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Improved NMDA Receptor Activation by the Secreted Amyloid-Protein Precursor-α in Healthy Aging: A Role for D-Serine?
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Impaired activation of the N-methyl-D-aspartate subtype of glutamate receptors (NMDAR) by D-serine is linked to cognitive aging. Whether this deregulation may be used to initiate pharmacological strategies has yet to be considered. To this end, we performed electrophysiological extracellular recordings at CA3/CA1 synapses in hippocampal slices from young and aged mice. We show that 0.1 nM of the soluble N-terminal recombinant fragment of the secreted amyloidprotein precursor-α (sAPPα) added in the bath significantly increased NMDAR activation in aged but not adult mice without impacting basal synaptic transmission. In addition, sAPPα rescued the age-related deficit of theta-burst-induced long-term potentiation. Significant NMDAR improvement occurred in adult mice when sAPPα was raised to 1 nM, and this effect was drastically reduced in transgenic mice deprived of D-serine through genetic deletion of the synthesizing enzyme serine racemase. Altogether, these results emphasize the interest to consider sAPPα treatment targeting D-serine-dependent NMDAR deregulation to alleviate cognitive aging.

Introduction

Among the wide range of neurotransmitter receptors expressed in the nervous system, the N-methyl-D-aspartate glutamate receptors (NMDARs) certainly hold a prominent and original position in view of the numerous functions they regulate and the mechanisms governing their activation [START_REF] Jewett | NMDA Receptor[END_REF]. Notably, NMDARs are key to functional synaptic plasticity in neuronal networks such as long-term potentiation (LTP) underlying learning and memory as well as to mechanisms driving neurotoxicity [START_REF] Stroebel | Architecture and function of NMDA receptors: An evolutionary perspective[END_REF][START_REF] Traynelis | Glutamate receptor ion channels: Structure, regulation, and function[END_REF]. As such, they have been linked to the development of numerous neurological and neurodegenerative diseases and have also been associated with cognitive degradation occurring in healthy aging (reviewed in [START_REF] Billard | Changes in Serine Racemase-Dependent Modulation of NMDA Receptor: Impact on Physiological and Pathological Brain Aging[END_REF][START_REF] Coyle | The Role of Serine Racemase in the Pathophysiology of Brain Disorders[END_REF][START_REF] Kumar | Alteration in NMDA Receptor Mediated Glutamatergic Neurotransmission in the Hippocampus During Senescence[END_REF][START_REF] Mira | Building a Bridge Between NMDAR-Mediated Excitotoxicity and Mitochondrial Dysfunction in Chronic and Acute Diseases[END_REF]). In fact, a wealth of preclinical evidence indicates that decreased expression and/or dysfunction of NMDARs underlie memory deficits and long-term potentiation (LTP) impairment that usually take place at an advanced age [START_REF] Kumar | Alteration in NMDA Receptor Mediated Glutamatergic Neurotransmission in the Hippocampus During Senescence[END_REF][START_REF] Billard | Ageing, hippocampal synaptic activity and magnesium[END_REF][START_REF] Burke | Neural plasticity in the ageing brain[END_REF][START_REF] Foster | Biological markers of age-related memory deficits: Treatment of senescent physiology[END_REF][START_REF] Ploux | D-serine in physiological and pathological brain aging[END_REF][START_REF] Samson | Impact of aging brain circuits on cognition[END_REF]. In addition to glutamate, NMDARs require the binding of a coagonist for channel opening [START_REF] Johnson | Glycine potentiates the NMDA response in cultured mouse brain neurons[END_REF][START_REF] Mcbain | Structural requirements for activation of the glycine coagonist site of N-methyl-D-aspartate receptors expressed in Xenopus oocytes[END_REF]. Today, preclinical studies indicate that the amino acid D-serine synthesized from L-serine by serine racemase (SR) is the main endogenous NMDAR coagonist in cognitive-related brain structures [START_REF] Basu | Targeted disruption of serine racemase affects glutamatergic neurotransmission and behavior[END_REF][START_REF] Fossat | Glial D-Serine Gates NMDA Receptors at Excitatory Synapses in Prefrontal Cortex[END_REF][START_REF] Bail | Identity of the NMDA receptor coagonist is synapse specific and developmentally regulated in the hippocampus[END_REF][START_REF] Li | Identity of endogenous NMDAR glycine site agonist in amygdala is determined by synaptic activity level[END_REF][START_REF] Papouin | Synaptic and Extrasynaptic NMDA Receptors Are Gated by Different Endogenous Coagonists[END_REF]. Decrease in hippocampal D-serine levels inducing NMDAR hypoactivation is now viewed as key mechanism underlying age-related memory impairment and is therefore considered an interesting target to alleviate cognitive aging [START_REF] Billard | Asc-1 transporter activation: An alternative to rescue age-related alterations in functional plasticity at rat hippocampal CA3/CA1 synapses[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] Nava-Gómez | Aging-Associated Cognitive Decline Is Reversed by D-Serine Supplementation[END_REF][START_REF] Orzylowski | An Overview of the Involvement of D-Serine in Cognitive Impairment in Normal Aging and Dementia[END_REF][START_REF] Panizzutti | The co-agonist Site of NMDA-glutamate receptors: A novel therapeutic target for age-related cognitive decline[END_REF][START_REF] Yamamoto | Simultaneous Measurement of Amino Acid Enantiomers in Aged Mouse Brain Samples by LC/MS/MS Combined with Derivatization Using N (α)-(5-Fluoro-2,4-dinitrophenyl)-l-leucinamide (l-FDLA)[END_REF]. Due to adverse effects [START_REF] Ganote | The nature of D-serine-induced nephrotoxicity[END_REF][START_REF] Krug | Why is D-serine nephrotoxic and alpha-aminoisobutyric acid protective?[END_REF][START_REF] Maekawa | D-amino-acid oxidase is involved in D-serine-induced nephrotoxicity[END_REF][START_REF] Okada | D-serine, a novel uremic toxin, induces senescence in human renal tubular cells via GCN2 activation[END_REF][START_REF] Williams | D-serine-induced nephrotoxicity: Possible interaction with tyrosine metabolism[END_REF], Dserine chronic treatment is questioned [START_REF] Guercio | Potential and Challenges for the Clinical Use of d-Serine as a Cognitive Enhancer[END_REF][START_REF] Meftah | A Cross Species Review of Safety[END_REF], and alternative strategies aimed at increasing endogenous levels of the coagonist have thus been initiated such as inhibition of D-amino acid oxidase (DAO), the major catabolic clearance pathway of the amino acid [START_REF] Koga | Mouse d-Amino-Acid Oxidase: Distribution and Physiological Substrates[END_REF][START_REF] Krebs | Metabolism of amino-acids: Deamination of amino-acids[END_REF][START_REF] Ohide | Amino acid metabolism in mammals: Biosynthesis, degradation and analytical aspects of the metabolic study[END_REF][START_REF] Pollegioni | Physiological functions of D-amino acid oxidases: From yeast to humans[END_REF][START_REF] Pollegioni | Human D-Amino Acid Oxidase: Structure, Function, and Regulation[END_REF].

