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Résumé

Le principal symptôme des patients atteints de la Maladie d'Alzheimer (MA) est une importante perte de mémoire. Au niveau cellulaire, on retrouve dans les cerveaux de patients malades des dépôts extracellulaires de plaques amyloïdes ainsi que des agrégats intracellulaires de protéines tau. Des déficits de métabolisme du glucose ont également été identifiés dans les cerveaux de patients atteints de la MA. Ces déficits métaboliques apparaissent une quinzaine d'années avant l'apparition des premiers symptômes cognitifs suggérant qu'ils pourraient être à l'origine de déficits synaptiques qui expliqueraient les pertes de mémoire. Pour mieux comprendre les mécanismes qui relient métabolisme énergétique et activité synaptique, nous nous sommes intéressés à la production de L-serine, une molécule dont la synthèse de novo dérive d'intermédiaires glycolytiques. La L-serine est un précurseur impliqué dans de nombreuses voies anaboliques, comme la production de lipides ou la synthèse de glycine. C'est également le précurseur de la D-sérine, un acide aminé en conformation D présent en grande quantité dans le cerveau. La D-sérine est un co-agoniste des récepteurs au N-méthyl-Daspartate (NMDA-R) qui se fixe sur le site de fixation de la glycine. Il a été montré que dans l'hippocampe, la présence de D-sérine est nécessaire à la potentialisation à long terme (LTP) de l'activité synaptique. La voie de biosynthèse de la L-serine est ainsi à l'interface entre métabolisme énergétique et activité synaptique.

La production de sérine est le résultat de l'activité de trois enzymes, Phgdh, Psat1 et Psph, qui catalysent la formation de L-serine à partir du 3-phosphoglycérate glycolytique. Nous avons principalement étudié l'enzyme Phgdh qui est spécifiquement exprimée dans les astrocytes dans l'hippocampe de souris, de primate et chez l'homme. Afin d'étudier le rôle de cette voie, nous avons mis au point un modèle de délétion conditionnelle de la Phgdh en injectant par stéréotaxie des vecteurs adéno-associés (AAV) permettant l'expression de la cré-recombinase dans les astrocytes de l'hippocampe de souris phgdh flox/flox , une lignée de souris qui possède des sites LoxP dans le gène de la Phgdh. Suite à cette injection, l'expression de Phgdh diminue d'environ 60% dans l'hippocampe des souris injectées avec la cré-recombinase en comparaison des souris injectées avec de la GFP. Cette injection n'a pas d'e et secondaire sur les astrocytes, ni sur les neurones et les cellules microgliales. Dans ce modèle, le niveau v de D-sérine extracellulaire est également diminué d'environ 60% dans l'hippocampe. Nous avons ensuite réalisé des enregistrements éléctrophysiologiques sur tranche qui ont permis de mettre en évidence une altération de la LTP dans l'hippocampe de ces souris. Les souris injectées avec de la cré-recombinase présentent également un déficit de mémoire spatiale à long terme mis en évidence avec le test de la piscine de Morris. L'ajout de L-sérine lors des enregistrements électrophysiologiques montre que la L-sérine appliquée de manière aigüe restaure la plasticité synaptique. Lorsque les souris reçoivent chroniquement un régime enrichi en L-serine, la quantité de D-sérine extracellulaire dans l'hippocampe est significativement augmentée. De plus, les déficits de mémoire à long terme sont restaurés. Ces résultats montrent que la biosynthèse de sérine est nécessaire et su sante pour la plasticité synaptique et la mémoire à long terme.

Afin d'étudier le rôle de la biosynthèse de L-sérine dans la MA, nous avons mesuré l'expression de di érentes enzymes impliquées dans la synthèse et le transport de Let D-sérine dans des extraits d'hippocampes de patients atteints de la MA et nous avons mis en évidence des changements significatifs dès les stades intermédiaires. L'expression de la PHGDH est diminuée dans le cerveaux des patients atteints de la MA comparés aux individus sains alors que l'expression de PSAT1 et SR sont augmentées. Finalement, nous avons étudié un modèle murin de MA, les souris 3xTg, qui présentent des déficits métaboliques, synaptiques et comportementaux. Les déficits de LTP observés dans ces souris sont restaurés en ajoutant de la Lou de la D-sérine de façon aigüe sur les tranches d'hippocampe. Nous montrons également que le déficit de mémoire spatiale à long terme peut être restauré par une supplémentation chronique en D-sérine, suggérant l'importance de cette voie dans le contexte de la MA.

Pour explorer le potentiel thérapeutique de la L-sérine dans un contexte de MA, nous proposons maintenant d'étudier par quels mécanismes la biosynthèse de L-sérine impacte la mémoire à long terme. Au delà de la disponibilité synaptique en D-sérine, la L-et la D-sérine peuvent jouer sur la stabilité des arborescences dendritiques ainsi que la densité des épines dendritiques. Il serait également intéressant d'étudier les interactions entre le métabolisme de l'A-et de tau avec la biosynthèse de la L-sérine pour comprendre l'implication de cette molécule dans le contexte spécifique de la MA.

Glucose metabolism in the brain

The brain represents around 2% of body weight. However, it accounts for almost 20% of energy consumption [1]. When studied at the organ level, the brain depends on glucose oxidation to fulfill its energetic needs. During development or in stressful conditions like starvation, it is able to change its metabolism towards the use of ketone bodies [2].

Glucose energy metabolism is a compartmentalized process. Illustrated in We will review several techniques that have been developed to evaluate glucose consumption and metabolic fluxes, focusing on their applications in the brain. We will try to explain the energy demanding processes that can explain such a di erence between weight and energy consumption in the brain. This will lead us to review the cellular organization of the brain and the specificities of the di erent cell types concerning energy metabolism.
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The ideal technique would cover the whole organizational range, offering precise control of experimental variables while providing physiologically relevant data that may be reproduced by other laboratories. It should also be affordable and accessible. Of course, there is hardly such technique and trade-offs become necessary. The illustration in Figure 2 shows how some popular approaches distribute over the organizational space. The structure of purified enzymes and transporters is studied by means of X-ray diffraction, while understanding their function may demand complex systems like vesicles. Oxidative phosphorylation is studied by respirometry of isolated mitochondria, where substrates and cofactors are manipulated at will and fast phenomena are followed in real time, or by respirometry of cell populations, where experimental control and temporal resolution are sacrificed for the benefit of subcellular context and physiological relevance. Cellular and organ level experiments could involve imaging of metabolites concentrations in brain cells in vitro and in vivo or optical control of signaling in cells of known phenotype. At the end of the spectrum are minimally invasive techniques like magnetic resonance spectroscopy (MRS), positron emission tomography (PET) scanning, and functional magnetic resonance imaging (fMRI), the only methods that may be used in human subjects. Technical domains in brain energy metabolism research. Different techniques perform over different domains, which are in turn defined by a combination of organizational level, experimental control and relevance to human physiology. For example, electrophysiology achieves excellent experimental control at small and intermediate hierarchies by in vitro recording from single channels, single cells or small cell assemblies, but it is not practical in vivo and cannot be used in humans. MRS, in contrast, may be applied to human subjects, but has limited experimental control and provides time-and space-averaged measurements 4 | BARROS ET AL. [4] Techniques applied for brain metabolism studies are relevant for di erent domains according to their accuracy, practicability and spatio-temporal resolution. Those parameters determine whether they can be used in rodents, non-human primates and humans.

Figure 1.2 -Several techniques to evaluate brain metabolism at di erent levels

How to measure metabolic fluxes in the brain?

Metabolic fluxes were first evaluated comparing blood concentrations of energy metabolites between carotid artery and jugular vein [3]. However, it just gave a very global view of those fluxes. Due to the diversity of metabolic pathways, the compartmentalization of those pathways and the pluri-cellular architecture of the brain, measuring metabolism in this organ is a real challenge. As Barros et al. recently reviewed (see Figure 1.2) [4], metabolism in the brain can be considered at multiple levels, and many techniques have been developed to study all those levels. In this introduction we will review some experimental approaches used to measure metabolic fluxes, focusing on glucose at four di erent levels: total brain, metabolic units, cellular and sub-cellular levels.

Glucose transport and utilization

The first step that can influence glucose metabolism in the brain is its uptake. Specific transporters mediate glucose facilitative entry into the cells. They are called Glucose Transporter (GLUT). The first isoform of the GLUT family, GLUT1, is expressed in the whole brain. It is found in a glycosylated form at the membrane of endothelial cells along the Blood-Brain Barrier (BBB) but also in a less glycosylated form at the membrane of other cell types and more specifically glial cells. Low levels of GLUT2 are found in the brain, in astrocytes and in tanycytes. The isoform GLUT3 is the predominant glucose transporter in neuronal cells. Among the other isoforms, GLUT4 has been detected only in some specific regions of the brain such as the cerebellum, the dentate gyrus and the hypothalamus. GLUT5 is the main fructose transporter and is expressed in microglia, and GLUT8 and GLUT10 have been detected at very low levels in the brain. The two isoforms GLUT1 and GLUT3 are the predominant transporters of glucose in the brain [5].

Several methods, available for animals and humans, can evaluate this glucose transport using micro-dialysis or micro-electrodes -that give a steady-state measure of glucose concentration-combined with mathematical modeling. However, a more meaningful index of glucose utilization would be to quantify how much glucose is consumed by the cells over time. This cannot be done directly with glucose that is degraded by the glycolytic pathway but it was achieved in rodents using glucose analogs that are not fully degraded by glycolysis.

Quantitative autoradiography was adapted in 1977 by Sokolo in order to measure glucose utilization in brain cells [6,7]. Using a radioactive analog of glucose, 2-deoxy-D-[14C]glucose (2-DG), that is transported and phosphorylated by hexokinase at rates comparable with glucose but leading to a phosphorylated product that cannot be metabolized through the rest of the glycolytic pathway, it was possible to measure the accumulation of radioactive phospho-2-DG that is trapped into the cells. This technique allows a quantitative measure of the use of glucose in various regions of the brain. Indeed, autoradiography is performed by placing brain slices directly on X-ray films that detect radioactive decay of 14 C, giving a cartography of 14 C accumulation. However, autoradiography has several drawbacks, it involves radioactivity manipulations that are complicated to perform in most of the laboratories and measures have to be done post-mortem. It gives a good spatial resolution (¥ 100 µm) but it is not precise enough to discriminate di erent cell types. Nonetheless, it is the most quantitative method of glucose utilization available nowadays.

Fluorescent analogs of glucose were developed at the beginning of the twentieth century in order to bypass autoradiography disadvantages. N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino-2-Deoxyglucose (NBDG) possesses a nitrobenzodiazolamine group, instead of the hydroxyl group present on glucose, on carbon 2 or 6 (2NBDG and 6NBDG). This substitution makes the molecule fluorescent but it also prevents the molecule from being phosphorylated by hexokinase (6NBDG) or from being metabolized downstream the phosphorylation (2NBDG) [8]. Using multi-photon imaging, one can measure the time-course of fluorescence increase in the brain at a cellular level and measurements can also be performed in vivo [9]. Fluorescent glucose analogs solved several problems caused by autoradiography. They allow cellular resolution, they can be used in vivo, and they are not radioactive. However they do not allow quantitative measurements, they cannot be used in humans and they display a molecular size much higher than glucose that may change the speed of transport from the blood to the inside of the cells.

Fluorescence Resonance Energy Transfer (FRET) nano-sensors have been used more recently and solved problems raised by fluorescent glucose analogs since they allow a direct measurement of glucose concentration in the cells. These FRET biosensors display changes in their fluorescence when they interact with glucose (Figure 1.3)-The Cyan Fluorescent Protein (CFP) fluorescence is transferred to Yellow Fluorescent Protein (YFP)-which means that YFP fluorescence increase is directly linked to glucose concentration. They have the great advantage of being genetically encoded, they can be expressed by transgenic lines but they also can be expressed by specific cells after gene transfer using viral vectors, which means that they are easily transferrable from one animal model to another. Moreover, as was the case for fluorescent analogs, multi-photon microscopy allows one to have a great spatial resolution and to perform FRET measurements in vivo. Unfortunately, FRET biosensors are very di cult to calibrate, especially in vivo, and the measurements performed in the cells are only relative.

Fluoro Deoxy Glucose -Positron Emission Tomography (FDG-PET)

is the only technique currently available to measure glucose utilization in the brain in vivo, in humans and animals (see appendix 1.A for more details about the technique). Based on the same principle as autoradiography, the radionuclide FDG is an analog of glucose, with the same properties as 2-DG, that is phosphorylated by the hexokinase, but the product of this reaction cannot be metabolized further. Phospho-FDG accumulates in cells and releases positrons that are annihilated by interacting with electrons, leading to the production of photons. Photons can be detected and allow a 3D reconstruction of the rates of glucose transport in the brain.

Glucose fate and mitochondrial activity

Besides the approaches used to measure glucose uptake and utilization, other methods have been developed to probe the fate of glucose into the cells. For example, FRET biosensors binding lactate or pyruvate are frequently used to measure glycolytic or mitochondrial fluxes. 13 C-labeled glucose and other stable isotopes are also used to follow the fate of a glucose molecule. The use of 13 C-labeled glucose combined with mass spectrometry allows one to study fluxes of di erent pathways by measuring the accumulation of 13 C enriched substrates. 13 C is also used in combination with Magnetic Resonance Spectroscopy (MRS) to evaluate in vivo metabolism [11]. Spectra detected by MRS allow one to identify peaks that are specific for metabolites and for 13 C position in metabolites. The amplitude of a peak is directly linked to the concentration of the corresponding metabolite. Combined with mathematical modeling, MRS can give interesting information about metabolic fluxes. However, due to the low abundance of those metabolites in the brain, MRS studies have to be performed on large voxels and trigger low resolution [12].

It is important to note that during 13 C-labeled glucose infusion all the organs are supplied with 13 C-labeled glucose which means that, at some point, some downstream metabolites of other organs can be labeled with 13 C and circulate in the blood. If these downstream metabolites are used by the cells of the brain it can compromise the observations. In mitochondria we can separate two main metabolic activities -the TCA cycle and the respiratory chain. Metabolic activity of mitochondria is usually not measured directly but by using variations in the concentration of O 2 and CO 2 .

Respiratory experiments allow one to measure O

2 Consumption Rate (OCR) as valuable information for bioenergetics. Some devices like the SeaHorse from Agilent have been specifically designed to allow real-time measurements of metabolic activity in mitochondria.

ATP production can also be measured as an element of energy production in mitochondria. Using the di erent a nity of ATP compared to Adenosine DiPhosphate (ADP) for magnesium, a fluorescent magnesium sensitive indicator allows one to quantify indirectly the rate of ATP over ADP [13]. ATP production can also be measured using lumimeter that detects the light produced by the reaction between luciferin and ATP [14]. Several other techniques have also been described [14] but many of them are available only in vitro or on isolated mitochondria. In vivo, ATP levels can be measured in large regions using 31 P MRS.

GLUCOSE METABOLISM IN THE BRAIN

Using all the approaches described in this section, brain metabolism has been broadly studied. It allowed the determination of this common reference: 20% of the energetic consumption of the body is dedicated to the brain. We will now review the respective contribution of the cellular processes performed by neurons and glial cells that lead to this overall energy budget.

Brain activity and energy consumption

Glucose consumption in the brain directly produces ATP and reducing power (NADH,H + and FADH

2 ) that can be further transformed into ATP in mitochondria. Neurons are the main consumers of energy -75-80% -even if they represent only half of the total number of cells in the human brain [15]. Glial cells and neurons use a part of the upcoming glucose to produce lipids, nucleotides and proteins but synaptic activity requires specific mechanisms that are highly energy demanding. We will give a quick overview of these mechanisms that were extensively reviewed by Harris et al. in 2012 [16].

Electrical activity

Neurons are excitable cells, which means that their membrane potential can change. Due to basal permeability to Na + and K + , resting membrane potential is around ≠70 mV but action potential firing can raise this potential by up to 50 mV.

In the axon, electrical stimuli can lead to the opening of voltage-gated Na + channels triggering local membrane depolarization by Na + spontaneous entry. The opening of K + channels, that are slower, triggers K + exit and membrane repolarization. This transient change in the membrane potential propagates along the axon because each depolarization allows the opening of neighbouring voltage-gated channels. This process by itself does not require ATP but the ability of the axon to fire action potentials depends on the maintenance of its resting potential. Action potential firing destabilizes the ionic distribution on both sides of the membrane that needs to be re-equilibrated in order to be able to fire a new train of action potentials. This re-equilibration requires the action of the Na/K-ATPase pump. This membrane protein, through the consumption of ATP, triggers the entry of 2 K + in the cell and the exit of 3 Na + , which can compensate the sodium gradient created by action potentials (Figure 1. .

At the synaptic bouton, messages held by action potential frequency are translated into calcium concentration. Ca 2+ channels open and trigger Ca 2+ entry into the cell. Once more, this process does not require ATP, but in order to receive several messages, the calcium concentration has to go back to its resting state. Ca 2+ -ATPase pumps lead to calcium re-equilibration through the consumption of ATP (Figure 1.4-2). 

Synaptic activity is an energy demanding process

Action potentials fire in the axon that requires the action of NA/K-ATPase pump to re-equilibrate ionic gradients (1). At the synaptic bouton, the frequency of action potentials is converted into calcium concentration. The calcium-ATPase pump allows to re-equilibrate calcium concentrations through the membrane (2). Glutamate is produced by the TCA cycle in mitochondria, diverting part of the metabolic flux (3). Glutamate is then loaded into release vesicles through the action of VGlut transporters that depend on the proton gradient. The proton gradient is created by the action of the proton-ATPase pump (4). Released vesicles merge with the plasma membrane through the creation of protein complexes like Soluble N-éthylmaleimide-sensitive-factor Attachment protein REceptor (SNARE). Dissociation of these complexes requires ATP consumption (5). In the synaptic cleft, glutamate binds post-synaptic receptors that are ion channels. ATPase pumps allow re-equilibration of the post-synaptic membrane potential (6).

GLUCOSE METABOLISM IN THE BRAIN

Post-synaptic dendrites receive messages as chemical compounds that bind chemio-dependent channels. The opening of these channels triggers ion entry in the post-synaptic compartment -most of the time Na + or Ca 2+ . As is the case for axons and synaptic boutons, returning to the resting state is energy demanding through the action of ATPase pumps that permit the exit of Na + or the accumulation of Ca 2+ in the reticulum (Figure 1. [4][5][6].

Neurotransmitter production and release

At the synapse, pre-synaptic elements release neurotransmitters in the synaptic cleft that bind post-synaptic receptors and transfer a signal from one neuron to another (see appendix 1.B for more details).

Neurotransmitter production is performed through specific mechanisms that consume part of the energy of the cell as it diverts intermediates that could have been used for ATP production. For example, glutamate is formed by the TCA cycle in mitochondria (Figure 1. .

Vesicular release of neurotransmitters depends on the loading of vesicles with neurotransmitter molecules. For glutamate, molecules are loaded into release vesicles by the action of specific transporters VGlut. The uptake of glutamate through VGlut is mediated by an electrochemical gradient of protons that is created by H + -ATPase (Figure 1. . Another ATPase is present at the plasma membrane that dissociates the SNARE complex created during membrane fusion for exocytosis and neurotransmitter release (Figure 1. [4][5].

Energy consumption in glial cells

Whereas neurons consume 80% of the energy produced in the brain, 20% are dedicated to glial activity but much less is known about the energy demanding processes in astrocytes, microglia and oligodendrocytes.

Astrocytes re-uptake neurotransmitters from the synaptic cleft and participate in their recycling. Those processes require the activity of Na/K-ATPase pumps and consume energy. Microglial cells are constantly moving to monitor the integrity of brain parenchyma. These movements depend on a cyto-skeleton dynamic and ATP consumption. Oligodendrocytes produce myelin and dedicate a large quantity of their metabolites to lipids synthesis.

Theoretical modelings, mainly performed by Attwell and co-workers [17], suggest that the major part of the energy in the brain is consumed at synapses through action potentials firing, neurotransmitters production and release, and post-synaptic integration. They recently start to investigate energy consumption of non-signalling tasks -macromolecules biosynthesis, vesicles and organelles tra cking along the axon [18]. However, little consensus exists about the energetic cost of these processes.

It was evaluated that 10 14 to 10 16 synapses are present in a human brain, that is around 20 000 per neuron. This high number of synapses probably explains the high energy consumption in the brain compare to other body parts. It also raises the hypothesis that local mechanisms exist to adapt the local energy production to local activity [19].

Astrocytes support neuronal energetic demand during synaptic activity

When they were first discovered, one thought that glial cells are just glue to keep neurons together. Since these early discoveries, numerous studies have demonstrated the important roles played by glial cells in physiological and pathological conditions [20].

In this section, we are going to focus only on the roles played by post-developmental protoplasmic astrocytes in physiological conditions as it was reviewed in several papers [21,22,23].

Astrocytes and neurons form tripartite synapses

Astrocyte processes are in close association with synapses but this association is really di cult to observe because the size of the thinnest processes is under the di raction limit of conventional microscopy. The use of electron-microscopy and 3D reconstruction revealed what is now called the tripartite synapse (Figure 1.5), a concept that emerged from studies of glutamatergic synapses in the hippocampus. This structural association suggests that astrocytes are functional partners of synaptic transmission which is confirmed by the set of proteins expressed in astrocytes processes near synaptic terminals [23]. Surprisingly, the exact roles played by astrocytes in synaptic transmission remain debated because astrocytes are challenging to study. Adult astrocytes are dramatically di erent from developing astrocytes so results obtained with primary cultures are not always transferable to an in vivo context. Moreover they are very sensitive to any change in their environment and very di cult to target making in vivo studies quite complicated [21]. Finally, they are implicated in many functions that can di er from a region to another and from an excitatory synapse to an inhibitory synapse.

Potassium homeostasis was one of the first functions of astrocytes to be described. Astrocytes have a very low resting potential that is mainly based on the potassium gradient. During the co-culture of neurons and astrocytes it has been described that an elevation of K + in the extracellular medium results in a large potassium uptake by astrocytes and not by neurons [24]. During the firing of action potentials, astrocytes can bu er extracellular potassium more e ciently than neurons (Figure 1.5-1).

Gliotransmission was one of the most striking revolutions in the field of glia research. Receptors, vesicular structures and transmitters such as "-AminoButyric Acid (GABA), ATP and D-serine were discovered in astrocytes. This suggests that these cells can sense synaptic activity and release molecules in the synaptic cleft, acting on pre-or post-synaptic elements (Figure 1.5-2). Even if it raises a lot of debate (see Section 1.3.3), gliotransmission is an important feature of astrocytes that can impact synaptic transmission and synaptic plasticity [25].

Calcium signalling in astrocytes has been studied for the last 25 years. Recent technical advances allow calcium-signalling to be reliably studied in cell compartments using genetically encoded calcium indicators coupled to two-photon microscopy [26]. A recent study showed that resting calcium concentration in astrocytes is extremely heterogeneous and compartmentalized in processes [27]. It also showed that calcium signals occur in small processes without requiring the mobilization of the internal stores of calcium (Figure 1.5-3). In vivo studies have now started to reveal the settings under which astrocytes display behaviourally relevant Ca 2+ signalling. However, the mechanisms underlying calcium signalling are still debated since many sources of calcium have not been explored yet. Calcium activates a lot of signalling pathways that still need to be investigated in astrocytes to determine how calcium signalling contributes to the activity of neuronal circuits.

Neurotransmitter receptors at the astrocytic membrane sense synaptic activity. They are mainly G-protein coupled receptors that trigger the activation of several pathways in the cell. The binding of neurotransmitters on astrocytic receptors seems to cause Ca 2+ modulations that could be responsible for the release of gliotransmitters (Figure 1. . This hypothesis is an attractive mechanism to explain how astrocytes sense and respond to neuronal activity [28].

Neurotransmitter transporters are also found at the astrocytic membrane. They are responsible for neurotransmitter re-uptake near the synaptic cleft. Blocking this re-uptake provokes a long-lasting activation of the synapse and prevents the segregation of several synaptic events. Moreover, concerning glutamate transporters, they prevent excitotoxicity in the post-synaptic neuron. Internalization of neurotransmitters in astrocytes also permits neurotransmitter recycling. A well-known example is the glutamate-glutamine cycle that converts glutamate into glutamine (Figure 1.5-5). Glutamine is then transported to neurons where it re-enters the process of glutamate formation.

Astrocytes are involved in brain homeostasis during neuronal transmission; they control the extracellular concentrations of potassium and glutamate and prevent excitotoxicity. By re-uptaking neurotransmitters they define the timing of synaptic activation, but also the space scale of this activation because they form a physical barrier that prevents neurotransmitter spill-over from one synapse to another [28]. They sense and modulate synaptic activity through neurotransmitter receptors allowing calcium signalling and gliotransmitter release in the synaptic cleft. Finally, we will discuss the mechanisms that have been proposed to describe how astrocytes provide metabolic support to neurons during synaptic activity.

The roles of astrocytes in regulating metabolic supply during brain activity

Nowadays, determining the rate of energy production during synaptic activity remains challenging. It has been proposed that glycolytic activity is su cient to supply synapses with ATP at basal states but that the rate of both glycolytic and mitochondrial pathways increase to sustain all the energy demanding processes implicated in synaptic activity [19]. [29,30]. Neurons display a high rate of mitochondrial metabolism whereas astrocytes, even if they have a lot of mitochondria, rather depend on cytoplasmic glucose utilization. These metabolic profiles have been unraveled by a transcriptomic study performed on Fluorescent Activated Cell Sorting (FACS) isolated neurons and astrocytes [31]. This study shows that splicing of the Pyruvate Kinase (PK) is di erent between neurons and astrocytes -PKM1 isoform is specifically expressed in neurons 1.1. GLUCOSE METABOLISM IN THE BRAIN whereas PKM2 is specifically expressed in astrocytes. PK is one of the main regulators of glycolytic flux but with the particularity that PKM2 has many possible regulations to enhance glycolytic activity [32]. It also identifies that the isoform B of Lactate DesHydrogenase (LDH), that converts pyruvate into lactate, is expressed mainly in astrocytes. 6-phosphofructose-2-kinase/fructose-2,6-biphosphatase-3 (Pfkfb3) expression also di ers between neurons and astrocytes. It was shown recently that both neurons and astrocytes express Pfkfb3 mRNAs but that the protein is only present in astrocytes [33]. Expression of Pfkfb3 in neurons is restricted by the activation of the ubiquitine-proteasome system. Pfkfb3 regulates glycolysis rate through its interaction with the glycolytic enzyme Phospho-Fructo Kinase (PFK). The absence of Pfkfb3 proteins in neurons can explain the low rate of glycolysis. Glucose utilization is then directed to the Pentose-Phosphate Pathway (PPP) that allows NADPH production whose role played to deal with Reactive Oxygen Species (ROS) is crucial in neuron survival. On the other hand, the entry of pyruvate in the TCA cycle depends directly on the action of Pyruvate DesHydrogenase (PDH). Little PDH is produced in astrocytes so a low quantity of pyruvate is driven to the TCA cycle which explains that astrocytes do not have a lot of oxidative energetic activity.

Neurons and astrocytes have di erent metabolic profiles in basal conditions

These cell-specific metabolic profiles, identified through the specific expression of some regulated enzymes, indicate that astrocytes can dynamically up-regulate glycolysis whereas neurons cannot. It raises the question of how neurons can fulfill the increase of ATP production required to sustain synaptic activity if they cannot increase their production of pyruvate through glycolysis. It further suggests that astrocytes and neurons may co-operate during synaptic activity. This idea is supported by results in Drosophila showing that metabolic co-operation between neurons and astrocytes is a general and well conserved concept across species [34,35].

Neurometabolic coupling defines the tight relationship existing between synaptic activity and subsequent changes in metabolic activity. In this context, the Astrocytes to Neurons Lactate Shuttle (ANLS) hypothesis emerged from concomitant observations that astrocytes can produce lactate through aerobic glycolysis, a metabolic pathway that refers to lactate production from pyruvate in the presence of O 2 , and that neurons preferentially use lactate than glucose to fulfill their energetic needs. For a long time, all the data we had about metabolism came from the study of energetic pathways obtained in muscles [36]. Understandably, lactate was then considered to be a poison for the brain, and not a fuel. It took years to be able to consider lactate as an energetic metabolite. It was first accepted that lactate coming from the blood can be fully oxidized in the brain. Using labelled molecules of lactate and glucose, it was then shown that the increase of lactate concentration leads to a decrease of glucose utilization, suggesting that lactate could be the preferred energetic substrate for the brain [30]. Then came the idea that, maybe, lactate could concomitant increase in the 2-DG signal in the barrel (Cholet et al., 2001). Similar results were obtained in knockout transgenic mice in which the expression of the astrocyte-specific glutamate transporters was impaired (Voutsinos-Porche et al., 2003a, 2003b). These data indicate that astrocytes play a central role in coupling synaptic activity to glucose uptake through a mechanism that is mediated by glutamate transporters; lactate produced through glutamate-stimulated aerobic glycolysis is delivered to active synapses through MCTs (Nagase et al., 2014). Very recently it was shown that pharmacological inhibition of LDH, one of the components of the ANLS (Figure 3), which results in a reduction of lactate release by astrocytes, markedly decreases the excitability of neighboring pyramidal cells (Sada et al, 2015). For a review and discussion of the ANLS mechanism and aerobic glycolysis, readers are referred to [START_REF] Pellerin | Sweet sixteen for ANLS[END_REF] and [START_REF] Schurr | Cerebral glycolysis: A century of persistent misunderstanding and misconception[END_REF].

An important point to consider in this context is that ANLS is operative during glutamate-mediated activation. Under baseline conditions, there is no doubt that glucose transport and glucose utilization operate in neurons mostly to produce reducing equivalents [START_REF] Herrero-Mendez | The bioenergetic and antioxidant status of neurons is controlled by continuous degradation of a key glycolytic enzyme by APC/C-Cdh1[END_REF]. Indeed, neurons express glucose transporters of the GLUT3 type as well as hexokinase activity (Mueckler and Thorens, 2013; Zhang et al., 2014). Furthermore, mitochondrial oxidative activity occurs also in astrocytes, as indicated, for example, by the expression of oxidative phosphorylation genes in purified populations of astrocytes (Cahoy et al., 2008;Lovatt et al., 2007). However, during glutamate-mediated activation, two mechanisms contribute to the promotion of glucose uptake into astrocytes and the reduction of its oxidative fate in these cells. First, glutamate uptake into astrocytes results in acidification of the mitochondrial matrix. This glutamate-induced mitochondrial matrix acidification dissipates the cytosol-to-mitochondrial matrix pH gradient, resulting in the decreased capacity of mitochondrial oxidative phosphorylation in astrocytes [START_REF] Azarias | Glutamate Transport Decreases Mitochondrial pH and Modulates Oxidative Metabolism in Astrocytes[END_REF].

Second, Barros and colleagues [START_REF] Porras | Glutamate Mediates Acute Glucose Transport Inhibition in Hippocampal Neurons[END_REF]) have shown that glutamatergic activity results in decreased glucose utilization in neurons, whereas uptake of saccharide into Glutamate released at the synapse activates glutamatergic receptors (GluRs), a process associated with energy expenditure in neuronal compartments. A large proportion of the glutamate released at the synapse is taken up by astrocytes via excitatory amino acid transporters (EAATs; more specifically, GLT-1 and GLAST) using the electrochemical gradient of Na + as a driving force, with a stoichiometry of one glutamate to three sodium ions. The disrupted Na + homeostasis is reestablished by the action of the Na + /K + ATPase (in particular the a2 subunit; Pellerin and Magistretti, 1997), an ATP-consuming process. Following its uptake by astrocytes, glutamate is converted to glutamine by the action of glutamine synthetase (GS), also an ATP-consuming process, and shuttled to neurons, where it is converted back to glutamate by glutaminases (GLSs). The metabolic burden created by glutamate uptake triggers nonoxidative glucose utilization in astrocytes and glucose uptake from the circulation through the glucose transporter GLUT1 expressed by both capillary endothelial cells and astrocytes. Glycolytically derived pyruvate is converted to lactate by lactate dehydrogenase 5 (mainly expressed in astrocytes) and shuttled to neurons through monocarboxylate transporters (mainly MCT1 and MCT4 in astrocytes and MCT2 in neurons). In neurons, lactate can be used as an energy substrate following its conversion to pyruvate by LDH1 (mainly expressed in neurons). Under basal conditions, neurons can also take up glucose via the neuronal GLUT3. Concomitantly, astrocytes participate in the recycling of synaptic glutamate via the glutamate-glutamine cycle. For additional details, see text and [START_REF] Pellerin | Sweet sixteen for ANLS[END_REF].
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Figure 1.6 -Astrocyte to neuron lactate shuttle [30] Lactate is produced in astrocytes through aerobic glycolysis. It is then transferred to neurons through MCT (lactate transporters) where it is converted to pyruvate and directly used in the TCA cycle to fulfill energetic needs. be produced directly in the brain as a metabolite and not as a by-product of other anaerobic metabolic pathways.

During synaptic activity, astrocytes internalize part of the synaptic glutamate that is co-transported with Na + . Glutamate entry into astrocytes disturbs the Na + /K + internal balance which triggers an increase of glucose uptake and glycolytic flux. It produces pyruvate that cannot enter the TCA cycle because of the low quantity of astrocytic PDH (according to the metabolic profile of astrocytes). Pyruvate accumulation promotes aerobic glycolysis and many molecules of lactate are produced in astrocytes during synaptic activity through the action of LDH-B. Lactate is transferred to neurons through lactate transporters (Mono-Carboxylate Transporters (MCT) -family) where it is converted back to pyruvate, in order to enter the TCA cycle and produce ATP in mitochondria (Figure 1.6). This new pool of pyruvate completes the neuronal endogenous pyruvate produced through basal glycolytic activity [37]. Observations that glutamate uptake also triggers acidification of astrocytic mitochondria preventing them from uptaking pyruvate and forming ATP [38] and that glucose utilization is reduced in neurons during synaptic activity [39] support this hypothesis. However, this model has been challenged a lot [40]. Stoechiometry between the quantity of glucose used in astrocytes and the quantity of O 2 used by neurons is mainly questioned. Moreover, re-uptake of glutamate from the synaptic cleft does not seem to require enough ATP to set in motion the whole ANLS mechanism.

GLUCOSE METABOLISM IN THE BRAIN

How do glia differ from neurons?

The defining characteristic of a neuron is its ability to transmit rapid electrical signals in the form of action potentials. All other neural cells that lack this property are categorized into a broad class termed glia. Neurons are arranged in networks (circuits), and communicate with each other via specialized intercellular adhesion sites called synapses. Neuronal signalling involves the propagation of an action potential down a neuron's axonal process to a presynaptic terminal; the depolarization of the terminal and release of neuro transmitters; binding of the released neurotransmitters to receptors on the post synaptic membrane of another neuron; and the sub sequent de polari zation of this second neuron, propagating the signal further. Glia do not fire action potentials, but instead surround and ensheath neuronal cell bodies, axons and synapses throughout the nervous system.

Are all glia the same?

No. On the basis of morphology, function and location in the nervous system, there are several classes of glia. In mammals, for example, glia are classified as microglia, astrocytes and the related Schwann cells and oligodendrocytes (Fig. 1).

Where do they originate from?

Glia and neurons mainly share a common origin -precursor cells derived from the embryonic germ layer known as the neuro ectoderm. A notable exception is microglia, which are part of the immune system and enter the brain from the blood circulation early in an organism's development.

What is known about the evolution of glia?

Glia are evolutionarily conserved, being present in one form or another in most species examined, from the simplest invertebrates to humans. The proportion of glia seems to be correlated with an animal's size: the tiny nematode worm has only a few glia; some 25% of the fruitfly brain consists of glia; the mouse brain has roughly 65% of these cells; the human brain has about 90%; and the elephant brain consists of some 97% glia. As animals have evolved, glia have become not only more diverse and specialized, but also essential: without them neurons die. Furthermore, astrocytes in the human cerebral cortex are much more complex than those of other mammals, and are thought to be involved in information processing.

So what exactly do glia do?

Lots of things. The traditional view has been that glia look after neurons and maintain their proper functioning, having a somewhat passive role themselves. Established functions of glia include supporting neurotransmission, maintaining ionic balance in the extracellular space, and insulating axons to speed up electrical communication. But emerging research suggests that glia, particularly astrocytes, also have an active role in brain function and information processingboth during development and in adulthood.

What is the specific function of microglia?

These resident immune cells of the nervous system survey the brain for damage and infection, engulfing dead cells and debris. Microglia have also been implicated in synaptic remodelling during the development of the nervous system, when they are proposed to remove in appropriate synaptic connections through the process of phagocytosis. More over, they are activated in many neurodegenerative diseases, but whether they are helpful or harmful in these conditions is a matter of debate.

Glia -more than just brain glue

Nicola J. Allen and Ben A. Barres Glia make up most of the cells in the brain, yet until recently they were believed to have only a passive, supporting role. It is now becoming increasingly clear that these cells have other functions: they make crucial contributions to the formation, operation and adaptation of neural circuitry. Finally, GLUT3 is specifically expressed on the neuronal membrane and have a higher capacity of glucose uptake than GLUT1 that is expressed in astrocytes. It suggests that neurons have more abilities to increase their glucose uptake during synaptic activity than astrocytes [41,42]. However, glucose uptake is not equivalent to glucose utilization. The use of the FRET sensor for lactate also demonstrated that there is a lactate gradient between astrocytes and neurons which corroborates the ANLS model [43]. Many more details can be found about the enzymatic regulations of the ANLS model and the controversies in the review written by Bolaños in 2016 [44].

Astrocytes morphology is also adapted to play a role in vascular regulations during brain activity. Indeed, it has been evaluated that in the hippocampus one astrocyte can contact around 140 000 synapses from di erent neurons. Moreover, receptors for neurotransmitters are located at the membrane of astrocytes triggering changes of calcium concentration. It places astrocytes in a perfect position to sense and integrate changes in synaptic activity in the whole neuronal network [22]. In addition to synaptic contacts, astrocytes also have long processes that can contact blood vessels (Figure 1.7) forming end-feet structures enriched in glucose transporters [37].

Neurovascular coupling defines the tight relationship between local neuronal activity and subsequent changes in Cerebral Blood Flow (CBF). It relies on vasodilation and vasoconstriction of arterioles and capillaries resulting from the co-operation of neurons, glial cells and vascular cells. Experiments performed on acute slices demonstrated that astrocytes can modulate vascular diameter [45]. Calcium signals were recorded in astrocytes, and more specifically in end-feet, during synaptic activ-ity and CBF increase, suggesting that astrocytes may be involved in neurovascular coupling [46]. It raised the hypothesis that astrocytes sensing neuronal activity may release vasoactive metabolites and trigger vasodilation and vasoconstriction. However, blocking metabotropic glutamate receptors in astrocytes had no e ect on CBF regulations in rodents [47] whereas agonists of these receptors allow significant hyperemia. Whatever the source and timing of Ca 2+ signalling in astrocytes during synaptic activity, the downstream mechanisms leading to vascular adaptations remain unclear. Despite the on-going controversies, recent data may reconcile these discrepancies. The role of astrocytes in neurovascular coupling may be restricted to capillaries and not arterioles, specifically in certain segments of the cerebrovascular network [48].

The involvement of astrocytes in CBF regulations through calcium signalling remains very controversial [45]. Similarly, the role played by astrocytes in neurometabolic coupling is largely debated. Many cellular mechanisms are involved to explain how synaptic functions are coupled with metabolic activity, and each of them needs to be carefully studied to propose a convincing model of metabolic co-operation between neurons and astrocytes.

We have seen that many processes require an acute energy fueling during synaptic transmission. The absence of energetic reserve in the brain suggests that disrupting energetic metabolism could have dramatic consequences. Metabolic activity is carefully studied in several pathologies and we are now going to explain why metabolic disturbance is an important field to explore in the context of Alzheimer's disease.

ALZHEIMER'S DISEASE

Alzheimer's disease

Alzheimer's disease (AD) is the first cause of dementia and it a ects around 47 million people in the world according to the World Health Organization (WHO). It represents 5-8% of the population aged over 60. With nearly 10 million new cases every year, AD is a public health priority. Although it was discovered long ago [49], very little is known about the underlying mechanisms leading to AD. Consequently, there is no cure for treating AD patients.

Global characterization of the disease

Clinical symptoms

Being the first cause of dementia, AD is mainly characterized by progressive impairments of memory and executive dysfunctions which can alter daily life. AD patients also show other cognitive deficits -language, vision, orientation. These cognitive symptoms are accompanied by a deterioration in social behaviour and motivation. All of these symptoms develop di erently according to each stage of the disease [50]. The pathophysiology of AD is related to the injury and death of neurons, initiating in the enthorinal cortex, the amygdala and the hippocampus. Thereafter atrophy a ects the entire brain. This atrophy can be easily observed on post-mortem brains (Figure 1.8-A).

AD pathology at the cellular level

Accumulation of misfolded A-and tau phosphorylations are the two main anatomical hallmarks of AD.

Amyloid plaques are composed of extracellular A-depositions (Figure 1.8-B).

A-peptide is an abnormal by-product of the processes of the transmembrane protein Amyloid Precursor Protein (APP). The APP protein is normally cleaved by --secretase and "-secretase (see non-amyloidogenic pathway on Figure 1.9). If, instead of --secretase, the first cleavage of APP is performed by --secretase, it produces amyloid peptide (see amyloidogenic pathway on Figure 1.9). Monomers of A-are soluble but they undergo a drastic and spontaneous change of their 3D conformation in --sheets, leading to their aggregation, forming fibrils and plaques. A-plaques appear early in the disease and proceed slowly from the neocortex to other regions of the brain. These plaques disrupt the trajectory of axons and dendrites and alter the surrounding synapses [51].

Tau is a microtubule associated protein expressed in neurons and especially in axons where it promotes vesicular transport. Misfolded tau proteins accumulate in neuronal cell bodies forming Paired Helical Filaments (PHF) and then NeuroFibrillary Tangles (NFT), leading to neuronal cell death (Figure 1.8-C). Tau is normally soluble but when it is phosphorylated on pathological sites and hyper-phosphorylated on physiological sites it acquires a --sheet conformation which induces its aggregation. Moreover, the hyper-phosphorylated tau loses its a nity for microtubules which, in turn, disrupts axonal transports (Figure 1.10). Tau aggregation starts in the entorhinal cortex and proceeds through the hippocampus and association cortices before a ecting other regions of the brain. NFT depositions in human brain correlate with cognitive decline, making tau pathology propagation a key therapeutic target [51].

In a neuron-centric view, dysfunction of the brain in AD is directly linked to deficits in synaptic plasticity, including long-term potentiation and depression and changes in connectivity (see appendix 1.C). A-and tau act together to disrupt synaptic functions and network activity [51]. However this view has to be expanded to other cell types of the brain. Based on the review published by De Strooper et al. in 2016 [54], we will summarize the roles played by astrocytes, microglial cells, oligodendrocytes and vascular cells in AD. 92 and with acyl-CoA:cholesterol acyltransferase inhibitors 93 have demonstrated lowered Aβ levels in animals. Whether a therapeutic effect requires lowering of brain cholesterol (as opposed to plasma cholesterol) is currently not known. The efficacy of statins towards AD has been examined in several small clinical trials. However, in the most recent placebo-controlled 18-month study in more than 600 mild to moderate AD cases, atorvastatin (Lipitor; Pfizer) failed to improve outcomes on symptoms and progression of AD 94 . Abnormalities of cerebral glucose metabolic rates in patients with AD are also well documented 95 . Interestingly, cognitively normal homozygous carriers of the 4 allele have reduced glucose metabolism in the same regions of the brain as patients with probable AD 96 , and in longitudinal studies cognitively normal APOE4 hetero zygotes showed significantly greater declines in cerebral glucose metabolic rate than non-carriers 97 . These abnormalities in glucose metabolism may identify early preclinical AD and could have an important role in the disease process.
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The past 5 years h modifying therapi pathway continue efforts and severa clinic. It now seem may be safe. But unknowns -suc immunotherapeu reduction do secr the single bigges intervention. Im suggest that signif before clinical de the generation or monomers and ol presence of an exi that clear existin same time may o Figure 3 | Tau pathology and major therapeutic approaches. Microtubule-bound soluble tau supports axonal transport. Tau is hyperphosphorylated in Alzheimer's disease, which could lead to the detachment of tau from microtubules, which could then lead to the formation of soluble tau aggregates and insoluble paired helical filaments that ultimately form neurofibrillary tangles. Destabilization of microtubules (impairing axonal transport) and direct toxic effects of soluble hyperphosphorylated tau and fibrillar tau may all contribute to tau-mediated neurodegeneration. Anti-phosphorylation strategies (kinase inhibitors) aim to inhibit these processes. Aggregation inhibitors could block the formation of soluble tau aggregates and the formation of tangles. Tau toxicity could also be prevented by enhancing the clearance of tau and the degradation of tau aggregates. Astrocytes regulate brain homeostasis, energy metabolism (see Section 1.1.3) and contact both synapses and blood vessels. They play an active role in promoting synaptic formation and stabilizing synaptic integration in neuronal networks. They possess numerous receptors and are able to monitor neuronal activity [22]. Alois Alzheimer was the first to notice hypertrophy of astrocytes in response to brain damage. This response is called "reactive astrogliosis" and includes a group of complex and dynamic cellular and molecular changes. Reactive astrocytes usually display hypertrophy and over-expression of intermediate filament proteins (GFAP and vimentin) (Figure 1.11-A) [START_REF] Bignami | The astroglial response to stabing . Immunofluorescence studies with antibodies to astrocyte specific protein (GFA) in mammalian and submammalian vertebrates[END_REF]. These morphological changes are accompanied by disturbance of Ca 2+ activity, activation of inflammatory pathways and disruption of signalling pathways. Reactive astrocytes are mainly found around amyloid plaques in AD brains. All these modifications may impact the functions of astrocytes: metabolic support, synaptic activity and homeostasis. Faced with such drastic changes, a crucial question remains: is reactive astrogliosis beneficial, detrimental, or both, in AD?

