room temperature using a Leica TCS SP8 X confocal microscope with a resonant scanner, using 63X water objective (+3.3 zoom), Z step size 0.7um. White laser excitation was set to 488 nm for pHLuorin and 587 nm for mCherry signal acquisitions [START_REF] Jin | Live Observation of Two Parallel Membrane Degradation Pathways at Axon Terminals[END_REF].

Quantification and statistical analysis

Imaging data were processed and presented using ImageJ (National Institute of Health). Image J was also used for manual quantification of the apoptotic, Dcp-1 positive cells slice by slice throughout the z-stack and for selecting regions of interest using the "ROI Manager" function. For the endolysosomal compartments analysis we used the IMARIS software (Bitplane), for both live and fixed images. To quantify the number and volume of the endolysosomal compartments we used the Surface function, enabling the "Split touching objects" mode and keeping the same intensity threshold across samples and conditions. In the fixed images, to distinguish the red, acidic, compartments from the endosomes and quantify them, we used the "Spot colocalize" function. To measure the volume of the ones noncolocalizing, we used the Surface function enabling the "Split touching objects" mode. Finally, the IMARIS software (Bitplane) and, more specifically, the Surface function was also used to quantify the volume of remaining GFP expressing axonal debris in the antennal ablation experiment, again using the same intensity threshold across samples and conditions. Graphs were generated and statistical analysis was conducted using GraphPad Prism 8. Finally, to quantify the number of autophagosomes, Atg8 puncta, we used the IMARIS spot function and set the size threshold to 1µm, whilst keeping the intensity threshold stable between samples.

Olfactory receptor injury protocol

For the antennal ablation experiment we used ;OR83b Gal4 UAS CD8 GFP; flies, expressing GFP in most of the olfactory receptor neurons, and crossed them with control and appl d background flies. The progeny of these crosses was collected daily and, after selecting the right genotype, we ablated both antennae of 5 days old flies using finely sharpened tweezers. Then we dissected the adult brains at 2, Résumé en Francais 
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Materials and methods

Fly stocks and husbandry

First, we identified the Drosophila orthologues of the human genes and then we used two RNAi lines, whenever possible, of each orthologue gene and expressed it in all post-mitotic neurons using the nsyb Gal4 driver (Table 1.). We used two different RNAi lines, from either Bloomington Stock center or the VDRC, as the efficiency of the knock-down varies.

All stocks were maintained using standard rich food at 21 o C and all crosses and experiments were conducted at 25 o C on a 15hr: 9hr light:dark cycle at constant humidity.

The control flies we used throughout these experiments were the following lines:

yw-;UAS CD8 GFP/+;nsyb Gal4/+ and yw-;;nsyb Gal4 

Ageing experiment

To examine any potential age-dependent effect of the knock-down of a gene, we tested some genotypes at two different ages. After the selection process explained in the previous section, we performed the SING assay at 10 days of age and then placed the flies back into their food vials. After flipping them every 2-3 days to a fresh food vial we re-tested the same flies for every genotype at 35 days old. This experiment was repeated three times for every genotype. 15 trials per cohort, 3 cohorts and 2 different ages.

Quantification

After taking the 15 snapshots per genotype and gender, we manually counted the flies that climbed above the 5cm threshold in 20 seconds. Then we took the average of the results from the 15 trials and expressed the average of flies that climbed above 5cm as a percentage of the total number of flies in the tube. Finally, we plotted these results per genotype in comparison with the control. For the genotypes that were tested more than once and the ageing experiment, we could assess the statistical significance and hence performed a Two-way ANOVA statistical analysis followed by Tukey post-hoc test, using the GraphPad software.

Results

Mutations on GRAMD1B and PI31 are potentially causing PD Locomotion, in both vertebrates and invertebrates, is controlled by DNs and in PD patients lesions and degeneration are observed mainly in this neuronal population (Zhou and Palmiter, 1995) [START_REF] Riemensperger | Behavioral consequences of dopamine deficiency in the Drosophila central nervous system[END_REF][START_REF] Corti | What genetics tells us about the causes and mechanisms of Parkinson's disease L[END_REF]. Therefore, to investigate the causative role of these novel mutations on AR genes, we examined the effect that they have on the locomotor system of Drosophila. We knocked-down the expression of these AR genes in all post-mitotic neurons and measured the climbing ability of mutant flies compared to genetic background controls. Taken together, the results from the two first screenings, the two different RNAi lines, we observe that the already known PD genes, such as Park, VPS13, Synj, DJ-1, ATP13A2 and aux show an impaired climbing ability compared to control flies (Figure 2 and3). These results confirmed the power of our model to detect locomotor defects caused specifically by PD mutations. Cellular quality control homeostatic mechanisms are essential for the maintenance of neuronal health and the response to somatic mutations, single nucleotide polymorphisms (SNPs), and environmental perturbations throughout ageing. Moreover, studies on ALS, PD, Multiple sclerosis (MS) and AD, revealed that their causative mutations have an impact on various homeostatic mechanisms, such as autophagy, mitophagy, the endolysosomal network, energy metabolism and neuro-glial communication [START_REF] Miranda | Endolysosomal dysfunction and exosome secretion: implications for neurodegenerative disorders[END_REF].