Although a number of DAO inhibitors have been developed, nonconclusive results have yet been reported in preclinical studies in terms of improvement of hippocampal functionality and D-serine availability [START_REF] Hopkins | Effects of D-amino acid oxidase inhibition on memory performance and long-term potentiation in vivo[END_REF][START_REF] Howley | Assessment of the Target Engagement and D-Serine Biomarker Profiles of the D-Amino Acid Oxidase Inhibitors Sodium Benzoate and PGM030756[END_REF][START_REF] Lane | Brain Activity of Benzoate, a D-Amino Acid Oxidase Inhibitor, in Patients With Mild Cognitive Impairment in a Randomized, Double-Blind, Placebo Controlled Clinical Trial[END_REF][START_REF] Nagy | Converging Evidence on D-Amino Acid Oxidase-Dependent Enhancement of Hippocampal Firing Activity and Passive Avoidance Learning in Rats[END_REF], and most of the compounds have not entered clinical trials. Acting through the facilitation of D-serine production therefore appears as a necessary alternative [START_REF] Billard | Asc-1 transporter activation: An alternative to rescue age-related alterations in functional plasticity at rat hippocampal CA3/CA1 synapses[END_REF] that implies the characterization of active molecules with minimal adverse effects. Among several putative candidates, the secreted amyloid protein precursor-α (sAPPα) generated from proteolysis of the amyloid protein precursor through the nonamyloidogenic pathway is viewed as being a promising therapeutic molecule [START_REF] Mockett | Therapeutic Potential of Secreted Amyloid Precursor Protein APPsα[END_REF]. In addition to neurotrophic and neuroprotective properties [START_REF] Chasseigneaux | Functions of Aβ, sAPPα and sAPPβ: Similarities and differences[END_REF][START_REF] Luo | Characterization of the neurotrophic interaction between nerve growth factor and secreted alpha-amyloid precursor protein[END_REF][START_REF] Mattson | Evidence for excitoprotective and intraneuronal calcium-regulating roles for secreted forms of the beta-amyloid precursor protein[END_REF], sAPPα prevents memory deficits in aged rats [START_REF] Anderson | Reduced cerebrospinal fluid levels of alphasecretase-cleaved amyloid precursor protein in aged rats: Correlation with spatial memory deficits[END_REF][START_REF] Xiong | Secreted amyloid precursor protein-alpha can restore novel object location memory and hippocampal LTP in aged rats[END_REF] as well as in different Alzheimer's mouse models [START_REF] Fol | Viral gene transfer of APPsalpha rescues synaptic failure in an Alzheimer's disease mouse model[END_REF][START_REF] Hick | Acute function of secreted amyloid precursor protein fragment APPsα in synaptic plasticity[END_REF][START_REF] Morrissey | A C-terminal peptide from secreted amyloid precursor protein-α enhances long-term potentiation in rats and a transgenic mouse model of Alzheimer's disease[END_REF][START_REF] Richter | Distinct in vivo roles of secreted APP ectodomain variants APPsα and APPsβ in regulation of spine density, synaptic plasticity, and cognition[END_REF][START_REF] Tan | Lentivirus-mediated expression of human secreted amyloid precursor protein-alpha prevents development of memory and plasticity deficits in a mouse model of Alzheimer's disease[END_REF][START_REF] Tyan | Amyloid precursor protein (APP) regulates synaptic structure and function[END_REF]. However, it remains to be established whether sAPPα also rescues LTP deficit in aged mice, whether NMDARs contribute and what the underlying molecular mechanisms are ( [START_REF] Mockett | Therapeutic Potential of Secreted Amyloid Precursor Protein APPsα[END_REF][START_REF] Xiong | Secreted amyloid precursor protein-alpha can restore novel object location memory and hippocampal LTP in aged rats[END_REF][START_REF] Moreno | sAbetaPPalpha Improves Hippocampal NMDA-Dependent Functional Alterations Linked to Healthy Aging[END_REF][START_REF] Taylor | Endogenous secreted amyloid precursor protein-alpha regulates hippocampal NMDA receptor function, long-term potentiation and spatial memory[END_REF] but see [START_REF] Furukawa | Secreted amyloid precursor protein alpha selectively suppresses N-methyl-D-aspartate currents in hippocampal neurons: Involvement of cycl.lic GMP[END_REF]). Notably, whether D-serine is involved could be asked since prolonged application of sAPPα was found to promote SR expression and D-serine release in hippocampal microglial cell cultures [START_REF] Wu | Induction of serine racemase expression and D-serine release from microglia by secreted amyloid precursor protein (sAPP)[END_REF].

