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Astrocytes: orchestrating synaptic plasticity?
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Synaptic!plasticity!is!the!capacity!of!a!preexisting!connection!between!two! neurons!to!change!in!strength!as!a!function!of!neural!activity.!Because!synaptic! plasticity! is! the! major! candidate! mechanism! for! learning! and! memory,! the! elucidation! of! its! constituting! mechanisms! is! of! crucial! importance! in! many! aspects! of! normal! and! pathological! brain! function.! In! particular,! a! prominent! aspect!that!remains!debated!is!how!the!plasticity!mechanisms,!that!encompass!a! broad! spectrum! of! temporal! and! spatial! scales,! come! to! play! together! in! a! concerted! fashion.! Here! we! review! and! discuss! evidence! that! pinpoints! to! a! possible! nonPneuronal,! glial

Introduction

A! fundamental! property! of! synapses! is! that! they! transmit! signals! between! neurons! in! an! everPchanging! manner.! In! particular,! the! effect! of! a! synaptically! transmitted! signal! from! one! neuron! to! another! neuron! can! vary! greatly! 14! 2003)!and!inhibitory!synapses! [START_REF] Benedetti | ! Astrocytes! control! GABAergic!inhibition!of!neurons!in!the!mouse!barrel!cortex[END_REF][START_REF] Kang | !AstrocytePmediated! potentiation!of!inhibitory!synaptic!transmission[END_REF]!Liu!et!al.,! 2004a,! 2004b[START_REF] Brockhaus | ! LongPlasting! modulation! of! synaptic! input! to! Purkinje! neurons! by! Bergmann! glia! stimulation! in! rat! brain! slices[END_REF].! As! a! result,! synapses! whose! release!probability!is!increased!by!astrocytic!gliotransmitters,!show!a!reduction! in! their! pairedPpulse! ratio! [START_REF] Bonansco | !Glutamate!released!spontaneously!from!astrocytes!sets!the!threshold! for!synaptic!plasticity[END_REF][START_REF] Jourdain | ! Glutamate! exocytosis!from!astrocytes!controls!synaptic!strength[END_REF],! that! is! the!ratio!of!the!second!over!the!first!postsynaptic!current!triggered!by!a!pair!of! properlyPtimed!pulses!delivered!presynaptically! [START_REF] Zucker | ! ShortPterm! synaptic! plasticity[END_REF].!On! the! contrary,! synapses! whose! release! probability! is! decreased! by! gliotransmission!are!prone!to!display!an!increase!of!the!pairedPpulse!ratio! (Liu!et! al.,! 2004b).! These! results! can! be! explained! recalling! that! synaptic! release! probability! dictates! how! fast! synaptic! neurotransmitter! resources! are! to! be! depleted! [START_REF] Zucker | ! ShortPterm! synaptic! plasticity[END_REF].! Thus,! synapses! with! release! probability! increased! by! gliotransmission! are! likely! to! run! out! faster! of! neurotransmitter,! exhibiting!rapid!onset!of!shortPterm!depression!and!thus!lower!values!of!pairedP pulse! ratio.! On! the! contrary,! synapses! whose! release! probability! is! reduced! by! gliotransmission,! deplete! their! neurotransmitter! resources! slower! and! may! exhibit! frequencyPdependent! facilitation! consistent! with! large! values! of! pairedP pulse!ratio! [START_REF] Dittman | ! Interplay! between! facilitation,! depression,! and! residual! calcium! at! three! presynaptic! terminals[END_REF].!! Both! glutamate! and! purine! presynaptic! receptors! are! known! targets! of! gliotransmitters,! yet! their! differential! recruitment! likely! depends! on! developmental,! regional! and! physiological! factors! (reviewed! in! De! Pittà! et! al.! (2012)).! Several! experiments! by! a! few! groups! have! however! questioned! the! capacity!of!astrocytes!to!induce!gliotransmitterPdependent!synaptic!modulation! on! a! physiological! basis! [START_REF] Agulhon | ! Hippocampal! shortP! and! longPterm!plasticity!are!not!modulated!by!astrocyte!Ca 2+ !signalling[END_REF][START_REF] Fiacco | !Selective!stimulation!of!astrocyte!calcium!in!situ!does! not!affect!neuronal!excitatory!synaptic!activity[END_REF][START_REF] Lovatt | ! Neuronal! adenosine! release,! and! not! astrocytic! ATP! release,! mediates! feedback! inhibition! of! excitatory! activity[END_REF][START_REF] Petravicz | ! Loss! of! IP3! receptorP dependent!Ca 2+ !increases!in!hippocampal!astrocytes!does!not!affect!baseline!CA1! pyramidal!neuron!synaptic!activity[END_REF].! Indeed! both! stimulation! [START_REF] Agulhon | ! Hippocampal! shortP! and! longPterm!plasticity!are!not!modulated!by!astrocyte!Ca 2+ !signalling[END_REF][START_REF] Fiacco | !Selective!stimulation!of!astrocyte!calcium!in!situ!does! not!affect!neuronal!excitatory!synaptic!activity[END_REF]! and! removal! by! genetic! tools! [START_REF] Petravicz | ! Loss! of! IP3! receptorP dependent!Ca 2+ !increases!in!hippocampal!astrocytes!does!not!affect!baseline!CA1! pyramidal!neuron!synaptic!activity[END_REF]
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inositol! 1,4,5Ptrisphospate!(IP3)Pdependent! astrocytic!Ca 2+ ! signaling,! thought! to! be!the!main!trigger!of!gliotransmitter!release,!were!reported!by!these!groups!to! not! affect! synaptic! transmission.! In! parallel,! the! astrocytic! origin! of! purinergic! synaptic! modulation! has! been! questioned! in! light! of! a! possible! neuronal! origin! for!the!purines!responsible!for!it! [START_REF] Fujita | !Neuronal!transgene!expression!in!dominantP negative!SNARE!mice[END_REF][START_REF] Lovatt | ! Neuronal! adenosine! release,! and! not! astrocytic! ATP! release,! mediates! feedback! inhibition! of! excitatory! activity[END_REF].!While! several! explanations! for! these! seemingly! contradictory! results! exist! (Araque! et! al.,!2014;[START_REF] Nedergaard | ! Artifact! versus! reality: how! astrocytes!contribute!to!synaptic!events[END_REF]!Volterra!et!al.,!2014),!overall!they! suggest! that! synaptic! modulation! by! gliotransmitters! is! not! a! straightforward! process,! but! rather! likely! requires! specific! conditions! to! occur! (Araque! et! al.,! 2014).!In!particular,!one!may!predict!that,!to!detect!a!change!in!synaptic!release! probability! mediated! by! the! astrocyte,! a! sufficient! number! of! presynaptic! receptors! must! be! recruited! for! a! sufficient! time! by! gliotransmitter! molecules,! which! would! only! be! possible! if! enough! gliotransmitter! is! made! available! extracellularly! by! the! astrocyte.! Theoretical! calculations! support! the! possibility! that! a! single! quantal! release! of! gliotransmitter,! like! glutamate! for! example,! is! sufficient! to! activate! presynaptic! receptors! [START_REF] Hamilton | ! Do! astrocytes! really! exocytose! neurotransmitters?![END_REF].! Yet,! possibly!many!quanta!of!glutamate!are!released!at!once!in!a!burstPlike!fashion!to! allow! this! transmitter! escape! reuptake! by! astrocytic! transporters! and! functionally! activate! presynaptic! receptors! (Santello! et! al.,! 2011).! On! the! other! hand,! once! released! into! the! extracellular! space,! glutamate,! and! so! other! gliotransmitters,!may!also!be!cleared!by!diffusion! [START_REF] Montana | ! Vesicular!transmitter!release!from!astrocytes[END_REF]!and/or! enzymatic! degradation! [START_REF] Abbracchio | ! Purinergic! signalling! in! the! nervous! system:! an! overview[END_REF] [START_REF] Marchaland | ! Fast! Subplasma! Membrane! Ca2+! Transients! Control! ExoP Endocytosis!of!SynapticPLike!Microvesicles!in!Astrocytes[END_REF]! Pasti! et! al.,! 2001a).! In! this! respect,! it! must! be! emphasized! that! is! not! just! the! entity! but! also! the! frequency! of! astrocytic!Ca 2+ !elevations!that!can!dictate!the!number!of!gliotransmitter!release! events!and!therefore!their!synaptic!efficacy! (Araque!et!al.,!2014;!Volterra!et!al.,! 2014).! 