R E V I E W S

Microglial cells are primary phagocytes of the Central Nervous System (CNS).

During developmental stages, they participate in the construction of the neuronal network by phagocyting excess synaptic connections. The same kind of processes are involved in network plasticity during adulthood. Dysfunctions of this phagocytic activity could explain alterations of neuronal networks in neurodegenerative disorders [START_REF] Salter | Microglia emerge as central players in brain disease[END_REF]. Microglial cells also monitor the neuroinflammatory state of the brain parenchyma and secrete pro-and anti-inflammatory molecules, like cytokines and complement components. Several genes involved in neuroinflammatory processes in microglia have been associated to genetic risks to develop AD (see below), indicating that microglial cells are implicated in the pathogenesis of AD. During AD, synapse Individual reactive and nonreactive astrocytes varied considerably in shape and appearance. Many astrocytes had one or several cellular processes terminating in glial end-feet surrounding blood vessels.

The main cellular processes appeared to be thicker in reactive than in nonreactive astrocytes (Fig. 2 A). In addition, we found that the number of primary processes leaving the soma was increased in reactive compared with nonreactive astrocytes (Ͼ1000 m 2 ) in APPPS1;Cx3c average of ϳ13 plaque ass those in APPPS1;Cx3cr1 ϩ/Ϫ a mals exhibited only ϳ11 and croglia, respectively (Figure (Ͼ500 m 2 and Ͻ1000 m APPPS1;Cx3cr1 Ϫ/Ϫ mice dem and ϳ5 plaque associated m was significantly lower than ϳ glia in the medium plaques trols (Figure 4K). In addit APPPS1;Cx3cr1 Ϫ/Ϫ mice exhi in plaque associated micr APPPS1;Cx3cr1 ϩ/Ϫ mice, ind dent effect. For small plaque were not statistically signific (Figure 4L). In summary, t CX3CR1 deficiency reduces around A␤ deposits in a gene the APPPS1 mouse model of

CX3CR1 Deficiency Lead of Inflammatory Cytokine

To gain insight into the poten the concomitant reduction in associated microglia, the ex cytokines and chemokines w tive RT-PCR. Total brain RN controls, APPPS1;Cx3cr1 ϩ/ϩ APPPS1;Cx3cr1 elimination is mediated by complement components that are secreted by microglial cells [START_REF] Hong | Complement and Microglia Mediate Early Synapse Loss in Alzheimer Mouse Models[END_REF]. Moreover, microglial cells are in close association with amyloid plaques (Figure 1.11-B) and participate in the clearance of A-peptides [START_REF] Lai | Clearance of amyloid--peptides by microglia and macrophages : the issue of what , when and where[END_REF].

Diverse roles are emerging for microglia in the healthy brain. Understanding the physiological functions of these cells and how they react to brain damage, would be crucial to determine their role in neurological disorders and more specifically in AD.

Oligodendrocytes produce myelin in the CNS and participate in metabolic and trophic support for axons [START_REF] Fünfschilling | Glycolytic oligodendrocytes maintain myelin and long-term axonal integrity[END_REF]. They are considered to be very vulnerable cells and show a dramatic decrease in number in the aging brain. More specifically, myelin production is sensitive to A-oligomers and fibrils [START_REF] Bartzokis | Human brain myelination and amyloid beta deposition in Alzheimer's disease. Alzheimer's & dementia : the journal of the Alzheimer[END_REF] and early myelin alterations have been identified in the brain of AD patients [START_REF] Dean | Association of Amyloid Pathology With Myelin Alteration in Preclinical Alzheimer Disease[END_REF]. Demyelination has a huge impact on neuronal transmission and alterations of oligodendrocytes functions in AD could contribute to cognitive disorders.

The vascular hypothesis proposes that hypoperfusion and hypoxia in the brain may be associated with disruption of the BBB, creating at the same time problems in metabolic support for synaptic activity and problems in A-and tau clearance. In the long term, A-can accumulate into blood vessels and cause cerebral amyloid angiopathy, resulting in a considerable increase of the risk of developing dementia.

Even if there is much evidence to support the implication of glial cells in AD, their roles have still been poorly studied. Many more investigations are required to understand how glial cells are modified during AD and how these modifications impact the genesis and propagation of the disease.

Genetic susceptibility and risk factors

Aging is the major risk factor for AD which is substantially increased among people aged 65 years or more. This risk reaches 50% after the age of 85 years old. Most of the cases of AD are sporadic; familial forms stand for 1-5% of the cases. Even 1.2. ALZHEIMER'S DISEASE though causes of the disease are di erent, symptoms are very similar, except than the familial forms appear generally before the age of 60 years old. Genes mutated in these familial forms are mainly involved in APP metabolism (APP gene, or some subunits of the "-secretase PSEN1 and PSEN2) [START_REF] Bateman | Autosomal-dominant Alzheimer ' s disease : a review and proposal for the prevention of Alzheimer ' s disease[END_REF]. Genome-Wide Association Studies (GWAS) identified more than 20 genetic loci associated with the risk of developing AD. These genes are mainly involved in cholesterol metabolism, immune system and inflammatory response (see Alzgene for details and references). Among the genetic risk factors for AD, the allele '4 of Apolipoprotein E (ApoE) is the major one. The risk of developing AD is 3 to 15 times higher for ApoE '4 carriers. ApoE '4 is known to interfere with A-clearance and to be processed into neurotoxic fragments in AD. Moreover, other non-specific e ects mediated by ApoE '4, like BBB dysfunction and vascular disruption, favour neurodegeneration in the brain. Another well-studied genetic risk factor for AD is the microglial gene Triggering Receptor Expressed on Myeloid cells 2 (TREM2) [START_REF] Ulrich | TREM2 Function in Alzheimer ' s Disease and Neurodegeneration[END_REF]. Even if the prevalence of the variant R47H is lower than ApoE '4, it confers the same vulnerability. TREM2 is involved in phagocytic properties of microglial cells and several recent studies have investigated its contribution to A-clearance. Although conflicting results have emerged, the more striking observation is a strong decrease of microglial cells surrounding A-plaques in patients with TREM2 haplo-insu cience and mice deficient for TREM2. The numerous loci of susceptibility for AD found in genes involved in the immune system, including TREM2, reinforce the hypothesis of a preponderant role of microglial cells in AD pathogenesis.

Treatments and prevention

Nowadays there is no curative treatment for AD. More than 200 clinical trials have already been conducted but the majority of these studies have been stopped before their completion because of their ine ciency or because of some deleterious side-e ects. Many of the symptomatic treatments available (Donepezil, Galantamine, Rivastigmine and Tacrine) target the cholinergic system to prevent choline degradation in order to compensate for choline deficits resulting from neuronal death. The other molecule available, Memantine, is an antagonist of N-Methyl-D-Aspartate Receptor (NMDA-R) which prevents over-activation of these receptors and excitotoxicity. All of these treatments confer only moderate and short-term improvements in the patient's cognition [START_REF] Raina | E ectiveness of cholinesterase inhibitors and memantine for treating dementia: evidence review for a clinical practice guideline[END_REF]. Among the current strategies investigated to develop new therapies for AD, immunotherapy is a very promising one. Antibodies against A-peptide, or hyper-phosphorylated tau, prevent their aggregation in the brain parenchyma. Cognitive improvements have been observed in mice treated with immunotherapy, but several cases of vascular A-depositions have been noticed in AD patients during clinical trials [START_REF] Morgan | Immunotherapy for Alzheimer ' s disease[END_REF]. Secretase inhibitors and microtubule stabilisators are also considered as potential targets (see Alzforum for details about the clinical trials and references).

CHAPTER 1. INTRODUCTION

In any case, the major limitation for developing e cient AD treatments remains the lack of knowledge about the causative mechanisms leading to the disease. The current molecules used for AD patients can only slow disease progression, raising a new scientific challenge: how to diagnose AD patients before drastic damage to their cognitive functions ?

Early phases and diagnosis

Diagnosis, biomarkers and imaging

Based on memory loss identified by relatives or by the patient himself, the first step to diagnose AD relies on standard tests of mental functions to detect signs of intellectual impairments (eg. the Mini Mental State Examination (MMSE)). However, these types of tests are not sensitive to early cognitive changes. With the improvement of new markers and technologies, the diagnosis of AD now combines imagery and biomarkers to support these cognitive tests. Cerebral atrophy is easily detectable by Magnetic Resonance Imagery (MRI) but it is non-specific enough to ascertain AD pathology (Figure 1.12) [START_REF] Jack | Alliance for Aging Research AD Biomarkers Work Group: Structural MRI[END_REF]. Nevertheless it allows a longitudinal follow-up of the disease at an anatomical level. fMRI and FDG-PET give insights into the functional changes of a patient's brain (see more details in Section 1.2.3). Pittsburgh compound B (PiB), a PET marker for A-deposition, is widely used in AD diagnosis because it correlates with A-plaques observed post-mortem (Figure 1.13) [START_REF] Ikonomovic | Post-mortem correlates of in vivo PiB-PET amyloid imaging in a typical case of Alzheimer's disease[END_REF]. However, it is important to note that we have no clue about the percentage of patients with Adepositions who are going to develop AD [START_REF] Dubois | Advancing research diagnostic criteria for Alzheimer's disease: The IWG-2 criteria[END_REF]. To better diagnose AD, it is essential to find a way to detect tau pathology in the brain of patients with amyloid pathology, or other specific biomarkers of the disease. Some PET tracers are currently tested in humans to detect tau aggregation but they need further validation for a predictable use [START_REF] Saint-Aubert | Tau PET imaging: present and future directions[END_REF].

MRI evidence for MTL atrophy early in AD

Based upon pathological findings, several in vivo MRI studies investigated the role of the MTL, and particularly of the hippocampal formation, in the memory impairment occurring in AD. These studies largely succeeded in demonstrating quantitative relationships between MTL atrophy and dementia severity. The early MRI literature demonstrated that even with relatively low resolution and contrast, generalised brain changes (cortical atrophy and ventricular enlargement) were observed to be associated with the severity of AD and served to distinguish AD from normal aging [44]. As the rates of brain atrophy are considerably greater in AD, the diagnostic utility of MRI data was considerably improved by longitudinal observations [45][46][47]. A full decade has passed since several laboratories simultaneously observed that the hippocampal region was of value in the study of memory impairment in AD [45,48,49] and that hippocampal volume reductions accurately discriminated AD patients from aged controls [49][50][51][52][53][START_REF] Strooper | The Cellular Phase of Alzheimer's Disease[END_REF] (Fig. 1). These volume losses range between 25% and 50% depending on disease severity, and cross-sectional comparisons showed that the hippocampal volume is the superior diagnostic measure as compared with other MTL structures [51,[53][START_REF] Strooper | The Cellular Phase of Alzheimer's Disease[END_REF][START_REF] Bignami | The astroglial response to stabing . Immunofluorescence studies with antibodies to astrocyte specific protein (GFA) in mammalian and submammalian vertebrates[END_REF]. Importantly, hippocampal atrophy is also a prominent characteristic of MCI patients and qualitatively determined frequency of hippocampal atrophy in MCI is increased over that in controls (78% vs 29%) [START_REF] Salter | Microglia emerge as central players in brain disease[END_REF]. Quantitative studies of multiple temporal lobe regions demonstrated that the hippocampal volume is statistically unique for its value in the classification of normal and MCI patients [51,52,[START_REF] Strooper | The Cellular Phase of Alzheimer's Disease[END_REF][START_REF] Bignami | The astroglial response to stabing . Immunofluorescence studies with antibodies to astrocyte specific protein (GFA) in mammalian and submammalian vertebrates[END_REF]. Convit and colleagues [START_REF] Bignami | The astroglial response to stabing . Immunofluorescence studies with antibodies to astrocyte specific protein (GFA) in mammalian and submammalian vertebrates[END_REF] demonstrated an isolated hippocampal volume loss of 14% in MCI patients relative to NL. The hippocampal volume reduction was the only measure that significantly classified the NL (82%) and MCI patients (64%). When contrasting MCI and AD, inclusion of the lateral temporal lobe improved from 74% to 80% the ability of hippocampal volume to separate the groups. These data were in agreement with pathology studies and provided evidence that volume losses can be reliably detected in the hippocampus in preclinical AD, whereas the cortical areas may become more informative in advanced cases.

Longitudinal MRI studies showed that hippocampal atrophy predicts future AD from an MCI status [START_REF] Hong | Complement and Microglia Mediate Early Synapse Loss in Alzheimer Mouse Models[END_REF][START_REF] Lai | Clearance of amyloid--peptides by microglia and macrophages : the issue of what , when and where[END_REF][START_REF] Wilhelmsson | Redefining the concept of reactive astrocytes as cells that remain within their unique domains upon reaction to injury[END_REF][START_REF] Lee | CX3CR1 deficiency alters microglial activation and reduces beta-amyloid deposition in two Alzheimer's disease mouse models[END_REF][START_REF] Fünfschilling | Glycolytic oligodendrocytes maintain myelin and long-term axonal integrity[END_REF][START_REF] Bartzokis | Human brain myelination and amyloid beta deposition in Alzheimer's disease. Alzheimer's & dementia : the journal of the Alzheimer[END_REF][START_REF] Dean | Association of Amyloid Pathology With Myelin Alteration in Preclinical Alzheimer Disease[END_REF] and in familial AD cases that are asymptomatic at baseline [START_REF] Bateman | Autosomal-dominant Alzheimer ' s disease : a review and proposal for the prevention of Alzheimer ' s disease[END_REF][START_REF] Ulrich | TREM2 Function in Alzheimer ' s Disease and Neurodegeneration[END_REF]. Specifically, hippocampus volume reductions predicted decline from MCI to AD with a diagnostic accuracy generally greater than 80% [START_REF] Hong | Complement and Microglia Mediate Early Synapse Loss in Alzheimer Mouse Models[END_REF][START_REF] Wilhelmsson | Redefining the concept of reactive astrocytes as cells that remain within their unique domains upon reaction to injury[END_REF][START_REF] Lee | CX3CR1 deficiency alters microglial activation and reduces beta-amyloid deposition in two Alzheimer's disease mouse models[END_REF][START_REF] Fünfschilling | Glycolytic oligodendrocytes maintain myelin and long-term axonal integrity[END_REF][START_REF] Bartzokis | Human brain myelination and amyloid beta deposition in Alzheimer's disease. Alzheimer's & dementia : the journal of the Alzheimer[END_REF][START_REF] Raina | E ectiveness of cholinesterase inhibitors and memantine for treating dementia: evidence review for a clinical practice guideline[END_REF] (Table 1). There is also evidence for parahippocampal gyrus volume reductions in AD [START_REF] Lee | CX3CR1 deficiency alters microglial activation and reduces beta-amyloid deposition in two Alzheimer's disease mouse models[END_REF][START_REF] Morgan | Immunotherapy for Alzheimer ' s disease[END_REF], a finding of interest for the potential contribution of EC pathology to this measurement. Attempts to examine EC size directly have met with mixed success [START_REF] Jack | Alliance for Aging Research AD Biomarkers Work Group: Structural MRI[END_REF][START_REF] Ikonomovic | Post-mortem correlates of in vivo PiB-PET amyloid imaging in a typical case of Alzheimer's disease[END_REF][START_REF] Dubois | Advancing research diagnostic criteria for Alzheimer's disease: The IWG-2 criteria[END_REF][START_REF] Saint-Aubert | Tau PET imaging: present and future directions[END_REF]. Nevertheless, studies that carefully attended to the complex and variable EC anatomy found EC reductions in very mild AD and observed that these changes were greater in magnitude and even diagnostically superior to hippocampal volume measurements [START_REF] Jack | Alliance for Aging Research AD Biomarkers Work Group: Structural MRI[END_REF][START_REF] Dubois | Advancing research diagnostic criteria for Alzheimer's disease: The IWG-2 criteria[END_REF][START_REF] Saint-Aubert | Tau PET imaging: present and future directions[END_REF]. Given ROIs corresponding to these 25 tissue cubes were drawn on the corresponding four 0.24 -cm slices of this same patient's MRI scan (second from the left; taken at the time of the PiB scan 10 months before death). These same ROIs were then transferred to the co-registered PiB-PET scan (third from left) for quantification of the in vivo PiB retention. Some tissue distortion post-mortem is evident, due to the collapse of the ventricles. On the 6 -CN-PiB density map (right), the data from the post-mortem regional 6 -CN-PiB plaque load analysis (see Fig. Quantitative analyses of blood or CerebroSpinal Fluid (CSF) components raise a lot of debate to evaluate a good combination of markers of AD (eg. A--42, phospho-tau, cytokines) [START_REF] Dubois | Advancing research diagnostic criteria for Alzheimer's disease: The IWG-2 criteria[END_REF][START_REF] Montine | National Institute on Aging-Alzheimer's Association guidelines for the neuropathologic assessment of Alzheimer's disease: a practical approach[END_REF].

Methods to diagnose AD are still very poor and the final diagnosis can only be performed post-mortem by histopathological analyses of brain tissues. There is a crucial need to improve this part of the AD field to allow the development of early treatments in order to avoid deleterious symptoms for AD patients.

How to study early phases of AD

As we already mentioned in Section 1.2.1, 1-5% of AD patients develop early forms of the disease with fully-penetrant autosomal dominant inheritance. The only determinant factors identified for this familial disease are mutations or duplications in genes involved in APP metabolism: APP, PSEN1 and PSEN2 [START_REF] Bateman | Autosomal-dominant Alzheimer ' s disease : a review and proposal for the prevention of Alzheimer ' s disease[END_REF]. Longitudinal studies of family members that have been diagnosed for Familial forms of Alzheimer's Disease (FAD) make it possible to identify pre-symptomatic elements decades before any cognitive alteration. Non-symptomatic FAD patients display hippocampal atrophy, alterations in brain perfusion and metabolism, alterations in brain activity during memory tasks and A-depositions years before the appearance of any AD symptoms. Other studies pointed out that the levels of A--42 and tau in the CSF change around 15 years before cognitive decline [START_REF] Bateman | Clinical and Biomarker Changes in Dominantly Inherited Alzheimer's Disease[END_REF]. Preliminary results from these longitudinal studies are presented in Figure 1.14. CSF A--42 and A-depositions are the first parameters to change, approximately 20 years before the appearance of AD symptoms, followed by CSF tau and glucose metabolism. These results are reinforced by a study published recently by Gordon et al. [START_REF] Gordon | Spatial patterns of neuroimaging biomarker change in individuals from families with autosomal dominant Alzheimer's disease: a longitudinal study[END_REF]. Using neuro-imaging data from more than 300 patients they showed that A-deposition is the first parameter that di ers between FAD patients and healthy controls, 18 years before the expected onset of the disease, followed by glucose metabolism that starts to decrease 4 to 6 years after A-accumulation.

Glucose hypometabolism: an early symptom in AD

As we described in Section 1.1.2, synaptic activity is a high energy-demanding process, which means that energy deficits could have deleterious e ects on neuronal communication.

Glucose metabolism is decreased in AD

Glucose metabolism is dramatically decreased (≠20 to ≠25%) in the brains of AD patients compared to age-matched controls [START_REF] Mosconi | Brain Glucose Hypometabolism and Oxidative Stress in Preclinical Alzheimer ' s Disease[END_REF][START_REF] Cunnane | Brain fuel metabolism, aging and Alzheimer's disease[END_REF]. These deficits are observed by PET imaging but are di cult to quantify because of the hippocampal atrophy. However, they correlate with progressive decreases in synaptic activity 1.2. ALZHEIMER'S DISEASE and hypoperfusion in specific regions of the brain [START_REF] Chen | Phosphoglycerate dehydrogenase is dispensable for breast tumor maintenance and growth[END_REF][START_REF] Kisler | Cerebral blood flow regulation and neurovascular dysfunction in Alzheimer disease[END_REF]. These results are also confirmed by a proteomic analysis of the hippocampus from AD patients showing a high decrease in the expression of the enzymes involved in glycolysis [START_REF] Hondius | Profiling the human hippocampal proteome at all pathologic stages of Alzheimer's disease. Alzheimer's & dementia : the journal of the Alzheimer's Association[END_REF].

Several experiments were carried out to investigate the mechanisms leading to glucose metabolism disturbance in AD. In 2002, Niwa et al. used autoradiography to follow CBF and Cerebral Glucose Utilization (CGU) in two strains of mice that over-expressed APP. They showed that both CBF and CGU are significantly reduced in these mice [START_REF] Niwa | Alterations in cerebral blood flow and glucose utilization in mice overexpressing the amyloid precursor protein[END_REF]. Another study performed on APP/PS1 mice also showed that metabolic homeostasis is altered compared to wild type mice [START_REF] Harris | Aerobic Glycolysis in the Frontal Cortex Correlates with Memory Performance in Wild-Type Mice But Not the APP/PS1 Mouse Model of Cerebral Amyloidosis[END_REF]. The development of co-cultures of neurons and astrocytes derived from human stem cells was a great opportunity to transpose these results to human. Treating these co-cultures with A--42 oligomers triggers severe detrimental e ects on glucose metabolism in both cell types -glucose uptake is decreased; glucose, glucose-6-phosphate and glycogen accumulate in cytoplasm; lactate and glutamate production is reduced whereas pyruvate production increases; NADH,H + and ATP levels decrease-suggesting that human neuronal and astrocytic metabolism is particularly sensitive to A--42 [START_REF] Tarczyluk | Amyloid -1-42 induces hypometabolism in human stem cell-derived neuron and astrocyte networks[END_REF]. Finally, a recent study showed that a decrease of aerobic glycolysis is correlated with A-deposition in the brain of AD patients [START_REF] Vlassenko | Brain aerobic glycolysis functions and Alzheimer's disease Andrei[END_REF].

In return, it has been shown in vitro that in conditions of low glucose metabolism, accumulation of amyloid peptides forms bigger plaques and that astrocytes are more sensitive to A-toxicity [START_REF] Fu | Bioenergetic mechanisms in astrocytes may contribute to amyloid plaque deposition and toxicity[END_REF]. A recent multi-tracer PET study also showed that a decrease of aerobic glycolysis leads to an increase of tau aggregation in the brain of AD patients [START_REF] Vlassenko | Aerobic Glycolysis and tau deposition in preclinical Alzheimer's disease. Alzheimer's & dementia : the journal of the Alzheimer[END_REF].

Hypometabolism is a pre-symptomatic feature of AD All of the above results suggest a link between A-, tau and energy metabolism during AD pathogenesis. The study carried out by Niwa et al. showed that the reduction in CBF and CGU appears early in AD pathogenesis before any amyloid plaque detection [START_REF] Niwa | Alterations in cerebral blood flow and glucose utilization in mice overexpressing the amyloid precursor protein[END_REF]. Moreover, the first population of neurons dying in AD are neurons with large processes that are extremely energy demanding. It supports the idea that energy deficits may be an early event in AD that occurs before synaptic loss and neurodegeneration. To investigate this hypothesis, FDG-PET studies were carried out on groups of at-risk individuals before the onset of the pathology -pre-symptomatic FAD patients, Mild Cognitive Impairments (MCI) patients and non-symptomatic carriers of the ApoE '4 allele [START_REF] Mosconi | Brain Glucose Hypometabolism and Oxidative Stress in Preclinical Alzheimer ' s Disease[END_REF]. This study shows that FAD patients display a decrease of glucose metabolism in specific areas a ected by AD. More interestingly, some MCI patients and all the ApoE '4 carriers showed hypometabolism in the same regions, which can predispose them for developing AD. All these results are consistent with the longitudinal study performed by Gordon et al. that shows that hypometabolism appears in patients with FAD more than a decade before memory deficits [START_REF] Gordon | Spatial patterns of neuroimaging biomarker change in individuals from families with autosomal dominant Alzheimer's disease: a longitudinal study[END_REF].

Alterations of astrocytic function during AD

It is now commonly accepted that hypometabolism and more specifically the reduction of the glycolytic flux, is an early symptom of AD [START_REF] Chen | Phosphoglycerate dehydrogenase is dispensable for breast tumor maintenance and growth[END_REF]. Since astrocytes are highly glycolytic, those glial cells may be key players in AD pathogenesis. However, are they responsible for the hypometabolism and neuronal perturbations in early AD or are they sensitive to A-and tau which worsens later the hypometabolic phenotype [START_REF] Sica | Could astrocytes be the primary target of an o ending agent causing the primary degenerative diseases of the human central nervous system? A hypothesis[END_REF]? Many genetic risk factors for AD are strongly expressed in astrocytes [START_REF] Pekny | Astrocytes : a central element in neurological diseases[END_REF] so it is crucial to investigate how they can be involved in AD pathogenesis and in early stages of the disease.

Astrocytic reactivity has been broadly characterized in the context of neurodegenerative diseases and many astrocytic pathways are modified during AD (see Ben Haim et al. [START_REF] Haim | Elusive roles for reactive astrocytes in neurodegenerative diseases[END_REF] and Lian et al. [START_REF] Lian | Signaling pathways regulating neuron-glia interaction and their implications in Alzheimer's disease[END_REF] for more details). Changes in the morphology of astrocytes could impact memory mechanisms through changes in synapse ensheathment. It could also impact the integrity of the BBB through changes in end-feet structures [START_REF] Singh | Astrocytes and synaptic plasticity in health and disease[END_REF]. Memory is also impacted in mouse models of AD by aberrant releases of GABA in the synaptic cleft by reactive astrocytes [START_REF] Jo | ARTICLES GABA from reactive astrocytes impairs memory in mouse models of Alzheimer ' s disease[END_REF]. Moreover, calcium signalling in astrocytes is altered during AD. Astrocytes cultured with Apeptides show aberrant calcium signalling that starts near the plaques and then spreads through astrocytic GAP-junctions for long distances [START_REF] Singh | Astrocytes and synaptic plasticity in health and disease[END_REF]. These results were reproduced in acute slices incubated with A-from CSF of AD patients [START_REF] Tyurikova | Monitoring Ca 2+ elevations in individual astrocytes upon local release of amyloid beta in acute brain slices[END_REF] and in vivo in mouse models of AD [START_REF] Kuchibothla | Synchronous Hyperactivity and Intercellular Calcium Waves in Astrocytes in Alzheimer Mice[END_REF]. These calcium deficits could result in alterations in vesicles tra cking which leads to disturbance of synaptic gliotransmission and protein tra cking to the membrane [START_REF] Zorec | Astrocytic Face of Alzheimer's Disease[END_REF].

Although astrocyte reactivity leads to several changes that a ect astrocytic functions in the brain, the time-course of the apparition of this phenotype has not been characterized yet. Metabolic changes identified before any plaque deposition and tau aggregation suggest that functional modifications might appear in astrocytes before they become reactive. As we mentioned in Section 1.1.3, the glycolytic flux is highly regulated in astrocytes and disturbance of these regulations may impact neuronal activity.

Glucose hypometabolism is a pre-clinical event in AD. Nowadays, metabolic measurements through PET imaging are commonly used to increase the accuracy and the specificity of the diagnosis of AD. However further investigations are required about metabolic dysfunctions and astrocytes alterations during early AD to decipher the first steps of AD pathogenesis. Suitable animal models are required to elucidate the underlying mechanisms and signalling pathways leading to AD. 

ALZHEIMER'S DISEASE

3xTg-AD mice: a suitable model to study early phases of Alzheimer's Disease

Nowadays, a lot of animal models are available to study AD. Octogon degus is a rodent that naturally develops hallmarks of the pathology [START_REF] Ardiles | Postsynaptic dysfunction is associated with spatial and object recognition memory loss in a natural model of Alzheimer's disease[END_REF]. Between 12 and 36-month-old, the brain of Octogon degus shows A-oligomer deposition and tau aggregation, in correlation with synaptic dysfunction and memory alterations.

Microcebus musculus is another natural model used to study aging and AD, showing neurodegeneration, amyloid pathology and brain atrophy [START_REF] Bons | Microcebus murinus: A useful primate model for human cerebral aging and Alzheimer's disease?[END_REF]. The other models available are predominantly transgenic mouse models. Unfortunately, not a single model recapitulates all the aspects of the human disease. All have been characterized using several behavioural tests and immuno-histo-pathological markers in order to highlight their specific characteristics. Much of these data were reviewed in Webster et al in 2014 [START_REF] Webster | Using mice to model Alzheimer's dementia: an overview of the clinical disease and the preclinical behavioral changes in 10 mouse models[END_REF] and detailed information about every model of AD is available online on AlzForum.

We decided to work with the Triple Transgenic AD mouse model (3xTg-AD) mouse model developed by the team of La Ferla in 2003 [START_REF] Oddo | Triple-Transgenic Model of Alzheimer ' s Disease with Plaques and Tangles : Intracellular A-and Synaptic Dysfunction[END_REF]. This model cumulates both amyloid and tau pathology whereas a great number of models fail to recapitulate those two aspects of the disease. The 3xTg-AD model was created using single-cell embryos from PS1(M146V) KI mice in which two transgenes had been micro-injected: APP(swe) and Tau(P301L) (Figure 1.15). Both transgenes were co-integrated at the same locus so they do not independently assort across generations. It allows one to breed 3xTg-AD mice as a single transgenic line for which every mouse has the same Figure 1.16 -Amyloid and Tau pathology in the hippocampus of 3xTg-AD mice [START_REF] Douce | Altération métabolique et déficit synaptique dans la maladie d'Alzheimer : rôle de la PHGDH astrocytaire[END_REF] The antibody 4G8 labels amyloid plaques. The accumulation of A-starts at 6-month-old and worsens with age (upper panel). The antibody HT7 labels human tau. Tau pathology also worsens with age (lower panel). genetic background, simplifying a lot the maintenance of the colony. However, it prevents the obtention of wild-type littermates and we need to breed control animals with the same genetic background.

3xTg AD mice mimic AD pathology

The integration of the human APP gene with the Swedish mutation induces the development of amyloid plaques in mice. It is accelerated by the presence of PS1 M146V allele. The amyloid pathology is found in cerebral regions specifically involved in AD -cortex and hippocampus (see Figure 1.16 upper panel)-and not in the cerebellum. Accumulation of intra-cellular A-and extracellular A-plaques, as well as dysregulation of A--42 levels, start between 6 and 18-month-old according to the colony studied [START_REF] Oddo | Triple-Transgenic Model of Alzheimer ' s Disease with Plaques and Tangles : Intracellular A-and Synaptic Dysfunction[END_REF][START_REF] Hirata-Fukae | Females exhibit more extensive amyloid , but not tau , pathology in an Alzheimer transgenic model[END_REF] and worsens with age1 . The integration of the mutated allele of the human Tau triggers intra-neuronal aggregation of tau oligomers in cortical and hippocampal structures from 12-month-old. This phenotype also worsens with age (see Figure 1.16 lower panel). Synaptic deficits have also been studied using electrophysiology. 3xTg-AD mice present a deficit in basal transmission (Input/Output (I/O)) and in synaptic plasticity (Long Term Potentiation (LTP)) from the age of 6-month-old. Moreover, some hippocampus-dependent behavioural tasks 1.2. ALZHEIMER'S DISEASE demonstrated memory deficits in 3xTg-AD mice from the age of 4 to 6-month-old [START_REF] Clinton | Age-dependent sexual dimorphisms in cognition and stress response in the 3xTg-AD mice[END_REF][START_REF] Billings | Intraneuronal A-Causes the Onset of Early Alzheimer's Disease-Related Cognitive Deficits in Transgenic Mice[END_REF] whereas tasks depending on other cerebral structures -Striatum, Cerebellum -do not show any alteration [START_REF] Sterniczuk | Characterization of the 3xTg-AD mouse model of Alzheimer ' s disease : Part 2 . Behavioral and cognitive changes[END_REF]. However, until today no neuronal loss has been identified in this model which fails to reproduce the neurodegenerative aspect of the disease.

An alteration of the complexity of astrocytes and a decrease in the surface occupied by the cells is observed in 3xTg-AD mice compared with controls, from the age of 3-month-old, and worsens with age. However, in the vicinity of amyloid plaques, astrocytes over-express GFAP and have the typical shape of reactive astrocytes [START_REF] Olabarria | Concomitant astroglial atrophy and astrogliosis in a triple transgenic animal model of Alzheimer's disease[END_REF][START_REF] Rodríguez | Astroglia in dementia and Alzheimer's disease[END_REF]. Enrichment of the environment and activity prevents drastic atrophy in astrocytes, decreases A-accumulation and increases cognitive performance [START_REF] Rodríguez-Arellano | Astrocytes in physiological ageing and Alzheimer's disease[END_REF]. It suggests that 3xTg-AD mice are adapted to study the implications of astrocytes in AD pathogenesis and potential astrocytes targeting therapies.

Whereas it has not been initially noticed by the team who created the model, several studies showed later some di erences in the severity of the symptoms between males and females [START_REF] Hirata-Fukae | Females exhibit more extensive amyloid , but not tau , pathology in an Alzheimer transgenic model[END_REF][START_REF] Clinton | Age-dependent sexual dimorphisms in cognition and stress response in the 3xTg-AD mice[END_REF]. The pathology starts earlier and a ects females more than males. In our work, we only used female 3xTg-AD mice, even if it has been described that they display higher levels of anxiety than males [START_REF] Sterniczuk | Characterization of the 3xTg-AD mouse model of Alzheimer ' s disease : Part 2 . Behavioral and cognitive changes[END_REF].

As it has been observed at early stages in AD human brains, 3xTg-AD mice show synaptic deficits without any neuronal loss which can give valuable insights to understand the primary mechanisms of the pathology. One of the functional indexes used to diagnose AD at early stages is a decreased brain metabolism. Even if glial cells are altered in 3xTg-AD mice, very little is known about the consumption of glucose in the brain of these mice. This factor could be of great interest to assess whether there is a link between alterations of glucose metabolism and cognition in AD.

Metabolic alterations in 3xTg AD mice

Cerebral metabolism in 3xTg-AD mice was studied by a former PhD student of the laboratory [START_REF] Douce | Altération métabolique et déficit synaptique dans la maladie d'Alzheimer : rôle de la PHGDH astrocytaire[END_REF]. Using autoradiography (see Section 1.1.1) she showed the presence of hypometabolic clusters in the hippocampus of 3xTg-AD mice (Figure 1.17). A collaboration with the team of Bruno Cauli in Paris allowed them to study lactate metabolism in astrocytes of the hippocampus using the lactate sensor laconic. They showed that the glycolytic flux is significantly altered in astrocytes in 3xTg-AD mice. All these observations have been done with mice aged of 6 to 12-month-old, and before the appearance of A-plaques or NFT. Matching with what is observed in AD patients, metabolic deficits in 3xTg-AD mice appear during primary stages of the pathology. 

LTP restoration in 3xTg AD mice

Synaptic plasticity in the hippocampus is sustained by the activation of NMDA-R which leads to the potentialization of the synapse by several mechanisms (see appendices 1.B and 1.C). NMDA-R are hetero-tetramers: 2 subunits bind glutamate and 2 other subunits bind glycine as a co-agonist. Binding of both the agonist and the co-agonist is compulsory to trigger the opening of the channel. In the hippocampus there is little glycine, and D-serine rather binds the glycine binding site [START_REF] Bail | Identity of the NMDA receptor coagonist is synapse specific and developmentally regulated in the hippocampus[END_REF]. Experiments done in collaboration with the team of Stephane Olliet and Aude Panatier showed that adding exogenous D-serine in the chamber during electrophysiological recordings restores LTP in 3xTg-AD mice without modifying LTP in wild-type controls (Figure 1.18).

Several observations have already been published concerning the e ect of a lack of D-serine at the synapse and more particularly in the context of aging [START_REF] Billard | D-Serine in the aging hippocampus[END_REF][START_REF] Mothet | A critical role for the glial-derived neuromodulator D-serine in the age-related deficits of cellular mechanisms of learning and memory[END_REF][START_REF] Yamazaki | Glial Dysfunction Causes Age-Related Memory Impairment in Drosophila[END_REF]. Here, this result suggests that a deficit in D-serine (production, release) at the synapse may explain the synaptic deficits observed in these mice and maybe in AD. 

ALZHEIMER'S DISEASE

The development of the pathology in 3xTg-AD mice recapitulates what is observed in AD patients at several levels: synaptic deficits, plaques deposition, gliosis and tau pathology. Moreover, previous work of the laboratory showed that it also recapitulates the metabolic deficits observed early in AD. Therefore 3xTg-AD mouse model is suitable to study the early phases of the disease and the link between metabolism and synaptic deficits. Data obtained with our collaborators pointed out D-serine to be a good candidate to explain these deficits at the beginning of the pathology.

L-AND D-SERINE, CENTRAL PLAYERS FOR BRAIN FUNCTIONS

L-serine and D-serine, central players for brain functions

Serine is a natural amino-acid used in protein biosynthesis but also in many other anabolic processes. The L-isoform, the only form present in proteins, is particularly enriched in silk, soya, eggs and dairies. L-serine can be taken up but also produced de novo in many organs which makes L-serine a non-essential amino-acid for mammals.

Multiple roles for L-serine

L-serine is a precursor for the biosynthesis of many macromolecules and is required for several signalling pathways (see Figure 1.19). It is necessary for many cellular functions that we will quickly summarize [START_REF] De Koning | L-Serine in disease and development[END_REF]. Most of the mechanisms we will discuss have been studied in cancer cell lines or in primary cell cultures and new evidence is required in vivo to properly define the physiological role of L-serine.

Lipid biogenesis

Eukaryotic cells synthesize lipids in the endoplasmic reticulum for incorporation in their plasma membrane and organelles. Many endogenous lipids are specifically found in the brain where they sustain the proliferation and di erentiation of neurons and glial cells. Some of these lipids are derived from L-serine. For example, sphingolipids enriched in myelin and lipid rafts, structures of the plasma membrane that have been studied for their role in cell signalling and neuronal communication, are synthesized from L-serine and palmitoyl-coA through the action of the enzyme Serine Palmitoyl Transferase (SPT). It has been shown in culture that neurons are unable to produce sphingolipids in a medium where L-serine is depleted [START_REF] Mitoma | A novel metabolic communication between neurons and astrocytes: Non-essential amino acid L-serine released from astrocytes is essential for developing hippocampal neurons[END_REF]. Sphingolipid depletion also induces cell death in vivo in Drosophila melanogaster and mice, suggesting a crucial importance of L-serine during development [START_REF] Hirabayashi | Roles of L -serine and sphingolipid synthesis in brain development and neuronal survival[END_REF]. Using inhibitors of the enzymes involved in sphingolipids synthesis, it has been shown in cultured cells that sphingolipids are implicated in axonal growth and dendrite branching. However, how sphingolipids play a role in neuritogenesis is unknown. The same observations have also been made by growing cultured neurons in medium without L-serine [START_REF] Savoca | E ects of L-serine on neurons in vitro[END_REF]. Knock-Out (KO) mice for the enzymes of sphingolipid synthesis have been created but many of them show embryonic lethality. Experiments have to be carried out on mice with tissue specific KO of these enzymes in order to properly determine the role played in vivo by sphingolipids in the brain and how L-serine is involved [START_REF] Hirabayashi | Roles of L -serine and sphingolipid synthesis in brain development and neuronal survival[END_REF][START_REF] Tabatabaie | L-Serine synthesis in the central nervous system: A review on serine deficiency disorders[END_REF].

L-serine is also used to produce PhosphatidylSerine (PS), an important messenger involved in apoptosis signalling. L-serine depletion in the culture medium of neurons leads to a rapid disappearance of PS [START_REF] Tabatabaie | L-Serine synthesis in the central nervous system: A review on serine deficiency disorders[END_REF]. A new protein family, serinc, has recently been identified to facilitate the incorporation of L-serine into PS and sphingolipids but the relevance of this pathway still requires to be investigated in vivo and more particularly in the brain [START_REF] Hirabayashi | Roles of L -serine and sphingolipid synthesis in brain development and neuronal survival[END_REF][START_REF] Tabatabaie | L-Serine synthesis in the central nervous system: A review on serine deficiency disorders[END_REF].

All these data strongly suggests that L-serine production has an impact on cell functions and proliferation through its involvement in lipids biogenesis.

Donor of one-carbon units

L-serine is the principal source of one-carbon units for the folate cycle which converts L-serine into glycine through the action of the enzyme Serine HydroxyMethyl-Transferase (SHMT) [START_REF] Yang | Serine and one-carbon metabolism in cancer[END_REF]. This cycle is involved in nucleic acid synthesis through the formation of purine and pyrimidine which suggests that L-serine production is involved in the regulation of cell proliferation. It also produces homocysteine that can enter the methionine cycle. The use of radiolabelled precursors has allowed one to show that almost all the methyl groups on homocysteines are derived from serine. A lot of other pathways are derived from the methionine cycle. They are involved in the synthesis of nucleic acids and epigenetics. More details can be found in the reviews written by Kalhan et al. in 2012 [118] and Locasale et al. in 2013 [119]. Finally, the folate cycle also regenerates energy co-factors such as ATP and NADH that are involved in energy metabolism and RedOx regulation.

L-AND D-SERINE, CENTRAL PLAYERS FOR BRAIN FUNCTIONS

L-serine and energy metabolism

In addition to the energy co-factors that are derived from the folate cycle, L-serine is also involved in pyruvate production. Pyruvate can be generated from L-serine through -, --elimination catalysed by Serine Dehydratase and Serine Racemase (Sr). Hydroxypyruvate can also be produced from L-serine by the Serine:Pyruvate/Alanine:Glyoxylate Aminotransferase. It has been hypothesized that this pyruvate may be involved in gluconeogenesis, depending on the type of diet. However, the importance of these pathways and the role played by gluconeogenesis in the brain is still largely unknown [START_REF] De Koning | L-Serine in disease and development[END_REF]. It has also been suggested that pyruvate formation could play a role in serine catabolism and prevent its accumulation, or fuel neurons with energy at the synaptic bouton [START_REF] Wolosker | Serine racemase and the serine shuttle between neurons and astrocytes[END_REF].

Regulation of gene expression

The analysis of microarrays from tissues of mice lacking the expression of the enzymes responsible for L-serine production has shown that many networks are a ected by L-serine depletion. More specifically, genes involved in neurons and muscle development are down-regulated whereas genes involved in amino-acids synthesis and transport are up-regulated [START_REF] Furuya | Inactivation of the 3-phosphoglycerate dehydrogenase gene in mice : changes in gene expression and associated regulatory networks resulting from serine deficiency[END_REF]. These observations are coherent with the e ects observed in lethal embryos in KO mice for the enzymes of the L-serine production pathway [START_REF] Yoshida | Targeted Disruption of the Mouse 3-Phosphoglycerate Dehydrogenase Gene Causes Severe Neurodevelopmental Defects and Results in Embryonic Lethality[END_REF]. These changes are mediated by the transcription factors Nuclear Factor (erythroid-derived 2)-like 2 (NRF2) and Activating Transcription Factor 4 (ATF4) that are activated by L-serine depletion [START_REF] B'chir | The eIF2 a / ATF4 pathway is essential for stress-induced autophagy gene expression[END_REF][START_REF] Denicola | NRF2 regulates serine biosynthesis in non-small cell lung cancer[END_REF]. It has also been shown that in cultured fibroblasts, L-serine depletion can activate the p38 Mitogen Activated Protein (MAP) kinase, which could be another pathway to control cell proliferation, cell di erentiation and cell survival [START_REF] Sayano | Adaptive response to l-serine deficiency is mediated by p38 MAPK activation via 1-deoxysphinganine in normal fibroblasts[END_REF].

Moreover, another study has shown that L-serine plays a role in the regulation of translation. Indeed, it has been shown that the translation initiation factor 4E Binding Protein 1 (4EBP1) is markedly induced in the CNS of embryos lacking an enzyme of the L-serine production pathway and that this over-expression is reversed when fibroblasts are incubated in a medium supplemented with L-serine [START_REF] Sayano | L-Serine deficiency caused by genetic Phgdh deletion leads to robust induction of 4E-BP1 and subsequent repression of translation initiation in the developing central nervous system[END_REF].

Finally, the regulation of histone methylation through the activity of the methionine cycle also impacts gene expression through epigenetic mechanisms, depending on L-serine metabolism [START_REF] Maddocks | Serine Metabolism Supports the Methionine Cycle and DNA/RNA Methylation through De Novo ATP Synthesis in Cancer Cells[END_REF].

A precursor for other amino-acids

The involvement of L-serine in the folate cycle leads to the production of two others amino-acids, glycine and cysteine. However, those amino-acids can also be produced directly from L-serine through the trans-sulfuration pathway. Those amino acids can regulate glutathione synthesis which has an impact on RedOx regulation [START_REF] Yang | Serine and one-carbon metabolism in cancer[END_REF]. Glycine also has a function as a neuromodulator, as well as the L-serine enantiomer D-serine. For a long time, one has thought that D-amino acids are not produced in Eukaryots. However, high levels of D-serine are present in the brain [START_REF] Hashimoto | The presence of free D-serine in rat brain[END_REF]. D-serine is directly produced from L-serine by a reaction of racemization through the action of a specific enzyme Sr. L-serine is involved in many processes -lipids synthesis, nucleic acid synthesis, energy metabolism, genetic regulations -which confers to this amino-acid many crucial roles at the cellular level. Indeed, L-serine is involved in cell proliferation, apoptosis and cell morphology. This may explain the important role played by L-serine during development. It is also a precursor for amino-acids synthesis and particularly for its enantiomer D-serine.

