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) as the ratio between excitation and inhibition. Note that distal inputs provide a net inhibitory drive onto CA1 PNs due to the recruitment of a large feed-forward inhibition whereas they provide a large depolarization of PNs. On the other hand, the PSP evoked by CA3 input stimulation provide a net depolarization of CA1 PNs whereas it is dominated by a strong feed-forward inhibition in CA2.

!
(Adapted from Piskorowski and[START_REF] Piskorowski | ! Synaptic! integration! by! different! dendritic! compartments!of!hippocampal!CA1!and!CA2!pyramidal!neurons[END_REF]Chevaleyre andSiegelbaum, 2010).

In! addition! to! these! excitatory! corticoJhippocampal! loops! linking! principal! cells,! inhibitory!interneurons!are!also!involved!in!hippocampal!networks.! 

!

First!described!at!the!neuromuscular!junction,!PPF!and!PPD!appear!to!be!common!to! all! chemical! synapses! [START_REF] Del | !Statistical!factors!involved!in!neuromuscular!facilitation! and!depression[END_REF][START_REF] Magleby | ! Facilitation,! augmentation,! and! potentiation! of! transmitter! release[END_REF].! At! different! range! of! interstimulus! intervals! when! pairs! of! stimulus! are! applied,! the! amplitude! of! the! second! synaptic!response!could!be!increased!or!decreased!in!comparison!to!the!first!response! (Kim! and [START_REF] Kim | !Random!response!fluctuations!lead!to!spurious!pairedJpulse! facilitation[END_REF]! Schulz! et! al.,! 1994)! (Figure! I.6).! PPF! has! been! proposed! to! result! from! a! presynaptic!mechanism! [START_REF] Zucker | des! NP! CA2! pourrait! moduler! l'information! sortant! de! l'hippocampe.!D'autre!part,!nous!avons!examiné!les!altérations!fonctionnelles!de!la!zone!CA2!dans!le! modèle! murin! Df(16)A +/J ! de! la! microdélétion! 22q11.2[END_REF].!Indeed,!residual!calcium!in!the!terminal! boutons!due!to!the!first!stimulus!increases!the!probability!of!release!at!the!second!stimulus! [START_REF] Wu | ! Presynaptic! calcium! is! increased! during! normal! synaptic! transmission!and!pairedJpulse!facilitation,!but!not!in!longJterm!potentiation!in!area!CA1!of! hippocampus[END_REF].!Otherwise,!in!cortical!and!CA1!PNs!postsynaptic!components!have! also!been!found!to!contribute!to!PPF! [START_REF] Bagal | !LongJterm!potentiation!of! exogenous!glutamate!responses!at!single!dendritic!spines[END_REF][START_REF] Rozov | !PolyamineJdependent!facilitation!of!postsynaptic!AMPA! receptors!counteracts!pairedJpulse!depression[END_REF] [START_REF] Andersen | ! The! Hippocampus!Book![END_REF].

!

In! the! traditional! view,! information! is! transiently! stored! in! STM! then! STM! is! converted! onto! a! more! stable! LTM! [START_REF] Atkinson | !The!Psychology!of!learning!and!motivation[END_REF][START_REF] Glanzer | ! Two! storage! mechanisms! in! free! recall.![END_REF][START_REF] Waugh | !PRIMARY!MEMORY[END_REF].! Several! studies! of! patient! with! severely! deficient! verbal! STM! [START_REF] Baddeley | !Frontal!amnesia!and!the!dysexecutive!syndrome[END_REF][START_REF] Gathercole | ! Phonological! memory! deficits! in! language! disordered!children:!Is!there!a!causal!connection?![END_REF][START_REF] Papagno | ! Phonological! shortJterm! memory! and! foreignJlanguage!vocabulary!learning[END_REF][START_REF] Shallice | !Independent!functioning!of!verbal!memory!stores:!a! neuropsychological!study.!Q![END_REF][START_REF] Weiskrantz | !Problems!of!learning!and!memory:!one!or!multiple!memory!systems?![END_REF])! have! revealed! that! STM! is! selectively! converted! 