Theoretical!arguments!support!the!existence!of!a!threshold!in!the!rate!of! gliotransmitter! release! able! to! induce! a! change! of! synaptic! plasticity! and! allow! the!identification!of!a!number!of!conditions!necessary!to!reach!such!a!threshold! (Modelling!Box).!These!conditions!are!illustrated!in!Figure!2!where!the!threshold! rate! is! color! mapped! as! a! function! of! the! resting! release! probability!(b)! of!
! release!(Figure!2E).! Thus,! if! a! perisynaptic! astrocytic! process! is! not! sufficiently! close! to! the! presynaptic! terminal,! one! may! expect! that! the! majority! of! gliotransmitter! is! cleared! away! before! it! reaches! presynaptic! receptors.!This!could!explain!why,!for!example,!gliotransmitterPmediated!shortP term! potentiation! of! hippocampal! synapses! is! no! longer! observed! after! LTPP induced! retraction! of! perisynaptic! astrocytic! processes! (PerezPAlvarez! et! al.,! 2014 
).! On! the! other! hand,! in! some! hippocampal! or! cerebellar! regions,! where! astrocytic! ensheathment! of! synapses! was! reported! to! be! mainly! postsynaptic! [START_REF] Lehre | ! Asymmetry! of! glia! near! central! synapses! favors!presynaptically!directed!glutamate!escape[END_REF],!dynamic!reshaping!of!astrocytic!processes!could!be! speculated!to!allow!also!for!the!opposite!phenomenon:!i.e.,!the!appearance!and! fine! tuning! of! gliotransmitterPmediated! modulations! of! shortPterm! plasticity! in! an!activityPdependent!fashion! (Bernardinelli!et!al.,!2014b;[START_REF] Lavialle | ! Structural! plasticity! of! perisynaptic! astrocyte! processes! involves! ezrin! and! metabotropic!glutamate!receptors[END_REF].!

The! interplay! between! multiple! forms! of! shortPterm! plasticity! has! profound!influence!on!synaptic!strength!and!critically!shapes!how!synapses!filter! and! transmit! action! potentials! [START_REF] Dittman | ! Interplay! between! facilitation,! depression,! and! residual! calcium! at! three! presynaptic! terminals[END_REF][START_REF] Fortune | !ShortPterm!synaptic!plasticity!as!a!temporal! filter[END_REF]! Markram! et! al.,! 1998a for! synaptic! modification,! according! to! which! the! threshold! for!LTP! vs.!LTD! induction!depends!on!postsynaptic!activity! [START_REF] Bienenstock | ! Theory! for! the! development! of! neuron! selectivity:! orientation! specificity! and! binocular! interaction!in!visual!cortex[END_REF].!Inasmuch! as! astrocytic! gliotransmission! could! modulate! such! activity,! then! it! could! also! change!this!threshold!and!thus!be!involved!in!metaplasticity! [START_REF] Hulme | ! Mechanisms! of! heterosynaptic! metaplasticity[END_REF].! purinergic! gliotransmission! (Halassa! et! al.,! 2009;[START_REF] Pascual | ! Astrocytic! Purinergic! Signaling! Coordinates! Synaptic! Networks[END_REF][START_REF] Schmitt | ! Wakefulness! affects! synaptic! and! network! activity! by! increasing! extracellular! astrocytePderived! adenosine[END_REF]!Zhang!et!al.,!2003).!On!the!other!hand,!in!this!scenario,!larger!firing!rates! may!effectively!be!invoked!to!assure!reliable!transmission!against!the!reduction! in! release! probability! that! is! concomitant! with! the! decrease! of! shortPterm! depression! at! these! synapses! [START_REF] Abbott | ! Synaptic! computation[END_REF].! There! are! cases,! however,!where!this!increase!of!firing!is!undesirable,!such!as!during!wakefulness! when!the!brain!energy!demand!is!high!due!to!learning,!but!resources!are!limited! [START_REF] Buzsáki | ! Homeostatic! maintenance! of! neuronal! excitability! by! burst! discharges! in' vivo[END_REF][START_REF] Tononi | !Sleep!function!and!synaptic!homeostasis.!Sleep[END_REF].! This! scenario! could! be! (Del! Castillo! and! Katz,! 1954).! The! probability!p,! on! the! other! hand,! may! be! computed!as!the!product!of!the!probability!x!that!a!neurotransmitterPcontaining! synaptic!vesicle!that!is!available!for!release!by!the!probability!u!that!such!vesicle! could! be! docked! and! thus! be! effectively! released,! i.e.!p!=!u'x! [START_REF] Südhof | !The!synaptic!vesicle!cycle[END_REF][START_REF] Zucker | ! ShortPterm! synaptic! plasticity[END_REF].! Following! (Tsodyks! et! al.,! 1998),! the! average! temporal! evolution! of!u! and!x! as! a! function! of! the! instantaneous! rate!ν(t)! of! incoming! action! potentials! may! be! described! by! the! simple! set! of! ordinary! differential!equations! reverse the outcome of plasticity, but this would also depend on the exact induction stimulus.