In the present study, we show at CA3/CA1 synapses of mouse hippocampal slices that bath application of 0.1 nM sAPPα significantly facilitates NMDAR activation in aged but not in adult mice and is thus able to rescue age-associated LTP deficit. In parallel, we report that raising sAPPα concentration to 1 nM also significantly enhances NMDAR activation in adult animals, and we find that this improvement is severely reduced in mice genetically deprived of SR (SR-KO), the D-serine synthesizing enzyme whose function is known to be altered in aging [START_REF] Billard | Changes in Serine Racemase-Dependent Modulation of NMDA Receptor: Impact on Physiological and Pathological Brain Aging[END_REF][START_REF] Ploux | D-serine in physiological and pathological brain aging[END_REF][START_REF] Orzylowski | An Overview of the Involvement of D-Serine in Cognitive Impairment in Normal Aging and Dementia[END_REF][START_REF] Wu | Serine racemase expression differentiates aging from Alzheimer's brain[END_REF]. Taken together, these results suggest that SR could be one privileged target for sAPPα to rescue age-related functional synaptic NMDAR deregulation and confirm the pivotal role of D-serine and its synthesizing enzyme to develop innovative pharmacological strategies aimed at preventing cognitive aging [START_REF] Billard | Serine racemase as a prime target for age-related memory deficits[END_REF].

Results

Isolated NMDAR Activation

Isolated NMDAR-mediated synaptic potentials were first assessed. This was conducted in young adult and aged mice (11 slices from six animals in each group) by perfusing slices with a low-magnesium (Mg 2+ ) artificial cortico-spinal fluid (aCSF) to relieve NM-DARs from their Mg 2+ blockade, and the aCSF was supplemented with the specific antagonist of non-NMDAR 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzoquinoxaline-7-sulfonamide (NBQX,10 µM) to isolate the NMDAR component. In these pharmacological conditions, stimulation of Schäffer collaterals induced a presynaptic fiber volley (PFV) followed by a long-lasting NMDAR-dependent field excitatory postsynaptic potential (fEPSP) (see the insert in Figure 1A). Regardless of the stimulus intensity, the index of synaptic efficacy (I SE ) corresponding to fEPSP/PFV ratio was significantly reduced in aged compared to adult mice (age effect: F 1,20 = 19.01, p = 0.0003), confirming the well-known age-related impairment of NMDAR activation (Figure 1A). Bath application of the recombinant sAPPα (0.1 nM) did not statistically affect I SE in adult mice (Figure 1B), whereas a significant enhancement was induced in the aged group (15-20% increase in adult vs. 40% in aged mice regardless of stimulation intensity, Figure 1C). However, even though the sAPPα effect was significant only in aged mice, the age-related decrease in I SE persisted (age effect: F 1,20 = 19.69, p = 0.0003), indicating that the sAPPα delivery could only partially rescue the impairment of NMDAR activation (Figure 1D). 

Theta-Burst-Induced Long-Term Potentiation (LTP)

Because NMDAR activation is critical for the expression of synaptic plasticity in neuronal networks [START_REF] Junjaud | Age-related effects of the neuromodulator D-serine on neurotransmission and synaptic potentiation in the CA1 hippocampal area of the rat[END_REF][START_REF] Bliss | A synaptic model of memory: Long-term potentiation in the hippocampus[END_REF][START_REF] Collingridge | Memories of NMDA receptors and LTP[END_REF][START_REF] Malenka | NMDA-receptor-dependent synaptic plasticity: Multiple forms and mechanisms[END_REF], age-related effects of sAPPα on LTP expression were then investigated.

In 10 slices from seven adult mice, theta-burst stimulation (TBS) of glutamate afferents induced a significant and long-lasting increase in synaptic transmission (Figure 2A) averaging 33.1 ± 9.6% when calculated from the last 15 min of recording corresponding to the period of stable potentiation (stimulation effect: F 1,18 = 13.32, p = 0.002). On the contrary, the same stimulation paradigm delivered in 12 slices from eight aged mice elicited only a weak (9.9 ± 3.9%) although statically relevant potentiation (stimulation effect: F 1,22 = 8.44, p = 0.01) that, however, appeared significantly weaker than in adult mice (age effect: F 1,2 = 6.66, p = 0.018, Figure 2A). These results confirm that TBS-induced LTP is impaired in the course of aging.