The Phosphorylated Pathway diverts part of the glycolytic flux to produce L-serine in the brain

In humans, it has been evaluated that 30% of serine comes directly from the diet and 70% are produced de novo [START_REF] Kalhan | Resurgence of serine: An often neglected but indispensable amino acid[END_REF]. Serine production pathways were first assessed in the liver. Bridgers was the first to decipher the molecular details of serine synthesis in the brain using 14 C-labelled glucose and mouse brain extracts [START_REF] Bridgers | The biosynthesis of serine in mouse brain extracts[END_REF]. He demonstrated that serine is produced through the Phosphorylated Pathway (PP) (Figure 1.20). Thereafter, it was shown that this is the only pathway that can synthesize serine de novo [START_REF] Snell | Enzymes of serine metabolism in normal and neoplastic rat tissues[END_REF]. The 3 enzymes involved in the PP are PHosphoGlycerate DesHydrogenase (Phgdh), PhosphoSerine AminoTransferase (Psat1) and PhosphoSerine PHosphatase (Psph). Phgdh diverts part of the glycolytic flux by catalysing the oxidation of 3-phosphoglycerate (3-PG) to form 3-phosphopyruvate, using NAD + as a co-factor. A transamination follows, catalysed by Psat1, and forms phosphoserine using glutamate as source of nitrogen. Then, the phosphatase Psph hydrolyses phosphoserine and forms L-serine and inorganic phosphate. The activity of this pathway correlates perfectly with the distribution of serine -serine synthesis activity being high in kidney, testis, brain and spleen [START_REF] Hayashi | Dietary and hormonal regulation of serine synthesis in the rat[END_REF].

Regulation of the Phosphorylated Pathway

Many co-factors of the PP are involved in other metabolic pathways -NADH, glutamate -suggesting that serine production through the PP is highly regulated. In bacteria, it is well known that serine production is regulated by feedback inhibition of serine on Phgdh. Several studies performed on mammalian tissues have failed to find convincing evidence to support this regulation. However, it has been found that in mammals serine can inhibit directly Psph [START_REF] Bridgers | The biosynthesis of serine in mouse brain extracts[END_REF]. Although Phgdh has been shown to be rate-limiting in human cancer cells [START_REF] Pacold | A PHGDH inhibitor reveals coordination of serine synthesis and one-carbon unit fate[END_REF], a detailed study of enzyme activity in primary astrocytes showed that Psph catalyses the only irreversible reaction of the pathway making of this step the best candidate for limiting L-serine formation, even if this enzyme is not rate-limiting in intracellular conditions [START_REF] Verleysdonk | Synthesis and Release of L -Serine by Rat Astroglia-Rich Primary Cultures[END_REF]. It has also shown 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon units, several other one-carbon donors are used by the cell, including choline, which is converted into betaine to provide one-carbon units in the remethylation of the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of gluconeogenesis)-derived carbons to be diverted into making serine. Although glucose is the major source of carbons for de novo serine synthesis in fully fed humans and rats, gluconeogenesis can contribute up is converted into p amino transferase 1 ( tion that uses glutam α-ketoglutarate (α-K phosphoserine thro phosphatase (PSPH) pathway that is indu metabolic stress, incl tion 12 , and decreased activator of the M2 is which is expressed i drop in serine levels ity 13,14 . Slowing the flu in glycolysis allows fo (FIG. 1). Interestingly, metabolite produce mutase 1 (PGAM1 PHGDH, indicating 3PG as a result of PKM glucose-derived car molecule activators o tion of 3PG into serin for serine 16 . In concer intermediates, serin general control nonas eIF2AK4)-activa pathway, which prom SSP enzymes 14 . The can replenish intrac necessary for cell gro

Serine and one-car

Serine is required f signalling pathways other amino acids s the production of ph and phosphatidylser one-carbon units to metabolism 17-19 , altho groups from several choline, betaine, sar tion of formate from Serine-derived one-c synthesis of adenosin for the remethylatio methionine cycle. F can regenerate cofac ATP 22-24 . Serine is a of glycine and cyste pathway), both of w production of glutat buffering (FIG. 2). Alt therefore have profo cancer development, 

Serine and the folat

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon units, several other one-carbon the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of is converted into p amino transferase 1 ( tion that uses glutam α-ketoglutarate (α-K phosphoserine thro phosphatase (PSPH) pathway that is indu metabolic stress, incl tion 12 , and decreased activator of the M2 is which is expressed i drop in serine levels ity 13,14 . Slowing the flu in glycolysis allows fo (FIG. 1). Interestingly, metabolite produce mutase 1 (PGAM1 PHGDH, indicating 3PG as a result of PKM glucose-derived car molecule activators o tion of 3PG into serin for serine 16 . In concer intermediates, serin general control nonas eIF2AK4)-activa pathway, which prom SSP enzymes 14 . The can replenish intrac necessary for cell gro

Serine and one-car

Serine is required f signalling pathways other amino acids s the production of ph and phosphatidylser one-carbon units to metabolism 17-19 , altho groups from several choline, betaine, sar tion of formate from Serine-derived one-c synthesis of adenosin for the remethylatio methionine cycle. F can regenerate cofac ATP 22-24 . Serine is a of glycine and cyste pathway), both of w production of glutat buffering (FIG. 2). Alt 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon units, several other one-carbon the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of is converted into p amino transferase 1 ( tion that uses glutam α-ketoglutarate (α-K phosphoserine thro phosphatase (PSPH pathway that is indu metabolic stress, incl tion 12 , and decreased activator of the M2 is which is expressed i drop in serine levels ity 13,14 . Slowing the flu in glycolysis allows fo (FIG. 1). Interestingly metabolite produce mutase 1 (PGAM1 PHGDH, indicating 3PG as a result of PKM glucose-derived car molecule activators tion of 3PG into serin for serine 16 . In concer intermediates, serin general control nonas eIF2AK4)-activa pathway, which pro SSP enzymes 14 . The can replenish intrac necessary for cell gro

Serine and one-ca

Serine is required f signalling pathways other amino acids the production of ph and phosphatidylser one-carbon units to metabolism 17-19 , alth groups from several choline, betaine, sar tion of formate from Serine-derived one-c synthesis of adenosin for the remethylatio methionine cycle. F can regenerate cofac ATP 22-24 . Serine is a of glycine and cyste pathway), both of w production of glutat buffering (FIG. 2). Alt 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon units, several other one-carbon the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of is converted into p amino transferase 1 tion that uses glutam α-ketoglutarate (α-K phosphoserine thro phosphatase (PSPH pathway that is indu metabolic stress, incl tion 12 , and decrease activator of the M2 i which is expressed drop in serine levels ity 13,14 . Slowing the fl in glycolysis allows f (FIG. 1). Interestingly metabolite produce mutase 1 (PGAM1 PHGDH, indicating 3PG as a result of PK glucose-derived ca molecule activators tion of 3PG into seri for serine 16 . In conce intermediates, serin general control nonas eIF2AK4)-activa pathway, which pro SSP enzymes 14 . The can replenish intrac necessary for cell gro

Serine and one-ca

Serine is required f signalling pathways other amino acids the production of p and phosphatidylser one-carbon units to metabolism 17-19 , alth groups from severa choline, betaine, sa tion of formate from Serine-derived one-c synthesis of adenosi for the remethylatio methionine cycle. can regenerate cofac ATP 22-24 . Serine is of glycine and cyste pathway), both of w production of glutat buffering (FIG. 2). Al 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability is converted into p amino transferase 1 tion that uses glutam α-ketoglutarate (α-K phosphoserine thro phosphatase (PSPH pathway that is indu metabolic stress, incl tion 12 , and decrease activator of the M2 i which is expressed drop in serine levels ity 13,14 . Slowing the fl in glycolysis allows f (FIG. 1). Interestingly metabolite produce mutase 1 (PGAM1 PHGDH, indicating 3PG as a result of PK glucose-derived ca molecule activators tion of 3PG into seri for serine 16 . In conce intermediates, serin general control nonas eIF2AK4)-activa pathway, which pro SSP enzymes 14 . The can replenish intrac necessary for cell gro

Serine and one-ca

Serine is required f signalling pathways other amino acids the production of p and phosphatidylser one-carbon units to metabolism 17-19 , alth groups from severa choline, betaine, sa tion of formate from Serine-derived one-c synthesis of adenosi for the remethylatio methionine cycle. can regenerate cofac 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon units, several other one-carbon donors are used by the cell, including choline, which is the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of gluconeogenesis)-derived carbons to be diverted into making serine. Although glucose is the major source is converted into p amino transferase 1 ( tion that uses glutam α-ketoglutarate (α-K phosphoserine thro phosphatase (PSPH pathway that is indu metabolic stress, incl tion 12 , and decreased activator of the M2 is which is expressed i drop in serine levels ity 13,14 . Slowing the flu in glycolysis allows fo (FIG. 1). Interestingly, metabolite produce mutase 1 (PGAM1 PHGDH, indicating 3PG as a result of PKM glucose-derived car molecule activators tion of 3PG into serin for serine 16 . In concer intermediates, serin general control nonas eIF2AK4)-activa pathway, which pro SSP enzymes 14 . The can replenish intrac necessary for cell gro

Serine and one-ca

Serine is required f signalling pathways other amino acids the production of ph and phosphatidylser one-carbon units to metabolism 17-19 , altho groups from several choline, betaine, sar tion of formate from Serine-derived one-c synthesis of adenosin for the remethylatio methionine cycle. F can regenerate cofac ATP 22-24 . Serine is a of glycine and cyste pathway), both of w production of glutat buffering (FIG. 2). Alt therefore have profo cancer development, 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon units, several other one-carbon donors are used by the cell, including choline, which is the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of gluconeogenesis)-derived carbons to be diverted into making serine. Although glucose is the major source is converted into phos amino transferase 1 (PSA tion that uses glutamate α-ketoglutarate (α-KG) phosphoserine through phosphatase (PSPH) (FI pathway that is induced metabolic stress, includin tion 12 , and decreased lev activator of the M2 isofo which is expressed in p drop in serine levels lead ity 13,14 . Slowing the flux o in glycolysis allows for th (FIG. 1). Interestingly, 2-p metabolite produced fr mutase 1 (PGAM1) -PHGDH, indicating tha 3PG as a result of PKM2 glucose-derived carbon molecule activators of P tion of 3PG into serine s for serine 16 . In concert w intermediates, serine de general control non-dere as eIF2AK4)-activating pathway, which promot SSP enzymes 14 . The coo can replenish intracellu necessary for cell growth

Serine and one-carbo

Serine is required for a signalling pathways (FIG other amino acids suc the production of phosp and phosphatidylserine. one-carbon units to the metabolism 17-19 , althoug groups from several oth choline, betaine, sarcos tion of formate from th Serine-derived one-carb synthesis of adenosine, g for the remethylation o methionine cycle. Fur can regenerate cofactor ATP 22-24 . Serine is also of glycine and cysteine pathway), both of whic production of glutathio buffering (FIG. 2). Altera therefore have profound cancer development, as 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon units, several other one-carbon donors are used by the cell, including choline, which is the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of gluconeogenesis)-derived carbons to be diverted into making serine. Although glucose is the major source is converted into phos amino transferase 1 (PSA tion that uses glutamateα-ketoglutarate (α-KG). phosphoserine through phosphatase (PSPH) (FI pathway that is induced metabolic stress, includin tion 12 , and decreased lev activator of the M2 isofo which is expressed in p drop in serine levels lead ity 13,14 . Slowing the flux o in glycolysis allows for th (FIG. 1). Interestingly, 2-p metabolite produced fr mutase 1 (PGAM1) -PHGDH, indicating tha 3PG as a result of PKM2 glucose-derived carbon molecule activators of P tion of 3PG into serine s for serine 16 . In concert w intermediates, serine de general control non-dere as eIF2AK4)-activating pathway, which promot SSP enzymes 14 . The coo can replenish intracellu necessary for cell growth

Serine and one-carbo

Serine is required for a signalling pathways (FIG other amino acids such the production of phosp and phosphatidylserine. one-carbon units to the metabolism 17-19 , althoug groups from several oth choline, betaine, sarcos tion of formate from th Serine-derived one-carb synthesis of adenosine, g for the remethylation o methionine cycle. Fur can regenerate cofactor ATP 22-24 . Serine is also of glycine and cysteine pathway), both of whic production of glutathio buffering (FIG. 2). Altera therefore have profound cancer development, as w 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon units, several other one-carbon donors are used by the cell, including choline, which is converted into betaine to the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of gluconeogenesis)-derived carbons to be diverted into making serine. Although glucose is the major source of carbons for de novo serine synthesis in fully fed is converted into pho amino transferase 1 (PS tion that uses glutamate α-ketoglutarate (α-KG) phosphoserine throug phosphatase (PSPH) (F pathway that is induced metabolic stress, includi tion 12 , and decreased le activator of the M2 isofo which is expressed in p drop in serine levels lea ity 13,14 . Slowing the flux o in glycolysis allows for t (FIG. 1). Interestingly, 2metabolite produced f mutase 1 (PGAM1) -PHGDH, indicating tha 3PG as a result of PKM2 glucose-derived carbo molecule activators of P tion of 3PG into serine s for serine 16 . In concert w intermediates, serine d general control non-der as eIF2AK4)-activating pathway, which promo SSP enzymes 14 . The coo can replenish intracellu necessary for cell growt Serine and one-carbo Serine is required for signalling pathways (FIG other amino acids suc the production of phos and phosphatidylserine one-carbon units to the metabolism 17-19 , althoug groups from several ot choline, betaine, sarco tion of formate from th Serine-derived one-carb synthesis of adenosine, for the remethylation o methionine cycle. Fur can regenerate cofactor ATP 22-24 . Serine is also of glycine and cysteine pathway), both of whic production of glutathio buffering (FIG. 2). Altera therefore have profoun cancer development, as 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon units, several other one-carbon donors are used by the cell, the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of gluconeogenesis)-derived carbons to be diverted into making serine. Although glucose is the major source is converted into ph amino transferase 1 (P tion that uses glutama α-ketoglutarate (α-KG phosphoserine throu phosphatase (PSPH) pathway that is induce metabolic stress, includ tion 12 , and decreased activator of the M2 iso which is expressed in drop in serine levels le ity 13,14 . Slowing the flux in glycolysis allows for (FIG. 1). Interestingly, 2 metabolite produced mutase 1 (PGAM1) PHGDH, indicating t 3PG as a result of PKM glucose-derived carb molecule activators of tion of 3PG into serine for serine 16 . In concert intermediates, serine general control non-de as eIF2AK4)-activati pathway, which prom SSP enzymes 14 . The c can replenish intracel necessary for cell grow

Serine and one-carb

Serine is required fo signalling pathways (F other amino acids su the production of pho and phosphatidylserin one-carbon units to th metabolism 17-19 , althou groups from several o choline, betaine, sarc tion of formate from Serine-derived one-ca synthesis of adenosine for the remethylation methionine cycle. Fu can regenerate cofacto ATP 22-24 . Serine is al of glycine and cystein pathway), both of wh production of glutath buffering (FIG. 2). Alte therefore have profou cancer development, a 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon units, several other one-carbon donors are used by the cell, the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of gluconeogenesis)-derived carbons to be diverted into making serine. Although glucose is the major source is converted into pho amino transferase 1 (PS tion that uses glutamate α-ketoglutarate (α-KG) phosphoserine throug phosphatase (PSPH) (F pathway that is induced metabolic stress, includi tion 12 , and decreased le activator of the M2 isofo which is expressed in p drop in serine levels lea ity 13,14 . Slowing the flux o in glycolysis allows for t (FIG. 1). Interestingly, 2metabolite produced f mutase 1 (PGAM1) -PHGDH, indicating tha 3PG as a result of PKM2 glucose-derived carbo molecule activators of P tion of 3PG into serine s for serine 16 . In concert w intermediates, serine d general control non-der as eIF2AK4)-activating pathway, which promo SSP enzymes 14 . The coo can replenish intracellu necessary for cell growt Serine and one-carbo Serine is required for signalling pathways (FIG other amino acids suc the production of phos and phosphatidylserine one-carbon units to the metabolism 17-19 , althoug groups from several ot choline, betaine, sarco tion of formate from th Serine-derived one-carb synthesis of adenosine, for the remethylation o methionine cycle. Fur can regenerate cofactor ATP 22-24 . Serine is also of glycine and cysteine pathway), both of whic production of glutathio buffering (FIG. 2). Altera therefore have profoun cancer development, as 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon units, several other one-carbon donors are used by the cell, the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of gluconeogenesis)-derived carbons to be diverted into making serine. Although glucose is the major source is converted into pho amino transferase 1 (P tion that uses glutamat α-ketoglutarate (α-KG phosphoserine throug phosphatase (PSPH) (F pathway that is induce metabolic stress, includ tion 12 , and decreased l activator of the M2 isof which is expressed in drop in serine levels le ity 13,14 . Slowing the flux in glycolysis allows for (FIG. 1). Interestingly, 2 metabolite produced mutase 1 (PGAM1) -PHGDH, indicating th 3PG as a result of PKM2 glucose-derived carb molecule activators of tion of 3PG into serine for serine 16 . In concert w intermediates, serine d general control non-de as eIF2AK4)-activatin pathway, which promo SSP enzymes 14 . The co can replenish intracell necessary for cell grow

Serine and one-carb

Serine is required for signalling pathways (F other amino acids su the production of pho and phosphatidylserin one-carbon units to th metabolism 17-19 , althou groups from several o choline, betaine, sarco tion of formate from t Serine-derived one-car synthesis of adenosine, for the remethylation methionine cycle. Fu can regenerate cofacto ATP 22-24 . Serine is als of glycine and cystein pathway), both of wh production of glutathi buffering (FIG. 2). Alter therefore have profoun cancer development, as 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon units, several other one-carbon donors are used by the cell, including choline, which is the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of gluconeogenesis)-derived carbons to be diverted into making serine. Although glucose is the major source of carbons for de novo serine synthesis in fully fed is converted into ph amino transferase 1 (P tion that uses glutama α-ketoglutarate (α-KG phosphoserine throu phosphatase (PSPH) pathway that is induce metabolic stress, includ tion 12 , and decreased activator of the M2 iso which is expressed in drop in serine levels le ity 13,14 . Slowing the flux in glycolysis allows for (FIG. 1). Interestingly, 2 metabolite produced mutase 1 (PGAM1) PHGDH, indicating th 3PG as a result of PKM glucose-derived carb molecule activators of tion of 3PG into serine for serine 16 . In concert intermediates, serine general control non-de as eIF2AK4)-activati pathway, which prom SSP enzymes 14 . The c can replenish intracel necessary for cell grow

Serine and one-carb

Serine is required fo signalling pathways (F other amino acids su the production of pho and phosphatidylserin one-carbon units to th metabolism 17-19 , althou groups from several o choline, betaine, sarc tion of formate from t Serine-derived one-car synthesis of adenosine for the remethylation methionine cycle. Fu can regenerate cofacto ATP 22-24 . Serine is als of glycine and cystein pathway), both of wh production of glutath buffering (FIG. 2). Alte therefore have profou cancer development, a 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon units, several other one-carbon donors are used by the cell, including choline, which is the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of gluconeogenesis)-derived carbons to be diverted into making serine. Although glucose is the major source of carbons for de novo serine synthesis in fully fed is converted into pho amino transferase 1 (P tion that uses glutamat α-ketoglutarate (α-KG phosphoserine throu phosphatase (PSPH) ( pathway that is induce metabolic stress, includ tion 12 , and decreased l activator of the M2 iso which is expressed in drop in serine levels le ity 13,14 . Slowing the flux in glycolysis allows for (FIG. 1). Interestingly, 2 metabolite produced mutase 1 (PGAM1) PHGDH, indicating th 3PG as a result of PKM glucose-derived carb molecule activators of tion of 3PG into serine for serine 16 . In concert intermediates, serine general control non-de as eIF2AK4)-activatin pathway, which prom SSP enzymes 14 . The co can replenish intracel necessary for cell grow

Serine and one-carb

Serine is required for signalling pathways (F other amino acids su the production of pho and phosphatidylserin one-carbon units to th metabolism 17-19 , althou groups from several o choline, betaine, sarco tion of formate from t Serine-derived one-car synthesis of adenosine for the remethylation methionine cycle. Fu can regenerate cofacto ATP 22-24 . Serine is als of glycine and cystein pathway), both of wh production of glutathi buffering (FIG. 2). Alter therefore have profoun cancer development, a 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon units, several other one-carbon donors are used by the cell, including choline, which is the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of gluconeogenesis)-derived carbons to be diverted into making serine. Although glucose is the major source of carbons for de novo serine synthesis in fully fed is converted into phosp amino transferase 1 (PSAT tion that uses glutamate-d α-ketoglutarate (α-KG). S phosphoserine through phosphatase (PSPH) (FIG.

pathway that is induced in metabolic stress, including tion 12 , and decreased leve activator of the M2 isoform which is expressed in pro drop in serine levels leads ity 13,14 . Slowing the flux of c in glycolysis allows for the (FIG. 1). Interestingly, 2-ph metabolite produced fro mutase 1 (PGAM1) -PHGDH, indicating that 3PG as a result of PKM2 in glucose-derived carbon molecule activators of PK tion of 3PG into serine syn for serine 16 . In concert with intermediates, serine dep general control non-derep as eIF2AK4)-activating t pathway, which promote SSP enzymes 14 . The coor can replenish intracellula necessary for cell growth a

Serine and one-carbon

Serine is required for a signalling pathways (FIG.

other amino acids such the production of phosph and phosphatidylserine. S one-carbon units to the fo metabolism 17-19 , although groups from several othe choline, betaine, sarcosin tion of formate from the Serine-derived one-carbon synthesis of adenosine, gu for the remethylation of methionine cycle. Furth can regenerate cofactors s ATP 22-24 . Serine is also a of glycine and cysteine (t pathway), both of which production of glutathione buffering (FIG. 2). Alteratio therefore have profound e cancer development, as w 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon units, several other one-carbon donors are used by the cell, including choline, which is the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of gluconeogenesis)-derived carbons to be diverted into making serine. Although glucose is the major source of carbons for de novo serine synthesis in fully fed is converted into pho amino transferase 1 (PS tion that uses glutamate α-ketoglutarate (α-KG phosphoserine throug phosphatase (PSPH) (F pathway that is induced metabolic stress, includ tion 12 , and decreased le activator of the M2 isof which is expressed in drop in serine levels lea ity 13,14 . Slowing the flux in glycolysis allows for t (FIG. 1). Interestingly, 2metabolite produced f mutase 1 (PGAM1) -PHGDH, indicating th 3PG as a result of PKM2 glucose-derived carbo molecule activators of tion of 3PG into serine for serine 16 . In concert w intermediates, serine d general control non-der as eIF2AK4)-activatin pathway, which promo SSP enzymes 14 . The co can replenish intracell necessary for cell growt Serine and one-carbo Serine is required for signalling pathways (FI other amino acids suc the production of phos and phosphatidylserine one-carbon units to the metabolism 17-19 , althou groups from several o choline, betaine, sarco tion of formate from th Serine-derived one-carb synthesis of adenosine, for the remethylation methionine cycle. Fu can regenerate cofacto ATP 22-24 . Serine is also of glycine and cystein pathway), both of whi production of glutathio buffering (FIG. 2). Alter therefore have profoun cancer development, as 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of is converted into p amino transferase 1 ( tion that uses glutam α-ketoglutarate (α-K phosphoserine thro phosphatase (PSPH pathway that is indu metabolic stress, incl tion 12 , and decreased activator of the M2 is which is expressed i drop in serine levels ity 13,14 . Slowing the flu in glycolysis allows fo (FIG. 1). Interestingly, metabolite produce mutase 1 (PGAM1 PHGDH, indicating 3PG as a result of PKM glucose-derived car molecule activators tion of 3PG into serin for serine 16 . In concer intermediates, serin general control nonas eIF2AK4)-activa pathway, which pro SSP enzymes 14 . The can replenish intrac necessary for cell gro

Serine and one-ca

Serine is required f signalling pathways other amino acids the production of ph and phosphatidylser one-carbon units to metabolism 17-19 , altho groups from several choline, betaine, sar tion of formate from Serine-derived one-c synthesis of adenosin for the remethylatio methionine cycle. F can regenerate cofac ATP 22-24 . Serine is a of glycine and cyste pathway), both of w production of glutat buffering (FIG. 2). Alt 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of is converted into p amino transferase 1 ( tion that uses glutam α-ketoglutarate (α-K phosphoserine thro phosphatase (PSPH pathway that is indu metabolic stress, incl tion 12 , and decreased activator of the M2 is which is expressed i drop in serine levels ity 13,14 . Slowing the flu in glycolysis allows fo (FIG. 1). Interestingly, metabolite produce mutase 1 (PGAM1 PHGDH, indicating 3PG as a result of PKM glucose-derived car molecule activators tion of 3PG into serin for serine 16 . In concer intermediates, serin general control nonas eIF2AK4)-activa pathway, which pro SSP enzymes 14 . The can replenish intrac necessary for cell gro

Serine and one-ca

Serine is required f signalling pathways other amino acids the production of ph and phosphatidylser one-carbon units to metabolism 17-19 , altho groups from several choline, betaine, sar tion of formate from Serine-derived one-c synthesis of adenosin for the remethylatio methionine cycle. F can regenerate cofac ATP 22-24 . Serine is a of glycine and cyste pathway), both of w production of glutat buffering (FIG. 2). Alt 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of is converted into p amino transferase 1 tion that uses glutam α-ketoglutarate (α-K phosphoserine thro phosphatase (PSPH pathway that is indu metabolic stress, incl tion 12 , and decrease activator of the M2 i which is expressed drop in serine levels ity 13,14 . Slowing the fl in glycolysis allows f (FIG. 1). Interestingly metabolite produce mutase 1 (PGAM1 PHGDH, indicating 3PG as a result of PK glucose-derived ca molecule activators tion of 3PG into seri for serine 16 . In conce intermediates, serin general control nonas eIF2AK4)-activa pathway, which pro SSP enzymes 14 . The can replenish intrac necessary for cell gro

Serine and one-ca

Serine is required f signalling pathways other amino acids the production of ph and phosphatidylser one-carbon units to metabolism 17-19 , alth groups from severa choline, betaine, sa tion of formate from Serine-derived one-c synthesis of adenosin for the remethylatio methionine cycle. can regenerate cofac ATP 22-24 . Serine is a of glycine and cyste pathway), both of w production of glutat buffering (FIG. 2). Al 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of is converted into pho amino transferase 1 (PS tion that uses glutamate α-ketoglutarate (α-KG) phosphoserine through phosphatase (PSPH) (FI pathway that is induced metabolic stress, includi tion 12 , and decreased le activator of the M2 isofo which is expressed in p drop in serine levels lea ity 13,14 . Slowing the flux o in glycolysis allows for th (FIG. 1). Interestingly, 2metabolite produced fr mutase 1 (PGAM1) -PHGDH, indicating tha 3PG as a result of PKM2 glucose-derived carbo molecule activators of P tion of 3PG into serine s for serine 16 . In concert w intermediates, serine d general control non-der as eIF2AK4)-activating pathway, which promo SSP enzymes 14 . The coo can replenish intracellu necessary for cell growt

Serine and one-carbo

Serine is required for signalling pathways (FIG other amino acids suc the production of phos and phosphatidylserine one-carbon units to the metabolism 17-19 , althoug groups from several ot choline, betaine, sarcos tion of formate from th Serine-derived one-carb synthesis of adenosine, g for the remethylation o methionine cycle. Fur can regenerate cofactor ATP 22-24 . Serine is also of glycine and cysteine pathway), both of whic production of glutathio buffering (FIG. 2). Altera 

Auxotrophic

Dependence on a nutrient for growth.

One-carbon metabolism

The pathways that allow for the transfer of single carbon units through folate intermediates for use in purine and thymidylate synthesis, NADP + /NADPH production and methylation reactions. Although serine and glycine are major sources of one-carbon the brain -be alleviated by substantially increasing dietary serine 8,9 . Interestingly, however, these individuals do not show reduced plasma serine levels under normally fed conditions 8 , suggesting that outside the brain, serine derived from a normal diet can sustain serine levels in the absence of de novo synthesis. Other sources of serine include the breakdown of cell proteins (for example, by autophagy) and conversion from glycine 4 .

In cell culture systems, rapidly proliferating cancer cells avidly consume exogenous serine 3,10 and show a precipitous drop in intracellular serine levels following transfer to serine-free culture conditions. Under these conditions, many cells respond by slowing proliferation as they adjust their metabolism to allow for an increase in de novo serine synthesis 3 . As we discuss below, the ability to make this adaptation may be compromised in some cancer cells and may represent a point of vulnerability that could be exploited therapeutically.

De novo serine synthesis

The SSP is one of many side branches of glycolysis, allowing glucose (or pyruvate under conditions of is converted into amino transferase 1 tion that uses gluta α-ketoglutarate (α phosphoserine th phosphatase (PSP pathway that is ind metabolic stress, in tion 12 , and decreas activator of the M2 which is expressed drop in serine leve ity 13,14 . Slowing the in glycolysis allows (FIG. 1). Interesting metabolite produc mutase 1 (PGAM PHGDH, indicatin 3PG as a result of P glucose-derived c molecule activator tion of 3PG into se for serine 16 . In conc intermediates, ser general control non as eIF2AK4)-activ pathway, which pr SSP enzymes 14 . Th can replenish intr necessary for cell g

Serine and one-c

Serine is required signalling pathway other amino acid the production of and phosphatidyls one-carbon units t metabolism 17-19 , alt groups from sever choline, betaine, s tion of formate fro Serine-derived one synthesis of adeno for the remethylat methionine cycle can regenerate cof ATP 22-24 . Serine is of glycine and cys pathway), both of production of glut buffering (FIG. 2). A 

F O C U S O N T U M O U

Figure 1.20 -Serine production pathway (modified from [START_REF] Yang | Serine and one-carbon metabolism in cancer[END_REF]) Serine can be taken up in the blood or directly produced from glycine. Serine can also be synthesized through the Phosphorylated Pathway. Phgdh catalyses the first step of this pathway using 3-phosphoglycerate and NAD. Psat1 follows converting glutamate into ketoglutarate to produce Phosphoserine. Then, Psph produces L-serine. This pathway is co-regulated with glycolysis through the regulation of Pyruvate Kinase isoenzyme M2 (PKM2) and the activation of Phgdh by glycolytic intermediates. that equilibrium constant of Phgdh is not favourable for the entrance of 3-PG in the PP suggesting that pH and RedOx conditions are favourable in vivo. The availability of NH 2 groups for the transamination catalysed by Psat1 could also limit the flux of serine synthesis.

As L-serine is found in proteins, the hypothesis of a regulation of the PP by the type of diet has been strongly investigated. It has been shown that Phgdh, Psat1 and Psph activities are reduced by high protein diet or by starvation but that they are enhanced by low protein diet [START_REF] Hayashi | Dietary and hormonal regulation of serine synthesis in the rat[END_REF]. Amino-acids starvation and serine deprivation also activate the Eukaryotic Initiation Factor 2 (eiF2)/ATF4 pathway [START_REF] B'chir | The eIF2 a / ATF4 pathway is essential for stress-induced autophagy gene expression[END_REF]. ATF4 is well known to promote autophagy but it has also been shown that ATF4 activates the transcription of Phgdh, Psat1 and Psph, boosting L-serine production [START_REF] Ravez | Challenges and Opportunities in the Development of Serine Synthetic Pathway Inhibitors for Cancer Therapy[END_REF]. Still, very little is known about serine synthesis regulation in the brain, except from a developmental regulation of Phgdh expression by the action of the 4EBP1 translation factor [START_REF] Sayano | L-Serine deficiency caused by genetic Phgdh deletion leads to robust induction of 4E-BP1 and subsequent repression of translation initiation in the developing central nervous system[END_REF]. A lot of questions are still unresolved. What part of the glycolytic flux is diverted to the PP? How does glycolysis impact the activity of the PP? We have got some insights from the studies of the glycolytic enzyme PKM2. Indeed, serine binds PKM2 and stimulates its activity leading to an enhancement of glycolytic CHAPTER 1. INTRODUCTION activity [START_REF] Chaneton | Serine is a natural ligand and allosteric activator of pyruvate kinase M2[END_REF]. So, when there is a lack of serine, glycolysis is blocked at the PKM2 step. Accumulation of glycolytic intermediates increases the flux of the PP and the production of serine through the action of 2-PG on Phgdh [32,[START_REF] Yang | Serine and one-carbon metabolism in cancer[END_REF]. However, these studies have been performed in cultured cell lines and may not really reflect serine biosynthesis pathway regulations in vivo.

A major pathway in the brain

Human cells produce de novo L-serine and this production is crucial during development and for cell survival [START_REF] Tabatabaie | L-Serine synthesis in the central nervous system: A review on serine deficiency disorders[END_REF][START_REF] De Koning | L-Serine in disease and development[END_REF]. We have already mentioned that serine production is active in brain, liver, kidney and other organs. However, in the case of serine deficiency due to mutations of the enzymes of the PP, symptoms are essentially related to the CNS. Indeed, several cases of serine deficiency have been reported with mutations in one of the 3 genes that code for the 3 enzymes of the PP. They all lead to the same phenotype -the new-born syndrome called Neu laxova syndrome, the infantile syndrome, and the more rare juvenile and adult syndromes [START_REF] De Koning | Amino acid synthesis deficiencies[END_REF]. Patients with serine deficiency su er from microcephaly, seizure and mood disturbance that can be restored by L-serine treatments. This phenotype can be partially reproduced in mice in which a KO of the Phgdh gene leads to growth retardation, brain malformation and embryonic lethality [START_REF] Furuya | An essential role for de novo biosynthesis of L-serine in CNS development[END_REF]. No major symptom has been identified in the other organs producing L-serine and L-serine levels in the plasma remain stable suggesting that peripheral organs can produce L-serine through other anabolic pathways or by protein degradation [START_REF] Yang | Serine and one-carbon metabolism in cancer[END_REF]. In the brain, the BBB probably prevents su cient imports of L-serine available from a normal diet and de novo synthesis is the only source available [START_REF] Yang | Serine and one-carbon metabolism in cancer[END_REF].

High quantities of L-serine are available in the brain [START_REF] Huether | Changes in free amino acid concentrations in serum, brain, and CSF throughout embryogenesis[END_REF] where it acts as a neurotrophic factor and modulates neuronal morphology and neuronal communication.

An astrocytic pathway

We have seen that L-serine is enriched in the brain and that L-serine synthesis is achieved through the PP that diverts part of the glycolytic flux. As we have seen in Section 1.1.3 astrocytes are the main glycolytic cells in the brain, which strongly suggests that L-serine might be produced in astrocytes.

The first experiments that tried to elucidate in which cell type L-serine is produced were performed using primary cultures enriched in astrocytes [START_REF] Verleysdonk | Synthesis and Release of L -Serine by Rat Astroglia-Rich Primary Cultures[END_REF]. It was shown that L-serine is released in the culture medium and that this release is decreased if glucose is replaced by pyruvate as a metabolic substrate. This suggests that L-serine is produced from glucose in primary cultures of astrocytes through the PP, which was confirmed by a decrease of L-serine in presence of L-phosphonoalanine, a Psph inhibitor. The remaining L-serine probably comes from protein catabolism as a decrease of L-serine released has been observed in presence of proteolysis inhibitors. Later experiments conducted with neuronal primary cultures have demonstrated that they do not produce L-serine [START_REF] Ehmsen | D-serine in glia and neurons derives from 3-phosphoglycerate dehydrogenase[END_REF], confirming that astrocytes are L-serine producers in vitro.

This question has also been assessed in vivo using immunohistochemistry and in-situ hybridization to localize Phgdh expression in the mouse brain. It has been shown that during developmental stages Phgdh is expressed homogeneously in neural stem cells but its expression is then decreased in neurons and not in astrocytes [START_REF] Yamasaki | 3-Phosphoglycerate dehydrogenase, a key enzyme for l-serine biosynthesis, is preferentially expressed in the radial glia/astrocyte lineage and olfactory ensheathing glia in the mouse brain[END_REF]. Quantification of the mRNA level of Phgdh in astrocytes, neurons and microglial cells has shown that the level of Phgdh is highest in astrocytes and that Phgdh expression is strongly reduced in neurons and microglia [START_REF] Sugishita | L-serine regulates the activities of microglial cells that express very low level of 3-phosphoglycerate dehydrogenase, an enzyme for L-serine biosynthesis[END_REF]. These results have been confirmed by Yang et al. who produced mice with Phgdh deletion specifically in astrocytes by crossing a phgdh flox/flox strain with mice expressing cre-recombinase under the astrocytic GFAP promoter. These mice show a decrease of 80 to 90% of the L-serine levels in the brain confirming that the PP mainly takes place in astrocytes [START_REF] Yang | Brain-specific Phgdh deletion reveals a pivotal role for l-serine biosynthesis in controlling the level of D-serine, an N-methyl-D-aspartate receptor co-agonist, in adult brain[END_REF]. Using immunofluorescence on mouse tissues, we have confirmed in our laboratory that Phgdh in the hippocampus is expressed in astrocytes and not in neurons, microglia, or oligodendrocytes (Figure 1.21). We have also performed immunohistochemistry on human tissues and non-human primate tissues and we have showed that in the non-human primate and in human hippocampus PHGDH is also expressed in astrocytes (Figure 1

.22).

All these observations have demonstrated that Phgdh, the first enzyme of the PP, is specifically expressed in astrocytes. Results from the database produced by Zhang et al. [31] has further confirmed that Psat1 and Psph transcripts are also expressed mainly in astrocytes, in mouse and human brains. As L-serine is required for many cell processes, expression of serine transporters -Alanine Serine Cysteine Threonine transporter type 1 (Asct1), Alanine Serine Cysteine Threonine transporter type 2 (Asct2) and Alanine Serine Cysteine transporter type 1 (Asc1) -have been identified in the brain allowing L-serine supply to neurons, microglia and oligodendrocytes. Mutations in the Asct1 gene lead to a phenotype close to the one observed for mutations in the Phgdh gene, with developmental delay, microcephaly and demyelination [START_REF] Damseh | Mutations in SLC1A4, encoding the brain serine transporter, are associated with developmental delay, microcephaly and hypomyelination[END_REF]. These observations support the hypothesis of a crucial role of L-serine astrocytic production for all the cell types of the brain. The high levels of D-serine measured in the brain [START_REF] Hashimoto | The presence of free D-serine in rat brain[END_REF] also suggest a crucial role for L-serine as a precursor for D-serine formation. 

Sr produces D-serine through L-serine racemization

It has been known for a long time that D-amino acids compose the cell walls of micro-organisms. When D-serine was first identified in mammals the first conclusion was that it came from the digestion of bacteria in the intestine or from the food. No one imagined an endogenous production of D-serine. However, breeding mice in germ-free conditions has shown that it has no impact on the levels of D-serine in those animals. This was the first evidence for the existence of an endogenous D-serine production pathway [START_REF] Mothet | Physiological relevance of endogenous free D-serine in the mammalian brain: Are scientists on a royal road for the treatment of glutamatergic-related brain disorders?[END_REF].

L-serine is required to produce D-serine

Radiolabelled molecules -glucose, L-serine and glycine -have been used to investigate the origin of D-serine in the brain [START_REF] Dunlop | The Origin and Turnover of D-Serine in Brain[END_REF]. The appearance of D-[ 3 H]serine after L-[ 3 H]serine infusion has suggested that L-serine is a precursor for D-serine. As the quantity of D-[ 3 H]serine produced is directly linked to the pool of L-[ 3 H]serine available, regardless of the radiolabelled probe that have been infused, it has been confirmed that L-serine is the direct precursor of D-serine in the brain. In 2010, Yang et al. used a mouse model for serine deficiency and showed that both L-and D-serine levels are reduced in the brain of those animals [START_REF] Yang | Brain-specific Phgdh deletion reveals a pivotal role for l-serine biosynthesis in controlling the level of D-serine, an N-methyl-D-aspartate receptor co-agonist, in adult brain[END_REF]. They were able to restore D-serine levels by adding L-serine, confirming that L-serine is required to produce D-serine. Experiments that have been previously performed in HEK cells have shown that the expression of Sr leads to a decrease of L-serine concomitant with an increase of D-serine [START_REF] Miranda | Cofactors of serine racemase that physiologically stimulate the synthesis of the N-methyl-D-aspartate (NMDA) receptor coagonist D-serine[END_REF]. In vivo, Sr KO mice display a strong decrease of D-serine levels in the brain -80-90% - [START_REF] Basu | Targeted disruption of serine racemase a ects glutamatergic neurotransmission and behavior[END_REF][START_REF] Horio | Levels of d-serine in the brain and peripheral organs of serine racemase (Srr) knock-out mice[END_REF] confirming the role of Sr in the production of D-serine.

It is now commonly accepted that Sr catalyses the racemization of L-serine to D-serine, even if the incomplete depletion of D-serine in Sr KO mice suggests that other pathways may be responsible for a minor part of D-serine production [START_REF] Nishikawa | Analysis of free d -serine in mammals and its biological relevance[END_REF]. It has been suggested that D-serine may be produced directly from L-phosphoserine exclusively in synaptosomes where high levels of D-serine and Psph had been identified [START_REF] Wood | Formation of D-Serine from L-Phosphoserine in Brain Synaptosomes[END_REF]. However, this hypothesis has not been further investigated.

Regulation of Sr activity

D-serine production from L-serine through Sr activity is tightly regulated and many processes control the activity and stability of the enzyme. These regulations have been reviewed in Baumgart et al. [START_REF] Baumgart | D -Amino acids in the brain : the biochemistry of brain serine racemase[END_REF] and we will only briefly summarize the cellular mechanisms that modulate D-serine production.

Post-translational maturation of the enzyme Sr was described, modulating its activity. Mass spectrometry experiments have revealed that murine Sr has two phosphorylation sites. Using phosphorylation deficient mice it has been possible to show that Sr activity is enhanced by these phosphorylations [START_REF] Foltyn | Phosphorylation of mouse serine racemase regulates d-serine synthesis[END_REF]. This post-translational modification allows a regulation of D-serine production, but the upstream pathway that triggers the phosphorylation is still unknown.

Under conditions of oxidative stress, Sr is nitrosylated or glutathionylated, which reduces the activity of the enzyme [START_REF] Baumgart | D -Amino acids in the brain : the biochemistry of brain serine racemase[END_REF][START_REF] Mustafa | Nitric oxide S-nitrosylates serine racemase, mediating feedback inhibition of D-serine formation[END_REF]. Evidence for these post-translational modifications remains ambiguous but an interesting mechanism has been proposed. NMDA-R activation triggers Ca 2+ signals which activates Nitrous Oxyde (NO)-synthase allowing the nitrosylation of Sr and D-Amino-Acid Oxydase (Daao). Sr is inhibited by nitrosylation whereas Daao is activated, leading to a regulation of D-serine levels in the synaptic environment [START_REF] Mustafa | Nitric oxide S-nitrosylates serine racemase, mediating feedback inhibition of D-serine formation[END_REF].

Co-factors interacting with Sr have also been identified. Using purified Sr it has been shown that serine racemization is enhanced in presence of Ca 2+ , Mg 2+ and ATP and that divalent cations and nucleotides act independently, meaning that their e ects can be additive [START_REF] Miranda | Cofactors of serine racemase that physiologically stimulate the synthesis of the N-methyl-D-aspartate (NMDA) receptor coagonist D-serine[END_REF]. The region responsible for divalent cations binding has been determined by sequence analysis and it has been possible to show that this region is mutated in some species for which Sr activity is not enhanced by divalent cations [START_REF] Baumgart | D -Amino acids in the brain : the biochemistry of brain serine racemase[END_REF]. The analysis has been more puzzling for nucleotides because Sr shows a high diversity of e ects between species. Sr activity is enhanced by Adenosine MonoPhosphate (AMP) in E. coli whereas it is inhibited by ATP in some bivalves and activated by ADP and ATP in mammals. The activation of mammalian Sr by ATP and ADP reaches the same level, so the role of ATP as a co-factor of Sr does not depend on phosphate elimination. Moreover, according to the levels of ATP in a mammalian cell and the concentration required to activate Sr, it seems that Sr is always saturated with nucleotides [START_REF] Baumgart | D -Amino acids in the brain : the biochemistry of brain serine racemase[END_REF]. An attractive hypothesis is that Sr sensibility to Ca 2+ is an adaptive mechanism to adjust serine racemization to the level of intracellular calcium directly related to vesicle release and synaptic activity [START_REF] Cook | Direct calcium binding results in activation of brain serine racemase[END_REF].

Physical interactions with other proteins have also been reported. Analysis of human and murine Sr sequences has shown that Sr has a C-terminal motif allowing interactions with proteins of the post-synaptic density (PDZ domain). Sr specifically interacts with GRIP, a protein that also interacts with glutamate receptors. PICK1 also interacts with Sr through its PDZ domains. However, the role played by these interactions remains largely debated [START_REF] Baumgart | D -Amino acids in the brain : the biochemistry of brain serine racemase[END_REF]. In the N-terminal region of Sr, a motif allows the interaction between Sr and Golga3, a protein whose function remains unknown. This interaction regulates ubiquitin-proteasome degradation of Sr and increases the production of D-serine in vitro and in vivo [START_REF] Baumgart | D -Amino acids in the brain : the biochemistry of brain serine racemase[END_REF][START_REF] Dumin | Modulation of D-serine levels via ubiquitin-dependent proteasomal degradation of serine racemase[END_REF].

An interaction between Sr and PSD95, another protein of the post-synaptic density, has also been demonstrated recently [START_REF] Lin | D-Serine and Serine Racemase Are Associated with PSD-95 and Glutamatergic Synapse Stability[END_REF]. This interaction has an impact on Sr localisation in association with the protein FBX022 that prevents membrane fixation of Sr [START_REF] Dikopoltsev | FBXO22 Protein Is Required for Optimal Synthesis of the N -Methyl-d-Aspartate (NMDA) Receptor Coagonist d-Serine[END_REF]. Indeed, it has been shown that membrane localisation of Sr leads to its inhibition. The regulation of Sr activity interacting with PSD95 suggests that --Amino-3-hydroxy-5-Méthylisoazol-4-Propionate Receptor (AMPA-R) activation may regulate D-serine synthesis [START_REF] Ma | Serine racemase regulated by binding to stargazin and PSD-95[END_REF]. It has also been evoked that NMDA-R 1.3. L-AND D-SERINE, CENTRAL PLAYERS FOR BRAIN FUNCTIONS activation may impact Sr translocation to the membrane [START_REF] Balan | Feedback inactivation of D-serine synthesis by NMDA receptor-elicited translocation of serine racemase to the membrane[END_REF]. Further investigations are required to explain the mechanisms involved in Sr activity regulation by synaptic activity.