In!agreement!with!this!prediction,!in!situations!of!morphological!plasticity!when! the! astrocytic! coverage! of! synapses! is! reduced,! the! extracellular! levels! of!DP serine! get! diluted,! causing! a! decreased!NMDAR! activation! which! transforms! stimuli!expected!to!cause!LTP!into!stimuli!that!elicit!LTD!instead!(Panatier!et!al.,! 2006).! An! important! question! in! the! induction! of! activityPdependent! longPterm! plasticity! is! whether! the! temporal! requirements! of!STDP! can! be! satisfied! in! physiological!conditions!(Caporale!
d u d t = b -u τ f + b(1-u)⋅ν(t) d x d t = 1-x τ d -u ⋅ x ⋅ν(t)
ψ θ = b θ -b a (b -b θ )τ a + J(α -b θ )τ g ⎡ ⎣ ⎤ ⎦ ! Because! it! must! be!ψ θ ≥ 0 ,!
In these conditions indeed, only some portions of the stimulus could induce, or even enhance LTP, as in the case without gliotransmission (green asterisk), but this potentiation could be canceled by subsequent pre/post spikes. Consequently, no net plastic change could be observed (black asterisk), and further stimulation would be required to induce any potentiation (rightmost panels for t > 3 s). B Short-term depression was implemented as described in the Modeling Box with a basal synaptic release probability of 0.9. C The Van Vreeswijk, C., Abbott, L.F., and Ermentrout, B.G. (1994). When inhibition not excitation synchronizes neural firing. J Comput Neurosci 1, 313-321. [START_REF] Zucker | ! ShortPterm! synaptic! plasticity[END_REF]. Short-term synaptic plasticity. Annu Rev Physiol 64, 355-405. 

  the! synapse! and! the! ratio! between! the! time! constants! for! facilitation! and! depression!(τf!/!τd).! In! these! maps,! a! change! of! shortPterm! plasticity! from! predominant! frequencyPdependent! facilitation! to! depression! (or! vice! versa)! corresponds!to!an!increase!(decrease)!of!b!beyond!the!whitePdashed!threshold!at! fixed!τf!/!τd!(Figures!2A,B).! It! may! be! seen! in! particular! that! three! factors! could! critically! control! whether! or! not! a! synapse! could! be! effectively! modulated! by! astrocytic! gliotransmitters:!(1)!the! capacity! of! the! astrocyte! for! efficient! gliotransmission,! as! reflected! by! a! rate! of! reintegration! of! releasable! gliotransmitter! resources! sufficiently! fast! to! avoid! their! usePdependent! depletion!(Figure!2C);!(2)!the!type!of!the!presynaptic!receptors!available!and,!in! particular,!the!dynamics!of!their!downstream!signaling!responsible!for!synaptic! release! modulation:! the! slower! this! signaling! evolves! with! respect! to! the! time!scale!of!shortPterm!plasticity,!the!more!detectable!the!modulation! is!(Figure!2D);! and!(3)!how! likely! the! gliotransmitter! is! to! reach! and! activate! presynaptic! receptors,! considering! the! receptors'! affinity! to! bind! gliotransmitters,!clearance!of!the!gliotransmitters!in!the!extracellular!space,!and! how! easily! accessible! presynaptic! receptors! are! with! respect! to! the! site! of! gliotransmitter