In recombinant sAPPα-supplemented aCSF, the mean potentiation induced by TBS in 10 slices from five adult mice (23.3 ± 10.6%) was not statistically altered compared to control medium, whereas it was significantly enhanced (19.1 ± 4.4%) when averaged in 10 slices from seven aged animals (drug effect: F 1,20 = 24.9, p < 0.0001). Consequently, the mean LTP increase determined in the presence of the peptide was no longer different between adult and aged mice (age effect: F 1,20 = 0.15, p = 0.69), indicating that sAPPα was able to rescue the age-related decrease in TBS-induced LTP (Figure 2B). 

Basal Neurotransmission

In order to determine whether the recombinant sAPPα-related improvement was specifically linked to NMDAR and not to a general glutamate deregulation, the effect of the peptide on basal glutamate neurotransmission was investigated in control aCSF. In these conditions in which NMDA-R activation is blocked by Mg 2+ and only non-NMDA-R are activated, I SE comparison showed a significant decrease in synaptic transmission in 11 slices from eight aged mice compared to values determined in 12 slices from seven adult animals (age effect: F 1,15 = 3.64, p = 0.005), regardless of the stimulus intensity (Figure 3A). This result further supports the view of impaired basal neurotransmission in aging. When the recombinant sAPPα was added to aCSF, I SE was not statistically impacted neither in adult (Figure 3B) nor in aged mice (Figure 3C), and the age-related impairment remained (Figure 3D).

In addition, sAPPα had no effect on paired-pulse facilitation (PPF), an electrophysiological paradigm assessing the presynaptic release of glutamate [START_REF] Creager | Paired-pulse and frequency facilitation in the CA1 region of the in vitro rat hippocampus[END_REF][START_REF] Wigström | Two types of synaptic facilitation recorded in pyramidal cells of in vitro hippocampal slices from guinea pigs[END_REF] in which two electrical stimuli were delivered with a 30 ms interval. In adult mice, the PPF ratio was 1.37 ± 0.05 in the control versus 1.30 ± 0.06 in sAPPα supplemented aCSF (n = 11) and 1.29 ± 0.07 versus 1.27 ± 0.08 in aged animals (n = 11) (Figure S1). These results indicate that the recombinant sAPPα did not affect presynaptic mechanisms involved in glutamate release. 

Isolated NMDAR Activation in SR-KO Mice

In order to determine whether D-serine could be involved in sAPPα-related NMDAR improvement, the effects of bath application of the peptide were investigated in slices from SR-KO mice deprived of the NMDAR coagonist. Because 0.1 nM of sAPPα did not significantly impact NMDAR synaptic potentials in adult mice, we raised the concentration of the peptide to 1 nM, considering that a dose-dependent increase in NMDAR activation by sAPPα (until 10 nM) has been previously reported in rats [START_REF] Xiong | Secreted amyloid precursor protein-alpha can restore novel object location memory and hippocampal LTP in aged rats[END_REF][START_REF] Moreno | sAbetaPPalpha Improves Hippocampal NMDA-Dependent Functional Alterations Linked to Healthy Aging[END_REF][START_REF] Taylor | Endogenous secreted amyloid precursor protein-alpha regulates hippocampal NMDA receptor function, long-term potentiation and spatial memory[END_REF].

In 14 slices from five wild-type mice, NMDAR-related I SE was significantly enhanced by 40%, regardless of stimulation intensity (Figure 4A). Interestingly, it was also statistically increased in 20 slices from eight SR-KO mice (Figure 4B) but only by 25% and therefore significantly less than in control animals (Figure 4C). These results therefore indicate that part of the improving effect of sAPPα on NMDAR activation involves the D-serinerelated pathway. 

Discussion

This study provides new complementary information on mechanisms underlying the beneficial property of sAPPα, the secreted form of the amyloid protein precursor generated by the non-amyloidogenic pathway, to prevent functional NMDAR synaptic deregulation underlying cognitive aging [START_REF] Mockett | Therapeutic Potential of Secreted Amyloid Precursor Protein APPsα[END_REF]. With the help of extracellular recordings at CA3/CA1 synapses of hippocampal slices, we first confirmed in mice that sAPPα is more efficient at improving NMDAR activation in aged than in adult animals and is thus able to rescue the LTP impairment thought to underlie age-related memory disability. In addition, we show that the sAPPα-induced NMDAR improvement is severely attenuated when serine racemase, which produces the NMDAR coagonist D-serine, is removed, suggesting this enzyme as one target for sAPPα.