Suzuki et al. have shown that energy metabolism impacts the levels of D-serine [START_REF] Suzuki | Glycolytic flux controls d-serine synthesis through glyceraldehyde 3-phosphate dehydrogenase in astrocytes[END_REF]. Glycolysis inhibition increases L-and D-serine levels whereas OXPHOS inhibition increases glycolytic activity and reduces D-serine levels. They showed that a physical interaction between Sr and GAPDH is responsible for the inhibition of Sr activity. Moreover, the glycolytic production of NADH causes a destabilization of Sr, increasing the e ect of glycolytic activity on D-serine production.

Sub-cellular localisation of Sr also regulates its activity. We have just mentioned that Sr fixation at the plasma membrane inhibits D-serine production. It has also been reported that nuclear relocalization of Sr in stressful conditions totally abolishes its activity [START_REF] Kolodney | Nuclear compartmentalization of serine racemase regulates D-serine production: Implications for n-methyl-d-aspartate (NMDA) receptor activation[END_REF]. This mechanism could be a rescue mechanism developed in su ering cells in order to avoid excitotoxicity induced by excessive D-serine production.

The racemization activity of Sr is regulated by many cellular aspects -calcium entry, subcellular localization, metabolic activity. In addition, Sr can also catalyse the formation of pyruvate from L-serine [START_REF] Wolosker | Serine racemase and the serine shuttle between neurons and astrocytes[END_REF][START_REF] Miranda | Cofactors of serine racemase that physiologically stimulate the synthesis of the N-methyl-D-aspartate (NMDA) receptor coagonist D-serine[END_REF], or the synthesis of the amino-acid D-aspartate in certain regions of the brain [START_REF] Ito | Serine racemase is involved in D-aspartate biosynthesis[END_REF].

Astrocytic versus neuronal D-serine, a controversy

Even if it is now clearly demonstrated that L-serine is produced in astrocytes, we have mentioned that Sr physically interacts with neuronal proteins, raising important questions about the cellular localisation of D-serine production. The straight forward hypothesis would be that D-serine is also produced in astrocytes by racemization of L-serine and released in the synaptic cleft to act as a gliotransmitter. Experiments carried out by Henneberger et al. have shown that blocking calcium signalling in a patched astrocyte blocks LTP in surrounding neurons and that LTP can be restored by adding D-serine [START_REF] Henneberger | Long-term potentiation depends on release of D-serine from astrocytes[END_REF]. Moreover, blocking vesicle exocytosis in a specific astrocyte induces electrophysiological deficits and a decrease in the number of dendritic spines specifically in the region of the dendrite covered by the astrocyte. In this model, synaptic transmission is restored and the number of spines is increased by adding D-serine [START_REF] Sultan | Synaptic Integration of Adult-Born Hippocampal Neurons Is Locally Controlled by Astrocytes[END_REF]. These two papers strongly support the hypothesis that D-serine is produced and released by astrocytes.

On the other hand, it has been shown that Sr is expressed in both astrocytes and neurons and that a cell specific deletion of Sr in astrocytes has almost no e ect on D-serine levels whereas it dramatically decreases D-serine levels when the deletion is neuronal [START_REF] Benneyworth | Cell Selective Conditional Null Mutations of Serine Racemase Demonstrate a Predominate Localization in Cortical Glutamatergic Neurons[END_REF]. Immunostaining for D-serine has also shown that D-serine is present in both cell types with a stronger expression in neurons [START_REF] Ehmsen | D-serine in glia and neurons derives from 3-phosphoglycerate dehydrogenase[END_REF]. Moreover, experiments that have been performed in vivo to elucidate the cellular expression of 

D-SERINE IS A CRITICAL PLAYER IN NMDAR-MEDIATED SYNAPTIC PLASTICITY

NMDARs are unique in that they require the binding of two agonists to be fully functional. In particular, activation of NMDARs requires the binding of glutamate to the GluN2 subunit as well as the binding of a separate co-agonist to the glycine site of the GluN1 subunit (Johnson and Ascher, 1987). While D-serine was originally identified as an effective co-agonist of the NMDAR (Kleckner and Dingledine, 1988), glycine was thought to be a more likely endogenous candidate because, at the time, more was known about its presence in mammalian brain. In light of the considerable accumulation of evidence that D-serine is indeed present in many mammalian brain areas, D-serine has come to be accepted as an endogenous co-agonist for synaptic NMDARs, involved in modulating synaptic transmission and plasticity. Further support for this idea came from a pioneering study that monitored NMDAR-mediated synaptic transmission in hippocampal cell cultures after the selective degradation of Sr using Green Fluorescent Protein (GFP) expressed under the Sr promoter have not identified astrocytic expression. These data suggest that neurons could be the origin of D-serine production. This hypothesis, termed the serine shuttle hypothesis (see Figure 1.23), assumes that part of the L-serine produced in astrocytes is directly transformed into D-serine by astrocytic Sr but that L-serine is also transferred to neurons where it is converted into D-serine by neuronal Sr. We have already mentioned briefly that astrocytes supply other cell types in the brain with L-serine through serine transporters. Asct1 and Asct2 transport serine depending on Na + . Asct1 is ubiquitously expressed in the CNS during development but its expression is restricted to astrocytes at adult stages. Asct1 has a high a nity for L-serine which suggests that it is likely to mediate the major part of L-serine transport from astrocytes to the outer space, explaining the deleterious symptoms observed in patients with mutation in the gene coding for ASCT1 [START_REF] Hirabayashi | Roles of L -serine and sphingolipid synthesis in brain development and neuronal survival[END_REF][START_REF] Damseh | Mutations in SLC1A4, encoding the brain serine transporter, are associated with developmental delay, microcephaly and hypomyelination[END_REF]. On the contrary, Asct2 has a higher a nity for D-serine than L-serine but its location and activity are poorly documented. In primary cultures, it has been shown that Asct2 mRNA are only present in astrocytes [START_REF] Yamamoto | Functional identification of ASCT1 neutral amino acid transporter as the predominant system for the uptake of L-serine in rat neurons in primary culture[END_REF] but more detailed investigations are required.

The transporter Asc1 is expressed on neuronal plasma membranes but its precise localisation is debated -Helboe et al. have found that Asc1 is mainly expressed in pre-synaptic compartments in the whole brain [START_REF] Helboe | Distribution and pharmacology of alanine-serine-cysteine transporter 1 (asc-1) in rodent brain[END_REF] but a year later Matsuo et al. published that Asc1 is mainly expressed in dendrites [START_REF] Matsuo | High a nity D -and L -serine transporter Asc-1 : cloning and dendritic localization in the rat cerebral and cerebellar cortices[END_REF]. The transporter 1.3. L-AND D-SERINE, CENTRAL PLAYERS FOR BRAIN FUNCTIONS Asc1 can transport L-and D-serine, however, it has been shown that Asc1 KO in mice leads to synaptic over-activation which suggests that Asc1 is more likely to be responsible for synaptic D-serine re-uptake than for L-serine internalization and D-serine production [START_REF] Hirabayashi | Roles of L -serine and sphingolipid synthesis in brain development and neuronal survival[END_REF]. This hypothesis is supported by Sr a nity showing that with high quantity of D-serine, Sr acts to eliminate D-serine rather than to synthesize it [START_REF] Papouin | Astroglial versus Neuronal D-Serine : Fact Checking[END_REF], which can explain the low levels of D-serine measured in neurons compared to the high level of Sr [START_REF] Wolosker | Serine racemase and the serine shuttle between neurons and astrocytes[END_REF]. Finally, no proper system to release D-serine in the synaptic cleft has been identified in neurons. That is why the serine shuttle hypothesis also assumes that neuronal D-serine is transferred back to astrocytes through Asc transporters and released by astrocytic D-serine vesicles. However, this model is not entirely convincing and debate about D-serine production is still raging: see the two letters that have been published recently by Papouin et al. and Wolosker et al. [START_REF] Papouin | Astroglial versus Neuronal D-Serine : Fact Checking[END_REF][START_REF] Wolosker | Astroglial Versus Neuronal D-Serine : Check Your Controls ![END_REF].

D-serine plays many roles in the CNS

Many experiments have been carried out using Sr KO mice in which the levels of D-serine are reduced to ≥ 10 ≠ 20% in several regions of the brain [START_REF] Basu | Targeted disruption of serine racemase a ects glutamatergic neurotransmission and behavior[END_REF][START_REF] Horio | Levels of d-serine in the brain and peripheral organs of serine racemase (Srr) knock-out mice[END_REF]. These mice show deficits in learning and memory and neurodegeneration, suggesting crucial roles for D-serine in the brain [START_REF] Mori | Serine racemase knockout mice[END_REF].

D-serine is a co-agonist of NMDA-R

D-serine is a co-agonist of NMDA-R that binds the glycine binding site of the receptor. This binding is compulsory for the opening of the channel, making glycine and D-serine crucial partners for glutamate in the synaptic cleft (see appendix 1.B for more details about the NMDA-R). Moreover, the binding of D-serine to NMDA-R also modulates the a nity of the receptor for glutamate, its sensibility, its turnover, and its membrane translocation [START_REF] Nong | Glycine binding primes NMDA receptor internalization[END_REF][START_REF] Herman | D-Amino acids in the brain: D-serine in neurotransmission and neurodegeneration[END_REF]. The a nity for D-serine rather than glycine seems to be dependent on the type of subunits composing the receptor [START_REF] Bail | Identity of the NMDA receptor coagonist is synapse specific and developmentally regulated in the hippocampus[END_REF]. This a nity is region specific and changes with age. Glycine is active in the whole brain during development and is progressively replaced by D-serine in some regions of the forebrain -hippocampus, cortex -where the NR2 subunit is predominant (Figure 1.24) [START_REF] Herman | D-Amino acids in the brain: D-serine in neurotransmission and neurodegeneration[END_REF][START_REF] Van Horn | D-serine as a gliotransmitter and its roles in brain development and disease[END_REF]. Moreover, it has also been demonstrated that D-serine binds synaptic NMDA-R preferentially, whereas, glycine binds extra-synaptic NMDA-R in the hippocampus [START_REF] Papouin | Synaptic and extrasynaptic NMDA receptors are gated by di erent endogenous coagonists[END_REF].

Electrophysiological recordings performed on slices incubated with Daao -an enzyme that specifically degrades D-serine -show that D-serine is required for NMDA-R currents [START_REF] Mothet | D-Serine is an endogenous ligand for the glycine site of the N-methyl-D-aspartate receptor[END_REF] and for the induction of LTP [START_REF] Mothet | A critical role for the glial-derived neuromodulator D-serine in the age-related deficits of cellular mechanisms of learning and memory[END_REF], whereas the application of glycine oxidase has no e ect [START_REF] Papouin | Synaptic and extrasynaptic NMDA receptors are gated by di erent endogenous coagonists[END_REF]. These results have been confirmed using mice with a deletion of Daao that show a facilitation of LTP induction and an increase in memory abilities during behavioural tests [START_REF] Maekawa | Spatial learning and long-term potentiation of mutant mice lacking D-amino-acid oxidase[END_REF]. It is now accepted that the glycine ). Accumulating evidence, however, suggests that the synthesis, storage, and release of D-serine may not be limited exclusively to astrocytes, but rather may involve distinct functions for different cells.

D-SERINE SYNTHESIS AND DEGRADATION

The key enzyme thought to be responsible for the synthesis of D-serine is serine racemase (SR). SR, which converts L-serine to D-serine, was initially found in astrocytes and microglia in the mammalian brain (Wolosker et al., 1999 is generated solely by astrocytes. In fact, SR was found to be expressed at significantly higher levels in neurons than in astrocytes. A study that compared SR and D-serine levels in cell type-specific SR knockout mice found that SR levels were lower in mice with neuronal knockout of SR than in mice with astrocytespecific knockout of SR [START_REF] Benneyworth | Cell Selective Conditional Null Mutations of Serine Racemase Demonstrate a Predominate Localization in Cortical Glutamatergic Neurons[END_REF]. Surprisingly, despite a significant reduction of SR protein in neuronal SR knockout mouse brains, D-serine levels were only minimally reduced indicating that neurons are not the sole source of D-serine.

REGULATION OF SR

A number of proteins that interact directly with SR have been identified, including the Golgin subfamily A member 3 protein [START_REF] Dumin | Modulation of D-serine levels via ubiquitin-dependent proteasomal degradation of serine racemase[END_REF], the glutamate receptor interacting protein (GRIP; [START_REF] Kim | Serine racemase: activation by glutamate neurotransmission via glutamate receptor interacting protein and mediation of neuronal migration[END_REF], and the protein interacting with C-kinase 1 (PICK1; Fujii et al., 2006;Hikida et al., 2008). Furthermore, a more recent study showed that protein kinase C (PKC), which interacts directly with PICK1, is able to phosphorylate SR, leading to a corresponding decrease in D-serine levels in vitro and in vivo (Vargas-Lopes et al., 2011). There is also evidence suggesting that activation of erythropoietin-producing hepatocellular carcinoma (Eph) receptors decreases interaction between Eph-PICK1 and binding site on NMDA-R are not saturated and that D-serine at the synapse exerts a dynamic regulation playing the role of neuromodulator. Moreover, Sr KO mice with low levels of D-serine show less excitotoxicity caused by an over-activation of NMDA-R [START_REF] Inoue | NMDA-and --Amyloid(1-42)-Induced Neurotoxicity Is Attenuated in Serine Racemase Knock-Out Mice[END_REF]. D-serine, as a co-agonist of NMDA-R, has an important impact on synaptic transmission. For example, in Drosophila, it has been shown that D-serine deficits cause memory alterations that can be restored by D-serine feeding [START_REF] Yamazaki | Glial Dysfunction Causes Age-Related Memory Impairment in Drosophila[END_REF]. The role of D-serine in synaptic transmission is also highly documented in the human brain where D-serine -and its analogue D-cycloserine -have already been used for almost 20 years as treatments against schizophrenia [START_REF] Berckel | D-Cycloserine Increases Positive Symptoms in Chronic Schizophrenic Patients When Administered in Addition to Antipsychotics : A Double-Blind , Parallel , Placebo-Controlled Study[END_REF][START_REF] Heresco-Levy | D-serine e cacy as add-on pharmacotherapy to risperidone and olanzapine for treatment-refractory schizophrenia[END_REF][START_REF] Kantrowitz | High dose D-serine in the treatment of schizophrenia[END_REF].

Other roles for D-serine in the brain

Even if the activation of NMDA-R that triggers LTP seems to be a simple and straight forward mechanism to explain the impact of D-serine on memory, other hypotheses have been proposed. D-serine is involved in neuronal migration and axon guidance in the cerebellum during early stages of development [START_REF] Kim | Serine racemase: activation by glutamate neurotransmission via glutamate receptor interacting protein and mediation of neuronal migration[END_REF]. Several studies have also focused on the e ect of D-serine on the dendritic arborescence of neurons. In Sr KO mice, where D-serine levels are strongly reduced, the dendritic architecture of cortical neurons is significantly less complex [START_REF] Balu | Neuronal d-serine regulates dendritic architecture in the somatosensory cortex[END_REF]. In these mice, dendritic spine density is also dramatically impaired (Figure 1.25) and can be restored by adding D-serine [START_REF] Balu | Chronic D-serine Reverses Arc Expression and Partially Rescues Dendritic Abnormalities in a Mouse Model of NMDA Receptor Hypofunction[END_REF]. This decrease is mediated by the activation of the Activity-Regulated Cytskeletton-associated protein (Arc), a protein involved in dendritic plasticity. More recently, it was described that an increase in D-serine causes an increase in glutamatergic dendritic spine density through the interaction between Sr and PSD95 -a protein of the post-synaptic sca old - [START_REF] Lin | D-Serine and Serine Racemase Are Associated with PSD-95 and Glutamatergic Synapse Stability[END_REF] whereas a local depletion of D-serine leads to a decrease in spine density and disturbance in the electrical circuitry of the hippocampus [START_REF] Sultan | Synaptic Integration of Adult-Born Hippocampal Neurons Is Locally Controlled by Astrocytes[END_REF]. These observations have been confirmed in APP KO mice where the restoration of memory deficits by D-serine is correlated with a restoration of the structure of dendritic spines [START_REF] Zou | Amyloid precursor protein maintains constitutive and adaptive plasticity of dendritic spines in adult brain by regulating D-serine homeostasis[END_REF]. Of course, the e ect of D-serine on neuritogenesis and synaptogenesis is more significant during developmental stages than during adulthood and Sr deletion in the brain of adult mice has minor e ects compared to Sr deletion in early KO mice.

D-serine is involved in memory and plasticity, not only because it mediates NMDA-R activation at the synapse but also because it plays a role in neuritogenesis and synaptogenesis. However, it is still unknown whether the impact of D-serine on neuronal morphology is mediated through NMDA-R activity or not.

L-and D-serine in aging and AD

Whatever the cellular location of D-serine production, the roles played by L-serine and D-serine in neuronal plasticity raise the hypothesis that they can be involved in cognitive disorders. However, several viewpoints should be considered. A lack of D-serine may impair NMDA-R activity and synaptic transmission causing cognitive deficits. L-serine and D-serine may also disrupt dendritic architecture and neuronal morphology leading to plasticity deficits [START_REF] Zou | Amyloid precursor protein maintains constitutive and adaptive plasticity of dendritic spines in adult brain by regulating D-serine homeostasis[END_REF] but an increase in the release of D-serine may cause excitotoxicity leading to neuronal death [START_REF] Ozaki | Serine racemase deletion attenuates neurodegeneration and microvascular damage in diabetic retinopathy[END_REF][START_REF] Shleper | D-Serine Is the Dominant Endogenous Coagonist for NMDA Receptor Neurotoxicity in Organotypic Hippocampal Slices[END_REF].

D-serine is decreased during aging

Hippocampal circuitry is particularly sensitive to aging [START_REF] Billard | D-Serine in the aging hippocampus[END_REF]. Since D-serine is enriched in that particular region, D-serine levels have been measured in the hippocampus of rats comparing young and aged animals [START_REF] Mothet | A critical role for the glial-derived neuromodulator D-serine in the age-related deficits of cellular mechanisms of learning and memory[END_REF]. The levels of D-serine are significantly reduced in the hippocampus of aged animals, whereas the levels of L-serine are slightly increased. LTP experiments have been conducted and have shown that a D-serine infusion increases LTP in slices from both young and aged rats, with a higher increase in aged animals. The di erence between the increase of L-serine and the decrease of D-serine suggests that aging may have a deleterious e ect on Sr. Indeed, it was shown that mRNA and protein expression of Sr is decreased in the hippocampus of aged animals compared to young ones. It was also shown that Sr is particularly sensitive to oxidative stress [START_REF] Billard | D-Serine in the aging hippocampus[END_REF], and it is commonly accepted that neurons lose the ability to handle oxidative stress during aging, which may explain the specific decrease of D-serine that was observed.

D-serine in AD, a debated topic

D-serine has extensively been studied in several psychiatric disorders such as schizophrenia and depression. Since it has been shown that D-serine levels are decreased in aged animals and since memory deficits in AD may be linked to NMDA-R activity, it was judicious to investigate the role played by D-serine in AD.

In vitro experiments on microglial cells have shown that inflammation -caused by Lipopolysaccharide (LPS) or A--triggers a strong increase in Sr expression in those cells, leading to an increase of the release of glutamate and D-serine, which induces excitotoxicity [START_REF] Wu | Induction of serine racemase expression and D-serine release from microglia by amyloid --peptide[END_REF]. Recent studies using Ultra Performance Liquid Chromatography coupled to Mass spectrometry (UPLC-MS/MS) in brain extracts from rats injected with A-peptides have shown that the levels of D-serine are significantly decreased in the hippocampus and the cerebral cortex [START_REF] Xing | Simultaneous determination of 18 d-amino acids in rat plasma by an ultrahigh-performance liquid chromatography-tandem mass spectrometry method: application to explore the potential relationship between Alzheimer's disease and d-amino acid level alteration[END_REF][START_REF] Li | Development of an UPLC-MS/MS method for simultaneous quantitation of 11 D-amino acids in di erent regions of rat brain: Application to a study on the associations of D-amino acid concentration changes and Alzheimer's disease[END_REF]. These results suggest that A-metabolism probably has an impact on L-and D-serine homeostasis leading to synaptic and cognitive disorders but the exact mechanisms are still unknown.

We have already mentioned in Section 1.2.2 that the early diagnosis of AD is challenging. One can imagine that if D-serine levels are modified in the brain of AD patients, D-serine could become a precious biomarker to diagnose the pathology. Analyses of human samples were performed more than 25 years ago to determine whether the levels of L-and D-serine were altered in AD [START_REF] Ml | Presence of the N-methyl-D-aspartate-associated glycine receptor agonist, D-serine, in human temporal cortex: comparison of normal, Parkinson, and Alzheimer tissues[END_REF][START_REF] Hashimoto | Possible role of D-serine in the pathophysiology of Alzheimer's disease[END_REF]. Results were contradictory and more recent data did not provide a clearer picture. Using post mortem biopsies or Cerebro Spinal Fluid (CSF) analyses, Madeira et al. have shown that discrimination between AD patients and healthy controls is significantly improved if the levels of D-serine are added to other combinations of biomarkers [START_REF] Madeira | D-serine levels in Alzheimer's disease: implications for novel biomarker development[END_REF]. One year later, Biemans et al. used the same CSF analyses to discriminate AD patients from healthy controls but also from patients with other dementias. They have shown that in AD patients the levels of D-serine are just slightly increased and that this increase cannot improve the current methods of diagnosis of AD pathology [START_REF] Biemans | CSF D -serine concentrations are similar in Alzheimer ' s disease , other dementias , and elderly controls[END_REF].

Novel methods are currently under development to measure D-serine in the brain of living patients using MRS [START_REF] Javadzadeh | Measuring Brain Serine With Proton Magnetic Resonance Spectroscopy At 3 . 0 Tesla[END_REF] which could improve longitudinal follow-up of 1.3. L-AND D-SERINE, CENTRAL PLAYERS FOR BRAIN FUNCTIONS patients and give more clues to determine whether D-serine levels are modified in the AD brain.

A therapy using L-or D-serine supplementation

As described above, L-and/or D-serine may be involved in memory loss during aging and AD. As such, a therapeutic treatment using L-or D-serine supplementation could be of great interest. D-serine supplementation was first considered to treat memory loss but many studies carried out in schizophrenic patients have demonstrated that D-serine poorly crosses the BBB and is nephrotoxic. D-cycloserine, a D-serine analogue is currently used to treat some pathologies. However, it has been shown that L-serine crosses the BBB better than D-serine and that L-serine administration increases D-serine levels in the whole brain [START_REF] Hashimoto | E ect of the intracerebroventricular and systemic administration of L -serine on the concentrations of D -and L -serine in several brain areas and periphery of rat[END_REF]. Treatments with food artificially enriched in L-serine already exist to treat patients with serine deficiency syndromes and they do not show any deleterious side-e ects. However, it remains to be shown whether a supplementation in L-serine might restore deleterious symptoms of AD pathology.

Working hypothesis and problematics

Astrocytes are partners of neurons at the tripartite synapse where they coordinate energy supply to sustain synaptic transmission (Section 1.1.3). AD patients display early metabolic deficits suggesting an early alteration of astrocytes before synaptic loss and neuronal death (Section 1.2.3). We and our collaborators have found that 3xTg-AD mice also display early metabolic deficits and that D-serine can restore synaptic plasticity deficits in this AD model (Section 1.2.4). D-serine is synthesized in the brain by the action of SR that catalyses the racemization of L-serine and de-novo L-serine is produced in the brain through the PP that diverts part of the glycolytic flux in astrocytes (Section 1.3.2).

We therefore propose that the metabolism deficits observed early in AD can result from a reduction of the glycolytic flux in astrocytes leading to a decreased flux of the PP. The ensuing decrease of L-and D-serine levels may have dramatic consequences on neuronal connectivity, synaptic plasticity and memory (Figure 1.26).

To assess whether the PP is required for synaptic plasticity and memory we have developed a conditional model of Phgdh deletion using phgdh flox/flox mice, specifically targeting the astrocytes of the hippocampus with an AAV expressing cre-recombinase. We have investigated the functional consequences of local Phgdh deletion on the levels of L-and D-serine, synaptic plasticity and spatial memory. To determine whether L-serine is indeed required for synaptic activity and memory we have supplemented phgdh flox/flox mice injected with cre-recombinase with L-serine and assessed whether this treatment could restore the phenotype induced by local Phgdh deletion.

Based on these results, we then sought to investigate whether the PP is altered in AD. Using human samples, we have characterized the level of expression of some enzymes of the PP in AD patients and healthy controls. We finally performed electrophysiological and behavioural experiments to evaluate the therapeutic potential of L-and D-serine supplementation in 3xTg-AD mice.

Our overall objective was to characterize the involvement of serine biosynthesis in early synaptic deficits occurring in AD. 

WORKING HYPOTHESIS AND PROBLEMATICS

Blood vessel

-Aerobic glycolysis in astrocytes and memory

Aerobic glycolysis directly produces ATP in astrocytes that is used for astrocytic functions during synaptic transmission. Aerobic glycolysis also produces lactate that is metabolised by neurons for ATP production and that also triggers LTP at the glutamatergic synapse. We propose that part of the glycolytic flux is diverted upstream to produce L-and D-serine that may play multiple roles at the synapse -NMDA-R activation, neuritogenesis, spine density.

1.A. FDG-PET: BASIC PRINCIPLES

PET

Fluorine has a half-life of 109 min and it decays producing 18 O, a positron and a neutrino. Positron annihilates with a surrounding electron which produces 2 photons that propagate in opposite directions (Figure 1.A.1). Those photons are detected by coincidence detectors and the signal is amplified using photomultiplicators. It requires a circular scanning device to detect photons in opposite directions. Photons that do not arrive in a correct time-window are ignored. The photons detection allow one to create a 3D image of the radiotracer by triangulation.

Before the positron encounters the electron, it travels from a small distance which means that the photons are not exactly emitted at the position of the positron emission. The distance travelled by the positron depends on the density of the medium that can be very di erent in a human body between bones and viscera. This shift needs to be corrected to obtain good PET representations. Moreover, since positrons and electrons are moving the annihilation photons do not propagate at exactly 180°. This angle shift is not predictable and creates blurring in PET representations. Those two phenomenons limit the spatial resolution of PET imaging.

the association between tau pathology and cognitive decline in AD [START_REF] Cunnane | Brain fuel metabolism, aging and Alzheimer's disease[END_REF]. In addition, one study using [ 18 F]AV-1451, [ 18 F]FDG and [ 11 C]PIB PET in AD patients suggested an interactive downstream effect of regional tau and Aβ on metabolism in the parietal lobe [START_REF] Olabarria | Concomitant astroglial atrophy and astrogliosis in a triple transgenic animal model of Alzheimer's disease[END_REF]. The small sample size, however, precludes any strong conclusions.

Structural measures

The in vivo relationship between [ 18 F]AV-1451 retention and grey matter intensity measured by structural magnetic resonance imaging (MRI) was analyzed in a sample of CN subjects. A negative correlation was found, using both

Cerebrospinal fluid measures

Until recently, the only way to obtain information on tau protein in vivo was to use CSF sampling. A large number of studies have investigated the progression of CSF tau biomarkers in AD, showing a relationship between tau levels and the rate of cognitive decline [START_REF] Rodríguez | Astroglia in dementia and Alzheimer's disease[END_REF]. Longitudinal studies on autosomal dominant AD reported that elevated CSF tau could be measured decades before the onset of symptoms [START_REF] Rodríguez-Arellano | Astrocytes in physiological ageing and Alzheimer's disease[END_REF]. The same research group also reported an unexpected finding that CSF tau level declined slightly at symptomatic stages in their studied population. Because of discrepancies reported in Aβ measurement between CSF sampling and PET imaging [START_REF] Bail | Identity of the NMDA receptor coagonist is synapse specific and developmentally regulated in the hippocampus[END_REF], a comparison of CSF tau levels with 

PET tracers

FDG is an analog of glucose. FDG-PET reflects glycolytic activity and was extensively used to asses metabolic activity in tumor and in brain diseases. FDG-PET is now commonly used in clinic.

CHAPTER 1. INTRODUCTION

Pittsburgh compound B (PiB) is an analog of thioflavine T, a molecule that interacts with amyloid plaques. It allows one to evaluate cerebral amyloid pathology in the human brain and is a promising tool for AD diagnosis and therapy evaluation [START_REF] Ikonomovic | Post-mortem correlates of in vivo PiB-PET amyloid imaging in a typical case of Alzheimer's disease[END_REF].

Several tracers are developed to detect Tau pathology. However, nowadays, the characterization of their binding properties, usefulness and safety is still on-going and they are only used for pre-clinical evaluation [START_REF] Saint-Aubert | Tau PET imaging: present and future directions[END_REF].

1.B. THE GLUTAMATERGIC SYNAPSE

1.B The glutamatergic synapse

The term "synapse" refers to a region where 2 membranes are closer than elsewhere. We can distinguish chemical, electrical and immunological synapses, but we will only focus on the chemical synapse of the CNS and more particularly the glutamatergic excitatory synapse.

A brief reminder about synaptic transmission [START_REF] Luscher | The Synapse[END_REF] Chemical synapses are composed of a pre-synaptic element called "synaptic bouton", that can be "en passant" or terminal, and of a post-synaptic element. Pre-and post-synaptic elements are separated by a synaptic cleft. Exocytosis vesicles are found in the pre-synaptic domain. The arrival of an action potential at the synaptic bouton triggers the opening of voltage-gated calcium channels and a high influx of Ca 2+ . Ca 2+ binds a protein, synaptotagmine, that changes its conformation. This change is propagated to other proteins in the SNARE complex -v-SNARE, t-SNARE, SNAP25 -that are responsible for vesicle docking at the plasma membrane. It provokes a total or partial fusion of the membrane of the vesicles with the plasma membrane and the release of neurotransmitters. Neurotransmitters released in the synaptic cleft bind receptors present at the membrane of the post-synaptic element, triggering a response in this neuron. The post-synaptic region is a protrusion of the dendrite in excitatory synapses, called dendritic spine. Behind the post-synaptic membrane, cytoplasm is enriched in many proteins called post-synaptic density (PSD). These proteins are involved in the regulation of some properties of the receptors.

The glutamatergic synapse is the most frequent type of excitatory synapse in the CNS. Pre-synaptic element of the glutamatergic synapse contains enzyme of the machinery for glutamate synthesis from glutamine and specific transporters to load glutamate into exocytosis vesicles -VGLUT. At the post-synaptic membrane, several glutamate ionotropic receptors can be found -mostly AMPA-R, NMDA-R and KA-R -with various properties of conductivity and a nity.

Glutamate ionotropic receptors

AMPA receptors [START_REF] Henley | Synaptic AMPA receptor composition in development, plasticity and disease[END_REF][START_REF] Chater | The role of AMPA receptors in postsynaptic mechanisms of synaptic plasticity[END_REF] --Amino-3-hydroxy-5-Méthylisoazol-4-Propionate receptors (AMPA-R) are tetramers -dimers of dimers -of proteins encoded by the GluA1-4 genes. They allow entrance of Na + and small exit of K + leading to depolarisation of the post-synaptic element, with a linear relationship between current and voltage. AMPA-R respond in few milliseconds at glutamate releasing and are responsible for fast excitatory neurotransmission. They have low a nity for glutamate so they need to be in close vicinity of the site of glutamate release in the synapse. They are maintained in the synaptic region through interactions with proteins of the PSD. These interactions depend on the C-terminal intracellular region of the receptor that di er between the 4 subunits. One can find between tens and hundreds of AMPA-R at a synapse -mainly GluA1-GuA2 receptors -according to the size of the spine and the synaptic strength, but the number and the type of AMPA-R is carefully and dynamically regulated by synaptic activity, developmental stages, environmental stress and surrounding astrocytes. For example, GluA4 subunits are only present during early development of the CNS. Dimers of dimers are formed into reticulums and AMPA-R are driven to the membrane by classic exocytosis. The most common hypothesis is that AMPA-R are driven at the membrane in extra-synaptic regions, they reach the synapse through lateral mobility and are retained in the synaptic region by PSD proteins. They also su er endocytosis and the achievement of the exocytosis-endocytosis cycle for AMPA-R seems to be necessary for correct synaptic transmission.

It has to be noted that GluA2 mRNA su ers mRNA editing that confers to this subunit its impermeability for calcium. However, non-edited GluA2 subunits can be found in the CNS. AMPA-R built without GluA2 or with non-edited GluA2 can be permeable to calcium which can change the behaviour of the synapse.

NMDA receptors [201, 202, 203]

N-methyl-D-aspartate receptors (NMDA-R) are ionotropic channels made of 4 subunits. Two subunits are GluN1 subunits -produced from the gene GluN1 that has a lot of splicing variants -and the two others are GluN2 -produced from 4 di erent genes -or GluN3 -produced from 2 di erent genes -subunits. Expression of the di erent NMDA-R types depends on age and region of the brain, in the hippocampus most of the NMDA-R are GluN1/GluN2 receptors. Glutamate binds GluN2 subunits and 2 molecules of glutamate are required for NMDA-R opening. GluN1 subunits rather bind glycine or D-serine as co-agonists of glutamate. 2 molecules of co-agonists are also required for the opening of the channel. It seems that synaptic NMDA-R bind D-serine whereas extra-synaptic NMDA-R rather bind glycine [START_REF] Papouin | Synaptic and extrasynaptic NMDA receptors are gated by di erent endogenous coagonists[END_REF].

NMDA-R has the particularity to be blocked for potentials lower than -60mV due to the presence of a Mg 2+ ion in the channel. This Mg 2+ is removed when the membrane starts to depolarize which means that NMDA-R are coincidence detectors -they need both depolarization of the post-synaptic element and glutamate released from the pre-synaptic element to be open. The opening kinetic of NMDA-R is very slow compared to AMPA-R and they trigger a delayed depolarization. NMDA-R permeability for calcium is around 10 times higher than the one for sodium and the entry of calcium in the post-synaptic domain has a lot of consequences on synaptic activity. According to the type of subunits the intracellular part of NMDA-R interacts with several proteins in the post-synaptic density -PSD95, CAMKII, Homer, -catenine, ... -which also have consequences on the regulation of post-synaptic activity.

KA receptors

Kainate receptors (KA-R) have been discovered more recently. They are tetramers of GluK1-5 subunits. GluK1-3 can form heterotetramers. In the case of the preence of a GluK4 or 5 subunit, the association of a GluK1-3 subunit is compulsory. KA-R channel is permeable to Na + and K + with many similarities with AMPA-R but they are slower than AMPA-R. They are found mostly at the mossy-fiber/CA3 synapses and their roles in synaptic transmission and synaptic plasticity are still less described than the other glutamate ionotropic channels.

Glutamate metabotropic receptors [204]

Many metabotropic glutamate receptors are also found in the CNS in neurons and glia. They are neuromodulatory receptors that modulate cell excitability and plasticity and can trigger a lot of responses through second messengers signalling pathways. They belong to the well known G-Protein Coupled Receptor (GPCR) family. Metabotropic Glutamate (mGluR) are encoded by 8 di erent genes, each one of them having several splicing variants. They are dimerized and there are still some controversy to know if one molecule of glutamate is su cient to activate the dimer or not. Depending on the cell type and the mGluR subtypes, metabotropic receptors can activate a lot of di erent cellular pathways. As it was the case for ionotropic receptors, metabotropic receptors also interact with a lot of proteins in the post-synaptic density which can regulate the type of activity they have at the synapse.

A lot of diverted mGluR activities have been reported -promoting post-synaptic depolarization, modulating pre-synaptic neurotransmitter release, controlling endocannabinoids retrograde release. Of course the role played by mGluR depends on its cellular and sub-celular location. In the hippocampus it was shown that mGluR act on learning and memory.

Glutamate receptors and AD

It has been accepted for a long time that AD a ects glutamatergic synapses. It was demonstrated that the number of AMPA-R is decreased in AD. The e ects of A-peptides on glutamate receptors have been extensively investigated, it seems that A-oligomers disturb AMPA-R tra cking and promotes the integration of calcium permeable AMPA-R at the synaptic membrane, it was also suggested that A-peptides disrupt NMDA-R activity and especially the one of extra-synaptic receptors. The calcium entry due to excessive activation of NMDA-R cumulated with the entry of calcium due to AMPA-R has toxic e ects on the cells leading to cell death which is named excitotoxicity. Excitotoxicity appears to be involved in a lot of CNS pathologies. One of the big challenges nowadays is to find receptors antagonists that prevent excitotoxicity without disturbing normal synaptic activity.

Synaptic transmission e ciency relies on several parameters -release probability of the vesicles, that is directly linked with the number of vesicles pre-docked to the membrane in the synaptic bouton, and type and number of receptors present at the post-synaptic membrane.

1.C Synaptic plasticity [198]

Synaptic plasticity corresponds to changes in synaptic transmission e cacy as a function of experience. This phenomenon has been largely studied because it underlies the cellular mechanisms responsible for learning and memory, and deficits in synaptic plasticity may be responsible for some brain diseases. We have already seen that synaptic transmission relies on release probability and type and number of post-synaptic receptors (appendix 1.B). Several mechanisms can modulate these parameters in order to adjust synaptic transmission at short or long-term.

Short-term plasticity

Short-term plasticity corresponds to transient modulations of synaptic e ciency, that we call facilitation if the transmission is enhanced and depression if it is decreased. This modulation lasts for the time of a train of action potential (ƒ 1sec). The mechanisms involved mostly a ect the docking of vesicles to the pre-synaptic membrane, that is inversely related to the release probability, vesicle disponibility and calcium accumulation in the synaptic bouton.

Long-term plasticity

Long-term plasticity corresponds to modulation of synaptic e ciency lasting for more than one hour up to all life long.

LTP

The most common form of long-term plasticity is LTP that has mostly been studied at the CA3 Schae er's collaterals-CA1 glutamatergic synapses in the hippocampus. It corresponds to a long lasting increase of synaptic strength. This form of long-term changes relies on NMDA-R and is therefore an associative type of learning based on the ability of NMDA-R to be coincidence detectors. Activation of NMDA-R triggers calcium entry in the post-synaptic spine. Calcium binds calmodulin-dependent protein kinase II (CAMKII) that phosphorylates GluA1 subunit of AMPA-R increasing their conductance. Through other steps, CAMKII also leads to insertion of new AMPA-R at the post-synaptic membrane. This mechanism increases the number of receptors at a synapse presenting both AMPA-R and NMDA-R. However, it can also make functional synapses displaying only NMDA-R that are not functional without any AMPA-R at their resting state. This mechanism of synaptic potentiation can also be achieved through calcium entry triggered by non-edited GluA2 subunits in AMPA-R. This model of LTP is quite convincing and it allows to increase the number of AMPA-R in the post-synaptic region which triggers an increase in the synaptic strength, however some evidence are still lacking and this model was repeatedly called into question.

LTD

Surprisingly, although high calcium entry in dendritic spine triggers phosphorylation of AMPA-R, it has been shown that modest entry of calcium leads to phosphatase activation that creates a long-term depression (LTD) by reducing the conductance of AMPA-R at the membrane. Other hypotheses suggest that it triggers phosphorylation of GluA2 AMPA-R subunit that leads to AMPA-R endocytosis and a decrease in synaptic strength. Some metabotropic receptors may also be involved in LTD by modulating the protein expression of some mRNAs already present at the spine (Arc for example).

Pre-synaptic modulation

Pre-synaptic long-term plasticity has mostly been observed in mossy-fibers/CA3 synapses. It is a non-associative form of plasticity as it only relies on the pre-synaptic element. This form of plasticity is partly due to calcium accumulation in the synaptic bouton leading to the activation of several downstream pathways that change release machinery. Some pre-synaptic changes may also be due to the e ect of glutamate on pre-synaptic metabotropic receptors or to some retrograde signalling.

Structural plasticity

Synaptic plasticity also relies on changes in the neuronal circuits. These changes have been shown to be on-going in the brain of adult mammals since around 5-10% of the connections are dynamic. One can observe new pre-synaptic elements but also new spine appearance.

ANIMALS

Animals

Phgdh flox/flox mice

Homozygous phgdh flox/flox mice have been bred in our own animal facility. LoxP sites flanking the exons 4 and 5 of the Phgdh gene allow a conditional deletion of Phgdh under the action of cre-recombinase (Figure 2.1). These mice were developed by the group of Shigeki Furuya (Kyushu university, Japan) [START_REF] Yang | Brain-specific Phgdh deletion reveals a pivotal role for l-serine biosynthesis in controlling the level of D-serine, an N-methyl-D-aspartate receptor co-agonist, in adult brain[END_REF] who kindly provided us with two couples in order to develop our own colony. We genotyped the first litter to confirm that they were homozygous for the LoxP insertion. Small pieces of tails were excised under isoflurane anesthesia. DNA was extracted and amplified by Polymerase Chain Reaction (PCR) using the KAPA mouse genotyping kit (Kapa Biosystems) and primers specifically designed by the group of S.Furuya (see Table 2.1).

PCR products were loaded on a 1.7% agarose gel and separated by electrophoresis. Expected size of the fragments is 150 pb for wild-type mice and 310 pb for phgdh flox/flox mice.

3xTg AD mice

We used homozygous female 3xTg-AD mice generated and maintained on a mixed J29/C57BL6 background (MMRRC #034830). These mice (see Section 1.2.4) have been bred in our own animal facility. We have bred age-matched non transgenic female control mice on the same background strain (129J/C57BL6). Those two colonies were started more than five years ago by a former PhD of the laboratory who confirmed the genotype -3 mutations.

All experimental procedures using animals were performed in strict accordance with French regulations (Code Rural R214/87 to R214/130) according to the ethical guidelines of both the European Economic Community (86/609/EEC) and the French National Charter on the ethics of animal experimentation. They were approved 

AAV production

70-90% confluent HEK-293T cells were transfected using calcium chloride with our pAAVs (Table 2.2), a packaging plasmid coding for the capsid of the viral vector and a helper plasmid. We used either the capsid 9 that targets astrocytes after intra-cerebral injection or PHP.eB capsid that crosses the BBB following intra-venous injection [START_REF] Deverman | Cre-dependent selection yields AAV variants for widespread gene transfer to the adult brain[END_REF]. 72 h post-transfection, viral vectors were harvested. Cells were scraped o the plates and centrifugated for 10 min at 1 500 rpm and 4 ¶ C.

A solution of 5X PolyEthylene Glycol (40%PEG, 2.5 M NaCl) was added to supernatant and mix was kept at 4 ¶ C for 2 h before centrifugation at 3 700 g for 20 min at 4 ¶ C. Supernatant was removed and pellet was kept for further utilisation.

Cells pellet from the first centrifugation was lysed by adding 10 mL of lysis bu er (NaCl 0.15 M, 50 mM Tris,Hcl at pH 8.5) and doing 3 freeze-thaw cycles (freezing was done by letting the lysate in dry ice for at least 15 min and thawing by letting lysate in a 37 ¶ C bath and vortexing). Lysate was added to the pellet obtained previously. DNaseI (Roche 20 mg mL ≠1 , 1/200) and MgCl 2 (1 M, 1/100) were added to the mix and incubated for 30 min at 37 ¶ C. The mix was then centrifugated at 3 700 g for 20 min at 4 ¶ C and supernatant was transferred into ultracentrifuge tubes. Layers were done with 9 mL of lysate, 8 mL of iodixanol (Sigma) 15%, 5 mL of iodixanol 25%, 5 mL of iodixanol 40% and 3 mL of iodixanol 60% and ultracentrifugation was performed at 59 000 rpm for 1.5 h at 20 ¶ C. AAV were purified using the Amicon Ultra-15 PL100 kit (Millipore). Filter was rinsed with 5 mL of Phosphate Bu er Saline (PBS) 0.1 M, 0.001% pluronic (Sigma) and centrifugated at 4 000 g for 10 min. AAV fraction was diluted with PBS 0.1 M, 0.001% pluronic to obtain a volume of 15 mL, added into the filter device and centrifugated at 4 000 g for 25 min. The last step was repeated three times with 15 mL of PBS 0.1 M, 0.001% pluronic. Retention part of the filter was rinsed many times with desired volume and AAV solution was kept at 4 ¶ C. Viral vectors were titrated by qPCR on ITR sequences (see Section 2.4 for more details and Table 2.3 for primers sequences) and compared with a standard.

Table 2.3 -PCR primers for AAV titration

Primer Sequence 5'-3'

ITR-F GGA ACC CCT AGT GAT GGA GTT ITR-R CGG CCT CAG TGA GCG A

Stereotaxic injections

Mice were anesthetized with ketamine (150 mg kg ≠1 ) and xylazine (10 mg kg ≠1 ) and lidocaine (5 mg kg ≠1 ) was injected under head skin before surgery. Cannula reached the CA1 region of the hippocampus according to the following stereotaxic coordinates (AP ≠2 mm, L ±2 mm, V ≠1.2 mm from Bregma). 2 µL of viral vector at 5 ◊ 10 9 vg µL ≠1 were injected using 10 µL Hamilton syringe with a 34 gauge needle. Injection speed was set at 0.2 µL min ≠1 . Cannula was left in place for 5 min after injection and then removed. Head skin was stitched and mice waited for awakening in a warm chamber. Paracetamol had been administered in drinking water for 2 days after surgery.

Retro-orbital injections

PHP.eB vectors were administered by intravenous injections into the retro-orbital sinus (Figure 2.3). Mice were kept anesthetized by breathing isoflurane. 50 µL of viral vectors at 1 ◊ 10 9 vg µL ≠1 were injected using insulin syringe with a 30 gauge needle. The scheme shows the proper site of cell injection including the correct needle bevel placement. 