  postsynapticallyPderived! endocannabinoids! by! intracellular!Ca 2+ ! elevation,! release! in! turn! glutamate,! and! mediate! thereby! activation! of! presynaptic!NMDARs!necessary!for!tLTD!induction!(Min!and!Nevian,!2012).!This! scenario!opens!to!the!possibility!that!astrocytes!are!critically!involved!in!barrel! cortex! sensory! map! plasticity,! for! which!tLTD! is! regarded! as! a! key! mechanism! during!development![START_REF] Feldman | ! Synaptic! mechanisms! for! plasticity! in! neocortex[END_REF][START_REF] Li | ! Endocannabinoid! signaling! is! required! for! development! and! critical! period!plasticity!of!the!whisker!map!in!somatosensory!cortex[END_REF].!The! other! pathway! whereby! gliotransmitters! could! mediate! longPterm! plasticity! is! postsynaptic,! via! regulation! of! either! the! number! or! the! efficacy! of! receptor! channels![START_REF] Bains | !Glia:!they!make!your!memories!stick!![END_REF].! In! behaving! mice,! for! example,! the! decrease! of!AMPA! receptors!(AMPARs)! by! cannabinoidPinduced!LTD! at! hippocampal! glutamatergic! synapses,! requires!CB1R! expression! in! astrocytes! and!CB1RPmediated! glutamatergic! gliotransmission![START_REF] Han | ! Acute! cannabinoids! impair! working! memory! through! astroglial! CB1! receptor! modulation!of!hippocampal!LTD[END_REF].! In! the! hypothalamic! paraventricular! nucleus! instead,! adrenergic! stimulation! of!ATP! release! from! astrocytes! results! in!LTP! of! glutamatergic! synapses! onto! magnocellular!secretory!neurons![START_REF] Gordon | !Norepinephrine!triggers!release!of!glial!ATP!to! increase!postsynaptic!efficacy[END_REF].!This!pathway!is!mediated! by! postsynaptic!P2X! channels! which! likely! promote!AMPAR! insertion! through! activation! of! phosphatidylinositol!3Pkinase![START_REF] Gordon | !Norepinephrine!triggers!release!of!glial!ATP!to! increase!postsynaptic!efficacy[END_REF],! akin! of!LTP! occurring! in! other! brain! regions![START_REF] Baxter | ! Phosphatidylinositol! 3! kinase! activation! and! AMPA! receptor! subunit! trafficking! underlie! the! potentiation! of! miniature! EPSC! amplitudes! triggered! by! the! activation! of! LPtype! calcium! channels[END_REF][START_REF] Kelly | !LongPterm!potentiation!in!dentate!gyrus!of!the! rat! is! inhibited! by! the! phosphoinositide! 3-kinase! inhibitor,! wortmannin[END_REF][START_REF] Qin | ! StatePdependent! Ras! signaling! and! AMPA! receptor! trafficking[END_REF][START_REF] Raymond | ! The! phosphoinositide! 3P kinase! and! p70! S6! kinase! regulate! longPterm! potentiation! in! hippocampal! neurons[END_REF].! Finally,! in! the! immature! cerebellum,! activityPdependent!LTD! of! synapses! between! parallel! fiber! and! Purkinje! neurons! requires!DPserine! release! from! Bergmann! glia,! astrocytePlike! cells! of! this! region![START_REF] Kakegawa | !DPSerine!regulates!cerebellar! LTD! and! motor! coordination! through! the! δ2! glutamate! receptor[END_REF].! In! this! specific! system,!DPserine! activates! postsynaptic!δ2! glutamate! receptors,! thereby! causing! internalization! of!AMPARs!and!thus!LTD.! of!DPserinergic! gliotransmission! in! the! mediation! of! longPterm! plasticity! is! not! restricted! to! the! cerebellum,! however,! although!DP serine! may! act! via! different! mechanisms! in! different! areas! or! at! different! developmental! stages![START_REF] Bains | !Glia:!they!make!your!memories!stick!![END_REF].! Notably,!DPserine,! most! likely! secreted! from! astrocytes,! is! recognized! as! one! of! the! major! coPagonists! of! postsynaptic!NMDARs!at!many!excitatory!synapses![START_REF] Mothet | !DPserine!is!an!endogenous!ligand!for!the! glycine!site!of!the!NPmethylPDPaspartate!receptor[END_REF][START_REF] Papouin | ! Synaptic! and! extrasynaptic! NMDA! receptors! are! gated! by! different! endogenous! coagonists[END_REF][START_REF] Schell | ! DPserine,! an! endogenous! synaptic!modulator:!localization!to!astrocytes!and!glutamatePstimulated!release[END_REF][START_REF] Yang | ! Contribution! of! astrocytes! to! hippocampal! longPterm! potentiation! through! release!of!DPserine[END_REF].!In!this!fashion,!by!controlling! the! level! of! activation! of! these! receptors,! DPserinergic! gliotransmission! could! critically! mediate!NMDARPdependent!LTP!(Mothet! et! al.,! 2006;[START_REF] Panatier | !GliaPderived!DPserine!controls!NMDA!receptor!activity!and! synaptic!memory[END_REF][START_REF] Yang | ! Contribution! of! astrocytes! to! hippocampal! longPterm! potentiation! through! release!of!DPserine[END_REF]! and!LTD![START_REF] Zhang | ! BellPshaped! DPserine! actions! on! hippocampal! longPterm! depression! and! spatial! memory! retrieval[END_REF].! DPserine! release! from! astrocytes! was! indeed! shown! to! be! necessary! for!LTP! of! synapses! in! the! hippocampus![START_REF] Henneberger | ! LongPterm! potentiation! depends! on! release! of! DPserine! from! astrocytes[END_REF][START_REF] Lópezphidalgo | ! Nicotine! uses! neuronPglia! communication! to! enhance! hippocampal! synaptic! transmission! and! longPterm! memory[END_REF][START_REF] Yang | ! DPserine! enhances! impaired!longPterm!potentiation!in!CA1!subfield!of!hippocampal!slices!from!aged! senescencePaccelerated!mouse!prone/8[END_REF][START_REF] Yang | ! Contribution! of! astrocytes! to! hippocampal! longPterm! potentiation! through! release!of!DPserine[END_REF]),! hypothalamus![START_REF] Panatier | !GliaPderived!DPserine!controls!NMDA!receptor!activity!and! synaptic!memory[END_REF],! prefrontal![START_REF] Fossat | ! Glial! DPserine! gates! NMDA! receptors!at!excitatory!synapses!in!prefrontal!cortex[END_REF]!and!sensory!cortex![START_REF] Takata | !Astrocyte!calcium!signaling!transforms!cholinergic!modulation! to!cortical!plasticity!in'vivo[END_REF].!! !The!hitherto!reviewed!studies!suggest!that!at!synapses,!most!notably!in! the! hippocampus,! multiple! gliotransmitter! pathways! (e.g.! glutamate! and!DP serine)! could! coexist,! potentially! underpinning! different! plasticity! mechanisms![START_REF] Henneberger | ! LongPterm! potentiation! depends! on! release! of! DPserine! from! astrocytes[END_REF][START_REF] Lópezphidalgo | ! Nicotine! uses! neuronPglia! communication! to! enhance! hippocampal! synaptic! transmission! and! longPterm! memory[END_REF][START_REF] Navarrete | ! Astrocytes! mediate! in! vivo! cholinergicPinduced! synaptic!plasticity[END_REF][START_REF] Perea | ! Astrocytes! potentiate! transmitter! release! at! single!hippocampal!synapses[END_REF].! What! are! then! the! possible! conditions! for! the! occurrence! of! one! mechanism! with! respect! to! the! other?! Although! several! arguments!suggest!a!dependence!on!functional!and!morphological!specificity!of! the! coupling! of! synaptic! terminals! with! perisynaptic! astrocytic! processes!(Araque! et! al.,! 2014),! the! very! nature! of! the! plasticityPinducing! stimulus! could! also! be! crucial![START_REF] Ben! Achour | ! Is! astrocyte! calcium!signaling!relevant!for!synaptic!plasticity?!Neuron![END_REF]! Min! et! al.,! 2012).! Different! patterns! of! synaptic!activity!could!indeed!release!different!factors!that!activate!astrocytes!in! ! manner![START_REF] Perea | ! Properties! of! synaptically! evoked! astrocyte! calcium! signal! reveal! synaptic! information! processing! by! astrocyte[END_REF],! thus! resulting! in! different!Ca 2+ ! patterns! that! could! associate! with! different! modes! of! gliotransmission!(Pasti! et! al.,! 2001b;[START_REF] Shigetomi | !Two!forms! of! astrocyte! calcium! excitability! have! distinct! effects! on! NMDA! receptorP mediated!slow!inward!currents!in!pyramidal!neurons[END_REF].! Recent! experiments! in! vivo! showed,! for! example,! that! induction! of!LTP! by! cholinergic! innervations! in! the! hippocampus![START_REF] Navarrete | ! Astrocytes! mediate! in! vivo! cholinergicPinduced! synaptic!plasticity[END_REF],! somatosensory![START_REF] Takata | !Astrocyte!calcium!signaling!transforms!cholinergic!modulation! to!cortical!plasticity!in'vivo[END_REF]! and! visual! cortex![START_REF] Chen | ! Nucleus! basalis! enabled! stimulus! specific! plasticity! in! the! visual! cortex! is! mediated!by!astrocytes[END_REF],!is!subordinated!to!the!stimulation!of!astrocytic!Ca 2+ !signaling! by! these! very! innervations.! However,! because! cholinergic! afferents! to! each! of! these! brain! regions! are! different,! this! could! possibly! account! for! the! different! gliotransmitters! mediating! such!LTP:! DPserine! in! the! somatosensory! cortex![START_REF] Takata | !Astrocyte!calcium!signaling!transforms!cholinergic!modulation! to!cortical!plasticity!in'vivo[END_REF]!and!glutamate!in!the!hippocampus![START_REF] Navarrete | ! Astrocytes! mediate! in! vivo! cholinergicPinduced! synaptic!plasticity[END_REF].!The! essential! requirement! for! Hebbian! plasticity! is! associativity,! that! is! the! correlation! between! preP! and! postsynaptic! activities![START_REF] Gerstner | ! Mathematical! formulations! of! Hebbian! learning[END_REF][START_REF] Hebb | ! The! organization! of! behavior:! A! neuropsychological! theory![END_REF].!Remarkably,!participation!of!gliotransmission!to!the!onset!of! plasticity,! as! seen! in! all! the! above! studies,! makes! synaptic! associativity! a! condition! necessary! but! no! longer! sufficient,! since! astrocytic!Ca 2+ ! activation! would! also! be! needed! for! longPterm! plastic! changes! of! synaptic! strength.! Intriguingly,!the!inclusion!of!astrocyte!signaling!in!Hebbian!plasticity!is!expected! to! add! nonlinearity! to! associativity.! Associativity! depends! on! postsynaptic! membrane! potential![START_REF] Lisman | !Postsynaptic!depolarization!requirements!for! LTP! and! LTD:! a! critique! of! spike! timingPdependent! plasticity[END_REF][START_REF] Sjöström | !Dendritic!excitability! and!synaptic!plasticity[END_REF])! whose! value!is!a!function!-!among!other!factors!-!of!the!timing!and!amplitude!of!EPSPs![START_REF] Caporale | ! Spike! timingPdependent! plasticity:! a! Hebbian! learning!rule[END_REF],! and! these! latter! could! be! modulated! by! gliotransmission,!acting!either!preP!or!postsynaptically!in!an!activityPdependent,! nonlinear! fashion!(Perea! et! al.,! 2009b).! Accordingly,! it! would! be! interesting! to! characterize! how! this! additional! nonlinearity! could! ultimately! shape! synaptic! learning!rules![START_REF] Brea | ! Matching! recall! and! storage! in! sequence!learning!with!spiking!neural!networks[END_REF][START_REF] Portoppazos | ! Artificial! astrocytes! improve! neural! network! performance[END_REF][START_REF] Wade | ! Bidirectional! coupling! between! astrocytes! and! neurons! mediates! learning! and! dynamic! coordination! in! the! brain:! a! multiple! modeling! approach[END_REF].! ! ! 23! An! interesting! prediction! comes! from! the! consideration! of! the!BCM! rule!