Given the continuous aging of the world population, the question to prevent the degradation of cognitive abilities linked to age, and, notably, of memory capacities, is of ever-increasing importance that requires constant therapeutic research. Several decades of preclinical investigations have shown that cognitive impairment associated with physiological or pathological aging is the result of functional deregulation in brain neural networks [START_REF] Pereira | Cognitive reserve and brain maintenance in aging and dementia: An integrative review[END_REF][START_REF] Damoiseaux | Effects of aging on functional and structural brain connectivity[END_REF][START_REF] Deery | The older adult brain is less modular, more integrated, and less efficient at rest: A systematic review of large-scale resting-state functional brain networks in aging[END_REF]. The NMDAR subtype of glutamate receptors is critical for the expression of functional plasticity at synapses such as long-term potentiation, which is viewed as the molecular basis of memory formation [START_REF] Collingridge | Memories of NMDA receptors and LTP[END_REF][START_REF] Eichenbaum | Learning from LTP: A comment on recent attempts to identify cellular and molecular mechanisms of memory[END_REF][START_REF] Izquierdo | Role of NMDA receptors in memory[END_REF][START_REF] Kim | Ubiquitous plasticity and memory storage[END_REF][START_REF] Lynch | Long-term potentiation and memory[END_REF], and data have accumulated to show that the expression and/or activity of NMDARs are impacted by age [START_REF] Billard | Ageing, hippocampal synaptic activity and magnesium[END_REF][START_REF] Ploux | D-serine in physiological and pathological brain aging[END_REF][START_REF] Samson | Impact of aging brain circuits on cognition[END_REF][START_REF] Foster | Phenylglycine analogs are inhibitors of the neutral amino acid transporters ASCT1 and ASCT2 and enhance NMDA receptor-mediated LTP in rat visual cortex slices[END_REF]. As such and because NMDAR modulation involves a mosaic of mechanisms, [START_REF] Paoletti | NMDA receptor subunit diversity: Impact on receptor properties, synaptic plasticity and disease[END_REF], they represent particular interest for researches seeking to offset age-related cognitive decline. In this context, it has been reported that sAPPα generated by the non-amyloidogenic pathway of the amyloid protein precursor promotes LTP facilitation [START_REF] Hick | Acute function of secreted amyloid precursor protein fragment APPsα in synaptic plasticity[END_REF][START_REF] Richter | Distinct in vivo roles of secreted APP ectodomain variants APPsα and APPsβ in regulation of spine density, synaptic plasticity, and cognition[END_REF][START_REF] Taylor | Endogenous secreted amyloid precursor protein-alpha regulates hippocampal NMDA receptor function, long-term potentiation and spatial memory[END_REF][START_REF] Ishida | Secreted form of beta-amyloid precursor protein shifts the frequency dependency for induction of LTD, and enhances LTP in hippocampal slices[END_REF][START_REF] Livingstone | Secreted Amyloid Precursor Protein-Alpha Enhances LTP Through the Synthesis and Trafficking of Ca(2+)-Permeable AMPA Receptors[END_REF][START_REF] Mockett | Glutamate Receptor Trafficking and Protein Synthesis Mediate the Facilitation of LTP by Secreted Amyloid Precursor Protein-Alpha[END_REF]. In addition, this APP fragment could rescue memory deficits and impaired LTP in aged rats [START_REF] Anderson | Reduced cerebrospinal fluid levels of alphasecretase-cleaved amyloid precursor protein in aged rats: Correlation with spatial memory deficits[END_REF][START_REF] Xiong | Secreted amyloid precursor protein-alpha can restore novel object location memory and hippocampal LTP in aged rats[END_REF][START_REF] Moreno | sAbetaPPalpha Improves Hippocampal NMDA-Dependent Functional Alterations Linked to Healthy Aging[END_REF][START_REF] Taylor | Endogenous secreted amyloid precursor protein-alpha regulates hippocampal NMDA receptor function, long-term potentiation and spatial memory[END_REF], but whether NMDAR contributes to the underlying molecular processes has yet to be defined [START_REF] Moreno | sAbetaPPalpha Improves Hippocampal NMDA-Dependent Functional Alterations Linked to Healthy Aging[END_REF][START_REF] Taylor | Endogenous secreted amyloid precursor protein-alpha regulates hippocampal NMDA receptor function, long-term potentiation and spatial memory[END_REF][START_REF] Furukawa | Secreted amyloid precursor protein alpha selectively suppresses N-methyl-D-aspartate currents in hippocampal neurons: Involvement of cycl.lic GMP[END_REF]. In fact, sAPPα initiates alternative mechanisms such as activation of nicotinic α7-nACh receptors [START_REF] Morrissey | A C-terminal peptide from secreted amyloid precursor protein-α enhances long-term potentiation in rats and a transgenic mouse model of Alzheimer's disease[END_REF][START_REF] Richter | Distinct in vivo roles of secreted APP ectodomain variants APPsα and APPsβ in regulation of spine density, synaptic plasticity, and cognition[END_REF] or changes in glutamate receptor trafficking and protein synthesis [START_REF] Livingstone | Secreted Amyloid Precursor Protein-Alpha Enhances LTP Through the Synthesis and Trafficking of Ca(2+)-Permeable AMPA Receptors[END_REF][START_REF] Mockett | Glutamate Receptor Trafficking and Protein Synthesis Mediate the Facilitation of LTP by Secreted Amyloid Precursor Protein-Alpha[END_REF] that could account for beneficial effects.