IMMUNOFLUORESCENCE STAINING ON MOUSE TISSUES

Immunofluorescence staining on mouse tissues 2.3.1 Perfusion and fixation

Mice were euthanized by an overdose of pentobarbital (Exagon) and perfused transcardially with 80 mL of cold 4% ParaFormAldéhyde (PFA) in a PBS solution (PB 0.1 M, pH 7.4, Sigma). Brains were dissected out and post-fixed in 4% PFA solution overnight. Brains were then cryoprotected in a 30% sucrose solution in PBS for at least 48 hours. Sagittal and coronal brain sections of 35 µm were cut on a freezing microtome, serially collected and stored at ≠20 ¶ C.

Immunofluorescence on 35 µm sections

Slices were permeabilized with 0.2% Triton X-100 (Sigma) and blocked with 4.5% Normal Goat Serum (NGS) (Sigma) in PBS for 1 hour. They were incubated for 36 hours at 4 ¶ C in primary antibody (see Table 2.4) in a solution of PBS with 0.2% Triton and 3% NGS. After rinsing, slices were incubated during 3 hours at Room Temperature (RT) with secondary antibody coupled with alexa-fluor (Invitrogen, 1/500). They were finally rinsed 3 times with PBS and mounted on glass slide in Vectashield medium (H-1000, Vector), covered with a 1.5 coverslip and immediately luted with transparent nail polish.

Images were acquired using an epifluorescent microscope (Leica DM 6000B) or a confocal microscope (Leica SP8).

Fluorescence quantification

Fluorescence quantification was done using the software ImageJ. Infected regions were manually delimited according to GFP fluorescence. Region Of Interest (ROI) was placed onto the image of Phgdh labelling and mean intensity was measured automatically. GFAP-Cy3 and olig2-488 are already coupled with fluorophore, the incubation with primary antibody is not followed by an incubation with secondary antibody.

b GFP-biotinylated antibody is not incubated with a classic secondary antibody but with streptavidin coupled with alexa-fluor 488 (Invitrogen, 1/500).

Scholl analysis

Scholl analysis was performed on isolated astrocytes. Every infected cell was delineated on the GFP image and the ROI was placed onto the GFAP image. GFAP image was binarized and the center of the soma and the number of primary processes were manually defined. Using the Scholl plug-in of ImageJ, concentric circles were automatically drawn around the center of the cell and the ramification index was evaluated according to the total number of process crossings.

Molecular biology 2.4.1 RNA extraction

Mice were euthanized by an overdose of pentobarbital and hippocampus were dissected out. Each hippocampus (one per hemisphere) was transferred separately in 250 µL of TRIzol (Life Sciences) and ground using a plastic putter before re-adding 250 µL of TRIzol. 100 µL of chloroform (Merck) were added in each tube before centrifugation at 12 000 g for 15 min at 6 ¶ C. Aqueous phase was separated and 2 µL of glycogen at 10 µg/µL were added in order to identify correctly the pellet after centrifugation. 250 µL of isopropanol (VWR) were then added in each tube before strong agitation using a vortex for 5 min and centrifugation at 12 000 g for 15 min at 6 ¶ C. Supernatant was removed and 500 µL of ethanol (VWR) at 75% were added before centrifugation at 7 600 g for 5 min at 6 ¶ C. Supernatant was removed and the last step was repeated a second time. Then, the pellet was diluted in 20 µL of RNase-free H2O (Gibco) and the quantity of RNA was measured using a Nanodrop (Spectrophotometer ND-100, Labtech).

cDNA synthesis

RNA were treated using Rq1 DNase (Promega) in order to get rid o genomic DNA. We used 1 µL of Rq1 DNase for each reaction with up to 1 µg in 8 µL of RNA according to the concentration measured before. DNase reaction was performed and stopped according to the instructions of the manufacturer. RNA were then diluted in RNA dilution bu er ( 980 µL of TE (Sigma), 20 µL of DTT (Invitrogen) and 1 µL of RNAzine (Promega)).

Coding DNA (cDNA) were synthesized using the Superscript Vilo kit (Life technologies) following the instructions of the manufacturer. An aliquot of RNA was incubated without adding the enzyme as a control of genomic DNA contamination (RT-).

Real time quantitative PCR

Real-time quantitative PCR (RT-qPCR) allows the quantification of mRNA for a set of defined genes. It was performed using iTaq Universal SYBR Green Supermix (BioRad). cDNA at a concentration of 0.2 ng/µL were incubated with the supermix and with specific primers (see Table 2.5) 1 according to the instructions of the manufacturer.

Amplification was performed using a thermocycler (BioRad CFX384) with a specific program: 3 min at 95 ¶ C Denaturation: 10 s at 95 ¶ C Hybridization and polymerization: 30 s at 95 ¶ C The two last steps were repeated 40 times.

Data were analyzed using the CFX manager software (BioRad). Each sample was triplicated for every gene. Abundance of mRNA for a specific gene was measured using the Ct methodology. For every gene of interest the quantity of mRNA was normalized by the cumulated quantity of the housekeeping genes: Cyclophilin, Rpl13 and Erp29, and a mean of the triplicates was considered if there was less than 5% of variability among them.

Biochemistry

Protein extraction

Mice were euthanized by an overdose of pentobarbital. Hippocampus were dissected out and lysis was performed in a lysis bu er composed of Tris-HCl pH 7.4 50 mM with proteases inhibitors 1X (Complete Mini, Roche 11836153001). 10 µL of lysis bu er was added for each milligram of tissue collected. Human tissues were obtained from AD and control patients from GIE-Neuro-CEB 2 . 500 µL of lysis bu er were added to each sample.

1 Every single couple of primers had previously been validated performing RT-qPCR on serial dilutions (from 0.001 1 ng/µL to 3.5 ng/µL) of cDNA. Linearity of the signal allows one to quantify the e cacy of the primers. Our primers have e cacy between 80% and 105%.

Table 2.5 -PCR primers for RT-qPCR

Primer

Sequence 5'-3' Samples were then sonicated 5 times with a 30% amplitude on cycle 0.5 and kept on ice. Sonicated samples were centrifugated at 16 000 g for 20 min at 4 ¶ C and supernatant was kept and stored at ≠80 ¶ C.

Phgdh-F AAG TTC ATG GGG ACA GAG CTG AAC Phgdh-R CCT TCA CCA TGT CCA CAA ACT GGA Psat1-F GGG GTG ACG GTG GTG ATT GTC Psat1-R TGA TGG GCA CTC TCT GAG CGA Psph-F CGG AAC CGA GAA GAC CAG C Psph-R GGA GAC CAT CCT GGG AAG TTT T Srr-F GTA GGA GGA GGA GGA ATG GTT Srr-R TTC GGT GAC AGT GAA GAC ATC Asct1-F GTC TGC AAC CGA TTA CAC A Asct1-R CCT GCT GAT CCT CTT GTC TA Asct2-F CGC AGT GCA CCA ACC AAA Asct2-R CGG GTG AAG AGG AAG TAG ATG Asc1-F ACC AAT GCC TTC GCC TTC T Asc1-R GCT CCT CCG TGA CAT AGT TGA Gfap-F ACG ACT ATC GCC GCC AAC T Gfap-R GCC GCT
Protein quantity was measured using the Pierce BCA kit (Thermo Fisher Scientific).

Western-Blot

In order to avoid using housekeeping proteins and to confirm that our experimental procedure lead to a linear response according to the amount of protein that was loaded, we designed a protocol using 4 serial dilutions (2.5 µg µL ≠1 , 2 µg µL ≠1 , 1.5 µg µL ≠1 and 1 µg µL ≠1 ) as previously published [START_REF] Janes | An analysis of critical factors for quantitative immunoblotting[END_REF][START_REF] Murphy | Important considerations for protein analyses using antibody based techniques: Down-sizing Western blotting up-sizes outcomes[END_REF][START_REF] Mcdonough | Considerations when quantitating protein abundance by immunoblot[END_REF]. Dilutions were prepared for each sample in lysis bu er. NuPage LDS sample bu er 4X and NuPage sample reducing agent 10x (Invitrogen) were added and samples were denatured at 90 ¶ C for 10 min. Denatured samples were then loaded on Criterion TGX Stain-free 4-20% gel (BioRad), separated by electrophoresis and transferred to a nitrocellulose membrane using a TransBlot Turbo transfer device (BioRad). Membrane were blocked in Tris Bu er Saline (TBS) with 0.1% Tween 20 and 5% milk for 1 h at RT and then incubated overnight at 4 ¶ C with primary antibodies (see Table 2.6) diluted in TBS with 0.1% Tween 20 and 5% milk or 5% Bovine Serum Albumine (BSA) (Sigma). After rinsing, fluorescent secondary antibodies (Li-Cor, 1/5000) diluted in TBS with 0.1% Tween 20 and 5% milk or 5% BSA were incubated with the membrane for 3 h. After rinsing, antibody binding was detected using an Odyssey CLX imaging system (Li-Cor).

Quantification

Each band was manually delimited and intensity was measured using the Image Studio 5.2 software (Li-Cor). Slope was determined for each sample by linear regression using the 4 dilutions. Data are presented as mean slope for each group.

Behavioral experiments 2.6.1 L-and D-serine supplementation

L-serine supplementation was performed using a diet specifically enriched with 10% L-serine (Altromin). D-serine supplementation was done by diluting 0.3 g of D-serine (Sigma) in 500 mL of drinking water. Drinking water and food were distributed ad libitum and changed three times a week in order to optimize L-and D-serine preservation at RT. L-serine feeding treatment had lasted for 1 to 2 months whereas D-serine treatment had lasted for only 2 weeks.

Before starting any behavioural test, mice were handled 2 minutes per day for 4 days. Mice were weighed once a week to check for their global health and anxiety during the whole behavioral experiment.

Spontaneous activity (Phenotyper ©)

Mice were monitored for 47 hours using a video camera and automatic tracking of the Ethovision© software in Phenotyper© chambers (Noldus Information Technology Inc). Food and drinking water were available ad libitum. Moving distance had been analyzed for each hour in order to evaluate motor behavior and circadian rhythm.

Elevated Plus Maze

The apparatus consists of four arms elevated 40 cm above the floor level. Two of the arms have 15 cm high walls (closed arms) and the other two none (open arms). Each mouse was placed in the middle section of the apparatus facing an open arm, and left to explore the maze for 6 minutes. Time spent in open and closed arms was recorded using a video-tracking system (Ethovision ©, Noldus Information Technology Inc) and the duration of head-dipping into open arms was analyzed by manual tracking.

Morris Water Maze

The maze consists in a large circular tank filled with an opaque mix of water and white painting. A platform is hidden in the tank, just beneath the surface. During the whole experiment, water temperature is kept between 20 ¶ C and 22 ¶ C and luminosity is kept at 430 lx. All the paths of the mice are recorded and automatically tracked (Ethovision ©, Noldus Information Technology Inc).

On the first day of the experiment mice are trained to find a platform that is signaled by a colorful object in a banalized room. They perform 4 trials with 20-30 minutes between each. The location of the platform and the starting point of the mice are changed for each trial. If a mouse does not find the platform after swimming for 1 min the experimenter guides it to the platform and lets it rest there for 30 s.

D-SERINE MEASUREMENTS

Escape latency -which means time required by a mouse to reach the platform and to stay there for at least 3 s -is evaluated and plotted for the results.

During the training phase, location of the platform is fixed and distant visual clues are put on the walls of the room. Mice perform 3 trials every day, spaced by 20-30 minutes, for 5 days. Starting point changes for each trial for encouraging the mice to remember platform location according to visual clues and not the shorter path to reach the platform. If a mouse does not find the platform after swimming for 1 min the experimenter guides it to the platform and lets it rest there for 30 s. Escape latency is plotted for the results.

Probe test is performed 72 h after the last training day in order to assess long-term memory. During this phase, platform is removed and mice are let freely swimming in the pool for 1 min for only one trial. Time spent in artificial quadrant defined around the pool and total distance to the previous platform location are plotted.

D-serine measurements 2.7.1 Voltametry

Extracellular D-serine level was assessed using micro-electrode biosensors provided by the laboratory of S.Marinesco [START_REF] Pernot | Characterization of a yeast D-amino acid oxidase microbiosensor for D-serine detection in the central nervous system[END_REF]. Those platinum electrodes are coated either with BSA or Daao and record electrical activity triggered by oxydoreduction of D-serine by Daao.

Electrodes impermeability was enhanced applying a 700 mV current in a bath of m-phenylenediamine (Sigma-Aldrich, P23954-5G) for 1 min. Before and after each in vivo recording, electrodes were calibrated by applying a 500 mV current in a bath of PBS to which 2 µM to 10 µM of D-serine were added gradually. Specificity of the signal was also assessed adding 5 µM of serotonin and 5 µM of L-aspartate to the bath of PBS.

For in vivo recordings mice were anesthetized with ketamine (100 mg kg ≠1 ) and domitor (0.25 mg kg ≠1 ) and a Daao electrode was implanted in the hippocampus using stereotaxic coordinates (AP ≠2 mm, L ±2 mm, V ≠1.2 mm from Bregma). BSA electrode was implanted near the Daao electrode to record background currents. An Ag/AgCl reference electrode was placed under the skin of the neck. Recordings were performed for 45 min to let the signal remaining stable and the level of D-serine was assessed using the ten last minutes of the recording. Signal recorded by the Daao electrode was obtained using the median of the recording. Signal of the BSA electrode was subtracted from the Daao signal. D-serine levels were weighted by the activity of Daao enzyme according to the temperature of PBS during calibration.

Enantioselective HPLC

L-and D-serine concentrations were measured by High Performance Liquid Chromatography (HPLC) in hippocampal homogenates. Mice were euthanized by an overdose of pentobarbital and hippocampus were dissected out, weighted and directly frozen. Five volumes of water were added and samples were centrifugated at 20 000 g for 30 min at 4 ¶ C. Proteins were removed from the supernatant by adding 5% of perchloric acid and samples were derivatized with a fluorescent reagent (4-fluoro-7-nitro-2,1,3-benzoxadiazole). Serine levels were determined using a combined HPLC system. The fraction of derivatized serine was isolated on a micro-octadecylsilane column and enantiomers were separated on an enantioselective column. Fluorescence of the amino acids was detected at 530 nm after excitation at 470 nm.

Electrophysiology

Slice preparation

Experiments were carried out on adult mice that were quickly euthanized. Brain was removed and placed in cold artificial CSF (aCSF -125 mM of NaCl, 2.5 mM of KCl, 1. 25 A block of tissue containing the hippocampus was prepared and hippocampal sagittal slices of 350 µm were cut using a vibratome (Thermo Scientific HM650V). Slices were incubated 30 min at 32 ¶ C and then allowed to recover for at least one hour at RT in aCSF

Recordings

For electrophysiological recordings, slices were transferred into a recording chamber continuously perfused with aCSF (3 mL min ≠1 ). A cut between CA3 and CA1 was made to avoid epileptiform activity due to the presence of picrotoxin (100 µM) added to the aCSF just before recording (only for the recordings performed in Bordeaux). Injected areas were identified with di erential interference contrast microscopy (Olympus BX51WI). Field Excitatory PostSynaptic Potentials (fEPSPs) were recorded with a Multiclamp 700B amplifier (Axon Instruments, Inc.) using pipettes (3.5-5 M ) filled with aCSF and placed in the stratum radiatum of the CA1 area, in the infected region detected by GFP fluorescence. Synaptic events were evoked at 0.5 Hz by orthodromic stimulation (100 µs) of Scha er collaterals using a glass pipette, filled with aCSF, and placed in the stratum radiatum at more than 200 µm away from the recording electrode. LTP was induced by applying a High Frequency Stimulation (HFS) protocol (100 Hz train of stimuli for 2.9. SPINE DENSITY QUANTIFICATION AND MORPHOMETRIC ANALYSIS 1 s, repeated four times at 20 s intervals) performed in current clamp mode. L-serine (50 µM) and D-serine (50 µM) were bath applied 20 minutes before the recording and then during the whole experiment.

Analysis

Signals were filtered at 2 kHz and digitized at 10 kHz via a Ds2A interface (Digitimer). Data were collected and analyzed using pClamp 9 software (Axon Instruments Inc.). Average fEPSPs traces were obtained from at least 10 min of stable recordings.

Spine density quantification and morphometric analysis 2.9.1 Slices preparation

Tissues were perfused and fixed as described in Section 2.3.2. 35 µm thin sections of one hemisphere were obtained using a microtome. 100 µm thin sections of the other hemisphere were obtained using a vibratome. Slices were mounted in Vectashield medium.

Immunoluorescence on 35 µm sections was performed as described in Section 2.3.2.

Immunofluorescence on 100 µm slices

Slices were blocked and permeabilized in PBS with 0.2% Triton and 5% NGS at 4 ¶ C overnight. Then, they were incubated with a biotinylated primary antibody targeting GFP (BA-0702, Vector) at a dilution of 1/500 in PBS with 0.2% Triton and 5% NGS at 4 ¶ C for 72 hours. After 3 rinses with PBS, slices were incubated with streptavidin coupled with alexafluor-488 (S11223, ThermoFisher) in PBS with 0.2% Triton at RT overnight. They were finally rinsed 3 times with PBS and mounted on glass slide in Vectashield medium (H-1000, Vector), covered with a 1.5 coverslips and immediately luted with transparent nail polish.

Confocal acquisitions

Images were acquired with a confocal scanning microscope (SP8, Leica) at a 63x magnification using a HC PL APO CS2 x63 lens with oil (refraction index 1.3). Resolution was set at 2 048 ◊ 2 048 pixels corresponding to a pixel size of 90 nm, and images were recorded at every 0.33 µm.

Deconvolution

All the optical parameters described above were entered in the data manager of the AutoquantX3 software (Media Cybernetics). Images were deconvolved using adaptive theoretical Point Spread Function (PSF). Contrast and intensity were optimized on the image where the nucleus appears, and the same parameters were applied on every images of the deconvolved stack using ImageJ software.

Synapse quantification

Using 3D projection on the software NeuronStudio [START_REF] Rodriguez | Automated three-dimensional detection and shape classification of dendritic spines from fluorescence microscopy images[END_REF] synaptic boutons were manually detected on CA3 axons present in CA1 stratum radiatum. Dendritic spines were automatically detected and classified and manually edited on dendrites from pyramidal neurons. All these data were normalized by neurite length that was automatically generated by the software and manually corrected to fit neurite path.

Neuronal 3D reconstruction

Neurons were automatically reconstructed using the APP2 plug-in of VAA3D software [START_REF] Peng | V3D enables real-time 3D visualization and quantitative analysis of large-scale biological image data sets[END_REF] and manually edited. Data were extracted from the 3D models and analyzed using L-Measure.

Immunohistochemistry on human tissues

Para n embedded slices (4 µm) of human hippocampus from AD and control patients were provided by the Laboratory of Neuropathology at the Hopital Pitié-Salpêtrière in Paris.

Immunohistochemistry was performed on a VENTANA Discovery XT automated staining instrument according to the manufacturer's instructions. All solutions were from Roche Diagnostics (Meylan, France). Slices were first depara nized in EZprep solution for 30 min at 75 ¶ C followed by epitope retrieval in RiboCC solution for 20 min at 95 ¶ C. Primary antibody targeting Phgdh (Table 2.4, 1/300) was diluted in the provided Discovery Ab Diluent and applied manually. Slides were developed using the DABMap detection kit and counterstained with hematoxylin II for 8 min. They were then washed, dehydrated and coverslipped. Slides were scanned with a NanoZoomer Digital slide scanner (Hamamatsu Photonics) at the Imaging platform of the Institut de la Vision, Paris.

Statistical analysis 2.11.1 Classical analyses

Statistical analyses were done using R or Statistica. According to our dataset we used mainly non-parametric tests -Mann-Whithney test and Kruskal-Wallis with Dunn's post-hoc test. The analysis of immunofluorescence data was done building linear nested models using the nlme package of R. Data from the spontaneous 2.11. STATISTICAL ANALYSIS behavior experiment (Section 2.6.2) were analyzed using MANOVA. Weight and thigmotaxy were analysed using a multifactorial ANOVA for repeated measures. Learning experiments were analyzed using Cox's regression in the survival package of R [START_REF] Jahn-Eimermacher | Statistical analysis outcomes in behavioral experiments[END_REF]. All the scripts for R analyses are available in appendix 2.A.

Statistical analysis for immunoblots

Western-blot data (see Section 2.5.2) were fitted with a linear model using the nlme package of R. The model was built in order to have a fluorescence signal (named Signal) which is likely to depend on the loaded quantity of protein (named Quantity), according to Equation (2.1) for the phgdh flox/flox mice, Equation (2.2) for the 3xTg mice and Equation (2.3) for human samples (where AD4 stands for intermediate AD patients and AD6 for advanced AD patients) :

Signal = Quantity ◊ (C Quantity + Group ◊ C Group ) + Intercept.
(2.1)

Signal = Quantity ◊ (C Quantity + Genotype ◊ C Genotype ) + Intercept (2.2) Signal = Quantity ◊ (C Quantity + AD4 ◊ C AD4 + AD6 ◊ C AD6 ) + Intercept (2.3)
These equations describe a linear model of the signal as a function of the quantity where the slope is allowed to depend on di erent qualitative properties of the samples. For instance, the first model tests for a dependence on the group, which is described by a binary coe cient Group equal to 0 for the GFP group and 1 for the cre-injected group. If the coe cient C Group significantly di ers from 0, this establishes the dependence on the group corresponding to a significant di erence between groups. Likewise, the second equation describes the dependence on the genotype and the third equation the dependence on the disease stage. Additionally, each model includes an intercept that tests for strict proportionality between quantity and signal. Each model is built taking into account the inter-individual variation. 

Statistical method for Morris Water Maze

We developed a method to simultaneously analyse the time spent in the four quadrants of the probe test during Morris Water Maze (MWM) using Dirichlet distribution. The statistical procedure and the mathematical motivations are described in appendix 2.B. This test compare the time spent in the four quadrants of the MWM to a uniform distribution, highlighting a potential preference for one quadrant. In groups showing a non uniform Dirichlet distribution, this analysis was followed by post-hoc one-tailed or two-tailed single sample t-tests comparing the fraction of time spent in one quadrant to 25%. The output of this model gives a p-value characterizing the e ect of the Group on the Signal -Fluorescence intensity or Ramification index.

Population

2.A.2 Survival models

According to the methodology published by Jahn-Eimermacher et al. in 2011 [START_REF] Jahn-Eimermacher | Statistical analysis outcomes in behavioral experiments[END_REF] we used survival models to analyze the data obtained during the training phase of the MWM. A survival model allows one to deal with cut-o times avoiding the uncertainties linked with the deviation of this type of data from normal distribution. As it was advised in the article we used a Cox proportional method with two factors -Group as a categorical factor and Phase of the test as a continuous factor. Repeated measures between individuals were handled using the cluster function of the Cox model which applies a robust variance estimate.

The simplest example was written for the visible platform phase comparing cre-injected mice and GFP-injected mice (Section 3. 

2.A. R SCRIPTS FOR STATISTICAL ANALYSES

The output of this model gives a p-value characterizing the e ect of the Group and another one characterizing the global e ect of Trials repetitions. We added a level of complexity for the training phase as we also had to take into account that the factor Trial is nested into the factor Day. For this model, the output gives a p-value characterizing the global e ect of Days repetitions but also one p-value for each Group compared to a control group. A switch of the control group allows one to perform all the comparisons.

2.A.3 Linear models

We detail here the model used for Phgdh comparison between GFP and cre-injected phgdh flox/flox mice. This model depends on the protein quantity loaded and test the e ect of the factor Group on the slope. Using the random e ect, this model also takes into account that each sample is used for each protein quantity studied. All the other models for immunoblot quantification are similar versions of this one. The output of this model gives a p-value for the intercept characterizing the absence of background e ects. It also gives a p-value for Quantity characterizing the strict dependency of the Signal on Quantity. Then, it gives a p-value for Group:Quantity characterizing the di erence in the slope of the Signal between Groups depending on Quantity.

2.B Dirichlet distribution to analyze Morris Water Maze data

Written in collaboration with Cyrille DOUX

2.B.1 Introduction

The Morris Water Maze (MWM) has first been described by Richard Morris in the 80's [START_REF] Morris | Developments of a water-maze procedure for studying spatial learning in the rat[END_REF]. It has since been extensively used in neuroscience to characterize spatial learning and memory in rodents. The maze consists of a large circular tank filled with opaque water. Rodents can escape this pool onto a platform hidden just beneath the surface. Even if multiple protocols have been described over the years for multiple applications, the most common one starts by a training phase during which animals perform repeated blocks of trials to learn a fixed platform location, coming from any starting position, using distant visual cues. It has been shown that animals quickly learn this task and escape latency usually stabilizes at ≥10 seconds [START_REF] Morris | Developments of a water-maze procedure for studying spatial learning in the rat[END_REF]. Then, during a probe test session, the platform is removed and animals freely navigate into the pool for a fixed amount of time. During training and probe test sessions, the path of the animal is recorded using a video camera and an automatic tracking system. Detailed information and advice about the MWM protocols are reviewed in Vorhees et al. [START_REF] Vorhees | Morris water maze : procedures for assessing spatial and related forms of learning and memory[END_REF].

Analysis of the learning phase is performed measuring escape latency. Detailed information about the statistical analysis of survival data can be found in [START_REF] Jahn-Eimermacher | Statistical analysis outcomes in behavioral experiments[END_REF] and [START_REF] Vorhees | Morris water maze : procedures for assessing spatial and related forms of learning and memory[END_REF]. Despite the apparent simplicity to collect these data, Gallagher et al. [START_REF] Gallagher | Severity of spatial learning impairment in aging: development of a learning index for performance in the Morris water maze[END_REF] and Graziano et al. [START_REF] Graziano | Automatic recognition of explorative strategies in the Morris water maze[END_REF] showed that learning and swimming strategies may add a bias in the escape latency measurements and that a careful analysis of the tracked paths may be necessary to accurately compare the behavior of rodents during the learning phase.

Data collected during the probe test session are classified into three categories: time spent per zone -which can be theoretical quadrants defined on the pool or a theoretical annulus drawn around the platform location-, number of crossings of the former platform area, or total proximity to the former platform center. Time spent per quadrant is generally used, sometimes combined with number of crossings. However, number of crossings usually has a low occurrence and can be badly recorded by the tracking system [START_REF] Vorhees | Morris water maze : procedures for assessing spatial and related forms of learning and memory[END_REF] which increases its inaccuracy. Creating a large database using several published tests from their institute and simulated data, Maei et al. [START_REF] Maei | What is the most sensitive measure of water maze probe test performance[END_REF] have shown that total proximity allows the best detection for small samples, whereas time spent in quadrants is of great interest if the studied groups include bad performers.

There are several ways to analyze data obtained from time spent in quadrants: comparing the time spent in the four quadrants to the theoretical value of 25% for a group of animals to reveal a preference for one quadrant -where the platform is placed during the learning phase -, comparing the time spent in the four quadrant to one another in a group, or comparing the time spent in each quadrant between several groups of animals. In all cases, the four variables corresponding to the time (or fraction of time) spent in each quadrant have a constant sum. They are therefore anti-correlated. Nonetheless, parametric tests based on normal distributions and independency are currently used to analyze such datasets. Among the 50 most recent articles using MWM and published at the beginning of October 2017, 80% of them used time spent in quadrants as a criterion. 97.5% of them used a parametric test (Student t-test or ANOVA) to analyze their data and only 57.4% of them used another variable to characterize spatial memory.

These observations suggest that a better characterization and a more suitable statistical analysis of data obtained through MWM could significantly improve the accuracy of the results obtained with this type of experiments. Here, we suggest to use the Dirichlet distribution to collectively describe the fraction of time spent in the four quadrants of the maze, providing a unique p-value characterizing preference or aversion for a quadrant, instead of four correlated p-values, and thus making the test more reliable and more easily interpretable than a collection of t-tests. We develop a statistical test based on this distribution in order to evaluate the capacity of a group of animals to remember the platform location. We will first describe the methodology we developed with the Dirichlet distribution using simulated data, then we will validate these tests using actual data, and we will finally discuss the advantages and limits of the application of the Dirichlet distribution on behavioural studies.

2.B.2 Methodology

2.B.2.1 The Dirichlet distribution

The Dirichlet distribution is a multivariate generalization of beta distributions. It describes the distribution of K-dimensional vectors p for which the sum of all the coordinates is fixed, i.e.

q K k=1 p k = 1. It is parametrized by a K-dimensional vector -of positive reals -k > 0, 1 AE k AE K,
such that its probability density function is given by

P(p | -) = 1 B(-) K Ÿ k=1 p -k ≠1 k , ( 2.4) 
where

B(-) = r K k=1 (-k ) O 1 q K k=1 -k 2
is the multivariate beta function. The marginal distributions are beta distributions with parameters

(-k , s ≠ -k ) where s = q K k=1 -k is called the precision, with expectation values m k = -k /s , variance m k (1 ≠ m k )/(s + 1)
and covariance ≠ m i m j / s + 1 (between coordinates p i and p j ). Therefore, the higher the precision, the less di use coordinates are around their (2.5)

2.B.2.2 Testing for preference of a quadrant Description of the test

To reflect memory abilities, we have to test whether the fraction of time spent in the four quadrants significantly di ers from a uniform distribution, thus showing preference for one or several quadrants. To do so, we propose a likelihood-ratio test based on the Dirichlet distribution to distinguish between the null hypothesis of uniformity H 0 : {÷-> 0, 'k,k = -} (implying that all means m k are equal to 1/K but the precision is not constrained), and the general hypothesis H 1 where thek 's are unconstrained. The likelihood-ratio statistic reads

= 2 ◊ C sup -oeH 1 ln P(D | -) ≠ sup -oeH 0 ln P(D | -) D .
(

In order to fit the distribution parameters to their maximum likelihood values, we refer to the numerical schemes developed in [START_REF] Minka | Estimating a Dirichlet distribution[END_REF] and we used the open-source Python module dirichlet implemented by Eric Suh3 . In particular, [START_REF] Minka | Estimating a Dirichlet distribution[END_REF] proposes a technique to alternatively fit the means m k and precision s, faster than fitting directly thek 's. The maximum likelihood parameters under the null hypothesis are thus estimated by setting the means to their uniform value, m k = 1/K, and fitting the precision s. We provide a slightly modified version of the dirichlet package, forked from that of Eric Suh, which is publicly available 4 . Under the null hypothesis, the likelihood-ratio statistic asymptotically follows a ‰ 2 -distribution with K ≠ 1 degrees of freedom.

Bartlett correction

However biological samples are usually small and for small samples the statistic's distribution deviates from a ‰ 2 K≠1 , as can be seen on Figure 2.B.1. We propose an approximate Bartlett-type correction [START_REF] Barndorff-Nielsen | Bartlett adjustments to the likelihood ratio statistic and the distribution of the maximum likelihood estimator[END_REF] for small samples, which amounts to rescale the likelihood-ratio statistic to match its asymptotic mean, which is K ≠ 1 in this test. Such a correction has been shown to correctly reproduce the first three moments of the asymptotic ‰ 2 -distribution [START_REF] Barndorff-Nielsen | Bartlett adjustments to the likelihood ratio statistic and the distribution of the maximum likelihood estimator[END_REF]. In order to derive the scaling Likelihood-ratio statistic, Λ . 3 -distribution (blue line). For small samples, the distribution of the likelihood ratio slightly deviates from a ‰ 2 3 distribution and the mean (represented by vertical lines) is significantly greater than the theoretical value of 3.

factor, we need to compute the expected value of the statistic as a function of the number of samples N and the precision s. To do so, we draw random samples of N observations from uniform Dirichlet distributions with precision s, varying N between 2 and 100 and s between 1 and 1000 (with logarithmically-spaced values), and measure the mean of the statistic . 5 We find that the mean value of the likelihood-ratio statistic depends very little on s in the probed range, and that the di erence to the asymptotic value of K ≠ 1 is well-fitted with a power law in N , i.e. È Í ≠ (K ≠ 1) ≥ a K N b K (data not shown). For K = 4 we find that a K = 5.9 and b K = ≠1.4. We therefore propose to use a corrected statistic

˜ © ◊ (K ≠ 1) (K ≠ 1) + a K N b K , ( 2.7) 
and to compare its observed value to the ‰ 2 expected value corresponding to the desired statistical significance.

Validation of the test

To validate this correction, we compare the distribution of the uncorrected statistic and the corrected statistic ˜ from our simulated samples to a ‰ 2 K≠1 -distribution with probability-probability plots (i.e. percentile-percentile ). As shown in Figure 2.B.2, the uncorrected statistic yields p-values significantly di erent from the theoretical ones while the corrected p-values are in perfect agreement with the ‰ 2 3 -distribution. Therefore, this correction significantly improves the reliability of the test for small samples. We also compute the number of false negatives on the simulated data (Figure 2.B.3). We find that using the p-value from the corrected statistic leads to a rate of false negatives consistent with the significance level set up at 5% and independent on the number of samples N or the precision s. On the contrary, using the non-corrected statistic or performing one t-test on the target quadrant leads to more false negatives, especially when the number of samples is small.

Post-hoc analysis

Using the test based on Dirichlet distribution, we can determine whether the fraction of time spent in the quadrants is uniformly distributed. In the case of a divergence from uniformity, we want to evaluate what are the quadrants responsible for this divergence as a post-hoc analysis.

It can be performed comparing the marginal distribution of each quadrant, that are Beta distributions, to a theoretical Beta distribution with parameters -= 0.25s and -= 0.75s. However, we notice that in the range of inter-individual variability we have in this kind of study (given by the parameter s of the Dirichlet distribution, usually found between 20 and 50), the marginal distributions resemble a normal distribution (Figure 2.B.4). Seeking for simplification, we advice to apply single sample t-test for a post-hoc characterization of the preference for a quadrant in groups showing a divergence from uniformity.

2.B.3 Experimenting the test on in vivo data

We use a dataset obtained comparing memory abilities of wild-type mice to 3xTg AD mice, a model for Alzheimer's Disease [START_REF] Oddo | Triple-Transgenic Model of Alzheimer ' s Disease with Plaques and Tangles : Intracellular A-and Synaptic Dysfunction[END_REF]. It has already been described that 3xTg AD mice display long-term memory deficits in the MWM test. We propose a module, that will be soon publicly available, to draw charts optimizing representation of the data according to the Dirichlet distribution (Figure 2.B.5). We compare the distribution obtained for each group to a uniform distribution and we find that the Dirichlet distribution obtained for wild-type mice is significantly di erent from a uniform distribution whereas the one obtained for 3xTg mice does not di er from a uniform distribution. This result suggests that 3xTg AD mice show long-term memory deficits, which is in accordance with previous observations [START_REF] Clinton | Age-dependent sexual dimorphisms in cognition and stress response in the 3xTg-AD mice[END_REF].

To better characterize long-term memory in wild-type mice, we apply single sample t-tests on the four quadrants as a post-hoc analysis. We perform a one-tailed single sample t-test to assess whether the fraction of time spent in the target quadrant by wild-type mice is greater than the theoretical value 25%. Conversely, we perform a one-tailed single sample t-test to assess whether the fraction of time spent in the opposite quadrant by wild-type mice is lower than the theoretical value 25%. For adjacent quadrants we perform two-tailed single sample t-test. It shows that the divergence from a uniform distribution that we demonstrate using the Dirichlet distribution is due to a fraction of time spent in the target quadrant that is significantly higher than 25% (p = 0.025), and a fraction of time spent in the opposite quadrant into account to extract evidence of memory abilities. In the literature, the study of the time spent in the target quadrant is commonly used to assess long-term memory. However, some studies used the time spent in the opposite quadrant to illustrate a loss of memory [START_REF] Clinton | Age-dependent sexual dimorphisms in cognition and stress response in the 3xTg-AD mice[END_REF]. Using the Dirichlet distribution has the great advantage to consider all variations at the same time to assess whether the mice spend the same time in all the quadrants.

Finally, we show that the corrected test based on the Dirichlet distribution gives a consistent rate of false-negative results, even for small sample size. It is thus adapted to describe dataset obtained from behavioural experiments that are usually performed for n<10.

This test is accurate to describe data from a probe test of the MWM test and to compare these data to a uniform distribution. However, it is not developed yet to compare the memory abilities of several groups. We are currently developing a test able to compare two Dirichlet distributions to illustrate a divergence of preference between groups. 

CHAPTER 3

Results
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A conditional model of Phgdh deletion in the hippocampus

We developed a conditional model of Phgdh deletion in the hippocampus using phgdh flox/flox adult mice. We stereotaxically injected AAV2/9 allowing the expression of either GFP alone or cre-recombinase (cre) and GFP under the control of the astrocytic promoter gfa-ABC1D (Figure 3.1-A).

Phgdh expression is decreased in the hippocampus of cre-injected mice

We first determined Phgdh expression in the hippocampus of cre-injected mice by immunohistochemistry using a Phgdh antibody (Figure 3.1-B). Phgdh was expressed in the infected region of GFP-injected mice but there was a marked reduction of Phgdh labelling in the infected region of cre-injected mice. We quantified Phgdh expression at the mRNA level by RT-qPCR (Figure 3.1-D) and found that GFP injection did not change Phgdh mRNA levels compared to non injected mice. Mice injected with cre showed a ≥ 70% decrease in their expression of Phgdh mRNA compared to GFP-injected mice. We also quantified Phgdh expression at the protein level using fluorescence quantification (Figure 3.1-C) and fluorescent immunobloting (Figure 3.1-E and F). We found that in total hippocampus extracts Phgdh protein expression was decreased by ≥ 50%.

Post-developmental Phgdh deletion has no side-e ect

The PP being involved in development, cell division and apoptosis, we determined whether a down-regulation of the first enzyme of the PP impacted astrocytes status or functions. Using RT-qPCR we measured the level of transcripts for selected astrocytic specific genes (Figure 3.2-A and B). GFAP and vimentin mRNA were expressed at the same level in cre and GFP injected mice. GFAP protein levels were also measured by fluorescent immunobloting (Figure 3.2-C and D) and we found no di erence between GFP and cre injected mice. Overexpression of cytoskeleton filaments characterizes astrocytic reactivity. The unchanged levels of GFAP mRNA and protein suggested that Phgdh deletion in the hippocampus of phgdh flox/flox mice did not lead to astrocytic reactivity. We confirmed this result by performing a Scholl analysis on infected astrocytes (Figure 3.2-E and F), and found no di erence of the ramification index between cre and GFP injected mice.

The PP is the only source of de novo L-serine for all cell types in the brain. Decreasing Phgdh expression in astrocytes could also have an e ect on the viability of neurons and microglial cells. We measured mRNA levels for some genes specifically expressed in neurons (NeuN and Eaat3, Figure 3.2-G and H) and in microglia (Iba1 and Cd68, Figure 3.2-I and J) and found no di erence between mice injected with either cre or GFP. We did not find any increased expression of Iba1, an index for activated microglia, suggesting that Phgdh deletion did not activate microglia.

Phgdh deletion does not change the expression of genes involved in serine production and transport

We sought for potential side e ects in serine biosynthesis pathway and serine transport.

Using RT-qPCR we quantified the level of transcripts for several genes involved in Land D-serine biosynthesis (Psat1, Psph, Sr -Figure 3.3-A to C) and genes involved in L-and D-serine transport (Asct1, Asct2, Asc1 -Figure 3.3-D to F) and found no di erence between GFP and cre-injected mice. The level of Daao was under the detection limit in GFP and cre-injected mice.

Phgdh expression was decreased in the hippocampus of cre-injected mice without a ecting cell status in neurons, microglia and astrocytes.

No compensatory e ects were observed in serine biosynthesis pathway and serine transport. We next investigated whether Phgdh deletion in the hippocampus a ected serine production and synaptic functions.

Phgdh hippocampal deletion functional outcomes

We first determined the levels of L-and D-serine in the hippocampus of cre-injected mice compared to GFP-injected mice. Then, we evaluated synaptic activity in the hippocampus of those mice. Finally, we assessed their spatial memory abilities.

D-serine levels are reduced in cre-injected phgdh flox/flox mice

To investigate the role of serine production in learning and memory we first determined whether our model of Phgdh hippocampal deletion led to a decrease in L-and D-serine production in the hippocampus. The levels of L-serine and D-serine were measured on total hippocampus extracts using HPLC by our collaborators in Shigeki Furuya's laboratory in Japan (Figure 3.4-A). We found that the levels of both L-and D-serine were slightly but significantly reduced in the hippocampus of cre-injected mice compared to GFP (≥ 15%). However, HPLC on total hippocampus extracts predominantly measures the intracellular pool of amino-acids. To obtain a more relevant measure of the synaptic levels of D-serine, we collaborated with Stephane Marinesco's laboratory in Lyon to perform voltametry recordings of extracellular D-serine (Figure 3.4-B). Those recordings showed that the extracellular levels of D-serine in the hippocampus of cre-injected phgdh flox/flox mice were reduced by ≥ 60% compared to GFP-injected animals. 

Synaptic transmission is altered in cre-injected phgdh flox/flox mice

As we already mentioned in Section 1.3.4, D-serine is a key determinant of glutamatergic transmission. We investigated whether the reduced levels of extracellular D-serine translated into functional synaptic defects. Pierrick Jego, a former post-doc of the laboratory, performed electrophysiology recordings on hippocampal slices from phgdh flox/flox mice injected with GFP, cre or non injected (NI) (Figure 3.5-A). We found that the Input/Output (I/O) curve of extracellularly recorded population of fEPSPs was reduced in mice injected with cre compared to NI or GFP-injected mice (Figure 3.5-B and C). This result suggested that the e cacy of fast AMPA-R-mediated transmission is altered by the deletion of Phgdh.

We next explored whether synaptic plasticity was altered in these animals. LTP was similar between NI and GFP-injected mice -≥ +65% compared to the baseline at 1 h post HFS -but it was significantly reduced in mice injected with cre--≥ +30% compared to the baseline at 1 h post HFS -(Figure 3.5-D and E). This result suggested that synaptic plasticity was altered in cre-injected phgdh flox/flox mice because of a reduction of D-serine availability.

Long-term memory is impaired in cre-injected phgdh flox/flox mice

We next aimed at characterizing memory and behaviour of phgdh flox/flox mice injected with GFP or cre. We monitored basal activity and circadian rhythm using Phenotyper devices (Noldus ©, Figure 3.6-A) and found no di erence in basal activity between phgdh flox/flox mice injected with GFP and phgdh flox/flox mice injected with cre (Figure 3.6-B). AAV injections in the hippocampus of phgdh flox/flox mice did not alter circadian rhythm as both groups kept a higher activity at night compared to daytime.

Anxiety was assessed using the Elevated Plus Maze (EPM) device (Figure 3.6-C) and we found no di erence in the time spent in closed and open arms, or in the time spent leaning on the edges of the device, between the two groups of mice (Figure 3.6-D). Mice spent ≥ 50% of their time in the maze outside the closed arms indicating a low level of global anxiety.

Long-term spatial memory was evaluated using the MWM test (Figure 3.6-E). On the first day, we performed a test with a visible platform to validate motor and visual abilities of the mice (Figure 3.6-F). We found that escape latency significantly decreased across trials with no di erence between groups. Mice had similar visual and motor abilities whatever the viral vector injected. During the training phase, mice had to learn the platform location during five days with three trials each day. Escape latency significantly decreased across training days confirming a correct learning of the platform location. There was no di erence between cre-injected mice and GFP-injected mice during the training phase suggesting that Phgdh deletion in the hippocampus did not alter learning abilities (Figure 3.6-G). We expected the escape latency to reach at least 20 seconds during the last training day, however, its value was closer to 30 seconds the last three days after an initial drop during the two first days. We found two di erent learning patterns illustrated on Figure 3.6-H, that are present in both groups -fast and slow learners -that could explain these values. We confirmed that mice got used to the task by evaluating the time spent in the thigmotaxy zone of the maze -on the edges of the tank -(Figure 3.6-I). We found that this time decreased significantly across training days showing a low level of anxiety during the task at the end of the week.

We assessed long-term memory by performing a probe test 72 h after the last training day (Figure 3.6-J, K and L). We found that GFP-injected mice spent significantly more time in the Target Quadrant (TQ) of the pool showing active spatial memory abilities whereas cre-injected mice spent the same time in each quadrant indicating long-term memory deficits. This di erence was not due to di erences in motor activity as the total distance swum by the mice was identical between GFP and cre-injected mice. Phgdh deletion in the hippocampus of phgdh flox/flox mice led to a local decrease of the levels of L-and D-serine. This decrease was associated with alterations in synaptic transmission and long-term potentiation which correlated with long-term memory impairments.

L-serine restores impairments caused by Phgdh deletion in the hippocampus

To endorse the link between L-serine deficiency and the functional e ects we have just mentioned, we sought to investigate whether L-serine supplementation can restore synaptic and memory alterations.

D-serine extracellular levels are restored by a diet enriched in L-serine

To investigate the e ects of a chronic L-serine treatment on the D-serine content of the brain, we measured the levels of D-serine in the hippocampus of cre-injected phgdh flox/flox mice, fed with a normal diet or a diet enriched in L-serine for 6 weeks, using voltametry and D-serine biosensors (Figure 3.7). We found that the levels of D-serine in the hippocampus of mice fed with L-serine were significantly higher than the levels of D-serine in mice fed with a normal diet. D-serine concentration in mice fed with L-serine was also higher than the levels measured in phgdh flox/flox mice injected with GFP (Figure 3.4) but in the same range than the one found by Pernot et al. [START_REF] Pernot | Neurochemistry International D -Serine di usion through the blood -brain barrier : E ect on D -serine compartmentalization and storage[END_REF] when they supplied rats with intravenous injections of 1 mM of D-serine. 

Acute L-serine treatment restores synaptic plasticity

During the same experiment than the one presented in Section 3.2.2, Pierrick Jego performed electrophysiological recordings on hippocampal slices adding 50 µM of L-serine for 1 h in the bath of the slices obtained from cre-injected mice (Figure 3.8).

Compared to cre-injected mice, we observed a partial recovery of the potentiation during acute L-serine treatment (≥+50%). 