  Figures! 4C,D).! Moreover,! additional! stimulation! could! be! required! (rightmost!

  conciliated!by!the!observation!of!a!further!mechanism!whereby!gliotransmission! may! modify! synaptic! plasticity.! At! synapses! in! the! barrel! cortex,! the! tonic! activation! of! presynaptic!A1! receptors!(A1Rs)! by! astrocytePderived! adenosine,! may! directly! promote! postsynaptic!NMDAR! insertion! through! a! sarcoma! protoP oncogene! tyrosinePprotein!(Src)!kinasePdependent! pathway![START_REF] Deng | ! Astrocytic! activation! of! A1! receptors! regulates! the! surface! expression! of! NMDA! receptors! through!a!Src!kinase!dependent!pathway[END_REF].! In!this!fashion,!the!decrease!in!synaptic!release!due!to!A1R!activation!would!be! counteracted,! at! least! partly,! by! an! increase! of! postsynaptic!NMDA! currents.! Consequently,! lower! presynaptic! rates! would! be! needed! to! make! the! postsynaptic! neuron! fire! despite! the! low! reliability! of! the! synapse.! This! would! ultimately! ensue! in! shorter! latency! of! postsynaptic! vs.! presynaptic! firing,! favoring! learning! by!tLTP! while! keeping! low! steadyPfiring! rates![START_REF] Abbott | !Synaptic!plasticity:!taming!the!beast[END_REF],!and!so!the!energy!demand![START_REF] Fellin | ! Astrocyte! regulation! of! sleep! circuits:! experimental! and! modeling! perspectives[END_REF].!ConclusionsIndividual! synapses! are! embedded! in! complex! circuits! in! which! many! forms! of! plasticity! operate.! Multiple! distinct! mechanisms! of! plasticity! may! take! place!at!the!same!synapse,!or!occur!in!different!classes!of!synapses!throughout! ![START_REF] Nelson | !Strength!through!diversity[END_REF].!While!it!seems!likely!that!this!diversity! of!mechanisms!is!tightly!orchestrated!so!that!each!form!of!plasticity!occurs!in!the! right! place! at! the! right! time! to! allow! functionally! appropriate! tuning! of! neural! circuits,! such! coordination! of! plasticity! calls! for! the! identification! of! possible! candidate! mechanisms! for! integration! of! neural! activity! and! initiation! of! the! plastic! changes.! The! evidence! reviewed! here! expands! our! knowledge! of! plasticity,! adding! astrocytic! gliotransmission! as! a! further! possible! determinant! for! it,! and! points! to! astrocytes! as! potential! integrators! in! space! and! time! of! neural!activity!and!its!plasticity.!Astrocytes!are!indeed!well!positioned!to!sense! afferent!inputs!and!ideally!suited!to!temporally!and!spatially!integrate!synaptic! signals!in!order!to!change!the!efficacy!of!many!synapses.!On!the!other!hand!the! dendritic! arborization! of! a! single! neuron! could! be! covered! by! tens! of! different! astrocytes! (Halassa! and! Haydon,! 2010).! Hence,! that! single! neuron! and! its! dendritic!arbor!may!be!influenced!by!several!different!astrocytes.!This!expands! our! notions! of! synaptic! and! neural! domains! since! the! synapses! of! a! neuron! would! not! only! convey! signals! to! other! neurons! but! also! interact! with! multiple! astrocytes,! and,! vice! versa,! a! single! astrocyte! could! interact! with! synapses! of! multiple! neurons.! In! this! fashion,! astrocytes! could! bridge! and! influence! neural! circuits!that!are!not!directly!connected,!participating!in!the!formation!of!complex! neural!ensembles!that!respond!on!a!large!variety!of!temporal!and!spatial!scales.! At! the! same! time,! being! able! to! sense! neural! activity! impinging! on! them! from! different! regions! of! the! neural! circuitry,! astrocytes! could! ideally! orchestrate! plastic! changes! at! different! spatial! and! temporal! scales,! in! order! to! ensure! the! stability!and!function!of!circuits.! the! classical! quantal! hypothesis! of! synaptic! transmission,! the! average! postsynaptic! response!PSC! may! be! thought! as! the! product! of! the! postsynaptic! quantal! size!q,! the! number!n! of! release! sites! and! the! probability!p! that! release! of! a! quantum! of! neurotransmitter! occurs! at! a! site,! i.e.!PSC!=!n'p'q!

!

  where!b!represents!the!synaptic!release!probability!at!rest!and!is!related!to!the! resting! intrasynaptic!Ca 2+ ! concentration! while!τd! and!τf! respectively! denote! the! rate!of!synaptic!depression!and!facilitation.!By!simple!algebraic!calculations,!it!is! possible!to!solve!the!above!equations!for!the!steady!state!(i.e.!du/dt'=!dx/dt'=!0)! and! see! that! there! exists! a! critical! value!bθ!=!τf!/!(τd!+!τf)! such! that! only! if! b!<!bθ! the!synapse!may!exhibit!facilitation!depending!on!the!rate!ν,!otherwise!synaptic! transmission!is!dominated!by!shortPterm!depression![START_REF] Tsodyks | !ActivityPdependent!transmission!in!neocortical!synapses.!In! Methods! and! Models! in! Neurophysics[END_REF].!presence!of!gliotransmission!from!the!astrocyte,!intrasynaptic!Ca 2+ !levels! and! thus! the! synaptic! release! probability!b,! may! be! thought! to! depend! on! the! fraction!γ! of! extrasynapticallyPlocated! presynaptic! receptors! bound! by! the! gliotransmitter,! i.e.!b!=!b(γ).! In! absence! of! quantitative! physiological! data,! the! function!b(γ)! may! be! assumed! to! be! analytic! around! zero! and! its! firstPorder! expansion!be!considered!accordingly,!i.e.! b(γ ) ! b(0) + db dγ γ =0 γ + O(γ 2 ) ! The!zeroth!order!terms!b(0)!=!b0!=!const!must!correspond!to!the!value!of!b!in!the! absence!of!gliotransmission.!The!first!order!term!instead!may!be!assumed!to!be! linear! in!γ,! at! first! instance! for! the! sake! of! analytical! tractability,! such! as! db dγ γ =0 = -b 0 + α ,!where!the!parameter!α!varies!between!0!and!1!and!accounts!for! the! nature! of! bound! presynaptic! receptors:! releasePdecreasing! for!α!<!b0,! and! releasePincreasing!for!α!>!b0!(De!Pittà!et!al.,!2011).!Assuming!that!each!receptor! may! exist! in! only! two! states! (bound/not! bound! with! probability!γ! and!1-γ' respectively),! on! average,! the! fraction! of! bound! receptors! for! an! instantaneous! rate! of! gliotransmitter! release! from! the! astrocyte!ψ(t)! may! be! written! as! (De! Pittà!et!al.,!2011)γ )⋅ψ (t) ! where!g! denotes! the! probability! of! gliotransmitter! release! from! the! astrocyte! and!J!represents!the!fraction!of!released!gliotransmitter!that!effectively!binds!to! presynaptic! receptors,! while!τg! is! the! decay! time! for! the! modulatory! effect! on! synaptic! release! mediated! by! the! receptor.! In! the! simplest! scenario,! g!may! be! ! be! proportional! by! a! constant! factor!a! to! the! fraction! of! astrocytic! gliotransmitter!resources!available!for!release!for!which!an!analogous!equation! to!that!of!x!may!be!written,!once!τd!is!replaced!by!τa,!i.e.!the!rate!of!reintegration! of!released!gliotransmitter,!and!ν(t)!by!ψ(t).! The! threshold! rate!ψθ'for! gliotransmitter! release! for! which! a! change! of! pairedP pulse!plasticity!could!be!observed!in!experiments!is!then!defined!as!the!steadyP state! rate! of! gliotransmitter! release! from! the! astrocyte! for! which! the! synaptic! release! probability! at! rest! equals! the! threshold! value! for! the! switch! between! facilitation!and!depression,!i.e.!b(ψθ)!=!bθ,!and!reads:!