In the present study, we first show that sAPPα delivery facilitates NMDAR activation in adult mice, although with species differences, since threshold active concentration is higher than in rats (see [START_REF] Moreno | sAbetaPPalpha Improves Hippocampal NMDA-Dependent Functional Alterations Linked to Healthy Aging[END_REF][START_REF] Taylor | Endogenous secreted amyloid precursor protein-alpha regulates hippocampal NMDA receptor function, long-term potentiation and spatial memory[END_REF]). Second, our recordings indicate that the beneficial effect of the APP fragment on NMDAR is larger in aged than in adult mice, and that it consequently rescues the age-related impairment of functional plasticity at CA3/CA1 hippocampal synapses (see also [START_REF] Xiong | Secreted amyloid precursor protein-alpha can restore novel object location memory and hippocampal LTP in aged rats[END_REF][START_REF] Moreno | sAbetaPPalpha Improves Hippocampal NMDA-Dependent Functional Alterations Linked to Healthy Aging[END_REF] for aged rats). Finally, we show that the improving effect of sAPPα is blunted in SR-KO mice with a 90% decrease in D-serine levels [START_REF] Basu | Targeted disruption of serine racemase affects glutamatergic neurotransmission and behavior[END_REF][START_REF] Miya | Serine racemase is predominantly localized in neurons in mouse brain[END_REF][START_REF] Ploux | Serine Racemase Deletion Affects the Excitatory/Inhibitory Balance of the Hippocampal CA1 Network[END_REF], thus providing functional evidence for intrinsic NMDAR contribution in mechanisms of the facilitation. Indeed, NMDAR activation requires the binding of the coagonist D-serine on glycine sites present on GluN1 subunits concomitantly to the presence of glutamate on GluN2 subunits [START_REF] Traynelis | Glutamate receptor ion channels: Structure, regulation, and function[END_REF][START_REF] Paoletti | NMDA receptor subunit diversity: Impact on receptor properties, synaptic plasticity and disease[END_REF]. The weak effect of sAPPα in SR-KO mice therefore strongly suggests that the APP fragment promotes an increase in D-serine availability at synapses that, in addition to enhancing surface expression of GluN2B subunits [START_REF] Mockett | Glutamate Receptor Trafficking and Protein Synthesis Mediate the Facilitation of LTP by Secreted Amyloid Precursor Protein-Alpha[END_REF], facilitates NMDAR activation and LTP expression. Such mechanisms could also explain why sAPPα is more efficient in aged animals. Indeed, hippocampal aging is associated with a weaker occupancy of NMDAR glycine binding sites due to a decrease in D-serine levels [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] Potier | Contribution of the d-Serine-Dependent Pathway to the Cellular Mechanisms Underlying Cognitive Aging[END_REF][START_REF] Turpin | Reduced serine racemase expression contributes to age-related deficits in hippocampal cognitive function[END_REF] and a reduction of GluN2B subunits expression [START_REF] Bai | Changes in the expression of the NR2B subunit during aging in macaque monkeys[END_REF][START_REF] Brim | Memory in aged mice is rescued by enhanced expression of the GluN2B subunit of the NMDA receptor[END_REF][START_REF] Clayton | Deficits in the expression of the NR2B subunit in the hippocampus of aged Fisher 344 rats[END_REF][START_REF] Magnusson | Aging of glutamate receptors: Correlations between binding and spatial memory performance in mice[END_REF][START_REF] Magnusson | Age-related changes in the protein expression of subunits of the NMDA receptor[END_REF].

Different mechanisms may account for an increase in D-serine by sAPPα. It is reported that short-but not long-term exposure of rat hippocampal organotypic slice cultures to sAPPα elicits upregulation of many immediate early gene transcription factors, including AP-1 [START_REF] Ryan | Time-dependent changes in gene expression induced by secreted amyloid precursor protein-alpha in the rat hippocampus[END_REF], which targets the promoter of the D-serine synthesizing enzyme SR [START_REF] Wu | Induction of serine racemase expression and D-serine release from microglia by amyloid beta-peptide[END_REF]. Accordingly, transcriptional SR expression is promoted by the APP fragment that is associated with D-serine release [START_REF] Wu | Induction of serine racemase expression and D-serine release from microglia by secreted amyloid precursor protein (sAPP)[END_REF], though these effects have, as of yet, only been characterized in microglia cultures. Alternatively, increased oxidation [START_REF] Mustafa | Nitric oxide Snitrosylates serine racemase, mediating feedback inhibition of D-serine formation[END_REF] and/or changes in dimer active conformation [START_REF] Wang | Cross-linking of serine racemase dimer by reactive oxygen species and reactive nitrogen species[END_REF] by changes in redox status are thought to alter SR activity, especially in the aging brain in which potent oxidative stress occurs (see [START_REF] Billard | Changes in Serine Racemase-Dependent Modulation of NMDA Receptor: Impact on Physiological and Pathological Brain Aging[END_REF]). Considering that sAPPα activates signaling pathways that protect synapses against excitotoxicity linked to increased oxidation and impaired energy metabolism [START_REF] Hefter | APP as a Protective Factor in Acute Neuronal Insults[END_REF][START_REF] Mattson | Cellular actions of beta-amyloid precursor protein and its soluble and fibrillogenic derivatives[END_REF][START_REF] Mattson | Perturbed endoplasmic reticulum function, synaptic apoptosis and the pathogenesis of Alzheimer's disease[END_REF][START_REF] Mattson | Energetics and oxidative stress in synaptic plasticity and neurodegenerative disorders[END_REF], this antioxidative property may help sAPPα to optimize SR activity and D-serine production.