Acronyms

In this study, we showed that APPL loss-of-function (LOF) causes an accumulation of autophagosomes and a dysregulation of early endosome morphology during an early critical phase, affecting the endolysosomal network and causing early-onset (EO) neurodegeneration. Moreover, an overexpression of APP in Down syndrome models revealed a lysosomal dysfunction due to an impaired acidification that also causes EO neurodegeneration [START_REF] Jiang | Lysosomal dysfunction in down syndrome is app-dependent and mediated by APP-βCTF (c99)[END_REF]. Taken together, these studies highlight the importance of keeping APP levels stable to maintain the functionality of cellular homeostasis mechanisms. Moreover, they suggest that endolysosomal pathway alterations might be a novel biomarker for AD.

Despite the various differences between AD and other neurodegenerative diseases, most of them show an accumulation of misfolded proteins, such as TDP-43 in ALS and frontotemporal dementia (FTD), α-synuclein in PD and Aβ oligomers in AD. Therefore, it would be constructive to apply the knowledge acquired on the neuropathology of AD and APP alterations, to the investigation of the pathology of these other diseases. For example, researchers identified mutations on the Vps34, the Vps13 and their lipid product phosphatidylinositol-3-phosphate (PI3P) that cause EO PD and AD, and examined their effects on cellular quality control mechanisms. Results showed that these proteins also regulate the endolysosomal function, autophagy and hence protein degradation. Furthermore, alterations on Vps34 resulted in a reduction of exosome release, which ensures the extracellular discharge of undegraded misfolded proteins from neurons, such as α-synuclein, Tau tangles and TDP-43, and could also activate glial clearance [START_REF] Miranda | Endolysosomal dysfunction and exosome secretion: implications for neurodegenerative disorders[END_REF].

In this project (Chapter II) we identified two novel PD candidate causative mutations on the GRAMD1b and the PI31 genes, the orthologues of the human GRAMD1C and PSMF1 in humans, respectively.

Previous studies showed that GRAMD1C is a cholesterol transporter protein, regulating cholesterol production at the ER and informing about its availability at the plasma membrane. Considering that there have been reports of cholesterol metabolism issues in PD patients, mutations on GRAMD1C might be the cause for this dysregulation [START_REF] Naito | Movement of accessible plasma membrane cholesterol by GRAMD1 lipid transfer protein complex[END_REF]. On the other hand, PI31 in Drosophila or PSMF1 in mammals has completely different properties, it is a proteasome binding protein that mediates the transport of proteasomes wherever they need to degrade proteins along the neuron.

This function is essential for protein homeostasis and it was recently shown that a conditional knockdown of PSMF1 in mammalian motor neurons causes proteotoxic stress that leads to disrupted
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The amyloid precursor protein (APP) is a structurally and functionally conserved transmembrane protein from C. elegans to humans. It has mainly been known and studied for its implication in Alzheimer's disease (AD) because one of its proteolytic products, the Aβ oligomers, aggregates and forms senile plaques observed in the brain of AD patients. We investigated the physiological function of APP in the adult brain using the fruit fly Drosophila melanogaster, which harbors a single APP homologue called APP Like (APPL). The general introduction of this thesis summarizes all previous findings on the implication of APP and APPL in various aspects of neuron biology, highlighting the need for further investigation on their overarching function and molecular underpinnings. We hypothesized that APP might be involved in a homeostasis mechanism maintaining neuronal health and counteracting perturbations throughout ageing. In the first chapter, we report that APPL loss of function results in the dysregulation of endolysosomal function in both neurons and glia. We observed a notable enlargement of early endosomal compartments in neurons followed by the accumulation of dead neurons in the brain during a critical period at a young age and subsequent reduction in lifespan. These defects can be rescued by reducing the levels of the early endosomal regulator Rab5, indicating a causal role of endosomal function for cell death. Finally, we show, for the first time, that the secreted extracellular domain of APPL interacts with glia, regulates their endosomal morphology and this is necessary and sufficient for the clearance of neuronal debris in an axotomy model. We propose that the APP proteins represent a novel family of neuro-glial signaling proteins required for adult brain homeostasis. The second chapter describes a collaborative project, where we performed the RNAi screening of potential Parkinson's disease (PD) candidate genes. We identified two autosomal recessive mutations found on PD families that cause a locomotion defect in fruit flies and, in the future, we will investigate further their implication in dopaminergic neurons. 
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