!Figure 1 .

 1 Figure 1. Gliotransmitter-mediated pathways for regulation of synaptic transmission.Synaptically released neurotransmitters (1) that spill out of the synaptic cleft (and are not sequestered by transporters), and retrograde messengers like endocannabinoids (2), can bind astrocytic GPCRs and transiently elevate cytosolic Ca 2+ in the astrocyte (3). In a similar fashion, neuromodulators such as acetylcholine or noradrenaline (4) may also trigger astrocytic GPCR-dependent Ca 2+ signaling. Other pathways for activity-dependent increases of astrocytic Ca 2+ that do not involve GPCRs could also exist(Verkhratsky et al., 2012). An increase of cytosolic Ca 2+ may promote release of gliotransmitters from the astrocyte (5) which could affect synaptic transmission both pre-and postsynaptically. Presynaptically, gliotransmitters like glutamate, ATP or its derivate adenosine, bind extrasynaptic receptors that modulate the release probability of synaptic neurotransmitters (6). Postsynaptically, astrocyte-derived D-serine controls the degree of activation of NMDARs at cortical and hippocampal glutamatergic synapses (7). On the other hand, in several brain regions, ATP, glutamate, GABA or TNFα released from astrocytes could also bind postsynaptic (8) and extrasynaptic receptors (9), directly contributing to postsynaptic depolarization and/or receptor trafficking. Remarkably, ambient TNFα, perhaps of astrocytic origin, seems a permissive factor in the release of other gliotransmitters like glutamate (10), suggesting that both pre-and postsynaptic signaling pathways mediated by gliotransmitters may require specific conditions to occur.

Figure 2 .

 2 Figure 2. Conditions for modulation of short-term plasticity by gliotransmitters. A For given synaptic time constants, a synapse could show either short-term facilitation (green region) or short-term depression only (orange region) depending on whether its probability of

Figure 3 .

 3 Figure 3. Modulation of synaptic release probability by gliotransmitters may correlate with a change in the frequency response of the synapse. A Synapses with intermediate