Our study provides additional information to consider the manipulation of the NM-DAR gating process by endogenous D-serine as a pertinent and selective strategy to prevent synaptic deregulation driving age-related cognitive defects. A similar conclusion was recently reached with D-isoleucine (D-Ile), which stimulates the activity of the Asc-1 subtype of neutral amino acid transporters, promoting neuronal D-serine release [START_REF] Rosenberg | Neuronal D-Serine and Glycine Release Via the Asc-1 Transporter Regulates NMDA Receptor-Dependent Synaptic Activity[END_REF]. Indeed, D-Ile delivered to hippocampal slices from aged rats also rescued LTP deficits [START_REF] Billard | Asc-1 transporter activation: An alternative to rescue age-related alterations in functional plasticity at rat hippocampal CA3/CA1 synapses[END_REF]. Because Dserine is specified as a major endogenous NMDAR coagonist mainly in cognitive-associated brain structures [START_REF] Basu | Targeted disruption of serine racemase affects glutamatergic neurotransmission and behavior[END_REF][START_REF] Fossat | Glial D-Serine Gates NMDA Receptors at Excitatory Synapses in Prefrontal Cortex[END_REF][START_REF] Bail | Identity of the NMDA receptor coagonist is synapse specific and developmentally regulated in the hippocampus[END_REF][START_REF] Li | Identity of endogenous NMDAR glycine site agonist in amygdala is determined by synaptic activity level[END_REF][START_REF] Papouin | Synaptic and Extrasynaptic NMDA Receptors Are Gated by Different Endogenous Coagonists[END_REF], its manipulation is therefore expected to help in improving solely related functions such as learning and memory without interfering with other NMDARdependent processes. In addition, it is worth notice that altering endogenous D-serine does not affect basal synaptic transmission mediated by the other subtypes of glutamate receptors, which also lowers the impact of the pharmacological manipulation on disturbing the overall brain activity. This is in contrast with the use of the partial agonist D-cycloserine (DCS) acting at NMDAR glycine-binding sites, which also rescues age-related defective memory function and impaired LTP [START_REF] Aura | Pre-training blocks the improving effect of tetrahydroaminoacridine and D-cycloserine on spatial navigation performance in aged rats[END_REF][START_REF] Baxter | D-cycloserine, a novel cognitive enhancer, improves spatial memory in aged rats[END_REF][START_REF] Billard | Deficit of NMDA receptor activation in CA1 hippocampal area of aged rats is rescued by D-cycloserine[END_REF]. Indeed, DCS at the same time reduces basal synaptic communication and enhances intrinsic neuronal excitability [START_REF] Donzis | D-cycloserine enhances both intrinsic excitability of CA1 hippocampal neurons and expression of activity-regulated cytoskeletal (Arc) protein[END_REF]100]. These adverse synaptic effects could explain why DCS delivery also promotes unexpected behavioral responses such as generation of episodic-like memory [101] or altered long-term memory consolidation [102].

Materials and Methods

All experiments were carried out in accordance with the European Communities Council Directive (63/2010) regarding the care and use of animals for experimental procedures and approved by the local ethical committee. The experiments were conducted with young adult (4-6 months) and aged C56Bl7 male mice (24-25 months) purchased from Janvier Labs (France), while young adult (4-6 months) SR-KO mice also with C56Bl7 background were kindly provided by Pr. H. Wolosker (Technion Institute of Technology, Israel). Mice were housed five to a Plexiglas cage and maintained on a controlled light-dark cycle, with constant temperature (22 ± 2 • C) and ad libitum access to food and water.

Hippocampal Slices Electrophysiology

Transverse hippocampal slices (400 µm) were prepared in aCSF and placed in a holding chamber for at least 60 min. The composition of aCSF was (in mM): NaCl 124, KCl 3.5, MgSO 4 1.5, CaCl 2 2.3, NaHCO 3 26.2, NaH 2 PO 4 1.2 and glucose 11 (pH 7.4). A single slice was transferred to the recording chamber and continuously submerged with aCSF pre-gassed with 95%O 2 /5%CO 2 mixture.

Extracellular recordings were obtained at room temperature from the apical dendritic layer of the CA1 area using glass micropipettes (2-5 MΩ) filled with 2 M NaCl. Presynaptic fiber volleys (PFVs) and non-N-methyl-D-aspartate receptor (NMDAR)-mediated field excitatory postsynaptic potentials (fEPSPs) were evoked at 0.1 Hz by electrical stimulation of Schaffer collaterals and commissural fibers located in the stratum radiatum to assess basal neurotransmission. The averaged slope of three PFVs and fEPSPs was measured using Win LTP software (WinLTP Ltd., Bristol, UK) [103,104]. To evaluate the level of synaptic efficacy at CA3/CA1 synapses, an index (I SE ) corresponding to fEPSP/PFV ratio was calculated. PFV and fEPSP slopes as well as I SE were plotted against stimulus intensity (300, 400 and 500 µA).

Paired-pulse facilitation (PPF) of basal synaptic transmission was induced by electrical stimulation of afferent fibers with paired pulse (interstimulus interval of 30 ms). PPF was calculated as the ratio of the slope of the second response over that of the first one.

Specific NMDAR-mediated fEPSPs were isolated in slices perfused with low-Mg 2+ (0.1 mM) aCSF containing the non-NMDAR (AMPA) antagonist 2,3-dioxo-6-nitro-1,2,3,4tetrahydrobenzoquinoxaline-7-sulfonamide (NBQX, 10 µM). Again, the fEPSP/PFV ratio was plotted against stimulus intensity (300, 400 and 500 µA) to assess the level of NMDAR activation.

Long-term potentiation (LTP) of synaptic transmission was investigated using thetaburst stimulation (TBS) paradigm. A test stimulus (0.1 Hz) was adjusted to obtain an fEPSP with a baseline slope of 0.1 V/s. The slope of three averaged fEPSPs was measured for 15 min before TBS delivery. The conditional stimulation consisted of 5 trains of four pulses at 100 Hz separated by 200 ms. This sequence was repeated three times with an interburst interval of 10 s. Testing with a single pulse was then resumed for 60 min after the conditioning stimulation to determine the level of stable potentiation.