Long-term memory is restored by a diet enriched in L-serine

To investigate the e ects of a chronic L-serine treatment on long-term memory, we fed cre-injected phgdh flox/flox mice with a diet enriched in L-serine for one month before performing a MWM test. Since this treatment depended on food intake we measured the body weight of each mice once a week and found no di erence between cre-injected phgdh flox/flox mice fed with a normal or a L-serine enriched diet (Figure 3.9-A). On the first, we performed a test with a visible platform to validate motor and visual abilities. We found that the escape latency significantly decreased across trials indicating that mice were able to find the platform. However, mice treated with L-serine showed better performance performing this task than mice fed with a normal diet (Figure 3.9-B). During the training phase, mice had to learn the platform location during five days with three trials each day. Escape latency significantly decreased accross training days confirming a correct learning of the platform location with no di erence between groups (Figure 3.9-C). We confirmed that mice got used to the task by evaluating the time spent in the thigmotaxy zone of the maze (Figure 3.9-D). We found that this time decreased significantly across training days showing a low level of anxiety during the task at the end of the week.

We performed a probe test 72 h after the last training day (Figure 3.9-E and F). We found that phgdh flox/flox mice injected with cre and fed with a normal diet did not spend the same amount of time in the four quadrants, but they did not show a significant preference for the TQ, indicating that they did not remember the platform location. Phgdh flox/flox mice injected with cre and fed with L-serine spent significantly more time in the TQ than in the other quadrants, indicating that long-term memory is restored in cre-injected phgdh flox/flox mice fed with a diet enriched in L-serine. Surprisingly, the total distance swum by the mice is significantly higher in phgdh flox/flox mice fed with L-serine compared to phgdh flox/flox mice fed with a normal diet (Figure 3.9-G).

A control experiment was performed by Claire Seris, a Master's student of the laboratory, comparing memory abilities of wild-type mice fed with a normal diet or with a diet enriched in L-serine. She measured the body weight of each mice once a week and found no di erence between diets (Figure 3.10-A). However there was a significant increase of the body weight during the last week in both groups. She assessed long-term memory using the MWM test. On the first day, she performed a test with a visible platform (Figure 3.10-B) and she found that the escape latency significantly decreased across trials with no di erence between groups indicating that mice had the same motor and visual abilities, whatever their diet. During the training phase, mice had to learn the platform location during five days with three trials each day. Escape latency significantly decreased across training days confirming a correct learning of the platform location with no di erence between groups (Figure 3.10-C). She confirmed that mice got used to the task by evaluating She performed a probe test only 24 h after the last training day and found that wild-type mice spent significantly more time in the TQ compared to other quadrants(Figure 3.10-E and F). Results were similar for wild-type mice fed with L-serine. Moreover, there was no di erence of the total distance swum by the mice, whatever their diet (Figure 3.10-G). This experiment validated that L-serine did not induce unspecific positive e ect on mice behaviour.

In phgdh flox/flox mice injected with cre-recombinase, L-serine was able to increase the level of D-serine in the hippocampus and to restore synaptic plasticity and long-term memory.

The PP in the AD human brain

Using phgdh flox/flox mice and hippocampal injections of cre we showed that a decrease in Phgdh expression in the hippocampus of mice led to memory deficits that can be restored by L-serine supplementation. Following our hypothesis, we sought to investigate whether PHGDH, and more generally serine production, was involved in AD pathogenesis. Thanks to a collaboration with the GIE Neuroceb biobank in Paris, we obtained brain sections and brain samples to determine whether the level of expression of the enzymes of the PP was altered in the brain of AD patients compared to healthy controls.

PHGDH expression is decreased in the AD brain

We performed immunohistochemistry on para n embeded brain sections from AD patients and healthy controls to label PHGDH (Figure 3.11-A). To quantify the level of PHGDH we performed fluorescent immunobloting on protein extracts (Figure 3.11-B and C). We showed that PHGDH expression was significantly decreased in the hippocampus of AD patients at Braak's stages III-IV and VI compared to controls.

PSAT and SR expression are increased in the AD brain

Using the same protein extracts, we determined the level of PSAT1 protein in human hippocampus (Figure 3.12-A and B). Contrasting with what we found for PHGDH, PSAT1 immunobloting on human samples showed a significant increase in the AD brain compared to controls, for both stages III-IV and VI. We made the same observation for SR which expression was increased in AD brains at stage VI compared to healthy controls (Figure 3.12-C and D). We also measured the level of ASCT1 expression but we found no di erence between controls and AD patients (Figure 3.12-E and F). We did not find suitable antibodies targeting the other enzymes involved in serine metabolism and the other serine transporters to perform immunoblotting on human samples.

Quantification of the expression of the enzymes of the PP in the human brain showed important modifications. Using a mouse model of AD we sought to investigate which mechanisms could be impacted by serine dysregulation and the therapeutic potential of L-and/or D-serine supplementation to restore or delay cognitive deficits in AD.

Serine synthesis in 3xTg AD mice

Considering the observations made by our collaborators that D-serine was able to restore LTP in the hippocampus of 3xTg-AD mice (Figure 1.18) and the ones made in our own laboratory that 3xTg-AD mice presented glycolytic deficits in the hippocampus (Figure 1.17), we made the hypothesis that a decrease in the flux of the PP may be involved in memory deficits in 3xTg-AD mice. Therefore, we investigated whether L-or D-serine supplementation was able to restore memory alterations.

L-and D-serine restore synaptic plasticity in 3xTg AD mice

Results obtained by the team of Stephane Oliet and Aude Panatier in Bordeaux showed that D-serine was able to restore LTP deficits in the hippocampus of 3xTg-AD mice at 6-month-old. Marco Matos, a post-doc working in their laboratory, tested whether L-serine was also able to restore LTP deficits (Figure 3.13). With 50 µM of L-serine applied for 1 h, LTP responses recorded in 3xTg-AD slices were restored at the same level as wild-type slices and potentiation was in the same range than the one observed in wild-type slices in normal conditions (≥ +60%). 

D-serine restores memory in 3xTg AD mice

At the same time, we investigated the e ects of L-and D-serine chronic treatments on long-term memory in 6-month-old 3xTg-AD mice by feeding them with a diet enriched in L-serine or enriching their drinking water with D-serine. Since those treatments depended on water and food intakes, we first determined whether they had an impact on feeding and drinking behaviours. We measured the body weight of each mice once a week and found no significant di erences between the four groups during the three weeks of the experiment (Figure 3. 14-A). However we noticed a significant decrease in body weight of 3xTg-AD mice during the last week compared to the two first ones.

Anxiety was examined using the EPM (Figure 3.14-B). All the mice spent more than 60% of their time in the maze hiding in the closed arms indicating a high level of global anxiety. Untreated 3xTg-AD mice and 3xTg-AD mice treated with L-serine spent significantly less time in the open arms and also less time leaning on the edges of the maze compared to wild-type indicating a higher level of anxiety. Looking at the total distance traveled during the test (Figure 3.14-C) untreated 3xTg-AD mice and 3xTg-AD mice treated with L-or D-serine moved significantly less than wild-type mice.

This type of behaviour made impossible the proper study of arms or objects exploration during memory tasks. We decided to study memory in 3xTg-AD mice using the MWM test where they are forced to swim. On the first day, we performed a test with a visible platform to validate motor and visual abilities of the mice (Figure 3.14-D). We found that all the mice were able to find the platform and that escape latency significantly decreased across trials with no di erence between groups. Mice had similar visual and motor abilities in the MWM, whatever the genotype and treatment. During the training phase, mice had to learn the platform location during five days with three trials each day (Figure 3.14-E). Escape latency significantly decreased across training days confirming a correct learning of the platform location by the four groups of mice without any di erence in the learning abilities of the mice. However, we expected the escape latency to reach at least 20 seconds during the last training day whereas it stayed around 30 seconds. As for the phgdh flox/flox mice, we found that mice displayed specific learning patterns (Figure 3.14-F) that impacted the mean of the escape latency. We also studied the thigmotaxy during the five days of the training phase in order to assess the evolution of anxiety during the whole test (Figure 3.14-G). Time spent in thigmotaxy zone significantly decreased across training days confirming that in the four groups, mice get used to the task and the environment. However, anxious behaviour of 3xTg-AD mice treated with L-serine in the MWM stayed significantly higher compared to the other mice.

Since the learning phase showed that mice were able to learn the platform location 3.14-H). As expected, wild-type mice spent significantly more time in the TQ whereas 3xTg-AD mice spent about the same amount of time in each part of the pool (Figure 3.14-I). It confirmed that 3xTg-AD mice show long-term memory deficits compared to wild-type. Interestingly, 3xTg-AD mice treated with D-serine showed a significant preference for the TQ compared to others. However, 3xTg-AD mice fed with L-serine enriched diet did not show any significant preference for a quadrant during the probe test suggesting that the L-serine diet was not able to restore memory abilities in 3xTg-AD mice. This result had to be taken with caution according to the high level of anxiety of 3xTg-AD mice fed with L-serine. We confirmed that these e ects were not due to di erences in motor activity during the test by comparing the total distance swum by the mice during the probe test (Figure 3.14-J). We found no di erences between treated and untreated 3xTg-AD mice, but we found di erences in the total distance swum by wild-type mice compared to treated 3xTg-AD mice. These di erences were probably not relevant in the context of our study as it could not explain the di erences observed in memory abilities between treated and untreated 3xTg-AD mice.

Control experiments were performed to assess whether L-and D-serine treatments had a non-specific e ect on wild-type mice. We already shown the results of the L-serine feeding on Figure 3.10. Pierre-Antoine Vigneron, a student of the lab, performed the experiments on wild-type mice treated with D-serine in their drinking water. On the first day, he performed a test with a visible platform to validate motor and visual abilities of the mice (Figure 3.15-A). He found that escape latency significantly decreased accross trials with no di erence between groups. Mice had similar visual and motor abilities in the MWM, whatever the treatment. During the training phase, mice had to learn the platform location during five days with three trials each day (Figure 3.15-B). Escape latency significantly decreased across training days confirming a correct learning of the platform location without any di erence in the learning abilities of the groups. He also studied the thigmotaxy during the five days of the training phase in order to assess the evolution of anxiety during the whole test (Figure 3.15-C). Time spent in thigmotaxy zone significantly decreased across training days confirming that mice get used to the task and the environment.

He assessed long-term memory by performing a probe test 72 h after the last training day (Figure 3.15-D and E). Wild-type mice spent more time in the TQ quadrant compared to the others. Results were similar for wild-type mice treated with D-serine. There was no di erence of the total distance swum by the two groups of mice (Figure 3.15-F). This experiment validated that D-serine did not induce unspecific positive e ect on mice behaviour. L-serine was able to restore LTP in 3xTg-AD mice. D-serine was able to re- B-Escape latency for each trial on each day of the training phase (Cox regression on survival data p= between groups and p= between days; n=8 animals per group). C-Thigmotaxy for each trial on each day of the training phase (Multifactorial ANOVA for repeated measures p=0.075 for groups, p<0.0001 for days, and p=0.22 for groups and days; n=8 animals per group). D-Tracked path during the probe test reported on a diagram of the maze for two mice (Dirichlet distribution p<0.0001 for wt and p=0.0033 for wt+Lser; n=8 animals per group). E-Fraction of time spent in each quadrant of the maze during the probe test (One tailed t-test p=0.0037 for wt in the TG and p<0.0001 for wt in the OQ and two tailed t-test p=0.011 for wt in the AQ, and one tailed t-test p=0.14 for wt+Dser in the TQ and p=0.03 for wt+Dser in the OQ, and two tailed t-test p<0.0001 for wt+Dser in the AQ; n=8 animals per group). F-Total distance swum during the probe test (Mann-Whithney U-test p=0.13; n=8 animals per group). store LTP and long-term memory deficits in 3xTg-AD mice. D-serine and L-serine treatments had no e ect on wild-type mice during electrophysiology recordings and behavioural studies confirming that those treatments specifically restored synaptic plasticity in 3xTg-AD mice. Those observations reinforced our hypothesis of dysregulation of the PP in 3xTg-AD mice.

Phgdh and Sr expression are not altered in the hippocampus of 3xTG mice

All the observations made by now suggested a modulation of the activity of the PP in 3xTg-AD mice. That is why we sought to investigate whether dysregulation of serine synthesis took place in the hippocampus of these mice. Juliette Le Douce, a former PhD student of the lab, measured the level of mRNA for all the genes involved in serine biosynthesis and transport (data not shown, see Section 3.1.3 to have the list of genes) but she found no di erence between wild-type and 3xTg-AD mice. We used the technique of fluorescent immunoblotting to quantify the expression of Phgdh at the protein level in the hippocampus of 6-month-old 3xTg-AD mice compared to wild-type (Figure 3.16-A and B). We found that Phgdh was expressed at the same levels in wild-type and 3xTg-AD mice.

We wanted to extend this method to other enzymes involved in serine metabolism, however antibodies targeting Psat1 and Psph were not appropriate for western-blot on mouse brain extracts. So, this study was limited to the measure of the protein level of Sr in hippocampus extracts of wild-type and 3xTg-AD mice at 6-month-old (Figure 3.16-C and D). Sr expression did not change between wild-type and 3xTg-AD mice.

Apparently, there was no alteration of the expression of the enzymes of the PP in 3xTg-AD mice compared to wild-type.This suggested that the dysregulation observed in 3xTg-AD mice that could be linked to L-and D-serine production should result from a decrease in the flux of the PP and not from a dysregulation of this pathway.

The expression of the enzymes involved in L-and D-serine production was similar in 3xTg-AD and wild-type mice. However, results obtained with electrophysiology suggested that the synaptic level of D-serine was decreased in 3xTg-AD mice compared to wild-type at 6-month-old. Moreover, D-serine was able to restore cognitive deficits in 3xTg-AD mice. Altogether, these results suggested that deleterious e ects observed in 3xTg-AD mice could be explained by synaptic deficiency linked to the synaptic level of D-serine. 

Serine deficiency, synaptic activity and long-term memory

We have developed a model of post-developmental Phgdh deletion in the hippocampus of phgdh flox/flox mice that leads to a decrease of the levels of L-and D-serine. The decrease of total L-and D-serine (≥-15%) is limited but it is in line with what have already been described in constitutive heterozygous Phgdh KO mice. A marked decrease of L-and D-serine levels in the brain have only been reported in constitutive Phgdh homozygous KO where Phgdh expression is decreased by ≥90% [START_REF] Furuya | Inactivation of the 3-phosphoglycerate dehydrogenase gene in mice : changes in gene expression and associated regulatory networks resulting from serine deficiency[END_REF]. However, we observed a significant decrease of extracellular D-serine (≥-60%) in the hippocampus of cre-injected phgdh flox/flox mice. Such a discrepancy between total and extracellular D-serine has already been reported and may represent a functional adaptation [START_REF] Zou | Amyloid precursor protein maintains constitutive and adaptive plasticity of dendritic spines in adult brain by regulating D-serine homeostasis[END_REF]. These mice display synaptic activity and spatial memory deficits that were restored by L-serine, indicating that L-serine synthesis in the hippocampus of adult mice is necessary and su cient for promoting synaptic plasticity and long-term memory.

Serine and NMDA-R activity

The impaired LTP observed in 3xTg-AD mice and mice deficient for Phgdh in the hippocampus could be accounted for by a decrease in the number of activated NMDA-R because of a reduced availability of co-agonists in the synaptic cleft. The occupancy of the glycine binding site can be assessed on acute hippocampal slices by measuring the increase of the NMDA-R currents during D-serine addition -the more the signal increases with D-serine, the less the glycine binding site was occupied in normal conditions. This experiment has been performed in 3xTg-AD mice (Figure 4.1) and provides evidence for a lower occupancy of the glycine binding site in 3xTg-AD mice compared to wild-type. In agreement with these findings we have found that synaptic plasticity and memory impairments in 3xTg-AD mice can be restored by D-serine. However, we still need to measure the occupancy of the glycine binding site of NMDA-R in phgdh flox/flox mice injected with cre and to investigate whether D-serine can restore synaptic activity and spatial memory in this model to determine whether a decrease of the availability of co-agonists of NMDA-R is directly involved in LTP and memory deficits.

Nonetheless, we have already shown that L-serine restores LTP in phgdh flox/flox mice injected with cre. In the time-frame of acute L-serine application that was able to restore LTP -1 hour -few biological mechanisms can be initiated. Since Papouin et al. published in 2012 that LTP at CA3-CA1 synapses does not depend on glycine, we can exclude that glycine formation from L-serine could be involved in LTP restoration in phgdh flox/flox mice [START_REF] Papouin | Synaptic and extrasynaptic NMDA receptors are gated by di erent endogenous coagonists[END_REF]. This suggests that LTP restoration by L-serine is due to either a direct e ect of L-serine on NMDA-R or a racemization of L-serine into D-serine that co-activates NMDA-R. Indeed, even if the e ect of L-serine on NMDA-R is weaker than the one of D-serine, the results published by [START_REF] Matsui | Functional Comparison of d-Serine and Glycine in Rodents: The E ect on Cloned NMDA Receptors and the Extracellular Concentration[END_REF] show that L-serine can directly potentiate the current of NMDA-R, especially if it is constituted by the NR2B ('2) or NR2C ('3) isoforms [START_REF] Matsui | Functional Comparison of d-Serine and Glycine in Rodents: The E ect on Cloned NMDA Receptors and the Extracellular Concentration[END_REF]. Ferreira et al. have recently found that the levels of D-serine can modulate the tra cking of NMDA-R subunits at the synapse [START_REF] Ferreira | Co-agonists di erentially tune GluN2B-NMDA receptor tra cking at hippocampal synapses[END_REF]. Therefore, the composition of NMDA-R may be worth to study.

To decipher which enantiomer acts on NMDA-R during LTP restoration, it would be essential to measure the levels of L-and/or D-serine in the synaptic cleft. We assume that the extracellular levels of D-serine -that are reduced in phgdh flox/flox mice injected with cre -directly probes the synaptic level of D-serine. However, this assumption may not be perfectly correct. The experimental protocol recently published by Papouin & Haydon uses a biosensor based method to measure the extracellular levels of D-serine on acute slices [START_REF] Papouin | D-serine Measurements in Brain Slices or Other Tissue Explants[END_REF]. This method would allow one to determine whether the levels of D-serine increase in the hippocampus after L-serine application, in the same conditions than during electrophysiological recordings. A more direct experimental approach would be to induce LTP on phgdh flox/flox mice hippocampal slices after acute L-serine application in presence of Daao, which would evaluate the capacity of L-serine to directly restore LTP. This information, together with the identification of the di erent subunits of NMDA-R, would give major clues to understand what are the mechanisms involved in LTP restoration by acute L-serine application. 

Serine and neuronal connectivity

Our results show that I/O is impaired in phgdh flox/flox mice injected with cre, suggesting that other components of synaptic activity than NMDA-R activity may be altered by serine deficiency. We have not measured yet the e ects of an acute application of L-or D-serine on I/O, so we cannot draw any hypothesis concerning a direct synaptic e ect. However, considering the di erent roles played by these amino-acids in the brain, and since memory is restored in phgdh flox/flox mice injected with cre after a chronic treatment with L-serine, we can raise several hypotheses concerning long-term mechanisms underlying these beneficial e ects.

Due to its role in lipid biosynthesis, it has been shown that L-serine is essential for dendritic arborization in Purkinje cells [START_REF] Furuya | Sphingolipid biosynthesis is necessary for dendrite growth and survival of cerebellar Purkinje cells in culture[END_REF] and in the somatosensory cortex [START_REF] Balu | Neuronal d-serine regulates dendritic architecture in the somatosensory cortex[END_REF]. Moreover, Matsuo et al. identified in 2004 that Asc1, a transporter with high a nity for L-and D-serine, is essentially localised on dendrites in the hippocampus [START_REF] Matsuo | High a nity D -and L -serine transporter Asc-1 : cloning and dendritic localization in the rat cerebral and cerebellar cortices[END_REF]. To investigate whether Phgdh deletion in the hippocampus of phgdh flox/flox mice 4.2. SERINE BIOSYNTHESIS AND ENERGY METABOLISM alters dendritic arborization, we have quantified the expression of the protein Map2 and found no global di erence between mice injected with GFP and mice injected with cre (Figure 4.2-A and B). We also injected PHP.eB AAV in the retro-orbital sinus of mice allowing the expression of a fluorescent protein under the ubiquitous promoter CAG. These vectors cross the BBB [START_REF] Deverman | Cre-dependent selection yields AAV variants for widespread gene transfer to the adult brain[END_REF] and allow a sparse labelling of neurons and astrocytes in the hippocampus. Therefore, we can image individual neurons on 100 µm sections using a confocal microscope (Figure 4.2-C) and perform 3D reconstruction of the dendritic arborization to evaluate total dendritic length, dendritic ramification and tortuosity, among other parameters.

Several studies have also shown that L-and D-serine stabilize dendritic spines [START_REF] Sultan | Synaptic Integration of Adult-Born Hippocampal Neurons Is Locally Controlled by Astrocytes[END_REF][START_REF] Zou | Amyloid precursor protein maintains constitutive and adaptive plasticity of dendritic spines in adult brain by regulating D-serine homeostasis[END_REF]. These results are supported by data showing that D-serine modulates the interaction of Sr with PSD95 [START_REF] Lin | D-Serine and Serine Racemase Are Associated with PSD-95 and Glutamatergic Synapse Stability[END_REF]. Using PHP.eB AAV injected in the retro-orbital sinus, we plan to quantify the spine density in phgdh flox/flox mice injected with cre. We have already started to quantify the density of dendritic spines and synaptic boutons in 3xTg-AD mice. We found that the number of synaptic boutons and the number of spines, more specifically the number of thin spines, are increased in 3xTg-AD mice compared to wild-type (Figure 4.3). We will now quantify those parameters in 3xTg-AD mice fed with L-serine to assess whether spine density restoration can explain memory restoration in 3xTg-AD mice. These results will be correlated with electrophysiology recordings of synaptic activity in 3xTg-AD mice chronically fed with L-serine, experiments that are currently performed by the team of Aude Panatier.

We have demonstrated that L-serine is necessary and su cient for synaptic plasticity and long-term memory in adult mice. Since L-serine is involved in many biosynthetic pathways, several hypotheses need to be investigated to determine through which mechanisms L-serine contributes to synaptic activity and memory. Furthermore, it would be essential to figure out which enantiomer -L-serine, D-serine or both -are involved in those mechanisms.

Regulation of serine biosynthesis and energy metabolism

Our main hypothesis assumes that hypometabolism will lead to a decrease in L-and D-serine production through the PP, altering synaptic transmission and memory. This hypothesis is supported by our observations that 3xTg-AD mice display metabolic deficits and that synaptic plasticity can be restored by L-and D-serine in these mice. However, recent findings published by Suzuki et al. in 2014 show that the levels of D-serine are increased when the glycolytic activity decreases [START_REF] Suzuki | Glycolytic flux controls d-serine synthesis through glyceraldehyde 3-phosphate dehydrogenase in astrocytes[END_REF]. Further investigations are required to elucidate what part of the glycolytic flux is diverted to the PP and how the PP is regulated [32,[START_REF] Chaneton | Serine is a natural ligand and allosteric activator of pyruvate kinase M2[END_REF]. 

Feedback regulation

Regulation of metabolic fluxes are usually investigated using specific inhibitors on in vitro models. We quantified the expression of the enzymes of the PP in samples from primary cultures of neurons and astrocytes obtained from Juan Bolaños (Figure 4.4). The level of expression of these enzymes is higher in astrocytes than in neurons which suggests that the metabolic profile of serine synthesis is already established in primary cultures. Applying glycolytic inhibitors, OXPHOS inhibitors or Phgdh inhibitors on primary cultures of astrocytes would allow one to determine the relationship between energy fluxes and the PP.

Several tools have been developed to evaluate glycolytic activity in vivo. In phgdh flox/flox mice injected with cre, the use of the genetically encoded FRET biosensors for lactate and pyruvate, developed by San Martín et al. in 2013 and 2014 [START_REF] San Martín | A Genetically Encoded FRET Lactate Sensor and Its Use To Detect the Warburg E ect in Single Cancer Cells[END_REF][START_REF] San Martín | Imaging mitochondrial flux in single cells with a FRET sensor for pyruvate[END_REF], would give interesting insights into long-term adaptation of the glycolytic flux to the reduced expression of Phgdh. For short-term regulation, we are currently starting experiments using Phgdh inhibitors that have been recently generated [START_REF] Pacold | A PHGDH inhibitor reveals coordination of serine synthesis and one-carbon unit fate[END_REF][START_REF] Mullarky | Identification of a small molecule inhibitor of 3-phosphoglycerate dehydrogenase to target serine biosynthesis in cancers[END_REF]. We have developed a galenic formulation allowing NCT-503, the inhibitor published by Pacold et al. in 2016, to cross the BBB in vivo. We are currently characterizing its e ciency in the brain by measuring the levels of D-serine in the hippocampus after NCT-503 injections. Combined with fluorescent FRET biosensors it would allow one to evaluate in real time the e ects of Phgdh inhibition on pyruvate and lactate production.

It is more challenging to measure the activity of the PP. First, it is di cult to dynamically measure the levels of L-and D-serine using the tools currently available. Then, the flux of the PP is usually measured through the production rate of the co-factors involved in serine biosynthesis -NADH and glutamate -that are also involved in many other metabolic pathways [START_REF] Pacold | A PHGDH inhibitor reveals coordination of serine synthesis and one-carbon unit fate[END_REF][START_REF] Mullarky | Identification of a small molecule inhibitor of 3-phosphoglycerate dehydrogenase to target serine biosynthesis in cancers[END_REF]. There are still technical limitations that prevent one from e ciently evaluating the flux of the PP and from determining how this flux is controlled by glycolytic activity.

Transcriptional regulatory pathways

It is well known that L-serine regulates transcriptional activity through the transcription factor ATF4. ATF4 can modulate glycolytic activity of peripheral organs by inhibiting insulin secretion [START_REF] Yoshizawa | The transcription factor ATF4 regulates glucose metabolism in mice through its expression in osteoblasts[END_REF]. However, no regulation of the glycolytic flux through ATF4 activity has been identified in the CNS yet. A transcriptomic analysis has been performed by Hamano et al. in 2016 using fibroblasts of lethal embryos of Phgdh KO mice, but the results reference only developmental pathways that are modified by serine deficiency during embryonic stages [START_REF] Hamano | Microarray data on altered transcriptional program of Phgdh-deficient mouse embryonic fibroblasts caused by L-serine depletion[END_REF]. Analysing the transcriptome of hippocampal astrocytes from phgdh flox/flox mice injected with cre would give primary informations about regulatory pathways that are altered during serine deficiency.

Serine biosynthesis and neoglucogenesis

Neoglucogenesis has principally been described in liver, kidney and muscle. Nevertheless, it has been shown that, in the brain, astrocytes can achieve neoglucogenesis from pyruvate, lactate, aspartate, alanine and glutamate [START_REF] Yip | Cerebral gluconeogenesis and diseases[END_REF]. Neoglucogenesis from glutamate requires the conversion of glutamate into --ketoglutarate. This reaction can be catalyzed by Psat1, the second enzyme of the PP, suggesting that serine biosynthesis may be involved in neoglucogenesis. In hepatocytes, it has been shown that regulatory pathways activated by serine deficiency are involved in neoglucogenesis regulation -ATF4 [START_REF] Li | MicroRNA-214 suppresses gluconeogenesis by targeting activating transcriptional factor 4[END_REF], NRF2 [START_REF] Slocum | Keap1/Nrf2 pathway activation leads to a repressed hepatic gluconeogenic and lipogenic program in mice on a high-fat diet[END_REF] and CREB [START_REF] Herzig | CREB regulates hepatic gluconeogenesis through the coactivator PGC-1[END_REF] -suggesting that neoglucogenesis could be an interesting focus to understand how energy metabolism and serine synthesis interplay.

Many experiments are required to decipher the signalling pathways that regulate the PP and whether they are altered in diseases. Using our model of Phgdh deletion in the hippocampus of adult mice, we provide an experimental tool to investigate metabolic regulation in the context of serine deficiency in adult mice. In addition, the use of Phgdh inhibitors in vivo would give invaluable clues to assess the production rate of L-and D-serine in the brain.

The Phosphorylated Pathway in the context of Alzheimer's disease

We have shown that PHGDH expression is decreased in the brain of AD patients compared to healthy controls, whereas PSAT1 and SR are over-expressed. The proteome of the hippocampus of AD patients was published by Hondius et al. in 2016 [80]. This paper highlights an increase of PHGDH in AD patients at Braak's stage VI compared to controls and an increase of PSAT1 in AD patients from Braak's stage III. Those di erences compared to our results can be explained by the fact that we did not exactly sample the same brain regions. Still, changes in the expression of the enzymes of the PP occur in AD patients suggesting that serine synthesis may be involved in AD pathogenesis. However, this hypothesis is still debated since conflicting results have been obtained measuring D-serine levels in the brain of AD patients [START_REF] Madeira | D-serine levels in Alzheimer's disease: implications for novel biomarker development[END_REF][START_REF] Biemans | CSF D -serine concentrations are similar in Alzheimer ' s disease , other dementias , and elderly controls[END_REF].

3xTg AD mice to study the PP in AD

Based on our previous results showing that LTP can be restored by D-serine in 3xTg-AD mice, we decided to use this AD mouse model to study the implication of the PP in AD pathogenesis. The quantification of the expression of the enzymes of the PP show no di erence between 3xTg-AD and wild-type mice. Since the occupancy of the glycine binding site of NMDA-R is reduced in 3xTg-AD mice compared to wild-type (Figure 4.1), we have made the hypothesis that the flux of the PP may be reduced. To validate this hypothesis, we have quantified the levels of L-and D-serine in the hippocampus of 3xTg-AD mice. Preliminary results, obtained by HPLC on a small number of samples, show no di erence of total L-and D-serine between 3xTg-AD and wild-type mice (Figure 4.5). This suggests that D-serine release could be involved in 3xTg-AD synaptic deficits rather than D-serine production. Mechanisms underlying D-serine release are still under investigation and include vesicles [START_REF] Kang | Astrocytes release D-serine by a large vesicle Ning[END_REF], transporters [START_REF] Rosenberg | Neuronal D -Serine and Glycine Release Via the Asc-1 Transporter Regulates NMDA Receptor-Dependent Synaptic Activity[END_REF], pannexins [START_REF] Pan | P2X7R-mediated Ca2+-independent D-serine release via pannexin-1 of the P2X7R-pannexin-1 complex in astrocytes[END_REF] and connexins [START_REF] Stehberg | Release of gliotransmitters through astroglial connexin 43 hemichannels is necessary for fear memory consolidation in the basolateral amygdala[END_REF]. Moreover, there is no consensus about the cell type responsible for D-serine release [START_REF] Papouin | Astroglial versus Neuronal D-Serine : Fact Checking[END_REF][START_REF] Wolosker | Astroglial Versus Neuronal D-Serine : Check Your Controls ![END_REF] which raises many new hypotheses to investigate. The 3xTg-AD model fails to recapitulate some aspects of AD. Nonetheless, both D-serine deficits [START_REF] Li | Development of an UPLC-MS/MS method for simultaneous quantitation of 11 D-amino acids in di erent regions of rat brain: Application to a study on the associations of D-amino acid concentration changes and Alzheimer's disease[END_REF] and changes in the expression of the transcripts of the PP (see Table 4.1) have been identified in other rodent models of AD. This supports the idea that deficits of serine synthesis and transport occur during AD pathogenesis.

Mouse Primate Human

In these studies, Psat1 expression was found increased in microglial cells and not in astrocytes. We have performed immunohistochemistry on hippocampal sections from mouse, non-human primate and human tissues to label Psat1 (Figure 4.6). We found that Psat1 is expressed in astrocytes and maybe in oligodendrocytes, but not in microglia. However, it could be interesting to perform the same labelling on hippocampal sections from 3xTg-AD or APP-PS1 mice and from AD patients to assess whether Psat1 expression increases in microglial cells during AD. 

Interactions between A-, tau and serine synthesis

We have demonstrated that serine synthesis is required for long-term memory and that D-serine can restore memory abilities in 3xTg-AD mice. However we do not know what are the mechanisms involved in memory restoration by D-serine and if these processes are specific for AD. Indeed, metabolic deficits are a common feature of neurodegenerative diseases [START_REF] Procaccini | Role of metabolism in neurodegenerative disorders[END_REF] and it has been observed that serine metabolism is involved in Amyotrophic Lateral Sclerosis (ALS) [START_REF] Sasabe | D-Amino acid oxidase controls motoneuron degeneration through D-serine[END_REF] suggesting that the interaction between energy metabolism and serine biosynthesis could be a recurrent aspect of neurodegenerative disorders. To determine whether serine biosynthesis is specifically involved in AD we need to determine whether serine biosynthesis and A-and tau interact.

It has been shown that the levels of D-serine impact A-toxicity [START_REF] Inoue | NMDA-and --Amyloid(1-42)-Induced Neurotoxicity Is Attenuated in Serine Racemase Knock-Out Mice[END_REF]. Primary cultures treated with oligomers of A-or tau have been thoroughly used to investigate the mechanisms of action of A-and tau accumulation in the brain [START_REF] Izzo | Alzheimer's therapeutics targeting amyloid beta 1-42 oligomers I: Abeta 42 oligomer binding to specific neuronal receptors is displaced by drug candidates that improve cognitive deficits[END_REF][START_REF] Guo | The dynamics and turnover of tau aggregates in cultured cells: insights into therapies for tauopathies[END_REF]. The use of inhibitors of glucose metabolism or Phgdh in cell cultures, combined with culture medium with or without serine, would give interesting insights into the possible impact of serine biosynthesis on A-and tau accumulation.

To obtain the first inputs about a potential regulation of A-accumulation by L-serine in vivo, we are currently feeding 7-month-old 3xTg-AD mice with a L-serine enriched diet. We plan to perform immunohistochemistry to measure the number of plaques and their surface in 3xTg-AD mice fed with L-serine compared to mice fed with a normal diet. According to the time-course of the disease in 3xTg-AD mice, the same experiment should be reproduced in older mice to assess the e ect of the diet on tau accumulation.

On the other hand, Madeira et al. have shown that A-on hippocampal neuronal cultures leads to an increase of D-serine [START_REF] Madeira | D-serine levels in Alzheimer's disease: implications for novel biomarker development[END_REF]. It has also been shown that Ametabolism a ects synaptic density in a D-serine dependent manner [START_REF] Zou | Amyloid precursor protein maintains constitutive and adaptive plasticity of dendritic spines in adult brain by regulating D-serine homeostasis[END_REF]. A-a ects NADH levels [START_REF] Abeti | -amyloid activates PARP causing astrocytic metabolic failure and neuronal death[END_REF] and calcium signalling [START_REF] Drews | Individual aggregates of amyloid beta induce temporary calcium influx through the cell membrane of neuronal cells[END_REF] in primary cultures of astrocytes that could impact L-and D-serine production and transport. It would be possible to use the same in vitro models to measure the activity of the PP to assess whether A-and tau have an impact on serine biosynthesis and to determine what are the mechanisms involved.

The therapeutic potential of serine in AD

Some people from Guam island have been shown to su er from a neurodegenerative disorder with common features with AD, ALS and Parkinson's disease that is induced by --N-methylamino-L-alanine, a toxin produced by a bacteria that contaminates traditional food items [START_REF] Cox | Biomagnification of cyanobacterial neurotoxins and neurodegenerative disease among the Chamorro people of Guam[END_REF]. It has recently been shown in neuronal cultures and in vervet monkeys that L-serine has a neuroprotective e ect towards this neurotoxic e ect because L-serine compete with the toxin for the incorporation into proteins [START_REF] Dunlop | The Non-Protein Amino Acid BMAA Is Misincorporated into Human Proteins in Place of l-Serine Causing Protein Misfolding and Aggregation[END_REF]129 CHAPTER 4. DISCUSSION 251]. Since L-serine is naturally present in food, the idea of a neuroprotective diet has emerged. This idea is also supported by observations that people from Ogini in Japan has a life expectancy significantly increased compared to people from other part of the country and a diet of marine algae significantly enriched in L-serine [START_REF] Cox | Traditional Food Items in Ogimi, Okinawa: l-Serine Content and the Potential for Neuroprotection[END_REF]. This ethnobotanical study corroborates results obtained by Yamazaki et al. showing in aged Drosophila that memory impairments were restored by D-serine feeding [START_REF] Yamazaki | Glial Dysfunction Causes Age-Related Memory Impairment in Drosophila[END_REF] and our observations that L-and D-serine can rescue LTP and long-term memory in a model of AD. This suggests that serine can be a therapeutic option in AD.

Serine and its derivatives are therapeutic targets for several diseases, and have already been tested in neurodegenerative contexts. In 2010, people with memory complaints show significant improvements when treated with phosphatidylserine [START_REF] Kato-Kataoka | Soybean-Derived Phosphatidylserine Improves Memory Function of the Elderly Japanese Subjects with Memory Complaints[END_REF]. In 2014 a clinical trial has shown that inhibiting DAAO can improve cognitive abilities of early AD patients [START_REF] Lin | Benzoate, a D-amino acid oxidase inhibitor, for the treatment of early-phase Alzheimer disease: A randomized, double-blind, placebo-controlled trial[END_REF]. A phase I clinical trial using L-serine gummies has shown significant improvements for patients with ALS and a phase II clinical trial using the same drug is currently on-going in the USA1 for patients with early AD.

The use of L-and D-serine may be seen as contradictory with previous observations suggesting that over-activation of NMDA-R can cause excitotoxicity and neuronal death during AD which motivates the use of Memantine as a treatment for AD patients [START_REF] Esposito | Amyloid -, glutamate, excitotoxicity in alzheimer's disease: Are we on the right track[END_REF]. Indeed, increasing the levels of D-serine may promote excitotoxicity [START_REF] Inoue | NMDA-and --Amyloid(1-42)-Induced Neurotoxicity Is Attenuated in Serine Racemase Knock-Out Mice[END_REF] which has been reported to be involved in other neurodegenerative disorders like ALS because of DAAO inhibition [START_REF] Sasabe | D-Amino acid oxidase controls motoneuron degeneration through D-serine[END_REF]. We tried to measure the level of expression of Daao in 3xTg-AD mice but its level of expression is under the detection limit of RT-qPCR in the hippocampus [START_REF] Hashimoto | Free d-serine, d-aspartate and d-alanine in central nervous system and serum in mutant mice lacking d-amino acid oxidase[END_REF]. However, it has been shown that AD starts decades before cognitive deficits and neuronal death. Our results on 3xTg-AD mice are obtained in young animals at early stages of the disease, likewise the on-going clinical trials with L-serine supplementation. One can imagine a process starting by serine deficiency during early stages of the pathology, and excitotoxicity occurring later in the disease. To support this hypothesis, it would be essential to develop accurate methods to measure extracellular D-serine levels in the brain of AD patients at di erent stages of the disease. Local D-serine measurements from AD patients can only be performed post-mortem. During early stages, D-serine levels are measured in the CSF which only provides a global picture of the levels of D-serine in the brain [START_REF] Madeira | D-serine levels in Alzheimer's disease: implications for novel biomarker development[END_REF][START_REF] Biemans | CSF D -serine concentrations are similar in Alzheimer ' s disease , other dementias , and elderly controls[END_REF]. Those technical limitations engender conflicting results and prevent one from validating any hypothesis concerning serine implication in AD. The future development of non-invasive methods to evaluate L-and D-serine levels in the brain would be of great interest for longitudinal and translational studies [START_REF] Javadzadeh | Measuring Brain Serine With Proton Magnetic Resonance Spectroscopy At 3 . 0 Tesla[END_REF].

Our work provides the first evidence of a beneficial e ect of serine as a therapeutical target for AD. A clinical trial is currently on-going to validate this therapeutic option in patients. Our rodent model would give interesting insights to decipher what are the mechanisms underlying the beneficial impact of serine treatment and how serine interacts with

A-and tau in the context of AD.

Introduction

Alzheimer's disease (AD) is a neurological disorder characterized by progressive memory decline and cognitive impairment. Functional and physical disruption of synapses is central to the disease process 1,2 . Dementia due to AD is also characterized by early and progressive metabolic disturbances as observed using [ 18 F] fluorodeoxyglucose positron emission tomography (FDG-PET). FDG-PET changes even precede brain atrophy and neuronal dysfunction 3,4 . As such, FDG-PET is included among the core biomarkers for clinical and prodromal AD 5 . Although both amyloid--(A-) and tau are central to AD pathogenesis, it remains enigmatic whether, and how, glucose dysregulation contributes to synaptic defects in AD. Recent observations suggest that changes in aerobic glycolysis prevail in the early phase of AD 6,7 . One major function of aerobic glycolysis is to maintain high levels of glycolytic intermediates to support anabolic reactions in cells 8 . L-serine, a nonessential amino acid, is generated through diversion of the glycolytic intermediate 3-phosphoglycerate (3PG) into the phosphorylated pathway. This L-serine biosynthesis pathway is a short metabolic sequence consisting of three enzymatic reactions starting with the oxidation of 3PG to 3-phosphohydroxypyruvate by 3-Phosphoglycerate Dehydrogenase (Phgdh). L-serine is a carbon donor for many biosynthetic reactions but is also racemized into D-serine in the brain 9 . We and others have previously shown that the induction of long-term potentiation requires the presence of D-serine, the endogenous co-agonist of synaptic NMDARs, in the adult hippocampus 10-13 . Therefore, a shortage of glucose may not only directly reduce the availability of ATP required to sustain synaptic transmission, but also decrease the production of both L-and D-serine. In this study, we investigated the contribution of the phosphorylated pathway to early synaptic and behavioral deficits in AD. Our finding highlights L-serine as a potential therapeutic target for AD as well as other neurodegenerative diseases.

Results

Energy metabolism controls L-serine production (Figure 5.1 a). Alteration of brain glucose metabolism is an early feature of AD. We performed a series of experiments in a mouse model of AD (3xTg-AD) to determine whether they display metabolic impairments and altered levels of L-serine.

3xTg-AD mice display alterations of glucose metabolism in vivo

We used six to seven months-old 3xTg-AD female mice to study the early phase of AD, as only intraneuronal A-is present in the brain at this stage. We also used older animals, aged 11 to 12 months, that display senile plaques to follow the progression of the metabolic phenotype (Supplementary Figure 1 a,b,c). We performed in vivo 3D 2-deoxyglucose autoradiography (Figure 5.1 b) followed by voxel-wise statistical analysis to map the di erences in cerebral metabolism between WT and 3xTg-AD mice 14 . This approach allows statistically significant unbiased identification of metabolic di erences between groups at the voxel level, without operator-dependent delineation of regions of interest 15 . We found that young 3xTg-AD mice displayed localized increases in glucose uptake in the striatum, auditory cortex, and retrospenial cortex. We observed decreases in glucose uptake in the amygdala, entorhinal cortex, and hippocampus (Figure 5.1 c,e). Older 3xTg-AD mice displayed the same hypermetabolic clusters, but the size of the hypometabolic clusters was bigger, in particular in the hippocampus (Figure 5.1 d,f). Glucose uptake was significantly decreased by 10 to 15% in the CA1, dentate gyrus, and CA2, at both ages. These results indicate that 3xTg-AD mice display early and localized metabolic changes. In the brain, glucose is mainly processed via aerobic glycolysis in astrocytes 16 . We next investigated whether the metabolic status of astrocytes was altered in 3xTg-AD mice.

Alteration of glucose metabolism in astrocytes of 3xTg-AD mice

Resting astrocytes tonically produce lactate via aerobic glycolysis 17 . We monitored astrocyte lactate dynamics in real time in hippocampal slices using Laconic, a FRET lactate nanosensor that was expressed in the hippocampus using an AAV2/9 (Figure 5.1 g). We first confirmed the specific astrocytic tropism of the AAV2/9 expressing td-Tomato under the control of the short gfaABC1D promoter (Supplementary Fig. 2a). Accordingly, expression of Laconic was restricted to astrocytes (Figure 5.1 h). Lactate transport across the astrocytic plasma membrane is mediated by monocarboxylate transporters (MCTs). We therefore used AR-C155858, a MCT blocker 18 , to measure the accumulation of lactate in single astrocytes (Figure 5.1 i) at physiological extracellular glucose concentrations 19 . The accumulation of intracellular lactate under MCT blockade was less pronounced in astrocytes of 3xTg-AD relative to control mice (Figure 5.1 i). This result indicates that resting lactate production via the glycolytic pathway is altered in 3xTg-AD astrocytes. L-serine is generated from glucose through diversion of the glycolytic intermediate 3-phosphoglycerate into the phosphorylated pathway (Figure 5.1 a). We next investigated whether the defective glycolytic flux in 3xTg-AD astrocytes translated into reduced L-serine production/release.

Lower extracellular levels of L-serine in 3xTg-AD mice

We measured extracellular L-serine in the hippocampus by in vivo microdialysis and found that the concentration of extracellular L-serine was significantly lower in 3xTg-AD than control mice (Figure 5.1 j). We observed these reductions in six-month-old 3xTg-AD mice that do not exhibit A-plaques, overt astrocyte reactivity, or activated microglia in the CA1 region (Supplementary Figure 2 b and Figure 5.2 h). We next assessed whether D-serine could rescue the spatial memory deficits of 3xTg-AD mice.

Impaired spatial memory in 3xTG-AD mice is rescued par D-serine

We evaluated learning and memory using the spatial reference version of the Morris water maze that is hippocampal-dependent. 3xTg-AD mice displayed a similar spatial learning performance than age-matched control mice (data not shown) but exhibited a lower preference for the target quadrant during the probe trial (Figure 5.2 i,j). Chronic treatment with D-serine in the drinking water (≥100mg/kg b.w.) for two weeks rescued the cognitive deficits of six-month-old female 3xTg-AD mice (Figure 5.2 i,j). These results all point to defective D-serine availability at the hippocampal synapses of 3xTg-AD mice. We then asked whether the reduced production of L-serine we observed in 3xTg-AD mice was indeed responsible for the impaired D-serine signaling. If this is the case, supplying exogenous L-serine should be su cient to rescue both synaptic plasticity and spatial behavior deficits in 3xTg-AD mice.