  modulation of synaptic release by gliotransmitters was mimicked by a 60% reduction of this release probability. D The regulation of NMDAR efficacy by astrocytic-derived D-serine was mimicked instead by a 65% average increase of postsynaptic Ca 2+ entry per presynaptic action potential.[START_REF] Graupner | ! CalciumPbased! plasticity! model! explains! sensitivity!of!synaptic!changes!to!spike!pattern,!rate,!and!dendritic!location[END_REF]. Calcium-based plasticity model explains sensitivity of synaptic changes to spike pattern, rate, and dendritic location. Proc Natl Acad Sci USA Online.[START_REF] Higgins | ! Memory! maintenance! in! synapses! with! calciumPbased! plasticity! in! the! presence! of! background! activity[END_REF]. Memory maintenance in synapses with calcium-based plasticity in the presence of background activity. PLoS Comput Biol 10, e1003834.Verkhratsky, A., Rodriguez, R. R., and Parpura, V. (2012). Calcium signalling in astroglia. Mol Cell Endocrinol 353,45-56. 
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	the! response! properties! of! the! synapse! (Markram! et! al.,! 1998a).! This! in! turn! could!process!the!same!stimulus!in!different!ways!depending!on!the!regulation!
	suggests! that! the! very! nature! of! a! synapse! assessed! by! conventional! by! astrocytic! gliotransmission.! This! additional! regulation! mechanism! could!
	electrophysiological! experiments,! i.e.! whether! it! is! mostly! depressing! or! potentially! increase! the! computational! power! of! neural! circuits! in! which! such!
	facilitating,! could! ultimately! depend! on! the! ongoing! activation! of! presynaptic! regulation!operates.!
	receptors!by!astrocytic!gliotransmitters.!Figure!3!exemplifies!this!principle!in!a!
	standard! synapse! model! (Mongillo! et! al.,! 2008;! Tsodyks,! 2005)! adapted! to!
	include!astrocytic!gliotransmission!(De!Pittà!et!al.,!2011).!Hippocampal!synapses,! Several! experiments! in! situ! have! shown! that! gliotransmissionPmediated!
	like! for! example! Schaffer! collateral! synapses! (Dittman! et! al.,! 2000),! are! often! activation! of! presynaptic! metabotropic! glutamate! receptors! at! hippocampal!
	characterized!by!intermediate!values!of!release!probability,!and!act!as!bandPpass! synapses!and!presynaptic!NMDA!receptors!(NMDARs)!at!cortical!synapses!leads!
	filters! due! to! the! interplay! of! frequencyPdependent! facilitation! and! respectively!to!an!increase!(Navarrete!et!al.,!2012;!Perea!and!Araque,!2007)!or!
	depression!(Figure!3A).! Notably,! these! synapses! are! most! effective! in! decrease!of!synaptic!release!probability!(Min!and!Nevian,!2012)!that!lasts!tens!of!
	transmitting! action! potentials! for! intermediate! rates! of! presynaptic! minutes,!hinting!at!an!astrocytePmediated!presynaptic!mechanism!for!longPterm!
	activity!(Figure!3C,! black'PSC!trace).! However,! at! lowPtoPintermediate! rates,! plasticity.!Such!longPlasting!modulations!of!synaptic!release!require!postsynaptic!
	when! facilitation! is! prominent,! the! timePaverage! postsynaptic! response! reflects! stimulation! in! concomitance! with! presynaptic! and! astrocytic!Ca 2+ ! stimulation!
	an! attenuated! version! of! the! integral! of! the! stimulus,! while! at! high! rates! of! (Perea! and! Araque,! 2007),! and! seem! to! be! mediated! by! retrograde!
	incoming! action! potentials,! the! response! is! mostly! sensitive! to! rate! variations! endocannabinoid! signaling! (reviewed! in! Navarrete! et! al.! (2014)).! Intriguingly,!
	(i.e.! the! derivative! of! the! stimulus)! (Tsodyks,! 2005).! This! behavior! could! longPterm!NMDAPdependent! depression! of! synaptic! release! mediated! by!
	dramatically! change,! however,! in! the! presence! of! synaptic! potentiation! by! astrocytes!is!apparently!necessary!and!sufficient!for!endocannabinoidPmediated!
	gliotransmitters! as! observed! experimentally! (Jourdain! et! al.,! 2007;! Navarrete! spikePtiming-dependent! depression!(tLTD)! at! barrel! cortex! synapses! between!
	and! Araque,! 2010;! Panatier! et! al.,! 2011).! In! this! case,! for! a! sufficiently! large! excitatory! neurons! of! layer!4! and! layer!2/3! (Min! and! Nevian,! 2012).! tLTD!at!
	).! Remarkably,! the! filtering! characteristics! of! a! given! increase! of! release! probability! mediated! by! gliotransmitters,! the! synapse! could! these! synapses! is! known! to! require! cooperative! activation! of!CB1!
	synapse!may!not!be!fixed!but!rather!be!adjusted!through!modulation!of!the!basal! turn!into!depressing!and,!act!essentially!as!lowPpass!filter!(Figure!3B)!(Galarreta! receptors!(CB1Rs)! and! presynaptic!NMDARs! (Bender! et! al.,! 2006;! Corlew! et! al.,!
	release! probability! by! astrocytic! gliotransmitters.! An! interesting! possibility! is! and! Hestrin,! 1998;! Varela! et! al.,! 1997).! Thus,! stimuli! that! were! originally! 2007)! but! the! mechanistic! basis! of! this! requirement! is! not! known! (Heifets! and!
	that! gliotransmitters! tonically! activate! presynaptic! receptors,! thus! setting! the! integrated! or! simply! buffered! become! instead! respectively! buffered! or! Castillo,!2009;!RodríguezPMoreno!and!Paulsen,!2010).!Involvement!of!astrocytes!
	probability!for!basal!synaptic!release!(Navarrete!and!Araque,!2011)!and!thereby,! derived!(Figure!3C,! red'PSC'trace).! This! suggests! that! a! hippocampal! synapse! could! explain! it! inasmuch! as,! by! expressing!CB1Rs,! they! respond! to!
	! ! !	18! 19! 20!
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Simulated postsynaptic currents were obtained from the fraction of synaptic neurotransmitter that was released by Poisson trains of action potentials with a sequence of instantaneous transitions from 0 to 32 Hz! (top panel). To generate realistic postsynaptic AMPAR currents, the fraction of synaptically released neurotransmitter was convolved by an α-function with time constant 10 ms (Van Vreeswijk et al., 1994). Each PSC trace was averaged across 500 trials. Gliotransmitter release was assumed to occur regularly every 2 s and activate at least 90% of presynaptic receptors (see Modelling Box for further details). [START_REF] Graupner | ! CalciumPbased! plasticity! model! explains! sensitivity!of!synaptic!changes!to!spike!pattern,!rate,!and!dendritic!location[END_REF][START_REF] Higgins | ! Memory! maintenance! in! synapses! with! calciumPbased! plasticity! in! the! presence! of! background! activity[END_REF], the timing of pre-vs. postsynaptic action potentials (top panels) modulates postsynaptic intracellular Ca 2+ (middle panel) which in turn drives long-term modification of synaptic strength (bottom panel). An increase in synaptic strength occurs whenever postsynaptic Ca 2+ is above the threshold for LTP (orange dashed line and shades), whereas a decrease happens when Ca 2+ is below this threshold but above the one for LTD (blue dashed line and shades).

In this fashion the model allows single spikes to change synaptic strength but the magnitude of this change becomes significant only for multiple opportunely timed spikes in agreement with classic protocols of STDP induction [START_REF] Graupner | ! CalciumPbased! plasticity! model! explains! sensitivity!of!synaptic!changes!to!spike!pattern,!rate,!and!dendritic!location[END_REF]. B Short-term depression decreases synaptic release with respect to its basal value (red dashed line) in an activity-dependent fashion, and in turn decreases postsynaptic Ca 2+ entry due to presynaptic action potentials. This may alter the variation of synaptic strength with respect to the case in A without short-term plasticity, so that the same pre/post action potentials result, for example, in weaker LTP. C Postsynaptic Ca 2+ entry could also be regulated by modulations of synaptic release probability via gliotransmitters. Thus, for a reduction of synaptic release probability (red arrow to green dashed line) mediated by gliotransmitter-bound presynaptic receptors, stimuli that would induce LTP could result in LTD instead (red asterisks). D An increase of postsynaptic Ca 2+ entry due to a larger number of NMDARs activated by presynaptic spikes in the presence of increased extracellular concentration of astrocyte-derived D-serine could