Preparation of Recombinant sAPPα

Recombinant sAPPα was kindly provided by Drs. C. Rose and B. Allinquant and prepared as previously described [105]. A DNA fragment harboring the coding sequence for sAPPα was first generated by PCR amplification of a plasmid encoding for human APP695. The forward primer (Eurofins MWG Operon, Ebersberg, Germany) was 5 -ACTGTCGACTATGCTGCCCGGTTTGGCA-3 containing a Sal1 restriction site, and the reverse primer was 5 -CAGCGGCCGCTTTTTGATGATGAACTTC-3 containing a Not1 restriction site. The amplified DNA were cloned into pGEX-6P-2 (GE Healthcare, Buc, France) containing a PreScission Protease sequence upstream to the Sal1 restriction site for cleaving the GST tag from the fused protein. The generated plasmids were sequenced.

The plasmid was then transformed into an E. coli strain BL21pLysS (Invitrogen, Ther-moFisher scientific, Waltham, MA, USA). The transformed cells were grown in 25 mL of YT broth medium containing 100 µg/mL ampicilline at 37 • C for 16 h then diluted 1/10 in the same medium and grown to an absorbance of 0.3 at 600 nm. Proteins encoded by the plasmids were induced by addition of isopropyl-β-D-thiogalactopyranoside (IPTG) to achieve a final concentration of 0.1 mM, which was then incubated for an additional 3 h at 20 • C. The bacteria were then collected by centrifugation, resuspended in 5 mL of phosphate buffer saline (PBS) containing 0.2 mg/mL lysozyme and 5 mM dithiothreitol, and lysed with a sonicator 1 min at 4 • C. Triton X100 1% was added, and the mixture was stirred gently for 2 h at 4 • C and then centrifuged 15 min at 14,000× g at 4 • C. The supernatants were added to a glutathione-sepharose column equilibrated with binding buffer. After washings, proteins were eluted from the glutathione-sepharose beads with PreScission Protease (GE Healthcare) at 4 • C during 24 h, according to the manufacturer's instructions. The recombinant protein was analyzed by SDS-PAGE for its respective MW and checked by immunoblot using the N-terminal APP antibody (MAB 348, Chemicon International, Sigma Aldrich Chimie, Sarl, Saint-Quentin Fallavier, France) and the C-terminal specific sAPPα antibody (6E10, Signet, Gentaur, France) that did not recognize the sAPPβ.

Pharmacology

In all electrophysiological experiments, the recombinant sAPPα was perfused at the final concentration of 0.1 nM or 1 nM for least 15 min before the start of the recording to ensure large diffusion of the peptide in tissues and full expression of the effects. NBQX required to isolate specific NMDAR-mediated synaptic potentials (ref 1044) was purchased from Tocris biosciences® (Noyal Chatillon sur Seiche, France).

Data Analysis

All results are expressed as the mean ± S.E.M. After control of data normality (Shapiro-Wilk test), one-way ANOVA was used to assess the significance of age-related changes in basal neurotransmission, PPF or isolated NMDAR activation, while sAPPα age-related effects were determined using paired t-tests. The significance of LTP expression was assessed by comparing the 15 min of baseline recordings with values recorded between 45 and 60 min after the TBS, while the sAPPα-related effects were estimated by comparing the last 15 min of recordings. p values were calculated using multivariate analysis of variance followed by Tukey's post hoc tests (StatView software) to account for the correlations inherent to repeated measures. In all cases, differences were considered significant when p < 0.05.
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 22 Figure 2. sAPPα rescues the age-related deficit of theta-burst-induced long-term potentiation. (A) Time-course comparison of theta-burst stimulation (TBS)-induced LTP in adult (10 slices/7 mice) and aged (12 slices/8 mice) animals in the control aCSF (* for p < 0.05 compared to adult mice twoway ANOVA in 15 last minutes and Bonferroni multiple comparisons test). In the insert are superimposed traces of fEPSPs recorded before and 60 min after TBS in an adult and aged mouse. (B) Time-course comparison of TBS-induced LTP in adult (10 slices/5 mice) and aged (10 slices/7 mice) mice in aCSF supplemented with sAPPα (0.1 nM). In the insert are superimposed traces of fEPSPs recorded before and 60 min after TBS in an adult and aged mouse (bars: 20 ms and 0.5 mV).

Figure 3 .

 3 Figure 3. Basal neurotransmission is not affected by sAPPα. (A) Comparison of the index of synaptic efficacy (I SE ) corresponding to the fEPSP/PFV slope ratio of non-NMDAR-mediated synaptic potentials plotted against current intensity in adult (12 slices/7 mice) and aged animals (11 slices/8 mice) (** for p < 0.01 compared to adult mice one-way ANOVA). In the insert are superimposed representative traces of non-NMDAR-mediated fEPSPs obtained at 400 µA stimulation intensity. (B) Bar graphs illustrating the effects of sAPPα (0.1 nM) on I SE of nonNMDAR-mediated fEPSPs in adult mice. (C) Bar graphs illustrating the effects of sAPPα (0.1 nM) on I SE of non-NMDAR-mediated fEPSPs in aged mice. (D) Comparison of the I SE calculated in slices from adult and aged mice plotted against current intensity in sAPPα-supplemented aCSF (** for p < 0.001 compared to adult mice one-way ANOVA).
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 44 Figure 4. sAPPα-related improvement of NMDAR activation is lowered in SR-KO mice. (A) Bar graphs illustrating the effects of sAPPα (1 nM) on ISE of NMDAR-mediated fEPSPs in 14 slices from
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