E ect of L-serine on both synaptic and spatial memory

Bath application of L-serine (50 µM) fully rescued LTP in slices obtained from 3xTg-AD mice (163.4% ± 9.3 in control vs. 160.4% ± 6.7 in 3xTg-AD, Figure 5.3 a). Since L-serine does not directly interact with the glycine site of the NMDA receptor complex and does not significantly activate NMDA receptor currents at this concentration 21, it probably exerted its e ect via an acute increased production of D-serine following its intracellular uptake. Since long-term treatment with exogenous L-serine can compensate for its deficient production in the context of inherited metabolic disorders of L-serine biosynthesis (see discussion), we next assessed the e ects of chronic oral L-serine supplementation upon both the long-term synaptic plasticity and the spatial memory performance of 3xTg-AD and control mice. Mice (four-months old) were given a 10% L-serine-enriched diet for two months. LTP is ongoing. Such treatment improved the spatial memory performance of 3xTg-AD mice but not to the point of becoming statistically significant (Figure 5.3 b). Altogether, these data support the contribution of defective production/release of L-serine in astrocytes to the pathogenesis of AD. If this is correct, the inactivation of the L-serine biosynthetic pathway should recapitulate the symptoms observed in the 3xTg-AD mice. Since the cellular localization of PHGDH, the first enzyme of the L-serine synthetic pathway has not been thoroughly studied in the brain, we first performed a histological study focusing at the hippocampus.

The serine synthetic pathway is primarily located in astrocytes

The first committed step of the L-serine pathway is the oxidation of 3PG to 3-phosphohydroxypyruvate (3PHP) by Phgdh (Figure 5.1 a). A specific antibody directed against Phgdh showed prominent staining of astrocytes not only in mouse but also in non-human primates and human brain (Figure 5.4 a). We performed co-localization studies with confocal microscopy in a control mouse brain and confirmed that Phgdh was exclusively expressed by GFAP-expressing astrocytes and not microglial cells (Iba1-positive), neurons (NeuN-positive), or oligodendrocytes (Olig2-positive) in the CA1 region of the hippocampus (Figure 5.4 b). We next developed a conditional mouse model to interrogate the role of the astrocytic Phgdh in synaptic plasticity and spatial behavior.

Conditional inactivation of Phgdh leads to impaired synaptic plasticity and spatial memory

We locally and conditionally inactivated Phgdh by injecting an AAV expressing Cre recombinase in the hippocampus of adult phgdh flox/flox mice (Figure 5.4 c). At the transcriptional level, Phgdh mRNA was ≥25% of its initial value found in both non-injected and AAV-GFP-injected mice (Figure 5.4 d). At the protein level, Phgdh expression was significantly reduced in phgdh flox/flox mice injected with AAV-Cre in comparison to mice injected with AAV-GFP (Figure 5.4 e,f,g,h). Astrocytes lose their normal functions when they become reactive 22 . The levels of expression of mRNA for vimentin and gfap and of GFAP were not significantly di erent between phgdh flox/flox mice injected with AAV-Cre or AAV-GFP (Supplementary Figure 4 a,b,c,d). We next performed a Sholl analysis on GFAP immunostained astrocytes and showed that the complexity of astrocyte processes was not altered following inactivation of Phgdh (Supplementary Figure 4 e,f). These results strongly suggest that astrocytes did not adopt a reactive phenotype following inactivation of Phgdh. The levels of expression of two neuronal (Neun and eaat3) and two microglial (cd68 and iba1) markers were not significantly di erent between phgdh flox/flox mice injected with AAV-Cre or AAV-GFP (Supplementary Figure 4 g,h,i,j), indicating no marked neuronal death as well as no microglial activation following local inactivation of Phgdh. We then confirmed that the level of D-serine in the brain is determined by its de novo biosynthesis via the phosphorylated pathway in astrocytes. Indeed, the total D-serine and L-serine content in the whole hippocampus, measured by HPLC (Figure 5.4 i), as well as the level of extracellular D-serine, measured in vivo via a biosensor (Figure 5.4 j), were significantly lower in phgdh flox/flox mice injected with AAV-Cre in comparison to control mice. We subsequently investigated whether long-term synaptic plasticity was impaired in those mice. HFS-induced LTP was significantly impaired (p < 0.01) in these animals (163.8% ± 10.1 in non-injected; 166.8% ± 5.8 in AAV-GFP-injected, and 133.9% ± 13.5 in AAV-Cre-injected mice, Figure 5.4 k,l,m). Bath application of L-serine (50 µM) rescued LTP (152.2% ± 12.0, Figure 5.4 l,m), indicating that L-serine produced by the phosphorylated pathway is required for activity-dependent synaptic plasticity. We performed several behavioral tests on the mice to assess their anxiety and monitor their motor and cognitive performance. The mice with inactivated Phgdh in the hippocampus did not show any alterations in anxiety or spontaneous motor behavior, as assessed using the elevated plus-maze and the Phenotyper®(Supplementary Figure 5). Those mice were tested using the Morris water maze and displayed a similar spatial learning performance than control mice (data not shown). However, they did show significant impairment of spatial memory when they were tested 72 h after learning the location of the platform (Figure 5.4 n). Finally, to determine whether L-serine is necessary and su cient to promote spatial memory in the hippocampus, we fed phgdh flox/flox mice injected with AAV-Cre with a diet enriched in L-serine for one month. We found that the diet was su cient to restore both the extracellular level of D-serine (Figure 5.4 j) and the spatial memory (Figure 5.4 n) in those animals. Overall, these results show that the availability of L-serine synthesized via the phosphorylated pathway in astrocytes is a key determinant for normal NMDAR function and support our hypothesis that its dysregulation could contribute to AD. We finally explored whether the expression of PHGDH was altered in AD patients.

Expression of Phgdh is reduced in the AD brain

We performed immunohistochemistry on para n sections of the medial temporal lobe from the brains of control, intermediate AD (Brack III-IV), and advanced AD (Brack VI) patients (Table 5.1). We observed a reduction of Phgdh staining in the brains of advanced AD patients (Figure 5.5 a), which was confirmed by fluorescent immunoblotting (Figure 5.5 b) of frozen sections from the same patients. The reduction was statistically significant in intermediate AD (-62%) and even more pronounced in advanced AD patients (-82%). These results indicate that a progressive alteration of the astrocytic serine synthetic pathway occurs in the brain of AD patients.

Discussion

Glial cells have been recently implicated in AD with astrocytes and microglia now recognized as potential cellular mediators of synapse dysfunction and loss 23,24 . Here, we have identified a metabolic pathway in astrocytes that directly contributes to the early synaptic deficits underlying cognitive decline in AD, well before microglia and astrocytes become reactive 22 . We showed that the production of L-serine, a non-essential amino acid that is generated from glucose, is impaired in AD astrocytes. The L-serine biosynthetic pathway has been well studied in cancer cells that exhibit increased glucose metabolism to lactate (the so-called Warburg e ect) and in which multiple copies of Phgdh divert glycolytic flux and provide L-serine and glycine for rapid cell growth and proliferation 25,26 . L-serine is a central node for the biosynthesis of many molecules such as sphingolipids and phospholipids. It also supplies carbon to the one-carbon pool, which is involved in folate metabolism, contributing to purine synthesis 27 . This metabolic pathway is essential as homozygous mutations of each of the three enzymes of the serine biosynthesis pathway cause a syndrome called Neu-Laxova, a rare autosomal-recessive disorder characterized by severe peripheral and central nervous system malformations (microcephaly), leading to prenatal or early postnatal death 28 . This clinical phenotype of L-serine biosynthesis is reminiscent of defects in brain serine transport induced by mutations in SLC1A4, the gene coding for the neutral amino acid transporter, ASCT1 29 , underlying the critical role of L-serine biosynthesis and shuttling. L-serine treatment during pregnancy and after birth improves fetal brain growth and prevents neurological symptoms 30 , suggesting that exogenous L-serine can compensate for its lack of de novo production. We focused our attention on glycolysis as a possible regulator of L-serine production as L-serine is generated from glucose. In AD, early alterations of cerebral glucose metabolism, as measured using fluoro-2-deoxy-D-glucose (FDG) and positron emission tomography (PET), are well established. Several studies have shown that abnormalities in FDG-PET can even predict progression from mild cognitive impairment (MCI) to AD (for references see 31 ). We used 3D analysis of in vivo brain glucose metabolism to show that 3xTg-AD mice display metabolic impairment in specific brain regions, including the hippocampal formation. Recent data suggest that the endothelial glucose transporter 1 (GLUT1) may represent a molecular target by which Acould exert its deleterious metabolic e ects 32 . Glucose, the almost exclusive energy substrate of the brain, is glycolytically processed to produce pyruvate and lactate in astrocytes, whereas neurons predominantly process glucose through the pentose phosphate pathway to produce NADPH and utilize pyruvate and lactate to feed the TCA cycle and the associated oxidative phosphorylation to produce ATP 33 . Our observation that PHGDH is exclusively expressed by astrocytes is consistent with the notion that astrocytes are glycolytic cells. Our findings suggest that astrocytic energy metabolism controls L-serine production, thereby influencing glutamatergic neurotransmission. In addition to lactate 34,35 , we propose that another byproduct of aerobic glycolysis (L-serine) may play an important role in plasticity and learning. In the brain, L-serine is the obligatory precursor of D-serine 9 , a physiological ligand of the co-agonist site of synaptic NMDARs that is required to sustain synaptic transmission 11,13 . Our electrophysiological recordings show a reduced level of occupancy of the NMDAR glycine-binding site in seven-month-old 3xTg-AD mice. Accordingly, D-serine completely rescued both forms of synaptic plasticity (LTP and LTD) as well as spatial memory. Chronic D-serine supplementation has long been considered to be a therapeutic option for pathological conditions which involve NMDARs malfunction, such as schizophrenia 36 but its slow and weak di usion through the blood-brain barrier and potential nephrotoxicity have limited its clinical use. L-serine represents a more favorable therapeutic option because it is considered to be safe by the Food and Drug Administration; it has been approved as a normal food additive and is widely sold as a dietary supplement and is well-tolerated, even at high doses. L-serine is currently prescribed for the treatment of two genetic neurological diseases that result in L-serine deficiency 30 and is currently in a phase I clinical trial as a treatment for hereditary sensory autonomic neuropathy type 1 37 and amyotrophic lateral sclerosis 38 . It is noteworthy that people living in Okinawa, a Japanese island known for the overall longevity of its population, have a diet characterized by an L-serine content that is four times higher than that of the average American 39 . This study finally points to direct impairment of the phosphorylated pathway in AD, as shown by a marked reduction of Phgdh expression in AD patients. This is the first demonstration of the selective expression of Phgdh in human hippocampal astrocytes, as well as its decrease during the progression of AD. There is no consensus on the evolution of L-serine levels in AD 40-42 . Additional studies are necessary to determine whether, where (brain region, extracellular vs. tissue vs. CSF) and when the levels of L-serine change during disease progression. Altogether, these data raise the prospect of L-serine supplementation as a treatment option for AD and possibly other neurodegenerative diseases.

Materials and Methods

Animals

All experimental procedures using animals were performed in strict accordance with French regulations (Code Rural R214/87 to R214/130) and conform to the ethical guidelines of both the European Directive (2010/63/EU) and the French National Charter on the ethics of animal experimentation. They were approved by a local ethics committee and submitted to the French Ministry of Education and Research (Approval 14-015). The animal facility is accredited by the French authorities (B9-032-02). We used homozygous 3xTg-AD mice generated and maintained on a mixed J29/C57BL6 background (MMRRC #034830). 3xTg-AD mice express the mutated gene PS1M146V (knock-in) and the mutated human genes APPSwe and tauP301L in the same locus, both under the control of the mouse Thy1.2 regulatory element 20 . We also used age-matched NonTg control mice on the same background strain (129J /C57BL6). Mice with homozygous conditional Phgdh alleles (phgdh flox/flox ) have been previously described 43 .

Human samples

Frozen brain tissue of the medial temporal lobe from Controls (n=5), AD Brack III-IV (n=4), and AD Brack VI (n=5) were provided by the GIE NeuroCeb biobank in Paris. Para n sections of the same brain area from Controls (n=6), AD Brack III-IV (n=7) and AD Brack VI (n=8) were provided by the Laboratory of Neuropathology at the Hôpital Pitié-Salpêtrière. Previous immunostaining of Tau (AT8, Innogenetics, 1/500) and A-(6F/3D, Dako, 1/200) had been performed on all cases. Detailed information on pathology and demographic data are summarized in Table 5.1. Immunohistochemistry was performed on a VENTANA Discovery XT automated staining instrument according to the manufacturer's instructions. All solutions were from Roche Diagnostics (Meylan, France). Briefly, slides were de-para nized using EZprep solution for 30 min at 75 ¶ C, followed by epitope retrieval with RiboCC solution for 20 min at 95 ¶ C. Primary rabbit polyclonal Phgdh antibody (Frontier Institute, Hokkaido, Japan) was diluted with the provided Discovery Ab Diluent at 1:300 and applied manually. Slides were developed using the DABMap detection kit, counterstained with hematoxylin II for 8 min, washed, dehydrated, and coverslipped. Labelled slides were scanned using a NanoZoomer Digital slide scanner (Hamamatsu Photonics, Massy, France) at the Imaging platform of the Institut de la Vision in Paris. Samples were homogenized using a sonicator in 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, and 1% SDS with protease (Roche) and phosphatase (Sigma) inhibitor cocktails. The protein concentration was determined by the BCA method. Four serial dilutions were prepared for each protein sample in 50 mM Tris-HCl, pH 7.4, 100 mM NaCl. Samples were further diluted in NuPAGE LDS sample bu er with NuPAGE Sample Reducing agent (Invitrogen), boiled for 10 min at 90 ¶ C, loaded on a 4-20% Criterion TGX Stain-free gel (Bio-Rad Laboratories), separated, and transferred to a nitrocellulose membrane using a Trans-Blot® Turbo™ transfer device (Bio-Rad Laboratories). The membranes were blocked in Tris-bu ered saline with 0.1% Tween 20 and 5% milk for 1 h at RT and then incubated overnight at 4 ¶ C with Phgdh antibody (1:10000, Frontier) diluted in Tris-bu ered saline with 0.1% Tween 20 and 5% milk. After rinsing, the membrane was incubated with a fluorescent secondary antibody (1:5000, IRDye® 680RD Goat anti-Rabbit IgG, LI-COR Biosciences) diluted in Tris-bu ered saline with 0.1% Tween 20 and 5% milk for 1 h. Antibody binding was detected using an Odyssey® CLX imaging system (LI-COR Biosciences). Band intensity was measured using Image Studio 5.2 software. The slope was determined for each sample from four dilutions by linear regression.

In Vivo [14C]-2-Deoxyglucose Uptake

We measured [14C]-2-Deoxyglucose (2-DG) uptake in four experimental groups: 6-month-old female 3xTg-AD mice (n = 10), 6-month-old female WT mice (n = 9), 12-month-old female 3xTg-AD mice (n = 10), and 12-month-old female WT mice (n = 10). Experiments were performed in conscious, lightly restrained animals that were previously habituated to the constraint. Animals fasted for 12 h before the experiment but had free access to water. On the day of the experiment, the mice were anesthetized with isoflurane (2% in O2) and two catheters were inserted into the femoral artery and vein, respectively. Body temperature was maintained at 37°C. The mice were allowed to recover from anesthesia for 1 h and intravenously injected with [14C]-2DG (16.5 µCi/100 g body weight; Perkin Elmer, Boston, MA, USA). Glycemia was measured using a DIGL-100 QuantiChrom™ Glucose Assay Kit. The mice were euthanized by injection of a lethal dose of sodium pentobarbital 45 min after injection. The brains were rapidly removed and immediately frozen at -40 °C in isopentane. They were cut into 20 µm-thick coronal sections with a CM3050S cryostat (Leica, Rueil-Malmaison, France). Every other section was mounted on a coverslip, rapidly heat-dried, and placed against autoradiographic film (Kodak Biomax MR) for 10 days together with radioactive [14C] standards (146C, American Radiochemical Company, St Louis, MO, USA). The sections not used for the autoradiography study were mounted on Superfrost glass slides that were then processed for Nissl staining, to obtain additional information about brain anatomy.

Postmortem Image Registration, Three-Dimensional Reconstruction and Analysis

Autoradiographic and Nissl-stained sections were digitized using a high-resolution flatbed scanner (ImageScanner III; GE Healthcare Europe, Orsay, France) at 600 dpi (pixel size 42 x 42 µm2) and 1,200 dpi (pixel size 21 x 21 µm2) in-plane resolution, respectively. Image processing was performed using our in-house software platform BrainVISA (http://brainvisa.info/). Each anatomic volume was first reconstructed in 3D, and each autoradiographic volume was reconstructed in 3D using the corresponding anatomic volume as a geometrical reference for co-registration 44 . Autoradiographic images were converted from gray scale to activity (nCi/g) using the [14C] standards and normalized at 200 nCi/g. A brain template was created using all the anatomic brain volumes at a final resolution of 0.1 x 0.1 x 0.1 mm3. Regional di erences in cerebral glucose uptake between 3xTg-AD and WT mice were then assessed using a voxel-wise two-tailed unpaired t-test implemented in BrainVISA 45 .

Generation of AAVs and stereotaxic injection in mice

The plasmid encoding the sensor Laconic 46 was obtained from Addgene (www.add gene.org). The plasmid encoding Cre-IRES-GFP was kindly provided by Martine Cohen-Salmon. We generated adeno-associated viral vectors (AAV2/9) expressing Laconic, td-Tomato, GFP or Cre-IRES-GFP under the control of the short gfaABC1D promoter. The design, production, and titration of AAV2/9 vectors have been described previously 47 . Mice were anesthetized with a mixture of ketamine (150 mg/kg) and xylazine (10 mg/kg). Lidocaine (5 mg/kg) was injected subcutaneously under the scalp 5 min before the beginning of surgery. The mice received bilateral stereotaxic injections of AAVs administered by a 10-µl Hamilton syringe via a 34-gauge blunt needle. The stereotaxic coordinates used were as follows: AP -2 mm; L +/-2 mm; V -1.2 mm with the tooth bar set at 0. Mice received a dose of 1010 viral genomes (VG) in a total volume of 2 µl per injection site at a rate of 0.2 µl/min. At the end of the injection, the needle was left in place for 5 min before being slowly removed. The skin was sutured, and the mice were allowed to recover for three to six weeks.

FRET imaging of brain slices

Injections of AAVs in mice

Five-month old female 3xTg-AD and WT mice were injected in the dorsal hippocampus with an AAV2/9 expressing Laconic under the control of the short gfaABC1D promoter and used four to six weeks later.

Slice Preparation

The mice were deeply anesthetized with Ketamine/Xylazine. Heparin (1000 U) was directly injected into the left heart ventricle to prevent blood coagulation, and the mice were perfused transcardially with oxygenated ice-cold sucrose artificial cerebrospinal fluid (ACSF) containing: 126 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 2 mM CaCl2, 1 mM MgCl2, 26 mM NaHCO3, 2.5 mM glucose, 25 mM sucrose, and 3 mM kynurenic acid (Sigma) as previously described 48 . The brains were quickly removed and sagittal slices (300 µm thick) containing the hippocampus were cut with a vibratome (VT1000S; Leica). Slices were allowed to recover 10 min at 37°C in oxygenated sucrose ACSF and then placed at room temperature for 1 h in ACSF saturated with O2/CO2 (95%/5%), containing 2.5 mM glucose and 22.5 mM sucrose. The slices were transferred to a submerged recording chamber and perfused with oxygenated ACSF lacking kynurenic acid.

Fluorescence imaging

Two-photon images were obtained with a custom-built 2-photon laser scanning microscope based on an Olympus BX51WI upright microscope (Olympus) with a 40X (0.8 NA) water-immersion objective and a titanium:sapphire laser (MaiTai HP; Spec-traPhysics) tuned at 850 nm for mTFP excitation. Galvanometric scanners (model 6210; Cambridge Technology) were used for scanning, and a piezo-driven objective scanner (P-721 PIFOC; Physik Instrumente GmbH) was used for z-stack image acquisition. A two-photon emission filter was used to reject residual excitation light (E700 SP; Chroma Technology). A fluorescence cube containing 479/40 and 542/50 emission filters and a 506-nm dichroic beam splitter (FF01-479/40, FF01-542/50 and FF506-Di02-25x36 Brightline Filters; Semrock) was used for the separation of the mTFP and Venus signals. Two imaging channels (H9305 photomultipliers; Hamamatsu) were used for simultaneous detection of the two types of fluorescence emission. An image stack of 10 to 20 images with a 1-µm interval was acquired every 30 s. Occasional x, y, and z drifts were corrected using custom macros developed from ImageJ plugins TurboReg,StackReg, MultiStackReg and Image CorrelationJ. mTFP and Venus fluorescence intensities were measured at the soma of astrocytes. Fluorescence intensities of regions of interest (ROIs) were calculated for each time point from average intensity projections of three to five frames by averaging pixel intensity. Fluorescence ratios were calculated by dividing the mean mTFP intensity of a given ROI by the mean Venus intensity of the same ROI. Variations of fluorescence ratio were expressed as the ratio R/R0 where R corresponds to the fluorescence ratio in the ROI at a given time point, and R0 corresponds to the mean fluorescence ratio in the same ROI during the 10-min control baseline prior to the application of drugs. Cells exhibiting a baseline with a slope smaller than 0.5%.min-1 were considered to be stable and further studied.

Immunofluorescence staining of mouse brain

Mice were euthanized by an overdose of pentobarbital and perfused transcardially with 100 ml of cold 4% paraformaldehyde (PFA) solution in phosphate bu er (PB, 0.1 M, pH 7.4). The brains were cryoprotected in a 30% sucrose solution in PB for 24 h. Sagittal and coronal brain sections (35 µm) were cut on a freezing microtome, serially collected, and stored at -20 °C until analysis. The slices were permeabilized with 0.2% Triton X-100 (Sigma) and blocked with 4.5% normal goat serum (Sigma) for 30 min and were incubated overnight at room temperature (RT) with the following primary antibodies: Glial fibrillary acidic protein (GFAP) (1:1000, rabbit; Dako), Phgdh (1:500, guinea pig; Frontier Institute), NeuN (1:500, mouse; Chemicon), IBA1 (1:1000, rabbit; Dako) or Olig2-Alexa 488 (1:500, rabbit; Millipore). After rinsing, the brain slices were incubated for 3 h at RT with fluorescent secondary 488 and 594 Alexa Fluor-conjugated antibodies (Invitrogen) and mounted with FluorSave reagent (Calbiochem). Images were acquired by confocal microscopy (Leica SP8) and analyzed using Fiji (http://fiji.sc/Fiji).

Immunohistochemistry of mouse brain

Brain slices were pretreated in 0.3% H2O2, blocked in 4.5% NGS (Sigma), and incubated with the following primary antibodies: 4G8 (1:1000, mouse; Signet Covance), AT8 (1:400, mouse; ThermoScientific), OC (1:500, rabbit, Millipore), AT180 (1:1000, mouse, ThermoScientific), and HT7 (1:500, mouse, Innogenetics) for 48 h at 4 °C. After rinsing, the brain slices were incubated with biotinylated secondary antibodies (Vector Laboratories) for 1 h at RT. Finally, they were incubated with the Vectastain Elite ABC Kit (Vector Laboratories) and revealed with the DAB kit (Vector Laboratories). Antigen retrieval with formic acid (70% for 2 min) was performed for the 4G8 antibody.

Sholl analysis

Analysis of the astrocyte ramification was performed from stacked confocal images (13 steps; z-step 1 µm, maximum intensity stack) acquired with the 40X objective, zoom 2 (pixel size of 0.284 x 0.284 µm2). The image stacks of GFAP staining were reconstructed as binarized representations and the Sholl method of concentric circles 49 was used to determine astrocyte ramification. Each cell was manually outlined to exclude adjacent cells by tracing a region of interest (ROI) and analyzed by selecting the center of its soma and then running the Sholl analysis procedure, which counts the number of intersections at circles of increasing radii (1-µm increased radius of each ring) from the center. The maximal ring with an intersecting process (max distance), the sum of the number of intersections (branching complexity) for all circles, and the ramification index were calculated for each cell.

Immunoblotting of mouse brain

phgdh flox/flox mice injected with AAVs expressing either GFP or Cre-IRES-GFP were euthanized with an overdose of sodium pentobarbital. The brains were rapidly collected and sliced into 1-mm thick coronal sections with a brain matrix and the hippocampus was dissected out. The samples were then homogenized using a sonicator in 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, and 1% SDS, with protease (Roche) and phosphatase (Sigma) inhibitor cocktails. Samples were processed as for the human samples.

RNA extraction and RT-qPCR

Mice were euthanized under pentobarbital anesthesia. The brains were rapidly collected and the hippocampi dissected out on ice. Total RNA was isolated with TRIzol (Invitrogen). Reverse transcription (RT) was performed with 350 ng total RNA using Superscript II VILO reverse transcriptase (Invitrogen). Complementary DNA (7 ng) was processed for RT-qPCR on a Mastercycler®ep realplex machine (Eppendorf). PCR products were quantified by measuring the incorporation of SYBR green fluorescent dye (Master Mix, Invitrogen). The primers used were as follows: phgdh 5'-AAGTTCATGGGGACAGAGCTGAAC-3' (forward) and 5'-CCTTCACCATGTCCACAAACTGGA-3' (reverse); cyclophiline A (ppia) 5'-ATGGCAAATGCTGGACCAAA-3' (forward) and 5'-GCCTTCTTTCACCTTCCCAAA-3' (reverse). The relative expression of phgdh was assessed using the Ct calculation.

Microdialysis

Extracellular levels of L-serine were measured in vivo by microdialysis. Control and 3xTg-AD mice were anesthetized with 0.5 mg/kg medetomidine (Domitor) and 5 mg/kg benzodiazepine (Midazolam) and placed in a stereotaxic frame. The body temperature was stabilized at 37°C throughout the experiment with a thermostatic blanket. A microdialysis probe (CMA 7, 2 mm, cuto 6 kDa; CMA Microdialysis) was implanted in the CA1 region of the hippocampus (coordinates: AP, -2 mm; L, 1.4 mm from bregma; V, 1.3 mm from dura). Probes were perfused with ACSF (147 mM NaCl, 2.7mM KCl, 1.2 mM CaCl2, and 0.85 mM MgCl2) at a rate of 2 µl/min. Mice recovered from probe insertion for 30 min and then microdialysates were collected every 20 min and frozen at -80°C until analysis.

Determination of L-and D-serine

Capillary Electrophoresis coupled to Laser-Induced Fluorescence (CE-LIF)

Ten µL of sample were mixed with 37.5 µl of 10 mM sodium borate bu er pH 10 containing 5 µM cysteic acid, as internal standard, and 6 µM of the derivatization solution containing 4-Fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) at 2.5 mg mL ≠1 and 250 µM hydrochloric acid in methanol / water (50/50 v/v). The mixture was heated at 65 ¶ C for 30 min and the samples kept at 7 ± 2 ¶ C in the CE autosampler until analysis. Quantitative analysis of L-serine was performed using Capillary Electrophoresis coupled to Laser-induced Fluorescence detection as previously described 50 . Capillary electrophoresis experiments were carried out using a PA800 plus instrument (Sciex, formerly Beckman Coulter, Redwood City, CA, USA). The instrument was coupled with LIF detection equipped with a 3.5 mW argon-ion laser. Excitation and emission wavelengths were 488 and 520 nm, respectively. Data acquisition and instrument control were carried out using 32 KaratTM system software version 7.0 (Sciex). Electrophoretic conditions were: 175 mM borate bu er pH 10.25 and 12.5 mM --cyclodextrin for the electrolyte. Separation was performed in a 50 cm x 75 µM Id silica capillary at 21 kV and at 25 ¶ C.

HPLC

Total L-and D-serine concentrations were measured by preparing hippocampal homogenates from mice anesthetized with a lethal dose of sodium pentobarbital. Amino acid content was determined as previously described 51 . Briefly, tissues were weighed, homogenized, and centrifuged. Proteins in the supernatant were removed by adding 5% perchloric acid. Samples were derivatized with a fluorescent labeling reagent, 4-fluoro-7-nitro-2,1,3-benzoxadiazole. Amino acids were separated using HPLC and fluorescence of the derivatized amino acids was detected at 530 nm with excitation at 470 nm.

Microelectrode biosensor recordings

To measure extracellular D-serine concentrations in vivo, microelectrode biosensors were prepared at the AniRA-Neurochem Technological platform (Lyon, France) as previously described 52,53 . Biosensors were calibrated with D-serine in PBS (0.01 M, pH 7.4) before and after in vivo recordings, and their selectivity was verified by the absence of detection of serotonin (20-40 µM). Mice were anesthetized with isoflurane (1-1.5%), an Ag/AgCl reference electrode was placed under the skin of the neck, and the biosensor implanted in the hippocampus (AP -2 mm; L +/-2 mm; V -1.2 mm from Bregma). A control biosensor coated with bovine serum albumin was inserted ≥ 100µM away from the D-serine biosensor to record background current. Amperometric recordings were performed for 1 h and the current recorded by the control biosensor was subtracted from that recorded by the D-serine biosensor in order to estimate the specific D-serine current, and hence its extracellular concentration.

Electrophysiology

Slice Preparation

Experiments were carried out on adult mice (seven months old) in accordance with the French National Code of Ethics on Animal Experimentation and approved by the Committee of Ethics of Bordeaux (authorization no. A50120109). Briefly, mice were anesthetized with isoflurane and euthanized. The brain was quickly removed from the skull and placed in cold ACSF saturated with 95% O2 and 5% CO2. ACSF was used for dissection, slicing, and recording. The ACSF composition was: 125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 1.3 mM MgCl2, 2 mM CaCl2, 26 mM NaHCO3, and 10 mM glucose (pH 7.3, 300-305 mOsm/kg). A block of tissue containing the hippocampus was prepared and hippocampal sagittal slices (350 µm) were cut using a vibratome (Leica, VT1200S, Germany). The slices were incubated 30 min at 32°C and then allowed to recover for at least one hour at room temperature.

Field Recordings

For electrophysiological recordings, the slices were transferred into a recording chamber continuously perfused with ACSF (3 ml/min). A cut between CA3 and CA1 was made to avoid epileptiform activity, due to the presence of picrotoxin (100 µM) added to the ACSF just before recording. CA3-CA1 areas were identified with di erential interference contrast microscopy (Olympus BX50). Field excitatory postsynaptic potentials (fEPSPs) were recorded with a Multiclamp 700B amplifier (Axon Instruments, Inc.) using pipettes (3.5-5 M ) filled with ACSF and placed in the stratum radiatum of the CA1 area, close to the subiculum. NMDA fEP-SPs were isolated with low Mg2+ ACSF (0.2 mM) with picrotoxin (100 µM) and 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX) (10 µM) to block GABAA and AMPA/kaïnate receptors, respectively. Synaptic events were evoked at 0.5 Hz by orthodromic stimulation (100 s) of Scha er collaterals using a glass pipette, filled with ACSF, and placed in the stratum radiatum > 200 µm away from the recording electrodes. LTP was induced by applying a high-frequency stimulation (HFS) protocol (100 Hz train of stimuli for 1 s, repeated four times at 20-s intervals) performed in current clamp mode. LTD was induced with a 1-Hz train of stimuli applied for 30 min. Signals were filtered at 2 kHz and digitized at 10 kHz via a DigiData 1322 interface (Axon Instruments, Inc.). Data were collected and analyzed using pClamp 9 software (Axon Instruments Inc.). Average fEPSP traces were obtained from at least 10 min of stable recordings. L-serine (50 µM) and D-serine (50 µM) were bath applied 20 min before the recording and then during the whole experiment.

Behavioral analyses

Elevated plus-maze

The apparatus consisted of four arms elevated 40 cm above floor level. Two of the arms contained 15 cm-high walls (enclosed arms) and the other two none (open arms). Each mouse was placed in the middle section facing an open arm and left to explore the maze for a single 5-min session. The time spent in open and closed arms and the duration of head-dipping into open arms were analyzed using a video-camera and a video-tracking system (Ethovision, Noldus Information Technology Inc.).

Spontaneous motor behavior

We used the PhenoTyper® chamber (Noldus Information Technology Inc.) to monitor the spontaneous motor behavior of mice for 47 h. A video-tracking system was used to collect behavioral data during this period.

Morris Water Maze

Experiments were performed in a circular tank filled with water and equipped with a 10-cm diameter platform submerged 1 cm beneath the surface of the water. Visual clues were positioned around the pool, to provide the mouse with spatial landmarks, and luminosity was maintained at 400 lux. The mice were initially exposed to a learning phase, which consisted of daily sessions (three trials per session) on five consecutive days. The starting position varied between the four cardinal points for each trial. A mean interval of 30 min was left between trials. The trial was stopped when the animal reached the platform. A 60-s cuto was used, after which the mice were gently guided to the platform. Once on the platform, the animals were allowed to rest for 30 s before being returned to their cage. Long-term spatial memory was assessed 72 h after the last training trial (fifth day) in a probe trial in which the platform was removed. The position of the animals was monitored by a video-tracking system (Ethovision, Noldus Information Technology Inc.) for 60 s. 
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 11 Figure 1.1 -Cellular respiration Glycolysis takes place in the cytoplasm and produces pyruvate. Pyruvate enters mitochondria to be processed through the TCA cycle. NADH and FADH 2 are converted into ATP through the respiratory chain of the mitochondria inner membrane.
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 4 TH E STA GE: E XPRE SSION , LOCA TION AND IN TER ACTION S OF E NZY MES AN D TR AN SPOR TER S Energy metabolism is distributed across the diverse cellular and subcellular compartments of brain tissue. Division of labor among compartments is evident from clear segregation of key enzyme activities, for example the almost exclusive astrocytic expression of glutamine synthase and pyruvate carboxylase (Martinez-Hernandez, Bell, & Norenberg, 1977; Schousboe, Svenneby, & Hertz, 1977; Yu, Drejer, Hertz, & Schousboe, 1983), which inform on the preferential role of these cells in glutamate recycling and anaplerosis. Differences between compartments have also emerged from the study of RNA transcripts in identified cell types acutely isolated from brain tissue by Fluorescence Activated Cell Sorting (Cahoy et al., 2008; Zhang et al., 2014). Recently, the possible introduction of
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 2 FIGURE 2 Technical domains in brain energy metabolism research. Different techniques perform over different domains, which are in turn defined by a combination of organizational level, experimental control and relevance to human physiology. For example, electrophysiology achieves excellent experimental control at small and intermediate hierarchies by in vitro recording from single channels, single cells or small cell assemblies, but it is not practical in vivo and cannot be used in humans. MRS, in contrast, may be applied to human subjects, but has limited experimental control and provides time-and space-averaged measurements
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 13 Figure 1.3 -Cartoon of FRET nano-sensors [10] Fluorescence of FRET molecules changes when the molecule interacts with glucose. Fluorophores are closer when the sensor binds glucose, allowing the transfer of the CFP fluorescence to excite YFP.
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 1 Figure 1.4 -Synaptic activity is an energy demanding process
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 15 Figure 1.5 -Astrocytes participate in synaptic activity at the tripartite synapse. Astrocytes processes contact synapses. Potassium channels allow bu ering of the extracellular potassium to compensate potassium release by axons during action potentials firing. (1) Vesicular release of gliotransmitters in the synaptic cleft can modulate synaptic transmission. (2) Calcium signalling could trigger gliotransmitters release. (3) Neurotransmitters receptors sense synaptic activity and provoke calcium influx and many other intra-cellular reactions. (4) Neurotransmitters are internalized through neurotransmitters transporters which permit the recycling of neurotransmitter molecules. (5)
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 3 Figure 3. Schematic Representation of the Astrocyte-Neuron Lactate Shuttle
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 1 Figure 1 | Glia-neuron interactions. Different types of glia interact with neurons and the surrounding blood vessels. Oligodendrocytes wrap myelin around axons to speed up neuronal transmission. Astrocytes extend processes that ensheath blood vessels and synapses. Microglia keep the brain under surveillance for damage or infection.
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 17 Figure 1.7 -Interactions between neurons and glial cells[20] Astrocytes ensheath the synapse and contact blood vessels with their end-feet. Oligodendrocytes wrap myelin around axons. Microglia check for any damage or infection.
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 18 Figure 1.8 -Anatomopathology of a human brain with AD A-AD brains are characterized by striking atrophy compared to control brains [51], B-Amyloid plaques in a human hippocampus (scale bar = 50 µm, data from the laboratory), C-NFT in neurons of the human hippocampus (scale bar = 50 µm, data from the laboratory).
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 19 Figure 1.9 -Metabolism of APP protein by the amyloidogenic and non-amyloidogenic pathways [52] Action of --secretase instead of --secretase leads to the production of amyloid peptides.
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 110 Figure 1.10 -Tau aggregation[53] Hyper-phosphorylation of Tau proteins leads to their solubilization and aggregation to form oligomers and NFTs.
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 12 Fig. 1. Entorhinal cortex lesion triggers reactive gliosis in the hippocampus. Unilateral entorhinal cortex lesion triggers astrocyte activation in the outer and middle molecular layer of the ipsilateral dentate gyrus of the hippocampus (Right, in gray). Antibodies against GFAP visualize bundles of intermediate filaments predominantly found in the soma and the main cellular processes of astrocytes. Four days after unilateral entorhinal cortex lesioning, astrocytes in the molecular layer of the dentate gyrus on the injured side were reactive and all showed greater GFAP immunoreactivity (Center) than the nonreactive astrocytes on the contralateral side (Left). The square in Right denotes the area corresponding to the images in Left and Center. EC, entorhinal cortex. (Scale bar, 25 m.)
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 4111 Figure 4. Reduced plaque-associated microglia in the APPPS1 mouse model of AD with CX3CR1 deficiency. Brain sections (30 m) from APPPS1; Cx3cr1 ϩ/ϩ (A-C), APPPS1;Cx3cr1 ϩ/Ϫ (D-F), and APPPS1;Cx3cr1 Ϫ/Ϫ (G-I) mice at 4 months of age were immunostained with monoclonal A␤ antibody 4G8 (red; A, D, and G), with an antibody against the pan-microglial marker Iba1 (green; B, E, and H), and counterstained with the nuclear TO-PRO-3 dye (blue, C, F, and I). Confocal microscopy was used to obtain maximum projections reconstructed from Z-stacks spanning 20 -30 m in depth. As expected, APPPS1;Cx3cr1 ϩ/ϩ controls exhibit extensive accumulation of Iba1-positive microglia around senile plaques (A-C). However, age-matched APPPS1;Cx3cr1 ϩ/Ϫ (D-F) and APPPS1;Cx3cr1 Ϫ/Ϫ animals (G-I) exhibit gene dose-dependent reduction in the number of Iba1-positive microglia surrounding the senile plaques. The number of Iba1-positive microglia associated with senile plaques in the three genotypes was quantified in three nonadjacent sections from each of the four animals per genotype. APPPS1 mice with either one or two copies of Cx3cr1 loss-of-function alleles exhibited a statistically significant reduction in microglia surrounding both large (Ͼ1000 m 2 ; J), medium (Ͼ500 m 2 , Ͻ1000 m 2 ; K), and small (Ͻ500 m 2 ; L) A␤ deposits when compared to age-matched APPPS1;Cx3cr1 ϩ/ϩ controls (*P Ͻ 0.05; **P Ͻ 0.001, respectively). The APPPS1;Cx3cr1 ϩ/Ϫ and APPPS1; Cx3cr1 Ϫ/Ϫ genotypes exhibited a statistically significant difference in microglial accumulation around medium A␤ deposits (P Ͻ 0.05), suggesting a gene dose-dependent effect. n ϭ 35 for all analyses. Scale bar ϭ 25 m.
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 1112 Fig. 1. Hippocampal atrophy in AD. Coronal MRI scans highlighting the area of the left temporal lobe (area of detail), which is then shown magnified for one NL and one AD representative subjects. The white area highlighted is the pes hippocampus. a A 70-year-old NL female with 12 years of education and an MMSE of 29. b A 67-year-old AD male with 16 years of education and an MMSE of 20. Generalised brain atrophy, ventricular enlargement and hippocampal volume loss are evident in the AD patient. (By courtesy of Dr. M.J. de Leon, New York University)
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 5 Fig.5Correlation between ante-mortem PiB-PET retention levels and a post-mortem VOI-matched 6 -CN-PiB plaque density map as a 'virtual PiB scan' of the same subject. The face of the autopsy tissue block is at the level of the anterior and posterior commisures. On the autopsy tissue (left) each of the 25 blue squares represents the face of a tissue cube that was dissected from this 1-cm formalin-fixed slab. ROIs corresponding to these 25 tissue cubes were drawn on the corresponding four 0.24 -cm slices of this same patient's MRI scan (second from the left; taken at the time of the PiB scan 10 months before death). These same ROIs were then transferred to the co-registered PiB-PET scan (third from left) for quantification of the in vivo PiB retention. Some tissue distortion post-mortem is evident, due to the collapse of the ventricles. On the 6 -CN-PiB density map (right), the data from the post-mortem regional 6 -CN-PiB plaque load analysis (see Fig. 4) were digitally blurred to create the 'virtual PiB scan', shown overlying the contour of the MRI scan for ROI comparison purposes. This postmortem 6 -CN-PiB plaque density map closely reflects the distribution of PiB retention levels in the PiB-PET scan recorded ante-mortem in the same person. Abbreviations: InfFG = inferior frontal gyrus; CC:G = corpus callosum: genu; LV:AH = lateral ventricle: anterior horn; CaNu:H = caudate nucleus: head; IntCap:G = internal capsule: genu; Put = putamen; GP = globus pallidus; STG = superior temporal gyrus; Ins = insular cortex; IC:PL = internal capsule: posterior limb; Thal = thalamus; Hip = hippocampus; STG = superior temporal gyrus; LV:OH = lateral ventricle: occipital horn; PHipG = parahippocampal gyrus; MTG = medial temporal gyrus; PVC = primary visual cortex; CalcSul = calcarine sulcus; OCG = occipital gyrus. Scale bar = 1cm.

  Fig.5Correlation between ante-mortem PiB-PET retention levels and a post-mortem VOI-matched 6 -CN-PiB plaque density map as a 'virtual PiB scan' of the same subject. The face of the autopsy tissue block is at the level of the anterior and posterior commisures. On the autopsy tissue (left) each of the 25 blue squares represents the face of a tissue cube that was dissected from this 1-cm formalin-fixed slab. ROIs corresponding to these 25 tissue cubes were drawn on the corresponding four 0.24 -cm slices of this same patient's MRI scan (second from the left; taken at the time of the PiB scan 10 months before death). These same ROIs were then transferred to the co-registered PiB-PET scan (third from left) for quantification of the in vivo PiB retention. Some tissue distortion post-mortem is evident, due to the collapse of the ventricles. On the 6 -CN-PiB density map (right), the data from the post-mortem regional 6 -CN-PiB plaque load analysis (see Fig. 4) were digitally blurred to create the 'virtual PiB scan', shown overlying the contour of the MRI scan for ROI comparison purposes. This postmortem 6 -CN-PiB plaque density map closely reflects the distribution of PiB retention levels in the PiB-PET scan recorded ante-mortem in the same person. Abbreviations: InfFG = inferior frontal gyrus; CC:G = corpus callosum: genu; LV:AH = lateral ventricle: anterior horn; CaNu:H = caudate nucleus: head; IntCap:G = internal capsule: genu; Put = putamen; GP = globus pallidus; STG = superior temporal gyrus; Ins = insular cortex; IC:PL = internal capsule: posterior limb; Thal = thalamus; Hip = hippocampus; STG = superior temporal gyrus; LV:OH = lateral ventricle: occipital horn; PHipG = parahippocampal gyrus; MTG = medial temporal gyrus; PVC = primary visual cortex; CalcSul = calcarine sulcus; OCG = occipital gyrus. Scale bar = 1cm.
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 113 Figure 1.13 -Correlation between PiB-PET signal and A-deposition [69] PiB signal (left panel) detects amyloid plaques in the brain which perfectly correlates with the number of plaques observed post-mortem in the same brain (right panel).
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 2 Figure 2. Comparison of Clinical, Cognitive, Structural, Metabolic, and Biochemical Changes as a Function of Estimated Years from Expected Symptom Onset The normalized differences between mutation carriers and noncarriers are shown versus estimated years from expected symptom onset and plotted with a fitted curve. The order of differences suggests decreasing Aβ 42 in the CSF (CSF Aβ 42 ), followed by fibrillar Aβ deposition, then increased tau in the CSF (CSF tau), followed by hippocampal atrophy and hypometabolism, with cognitive and clinical changes (as measured by the Clinical Dementia Rating-Sum of Boxes [CDR-SOB]) occurring later. Mild dementia (CDR 1) occurred an average of 3.3 years before expected symptom onset. 95% confidence interval bands are shown in Figure S2 in the Supplementary Appendix.
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 114 Figure 1.14 -Time-course of clinical, cognitive, structural, metabolic and biochemical changes in FAD[START_REF] Bateman | Clinical and Biomarker Changes in Dominantly Inherited Alzheimer's Disease[END_REF] Data are presented normalized between carrier and non-carrier individuals versus the estimated years from expected symptoms.
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 115 Figure 1.15 -Process for the 3xTg-AD strain development [96] APP(swe) and Tau(P301L) under the control of the THY promoter are microinjected in single-cell embryos of PS1(M146V) KI mice.
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 117 Figure1.17 -Hypometabolic clusters in the hippocampus of 3xTg-AD mice at 6 and 12-month-old.[START_REF] Douce | Altération métabolique et déficit synaptique dans la maladie d'Alzheimer : rôle de la PHGDH astrocytaire[END_REF] 
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 118 Figure 1.18 -D-serine restores LTP deficits in 3xTg-AD mice. [100] Electrophysiology recordings in the hippocampus of 3xTg-AD mice show a deficit in LTP. This deficit is restored when D-serine is added. (Mann-Whitney U-test p<0.01 without D-serine and p=0.26 with D-serine.)
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 119 Figure 1.19 -L-serine utilization in the brainL-serine can be diverted to several pathways. It is the precursor of sphingolipids and phosphatidyl serine and of neuromodulators such as D-serine and glycine. It is also involved in energy metabolism and gene expression regulation. Through the folate cycle it is also involved in nitrogenous bases production and nucleic acid synthesis. The production of amino-acids like glycine and cysteine regulates glutathione synthesis and redox equilibrium.
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 3 L-AND D-SERINE, CENTRAL PLAYERS FOR BRAIN FUNCTIONS Nature Reviews | Cancer the generation of glucose from non-carbohydrate sources such as pyruvate, lactate or amino acids -essentially the reverse of glycolysis.
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 1 Figure 1 | The serine synthesis pathway. Serine and glycine can be taken up by cells through neutral amino acid transporters or synthesized de novo. The serine synthesis pathway (SSP) uses the glycolytic or gluconeogenic intermediate 3-phosphoglycerate (3PG) in three steps. Phosphoglycerate dehydrogenase (PHGDH) catalyses the first step of NAD + -dependent oxidation of 3PG to 3-phosphohydroxypyruvate (3PHP). Phosphoserine aminotransferase 1 (PSAT1) then converts 3PHP into 3-phosphoserine (3PS) in a glutamate (Glu)-dependent transamination reaction. Phosphoserine phosphatase (PSPH) catalyses the last step of serine synthesis through hydrolysis of 3PS. At physiological concentrations, serine is an allosteric activator of pyruvate kinase isoform M2 (PKM2), which catalyses the last step of glycolysis. When cells are starved of serine, PKM2 activity is lowered, resulting in diversion of the 3PG pool into the SSP. Additionally, 2-phosphoglycerate (2PG) is an activator of PHGDH. '+' denotes an activator. Dashed arrows indicate allosteric regulation. α-KG, α-ketoglutarate; PEP, phosphoenolpyruvate.
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 3121 Figure1.21 -Phgdh is expressed in astrocytes[START_REF] Douce | Altération métabolique et déficit synaptique dans la maladie d'Alzheimer : rôle de la PHGDH astrocytaire[END_REF]. Phgdh (in green) is expressed in astrocytes (GFAP) but not in neurons (NeuN), microglia (Iba1) or oligodendrocytes (Olig2) in the region CA1 of the hippocampus of mice.
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 23122 Figure 1.22 -Phgdh is expressed in astrocytes in mouse, primate and human brain Phgdh labelling on para n embedded slices shows cells with a shape typical for astrocytes in mouse, non-human primate and human hippocampus (scale bar = 50 µm).
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 403 L-AND D-SERINE, CENTRAL PLAYERS FOR BRAIN FUNCTIONS

"FIGURE 2 |

 2 FIGURE 2 | Schematic model of the proposed pathways mediating D-serine synthesis and release. Activation of presynaptic neuron results in release of glutamate that binds to AMPA receptors on neighboring astrocytes and causes release of D-serine. D-serine released from astrocytes binds to synaptic NMDAR-containing GluN2A subunits. Extrasynaptic receptors containing GluN2B preferentially bind glycine instead of D-serine. SR localized in neurons synthesizes D-serine from L-serine. L-serine is shuttled to neurons from astrocytes through amino acid transporters (ASCT). SR is also responsible for the degradation of serine resulting in production of pyruvate and ammonia.

Frontiers 4 Figure 1 . 23 -

 4123 Figure 1.23 -The serine shuttle hypothesis [165] L-serine production derives from glycolysis in astrocytes. L-serine can be transferred to neurons by Asct transporters. L-serine is converted into D-serine by Sr in neurons and astrocytes. Neuronal D-serine returns to astrocytes through Asc transporters. Astrocytes release D-serine in the synaptic cleft by vesicular release.

"FIGURE 1 |

 1 FIGURE 1 | Immunohistochemical staining of (A) D-serine, (B) NMDAR subunits GluN2A/B, and (C) glycine in rat brains (P21). Am, amygdala; Cl, claustrum; Cx, cortex; EPL, external plexiform layer; Hb, habenula; Hy,

Frontiers 2 Figure 1 . 24 -

 2124 Figure 1.24 -Immunohistochemical staining of D-serine(A), NR2 subunits (B) and Glycine (C) in rat brain [165] D-serine labelling is predominant in hippocampus and cortex where the NR2 subunit is highly expressed and glycine poorly represented.

Fig. 2 .

 2 Fig. 2. Reduced apical spine density on pyramidal neurons in the somatosensory cortex of nSR-/mice. Spine density was compared between wild-type (WT; n= 6 mice; black) and nSR-/-(n = 6 mice; white) animals. Apical dendritic spines on a Golgi-stained pyramidal neuron in a WT (top left panel) and nSR-/-mouse (top right panel). (A) Spine density on pyramidal neurons (4-5 neurons/subject) was reduced on both oblique branches and the distal tips of apical dendrites in nSR-/-mice. (B) Spine density on neurons (4-5 neurons/subject) was not reduced on any of the branch orders of basal dendrites in nSR-/-mice. Spine density was expressed as the number of spines per 10 μm of dendrite. Asterisk (*) indicates significant difference from the WT group (p < 0.05). All values represent the mean ± SEM.
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Figure 1 . 25 -

 125 Figure 1.25 -Golgi staining of dendritic spines on basal dendrites of pyramidal neurons from the somatosensory cortex[START_REF] Balu | Neuronal d-serine regulates dendritic architecture in the somatosensory cortex[END_REF] SR KO mice display a reduced density of dendritic spines labelled with Golgi staining compared to wild-type mice.

  Figure 1.26 -Aerobic glycolysis in astrocytes and memoryAerobic glycolysis directly produces ATP in astrocytes that is used for astrocytic functions during synaptic transmission. Aerobic glycolysis also produces lactate that is metabolised by neurons for ATP production and that also triggers LTP at the glutamatergic synapse. We propose that part of the glycolytic flux is diverted upstream to produce L-and D-serine that may play multiple roles at the synapse -NMDA-R activation, neuritogenesis, spine density.

Fig. 5

 5 Fig. 5 In vivo imaging of AD biomarkers in a patient with prodromal AD and in a patient with AD dementia. The retention of [ 18 F]THK5317 and [ 11 C]PIB are expressed with reference to the retention in the grey matter of the cerebellum; [ 18 F]FDG uptake is expressed with reference to uptake in the pons. AD = Alzheimer's disease; DVR = distribution volume ratio; FDG = fluorodeoxyglucose; PIB = Pittsburgh compound B; SUVR = standardized uptake value ratio

Figure 1 .A. 2 -

 12 Figure 1.A.2 -PET imaging for Tau, A-and glucose in the human brain [71] PET-imaging was performed in two individuals with AD and prodromal AD in order to assess the level of Tau, A-and glycolytic rate in the brain.

Figure 1 .B. 1 -

 11 Figure 1.B.1 -The glutamatergic synapse Action potentials reach the synaptic bouton which triggers calcium channels opening. Calcium binds proteins of the SNARE complex. Their change of conformation provokes vesicle docking and membranes fusion. Glutamate is released in the synaptic cleft where it binds post-synaptic receptors. Post-synaptic receptors are retained in the synaptic region by interactions with the proteins of the post-synaptic density.
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 21 Figure 2.1 -Genetic background of phgdh flox/flox mice

Figure 1 .

 1 Figure 1. Retro-orbital sinus injection.
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 23 Figure 2.3 -Needle position for retro-orbital injection[START_REF] Boari | Europe PMC Funders Group Adoptive Transfer of Isolated Bone Marrow Neutrophils[END_REF] 
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 21 Figure 2.A.1 -Model used to design statistical analysis for immunohistofluorescence experiments.
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 22 Figure 2.A.2 -Survival model for groups GFP and Cre and for di erent trials

  >library(survival) # Charge package survival >data.surv<-Surv(data$Time, data$Status==1) #Create a survival variable according to the status which correponds to the cut-o time >data.fit<-survfit(data.survd ata$Group + data$Day # Create a survival model according to variables Group and Day >plot(data.fit) # Plot the survival model for each group and each trial >data.cox<-coxph(data.surv data$Group + data$Day + cluster(data$Animal) + cluster(data$Day|data$Trial)) # Apply the Cox method on the survival variable according to variables Group and Day taking into account repeated measures according to the factor Animal and to the factor Trial nested into Day >summary(data.cox) # Synthesis of the results

  >library(nlme) # Charge package nlme >ctrl<-lmeControl(opt='optim') # Optimization of the control parameters of the nlme package >data$Sample<-factor(data$Sample) # Encode the sample identification number as a qualitative factor >mod<-lme(fixed = Signal ~Quantity*Group-Group, data=data, random=Quantity|Sample, control=ctrl) # Create a model in which Signal depends on Quantity and comparing Groups according to this Quantity dependency. The random e ect depends on the factor Sample repeated among Quantities. >anova(mod) # Synthesis of the results

84 2 .

 2 B. DIRICHLET DISTRIBUTION TO ANALYZE MWM DATA means. The Dirichlet distribution is the most general distribution for fixed-sum variables, motivating its use to describe compositional or fractional data such as MWM data, where K = 4. The likelihood of a sample of N independent observations D = {p 1 , . . . , p N } is given by P(D | -) = N Ÿ i=1 P(p i | -).

Figure 2 .B. 1 -

 21 Figure 2.B.1 -Histogram of the likelihood-ratio statistic for s = 10 for various sample sizes N vs the ‰ 23 -distribution (blue line). For small samples, the distribution of the likelihood ratio slightly deviates from a ‰2 3 distribution and the mean (represented by vertical lines) is significantly greater than the theoretical value of 3.

Figure 2 .

 2 Figure 2.B.2 -Probability-probability plots for uncorrected and corrected statistics from our simulated data, compared with a ‰ 2 K≠1 distribution, for several sample sizes N.

Figure 2 . 87 CHAPTERFigure 2 .B. 4 -

 28724 Figure2.B.3 -The rate of false-negative using the corrected version of the statistics does not depend on N or s and is coherent with the statistical significance set up at 5%. This rate is lower than the rate of false-negative obtained with the uncorrected statistic or with a classic t-test applied to one of the quadrant.
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 31 Figure 3.1 -A model for local and post-developmental Phgdh knock-down A-Schematic representation of the expressing cassettes of the AAV2/9 stereotaxically injected in the hippocampus of phgdh flox/flox mice. The promoter gfa-ABC1D drives the expression of GFP or cre-recombinase and GFP linked by an Internal Ribosome Entry Sequence (IRES) that allows internal translation. B-Immunofluorescence performed on mouse hippocampal sections. The infected region (GFP positive, defined by a white dashed line) covers a large part of dorsal hippocampus. Phgdh labelling (red) is strongly decreased in mice injected with cre-recombinase compared to GFP. C-Fluorescence quantification of Phgdh labelling in the infected region (Nested model p=0.011; n=2 animals per group with 10 sections per animal). D-Phgdh mRNA expression quantified by RT-qPCR in mice injected with cre-recombinase compared to mice injected with GFP and non-injected mice (NI) (Kruskal-Wallis ANOVA p=0.01 and Dunn's post-hoc test; n=6 hippocampus per group). E-Phgdh protein quantification using the slopes determined on F (Linear model p<0.0001; n=4 animals per group). F-Phgdh fluorescent immunoblot for serial dilutions of protein extracts and fluorescence quantification for each dilution.

Figure 3 . 2 -

 32 Figure 3.2 -Phgdh deletion does not induce major side-e ect on astrocytes neurons and microglia.A and B-mRNA expression for astrocytic genes quantified by RT-qPCR (Mann-Whithney U-test p=0.43 for vimentine and p=0.19 for GFAP; n=6 hippocampus per group). C-GFAP fluorescent immunoblot for serial dilutions of protein extracts and fluorescence quantification for each dilution. D-GFAP protein quantification using the slopes determined on I (Linear model p=0.82; n=4 animals per group). E-Immunofluorescence on hippocampal sections. GFP labelling (green) allows one to identify infected astrocytes. GFAP labelling (white) is used to quantify processes ramification. F-Ramification index determined by Scholl analysis (Nested model p=0.69; n=2 animals per group and 30 astrocytes per animal). G-J-mRNA expression for neuronal and microglial genes quantified by RT-qPCR (Mann-Whithney U-test p=0.66 for NeuN, p=0.93 for Eaat3, p=0.43 for Cd68 and p=0.54 for Iba1; n=6 hippocampus per group).

Figure 3 . 3 -

 33 Figure 3.3 -Phgdh deletion in the hippocampus has no e ect on the expression of the genes involved in serine metabolism and transport. A-F-mRNA expression for genes involved in serine production and transport determined by RT-qPCR (Mann-Whithney U-test p=0.79 for Psat1, p=0.93 for Psph, p=0.25 for Sr, p=0.25 for Asct1, p=0.79 for Asct2 and p=0.25 for Asc1; n=6 hippocampus per group).

Figure 3 . 4 -

 34 Figure 3.4 -Serine levels are decreased in cre-injected mice. A-HPLC measurements of amino-acids content in total hippocampus extracts (Mann-Whithney U-test p=0.00065 for L-serine and p=0.037 for D-serine; n=16 hippocampus per group). B-Extracellular D-serine measured by voltametry in the hippocampus (Mann-Whithney U-test p=0.00016; n=8 hippocampus per group).

Figure 3 . 5 -

 35 Figure 3.5 -Phgdh deletion alters synaptic transmission and plasticity. A-Electrodes location in the infected region of the hippocampus. B-I/O curve for stimulation intensities varying from 10 to 100 mV in non injected mice (NI), GFP and cre-injected mice. C-I/O slopes obtained from B (Kruskal-Wallis ANOVA p=0.01 and Dunn's post-hoc test; n=7 hippocampal slices NI, n=10 hippocampal slices GFP and n=10 hippocampal slices cre). D-fEPSPs recordings before (1) and after (2) HFS for one hour post-stimulation. E-LTP quantification comparing the ten last minutes of the recordings shown in C to the baseline (Kruskal-Wallis ANOVA p=0.025 and Dunn's post-hoc test; n=7 hippocampal slices NI, n=8 hippocampal slices GFP and n=9 hippocampal slices cre).
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 369936 Figure 3.6 -Behavioural characterization of cre-injected mice (See next page)
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 637 Figure 3.7 -D-serine level is increased in cre-injected mice fed with L-serine. Extracellular D-serine measured by voltametry in the hippocampus (Mann-Whithney U-test p=0.016; n=5 hippocampus per group). Dashed line represents the levels of D-serine previously measured in phgdh flox/flox mice injected with GFP (Figure 3.4).

Figure 3 . 8 -

 38 Figure 3.8 -LTP is restored by adding L-serine. A-fEPSPs recordings before (1) and after (2) HFS for one hour post-stimulation. Dashed lines represent the results already presented in Figure 3.5. B-LTP quantification comparing the ten last minutes of the recording shown in A to the baseline. Results already presented in Figure 3.5 are greyed over. (Kruskal-Wallis ANOVA p=0.025 and Dunn's post-hoc test p=0.046 for cre/cre+Lser and p=0.3 for cre+Lser/GFP; n=8 hippocampal slices GFP n=9 hippocampal slices cre and n=6 hippocampal slices cre+Lser).

Figure 3 . 9 -

 39 Figure 3.9 -Behavioural characterisation of long-term memory in cre-injected phgdh flox/flox mice fed with L-serine A-Body weight during the three weeks of experiments (Multifactorial ANOVA for repeated measures p=0.21 for groups, p=0.15 for weeks, and p=0.5for groups and weeks; n=6 animals per group). B-Escape latency for each one of the four trials of the visible platform phase (Cox regression on survival data p=0.015 between groups and p<0.0001 between trials; n=6 animals per group). C-Escape latency for each trial on each day of the training phase (Cox regression on survival data p= between groups and p= between days; n=6 animals per group).D-Thigmotaxy for each trial on each day of the training phase (Multifactorial ANOVA for repeated measures p=0.78 for groups, p<0.0001 for days and p=0.76 for groups and days; n=6 animals per group). E-Tracked path during the probe test reported on a diagram of the maze for two mice. F-Fraction of time spent in each quadrant of the maze during the probe test (Dirichlet distribution p=0.04 for cre and p=0.00065 for cre+Lser and post-hoc single sample t-tests; n=6 animals per group). G-Total distance swum during the probe test (Mann-Whithney U-test p=0.023; n=6 animals per group).

Figure 3 . 10 -

 310 Figure 3.10 -Behavioural characterisation of long-term memory in wild-type mice fed with L-serineA-Body weight during the three weeks of experiments (Multifactorial ANOVA for repeated measures, p=0.5 for groups, p=0.004 for weeks and p=0.63 for groups and weeks and Bonferroni's post-hoc test; n=6 animals for wt and n=7 animals for wt+Lser). B-Escape latency for each one of the four trials of the visible platform phase (Cox regression on survival data p=0.32 between groups and p<0.0001 between trials; n=6 animals for wt and n=7 animals for wt+Lser). C-Escape latency for each trial on each day of the training phase (Cox regression on survival data p=0.26 between groups and p<0.0001 between days; n=6 animals for wt and n=7 animals for wt+Lser). D-Thigmotaxy for each trial on each day of the training phase (Multifactorial ANOVA for repeated measures p=0.075 for groups, p<0.0001 for days, and p=0.22 for groups and days and Bonferroni's post-hoc test; n=6 animals for wt and n=7 animals for wt+Lser). E-Tracked path during the probe test reported on a diagram of the maze for two mice. F-Fraction of time spent in each quadrant of the maze during the probe test (Dirichlet distribution p=0.004 for wt and p<0.0001 for wt+Lser and post-hoc single sample t-test; n=6 animals for wt and n=7 animals for wt+Lser). G-Total distance swum during the probe test (Mann-Whithney U-test p=0.13; n=6 animals for wt and n=7 animals for wt+Lser).
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 1044 THE PP IN THE AD HUMAN BRAIN the time spent in the thigmotaxy zone of the maze (Figure 3.10-D). She found that this time decreased significantly across training days showing a low level of anxiety during the task at the end of the week.

Figure 3 . 11 -

 311 Figure 3.11 -PHGDH expression is reduced in the hippocampus of AD patients. A-Immunohistochemistry performed on para n embeded sections from human brains to label PHGDH (scale bar = 100 µm). B-PHGDH fluorescent immunoblot for serial dilutions of human protein extracts and fluorescence quantification for each dilution. C-PHGDH protein quantification using the slopes determined on A (Linear model p<0.0001 for AD III-IV and AD VI compared to control and p=0.4 comparing AD stages; n=5 control samples, n=4 AD III-IV samples and n=5 AD VI samples).

Figure 3 . 12 -

 312 Figure 3.12 -PSAT1 and SR are upregulated in the AD brain. A,C,E-PSAT1 (A), SR (C) and ASCT1 (E) fluorescent immunoblot for serial dilutions of human protein extracts and fluorescence quantification for each dilution. B,D,F-PSAT1 (B), SR (D) and ASCT1 (F) protein quantification using the slopes determined on A, C and E (Linear model p=0.0028 for AD III-IV/control, p=0.0039 for AD VI/control and p=0.5 comparing AD stages for PSAT1; p=0.5 for AD III-IV/control, p=0.0037 for AD VI/control and p=0.5 comparing AD stages for SR; and p=0.39 for ASCT1; n=5 control samples, n=4 AD III-IV samples and n=5 AD VI samples)

2 Figure 3 .

 23 Figure 3.13 -L-serine restores LTP in the hippocampus of 3xTg-AD mice. A-fEPSPs recordings before (1) and after (2) HFS for one hour post-stimulation. B-LTP quantification comparing the ten last minutes of the recording shown in A to the baseline (Mann-Xhitney U-test p=0.26; n=8 hippocampal slices wild-type and n=5 hippocampal slices 3xTg-AD).

Figure 3 .Figure 3 . 14 -

 3314 Figure 3.14 -D-serine restores memory in 3xTg-AD mice (See next page)

Figure 3 . 15 -

 315 Figure 3.15 -Behavioural characterisation of long-term memory in wild-type mice drinking water supplemented with D-serine A-Escape latency for each one of the four trials of the visible platform phase (Cox regression on survival data p= between groups and p<0.0001 between trials; n=8 animals per group).B-Escape latency for each trial on each day of the training phase (Cox regression on survival data p= between groups and p= between days; n=8 animals per group).C-Thigmotaxy for each trial on each day of the training phase (Multifactorial ANOVA for repeated measures p=0.075 for groups, p<0.0001 for days, and p=0.22 for groups and days; n=8 animals per group). D-Tracked path during the probe test reported on a diagram of the maze for two mice (Dirichlet distribution p<0.0001 for wt and p=0.0033 for wt+Lser; n=8 animals per group). E-Fraction of time spent in each quadrant of the maze during the probe test (One tailed t-test p=0.0037 for wt in the TG and p<0.0001 for wt in the OQ and two tailed t-test p=0.011 for wt in the AQ, and one tailed t-test p=0.14 for wt+Dser in the TQ and p=0.03 for wt+Dser in the OQ, and two tailed t-test p<0.0001 for wt+Dser in the AQ; n=8 animals per group). F-Total distance swum during the probe test (Mann-Whithney U-test p=0.13; n=8 animals per group).
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Figure 3 . 16 - 39 --- 5 -Figure 3 - 21 - 5 --

 3163953215 Figure 3.16 -Phgdh and Sr protein expression in the hippocampus of wild-type and 3xTg-AD mice at 6-month-old A and C-Phgdh (red) and Sr (green) fluorescent immunoblots for serial dilutions of protein extracts and fluorescence quantification for each dilution. B and D-Phgdh and Sr protein quantification using the slopes determined on A and C (Linear model p=0.69 for Phgdh and p=0.64 for Sr; n=5 animals per group).

4. 1 .Figure 4 . 1 -

 141 Figure 4.1 -Occupancy of the glycine binding site in 3xTg AD A-fEPSPs recordings before (1) and after (2) D-serine application. B-Potentialization by D-serine quantified by comparing the ten last minutes of the recordings presented in A to the baseline (Mann-Whitney U-test p=0.008).

Figure 4 . 2 -

 42 Figure 4.2 -Characterization of the dendritic arborisation in the hippocampus A-Immunofluorescence on hippocampal sections (x63). GFP labelling (green) allows to identify infected astrocytes. MAP2 labelling (red) is used to quantify dendrite density. B-Fluorescence quantification of MAP2 intensity in infected regions of the hippocampus (Nested model, p>0.05, n=12 slices from n=2 animals per group). C-Isolated neuron imaged at high resolution to perform dendritic 3D reconstruction (x40).

123 CHAPTERFigure 4 . 3 -

 12343 Figure 4.3 -The number of pre-synaptic and post-synaptic elements is increased in 3xTg-AD mice A-Pre-synaptic boutons identified along an axon coming from CA3. B-Density of pre-synaptic boutons along axons Mann-Whithney U-test p=0.00013, n=18 axons from 2 animals per group. C-Dendritic spines identified along a dendrite of the stratum radiatum and the associated model of classification. D-Spine density along dendrites (Mann-Whithney U-test p=0.011, n=16 dendrites on 2 animals for 3xTg and n=37 dendrites on 2 animals for wt).E-Spine density along dendrites according to spines classification (Mann-Whithney U-test p=0.011 for thin spines, p=0.47 for stubby spines, p=0.85 for mushroom spines and p=0.91 for filopodia spines, n=16 dendrites on 2 animals for 3xTg and n=37 dendrites on 2 animals for wt)

Figure 4 . 4 -

 44 Figure 4.4 -Characterisation of serine biosynthesis pathway and serine transport in primary cultures of neurons and astrocytes A-mRNA levels measured by RT-qPCR n=3 for astrocytes and n=4 for neurons. B-Phgdh protein level measured by immunoblot and normalized with actin n=8 for astrocytes and n=8 for neurons.
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Figure 4 . 5 -

 45 Figure 4.5 -Serine levels are unchanged in 3xTg-AD mice compared to wild-type HPLC measurements of amino-acids content in total hippocampus extracts from 3xTg-AD and wild-type mice at 6 months-old (Mann-Whithney U-test p=0.4 for L-serine and p=0.23 for D-serine, n=4 hippocampus per group).

Figure 4 . 6 -

 46 Figure 4.6 -Immunohistochemistry labelling Psat1 on mouse, primate and human hippocampal sections.

  Figures and Legends
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 5151 Figure 5.1 -3xTG-AD mice display energy metabolism alterations and decreased extracellular L-serine levels (See next page)

Figure 5 . 2 -Figure 5 . 2 -Figure 5 . 3 -Figure 5 . 3 -

 52525353 Figure 5.2 -Deficits of synaptic plasticity at CA3-CA1 synapses and of spatial memory in 3xTg-AD mice are rescued by D-serine (See next page)

Figure 5 . 4 -Figure 5 . 4 -Figure 5 . 5 -Figure 5 . 5 -Supplementary 5 . 1 -Supplementary 5 . 3 -

 545455555153 Figure 5.4 -Conditional inactivation of Phgdh in astrocytes impairs synaptic plasticity and spatial memory (See next page)

Titre:

  Rôle de la sérine astrocytaire dans l'apprentissage et la mémoire et ses implications dans la maladie d'Alzheimer Mots clés : Maladie d'Alzheimer, Astrocytes, Métabolisme, Mémoire, L-sérine Résumé : La perte de mémoire est un des premiers symptômes caractéristiques de la maladie d'Alzheimer (MA). Dans les cerveaux des patients, on retrouve des dépôts extracellulaires de plaques amyloïdes ainsi que des agrégats intracellulaires de la protéine tau. Les patients présentent également des déficits du métabolisme cérébral du glucose, une quinzaine d'années avant les premiers défauts cognitifs, suggérant que le métabolisme pourrait contribuer à la physiopathologie de la MA. Pour mieux comprendre les mécanismes qui relient le métabolisme énergétique et l'activité synaptique, nous nous sommes intéressés à la production de Lserine, une molécule dont la synthèse de novo dérive d'un intermédiaire de la glycolyse. La L-serine est le précurseur de la D-sérine, un acide aminé en conformation D présent en grande quantité dans le cerveau. La D-sérine est un co-agoniste des récepteurs au N-méthyl-D-aspartate (NMDA-R) nécessaire à la potentialisation à long terme (LTP) de l'activité synaptique dans l'hippocampe. La voie de biosynthèse de la L-serine est ainsi à l'interface entre métabolisme énergétique et activité synaptique. Afin d'étudier le rôle de cette voie, nous avons mis au point un modèle de délétion conditionnelle de la Phgdh, la première enzyme de la voie de biosynthèse de la L-serine. Nous avons injecté par stéréotaxie des vecteurs adéno-associés permettant l'expression de la Cre recombinase dans l'hippocampe de souris Phgdh(flox/flox), une lignée de souris qui possède des sites LoxP autour des exons 4 et 5 du gène de la Phgdh.

  

  

  ; Stevens et al., 2003; Wu et al., 2004; Panatier et al., 2006). More recently, however, SR was also identified in neurons (Kartvelishvily et al., 2006; Yoshikawa et al., 2007; Dun et al., 2008; Miya et al., 2008; Wolosker et al., 2008; Rosenberg et al., 2010) challenging the traditional view that D-serine

Table 2 .1 -PCR primers for genotyping phgdh flox/flox mice

 2 

	Primer	Sequence 5'-3'
	Phgdh-LoxP-F CATGAGGAACTGAACTGAAGGATTGA
	Phgdh-LoxP-R CAAGGAGGCTCACACATCCCAGAAC

pAAV Figure 2.2 -Gateway technology to clone plasmids by two-sites recombination PCR products are inserted into pDONR plasmids by BP recombination. pENTR are then transferred into pDEST plasmid to combine a promoter and a transgene into a pAAV vector by LR recombination.

Table 2 .4 -Primary antibodies for immunohistochemistry Target Species Laboratory and Reference Dilution

 2 

	Phgdh	rabbit	Frontiers (AB_2571653)	1/500
	GFAP-Cy3 a		Dako (045M4835V)	1/1000
	MAP2	goat	Frontiers (AB_2571793)	1/200
	GFP-biotinylated b		Vector (BA-0702)	1/500
	a			

Table 2 .6 -Primary antibodies for western-blot Target Species Laboratory and Reference Dilution

 2 

	Phgdh rabbit	Frontiers (AB_2571653)	1/10000
	Psat1	rabbit	Thermo Fisher (PA5-22124) 1/2000
	Srr	mouse	BDBioscience (4087720)	1/10000
	Gfap	rabbit	Dako (Z0334)	1/50000

Table 2 .7 -Values for the binary coe cients in linear models

 2 

	Variable	0	1
	Group	GFP	Cre-injected
	Genotype wild-type	3xTg
	AD4	Control and AD6 AD4
	AD6	Control and AD4 AD6

  device, hour by hour, during 47 h (MANOVA p=0.79; n=3 animals per group). C-EPM device. D-Fraction of time spent in each part of the EPM and time spent leaning on the edges of the maze (Mann-Whithney U-test p=0.7 for the time spent in the open arms, p=0.58 for the time spent in the closed arms and p=0.49 for the time spent leaning; n=6 animals per group). E-MWM device. F-Escape latency for each one of the four trials of the visible platform phase (Cox regression on survival data p=0.92 between groups and p<0.0001 between trials; n=6 animals per group). G-Escape latency for each trial on each day of the training phase (Cox regression on survival data p=0.33 between groups and p=0.0073 between days; n=6 animals per group). H-Escape latency during the training phase for two mice with di erent learning patterns. I-Thigmotaxy for each trial on each day of the training phase (Multifactorial ANOVA for repeated measures p=0.62 for groups and p<0.0001 for days with Bonferroni's post-hoc test; n=6 animals per group). J-Tracked path during the probe test reported on a diagram of the maze for two mice. K-Fraction of time spent in each quadrant of the maze during the probe test (Dirichlet distribution p=0.28 for cre and p=0.02 for gfp with post-hoc single sample t-test; n=6 animals per group). L-Total distance swum during the probe test (Mann-Whithney U-test p=0.18 ; n=6 animals per group).

  3 for groups, p=0.25 for days, p=0.0095 for days and groups and Bonferonni's post-hoc test; n=9 animals per group). B-Fraction of time spent in each part of the EPM and time spent leaning on the edges of the maze (Kruskal-Wallis ANOVA p=0.4 for the time spent in the closed arms, p=0.01 for the time spent in the open arms, p=0.

	01 for
	the time spent leaning and Dunn's post-hoc test; n=6 animals D-ser, n=9 animals L-ser, n=7
	animals 3tg and n=9 animals wt). C-Total distance moved during EPM test (Kruskal-Wallis
	ANOVA p=0.025 and Dunn's post-hoc test; n=6 animals D-ser, n=9 animals L-ser, n=7
	animals 3tg and n=9 animals wt). D-Escape latency for each one of the four trials of the
	visible platform phase (Cox regression on survival data p>0.05 for each group comparison
	and p<0.0001 between trials; n=7 animals D-ser, n=8 animals L-ser, n=5 animals 3tg and
	n=8 animals wt). E-Escape latency for each trial on each day of the training phase (Cox
	regression on survival data p>0.05 for each group comparison and p<0.0001 between trials;
	n=7 animals D-ser, n=8 animals L-ser, n=5 animals 3tg and n=8 animals wt). F-Escape
	latency during the training phase for two mice with jagged learning patterns. G-Thigmotaxy
	for each trial on each day of the training phase (Multifactorial ANOVA for repeated measures
	p=0.0001 for days and p=0.0086 for groups and Bonferroni's post-hoc test; n=7 animals
	D-ser, n=8 animals L-ser, n=5 animals 3tg and n=8 animals wt). H-Tracked path during
	the probe test reported on a diagram of the maze for four mice. I-Fraction of time spent
	in each quadrant of the maze during the probe test (Dirichlet distribution p=0.00022 for
	wt, p=0.072 for 3tg, p=0.12 for 3tg+Lser and p=0.04 for 3tg+Dser and post-hoc single
	sample t-test; n=7 animals D-ser, n=8 animals L-ser, n=5 animals 3tg and n=8 animals
	wt). J-Total distance swum during the probe test (Kruskal-Wallis ANOVA p=0.022 and
	Dunn's post-hoc test; n=7 animals D-ser, n=8 animals L-ser, n=5 animals 3tg and n=8
	animals wt).

  110 3.5. SERINE SYNTHESIS IN 3XTG AD MICE even with a higher level of anxiety than what is commonly observed in this type of test, we assessed long-term memory by performing a probe test 72 h after the last training day (Figure

Table 4 .

 4 1 -Transcriptional modifications of genes involved in serine metabolism and transport in mouse models of AD.

	Reference	Model	Gene	Cell type	Changes
	Orre et al. [241] Wang et al. [242] 5xFAD APP-PS1	Phgdh Psat1 Microglia Astrocytes Microglia Asct2 Microglia Asc1 Astrocytes Psat1 Microglia	√ √ ¬ ¬ √ ¬

Table 5 .

 5 

	1 -Demographic data on studied cases
	AD (III-IV) Alzheimer's disease Brack III-IV	
	AD (VI) Alzhiemer's disease Brack VI	
	PMD post-mortem delay			
	NA Not Available			
	Diagnosis	Cases Sex Age (y) PMD (h)
	Control	1	M	78	23
	Control	2	F	92	21
	Control	3	F	60	28
	Control	4	M	69	6
	Control	5	M	81	62
	Control	6	F	53	29
	AD (III-IV)	7	M	70	31
	AD (III-IV)	8	F	76	28
	AD (III-IV)	9	M	81	34.5
	AD (III-IV)	10	F	73	21.5
	AD (III-IV)	11	F	90	NA
	AD (III-IV)	12	F	92	NA
	AD (III-IV)	13	F	66	NA
	AD (VI)	14	M	72	44
	AD (VI)	15	F	89	59
	AD (VI)	16	M	73	54
	AD (VI)	17	M	69	30
	AD (VI)	18	F	94	25
	AD (VI)	19	M	68	34.5
	AD (VI)	20	F	61	27
	AD (VI)	21	M	87	27

Université Paris-Saclay

Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

Since a high variability is observed from one colony to another, former students of the laboratory performed the characterization of our own colony to select the ages at which we study our mice (Figure1.16).

http://www.neuroceb.org

https://github.com/ericsuh/dirichlet

https://github.com/xuod/dirichlet

For each tuple (N, s), the number of samples is increased until the means is measured with relative error below 0.01.

More details about the clinical trial are available on clinicaltrials.gov
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Nous avons validé ce modèle en montrant que l'expression de Phgdh ainsi que les taux de D-serine diminuent d'environ 60% dans l'hippocampe des souris injectées. Nous avons ensuite réalisé des enregistrements électrophysiologiques sur tranches et nous avons mis en évidence une diminution de la LTP dans l'hippocampe des souris injectées avec la Cre recombinase. Ces souris présentent également un déficit de mémoire à long terme mis en évidence avec le test de la piscine de Morris. Ces déficits sont restaurés lorsque les souris reçoivent chroniquement un régime enrichi en L-serine. Ces résultats montrent que la biosynthèse de sérine est nécessaire et suffisante pour la plasticité synaptique et la mémoire à long terme. Afin d'étudier le rôle de cette voie dans la MA, nous avons mesuré l'expression de différentes enzymes dans des extraits d'hippocampes de patients atteints de MA et nous avons mis en évidence des changements significatifs dès les stades intermédiaires. Finalement, nous avons étudié un modèle murin de MA, les souris 3xTg, qui présentent des déficits métaboliques, synaptiques et comportementaux. Les déficits de LTP sont restaurés en ajoutant de la L-ou de la D-sérine de façon aigue sur les tranches d'hippocampe. Nous montrons que le déficit de mémoire spatiale à long terme peut être restauré par une supplémentation chronique en D-sérine, suggérant l'importance de cette voie dans le contexte de la MA.
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Appendix 1.A FDG-PET: basic principles

 [START_REF] Kapoor | An Introduction to PET-CT Imaging 1[END_REF]PET is based on the use of radiolabelled tracers that emit positrons. Those tracers are metabolic compounds, or metabolic analogs, in which radionuclides with short half-life were inserted. -+ radioactive decay of those isotopes emits a neutrino and a positron. The annihilation of the positron produces two photons that are detected during PET imaging. In this overview of PET imaging we are going to focus on FDG-PET and add some few details about other PET tracers of interest in AD diagnosis.

Radionuclide synthesis

H -ions are accelerated in a cyclotron and pass through a carbon foil in a carousel to remove the electron, producing high energy hydrogen. Hydrogen atoms bombard H 2 18 O molecules allowing the production of H 2 18 F where F is fluorine. This radionuclide can be used to produce radiopharmaceuticals, as FDG. FDG is an analog of glucose that can enter the cells and be phosphorylated by hexokinase but cannot continue through glycolysis so Phospho-FDG accumulates in cells. [START_REF] Kapoor | An Introduction to PET-CT Imaging 1[END_REF] Positrons (-+) are released from the nucleus of FDG (proton in red and neutron in blue). When they encounter an electron (--) they annihilate producing 2 photons (") propagating in opposite directions. Those photons are detected by the coincidence detectors (light-blue squares). by a local ethics committee and submitted to the French Ministry of Education and Research (Approval 14-015). The animal facility is accredited by the French authorities (B9-032-02).

Viral infections 2.2.1 Plasmid design

All our plasmids were synthesized using the Gateway technology (see Figure 2.2). Promoters and transgenes flanked with attB sequences were produced by PCR and integrated into an appropriate pDONR by BP-recombination using BP-clonase (Invitrogen), following the instructions of the manufacturer. pENTR plasmids -with gene conferring kanamycine resistance -were transformed into DH10-bacteria by electroporation. Colonies were isolated on LB-agar-kanamycine plates (Invitrogen) and amplified in LB medium with kanamycine. pENTR plasmids were purified using Monarch plasmid miniprep kit (NEB) and verified by specific enzymatic digestions and sequencing.

Expression cassettes were then transferred into a destination vector (pDEST)-containing Inverted Terminal Repeat (ITR) sequences specific for Adeno-Associated Virus (AAV) production -by LR-recombination using LR-clonase (Invitrogen), following the instructions of the manufacturer. pAAV plasmids -with gene conferring ampicilline resistance -were transformed into DH10-bacteria by electroporation. Colonies were isolated on LB-agar-ampicilline plates (Invitrogen) and amplified in LB medium with ampicilline. pAAV plasmids were purified using Monarch plasmid miniprep kit (NEB) and verified by specific enzymatic digestion.

Validated pAAV were finally amplified in LB medium with ampicilline and purified using Nucleobond Xtra EF Maxiprep kit (Macherey-Nagel) for AAV production. GFAP-abc1d promoter was generated from the endogenous human GFA promoter. It allows high and specific expression of transgenes in astrocytes. [START_REF] Lee | GFAP promoter elements required for region-specific and astrocyte-specific expression[END_REF] b CBA (Chicken --actine) promoter allows ubiquitous expression of transgenes in the brain with high expression in neurons. [START_REF] Gray | Optimizing Promoters for Recombinant Adeno-Associated Virus-Mediated Gene Expression in the Peripheral and Central Nervous System Using Self-Complementary Vectors[END_REF] Appendix 2.A R scripts for statistical analyses

2.A.1 Nested models

Quantification of fluorescence and Scholl analysis were performed on a high number of cells identified on sections coming from a small number of animals. To take this design into account in our statistical analysis we designed nested models where the factor Animal is nested into the factor Group when comparing several groups in a population (Figure 2.A.1). This model assumes that all the observations made for one group are not independent, according to the factor Animal. 

n where  1 is the trigamma function.

that is significantly lower than 25% (p = 0.013), whereas the fraction of time spent in the adjacent quadrants do not di er from 25%. This pattern illustrate e cient long-term memory in wild-type mice.

With this dataset, we confirm that our test is able to discriminate e cient and deficient memory abilities for usual in vivo sample sizes (N = 7). We improve the characterization of memory abilities by performing post-hoc single sample t-tests.

2.B.4 Discussion

We propose a statistical approach for the analysis of MWM data based on the Dirichlet distribution as a model for the fraction of time spent by rodents in the quadrants of the maze. This distribution takes into account the four quadrants simultaneously which was impossible with current statistical tests used in behavioural studies. This test also correctly accounts for the constant-sum constraint of such data, which implies both non-normality and interdependence. That way, it gives a correct description of the data obtained from MWM probe tests. The main limitation of the test based on Dirichlet distribution is that it cannot simply discriminate between a preference for one or several quadrants. This limitation can be overtaken by performing a post-hoc analysis to determine which quadrants are responsible for divergence from uniformity. We show here that performing single-sample t-tests as a post-hoc analysis of the data is satisfying. Single-sample t-test were usually performed ad-hoc, assuming that the fraction of time is not the same in all the quadrants. It is more accurate to perform single sample t-test as a post-hoc analysis in the case of a divergence from uniformity demonstrated with Dirichlet distribution.

In the context of behavioural experiments, where a test generates a lot of data and where inter-individual variability is very high, a lot of parameters can be taken 

CHAPTER 5

Glycolysis-derived L-serine in astrocytes contributes to cognitive deficits in Alzheimer's disease

Supplementary Figure 3 a-c). L-serine is the obligatory precursor of D-serine, the main co-agonist of synaptic NMDARs in the adult hippocampus. We next performed electrophysiological recordings to directly probe the degree of occupancy of this co-agonist binding site (Figure 5.2 a).

Lower level of occupancy of the co-agonist-binding site of NMDARs in 3xTg-AD mice

We thus recorded the NMDAR component of field excitatory post-synaptic potentials (NMDAR-fEPSPs). In control mice, bath application of D-serine (50 µM) induced an increase of NMDA-fEPSPs (123.9% ± 5.6, Figure 5.2 b). This is in accordance with previous work 12,13 , indicating that the co-agonist binding sites of synaptic NMDARs in this region were not fully saturated. Importantly, the D-serine-mediated increase in synaptic NMDAR-fEPSPs was significantly larger in 3xTg-AD mice (151.2% ± 8.3, Figure 5.2 c), consistent with a reduced level of occupancy of the NMDAR co-agonist-binding site in 3xTg-AD mice. We next monitored hippocampal excitatory synaptic transmission and plasticity in 3xTg-AD female mice, given the role played by D-serine in NMDAR activation.

Impaired synaptic plasticity in 3xTG-AD mice

We found that the basal glutamatergic transmission was altered in the hippocampus of seven-month old 3xTg-AD mice. Indeed, as originally reported 20 , the input/output relationship for evoked fEPSPs at CA3-CA1 synapses was shifted to the right, indicating that the strength of glutamatergic synapses was reduced (Figure 5.2 d). We next assessed activity-dependent long-term plasticity. HFS-induced LTP was impaired in these animals (156.7% ± 6.7 in control vs. 123.5% ± 5.4 in 3xTg-AD, Figure 5.2 e). Similarly, low-frequency stimulation (LFS)-induced LTD was also reduced in 3xTg-AD mice (79.9% ± 9.5 in control vs. 114.5 ± 6.6 in 3xTg-AD, Figure 5.2 g). Therefore, deficits in synaptic transmission and plasticity at CA3-CA1 synapses are observed in 3xTg-AD mice that display intracellular Aimmunoreactivity but no extracellular A-deposition and tangles.

Impaired synaptic plasticity in 3xTG-AD mice is rescued by D-serine

These results support the hypothesis that the deficits in synaptic plasticity observed in 3xTg-AD mice are due to a lower concentration of D-serine in the synaptic cleft and thus to fewer NMDARs available for activation during HFS and LFS. In agreement with this hypothesis, LTP was rescued by supplying exogenous D-serine (50 µM) to slices obtained from 3xTg-AD mice (163.6% ± 9.7 in control vs. 166.1% ± 12.4 in 3xTg-AD; Figure 5.2 f). Similarly, exogenous D-serine (50 µM) completely rescued LTD in 3xTg-AD mice (79.1 ± 11.3% in control vs. 87.5% ± 4.9 in 3xTg-AD,

Supplementation of L-and D-serine

3xTg-AD and WT mice were placed on a rodent diet (Altromin 1324) enriched with 10% L-serine (w/w) for two months including the period of the Morris water maze test. Two other groups of 3xTg-AD and WT mice were given D-serine (600mg/L, Sigma-Aldrich, St. Louis, MO, USA) in the drinking water for two weeks, including the period of the Morris water maze test. This protocol resulted in a daily dose of approximately 100mg/kg D-serine per body weight (average weight: 30g, average drinking volume: 5mL/day).

Statistical analyses

Data are presented as the mean ± SEM. A p-value of less than 0.05 was considered to be statistically significant. Statistical analysis was performed using Statistica, R or Prism software. We used the nonparametric Mann-Whitney U test for comparison between two groups and the nonparametric Kruskal-Wallis one-way ANOVA followed by Dunn post doc test for multiple comparisons between groups. The frequency distributions were compared using a Chi2 test. The probe trial during the Morris Water Maze was analyzed using a one tailed one sample t-test against chance level (25%). Slopes of the immunoblots were compared using a linear regression model. We validated this model showing that Phgdh expression and Dserine level are decreased by 60% in the hippocampus of injected mice. We performed electrophysiological recordings and showed that LTP is significantly reduced in mice injected with Cre recombinase. Those mice also show long term memory deficits in the Morris Water Maze test. Those deficits are restored by chronically feeding Cre injected mice with a diet enriched in Lserine indicating that serine biosynthesis is necessary and sufficient for synaptic plasticity and long term memory.

Author contributions

To assess whether this pathway may be involved in AD pathogenesis, we quantified the expression of several enzymes of the serine biosynthesis pathway in human brain samples and found major changes in AD patients even at intermediate stages. To further investigate this hypothesis, we used 3xTg-AD mice, a mouse model for AD showing deficits in brain metabolism, synaptic activity and cognition. LTP deficits in 3xTg mice are restored by acute supplementation of L-or D-serine on hippocampal slices. We show that chronic administration of Dserine restores long term spatial memory. It suggests that serine biosynthesis is an important pathway in AD.