Incorporation&of&the&CA2&region&to&hippocampal&function&&

Definition&and&properties&of&area&CA2&of&the&hippocampus&

Based!on!the!size!and!the!appearance!of!the!neurons,!Rafael!Lorente!de!Nó!was!the! first!who!describe!CA2!area!as!a!region!distinct!from!CA3!and!CA1!(Lorente!de!Nó,!1934).!In! his!initial!definition,!CA2!is!a!small!zone!of!neurons!interposed!between!CA3!and!CA1,!which! differ! from! CA1! neurons! by! their! larger! cell! bodies! and! differ! from! CA3! neurons! by! the! apparent! absence! of! input! from! DG! mossy! fiber! and! thorny! excrescence! (Lorente! de! Nó,! 1934;! [START_REF] Ishizuka | !A!quantitative!analysis!of!the!dendritic! organization!of!pyramidal!cells!in!the!rat!hippocampus[END_REF][START_REF] Tamamaki | !ThreeJdimensional!analysis!of!the!whole!axonal! arbors!originating!from!single!CA2!pyramidal!neurons!in!the!rat!hippocampus!with!the!aid!of! a!computer!graphic!technique[END_REF].!However,!because!it!is!smaller!than!CA1! and!CA3!regions,!the!existence!of!CA2!as!a!distinct!hippocampal!subfield!has!been!subject!of! controversy!for!decades.!It!was!often!considered!as!an!intermingling!of!cells!from!CA3!and! CA1.! This! controversy! raises! the! question! of! how! defining! a! neuronal! population! and! its! boundaries?! In! addition! to! anatomy,! the! gene! expression,! the! electrophysiological! properties,! the! connectivity! and! the! function! are! different! parameters! that! have! to! be! considered!to!define!precisely!a!neuronal!population.!Considering!all!these!parameters,!the! CA2!PNs!are!different!from!CA1!and!CA3!PNs!and!they!form!a!region!properly.!!! ! ! 42!

2.1.1 Genetic!identity!of!the!CA2!hippocampal!region! Several!genes!have!a!pattern!of!expression!highly!restricted!to!specific!hippocampal! regions!(Figure!I.9).!For!instance,!in!comparison!to!the!rest!of!the!hippocampus,!area!CA1!is! highly!enriched!in!nephroblastoma!overexpressed!gene! [START_REF] Zhao | ! Transcriptional! profiling! reveals! strict! boundaries! between! hippocampal! subregions[END_REF],!Tyro3! [START_REF] Lai | !Structure,!expression,!and!activity!of!Tyro!3,!a!neural! adhesionJrelated!receptor!tyrosine!kinase[END_REF],!SCIP! [START_REF] Frantz | ! Regulation! of! the! POU! domain!gene!SCIP!during!cerebral!cortical!development[END_REF][START_REF] Grove | !Patterning!events!and!specification!signals!in!the!developing! hippocampus[END_REF],!and!mannosidase!1!alpha! [START_REF] Lein | ! Defining! a! molecular! atlas! of! the! hippocampus! using! DNA! microarrays! and! highJthroughput! in! situ! hybridization[END_REF].!On!the!other!hand,!protein!kinase!C!delta! [START_REF] Zhao | ! Transcriptional! profiling! reveals! strict! boundaries! between! hippocampal! subregions[END_REF]!and!bclJ2Jrelated!ovarian! killer!protein! [START_REF] Lein | ! Defining! a! molecular! atlas! of! the! hippocampus! using! DNA! microarrays! and! highJthroughput! in! situ! hybridization[END_REF])!are!selectively!expressed!in!CA3!neurons.!Finally,!DG!granule! cells!uniquely!express!desmoplakin! [START_REF] Lein | ! Defining! a! molecular! atlas! of! the! hippocampus! using! DNA! microarrays! and! highJthroughput! in! situ! hybridization[END_REF])!and!insulinJlike!growth!factor!binding! protein! [START_REF] Zhao | ! Transcriptional! profiling! reveals! strict! boundaries! between! hippocampal! subregions[END_REF].! Assuming! that! consistent! molecular! boundaries! define! functionally!distinct!brain!regions,!such!restricted!expression!patterns!of!genes!can!provide! powerful! tools! for! the! determination! of! anatomical! boundaries! within! the! hippocampus! [START_REF] Lein | ! Defining! a! molecular! atlas! of! the! hippocampus! using! DNA! microarrays! and! highJthroughput! in! situ! hybridization[END_REF][START_REF] Zhao | ! Transcriptional! profiling! reveals! strict! boundaries! between! hippocampal! subregions[END_REF].) In!contrast!to!a!situation!in!which!CA2!consists!of!an!intermingling!of!cells!from!CA1! and! CA3,! the! specific! expression! of! several! genes! in! the! CA2! region! of! the! hippocampus! reveal!a!remarkably!discrete!CA2!region.!These!genes!include!Cacng5) [START_REF] Fukaya | !Spatial!diversity!in!gene! expression!for!VDCCgamma!subunit!family!in!developing!and!adult!mouse!brains[END_REF],! STEP! [START_REF] Boulanger | ! Cellular! and! molecular! characterization! of! a! brainJenriched! protein! tyrosine! phosphatase[END_REF],!TREKJ1! (Talley!et!al.,!2001),!adenosine!A1!receptors! [START_REF] Ochiishi | !High!level!of!adenosine!A1!receptorJlike!immunoreactivity!in!the!CA2/CA3a! region!of!the!adult!rat!hippocampus[END_REF],! calbindin! [START_REF] Leranth | ! CalciumJbinding! proteins! are! concentrated! in! the! CA2! 133! field! of! the! monkey! hippocampus:! a! possible! key! to! this! region's! resistance! to! epileptic! damage[END_REF],! RGSJ14! (Lee! et! al.,! 2010),! αJactininJ2! [START_REF] Wyszynski | ! Differential! regional! expression! and! ultrastructural! localization! of! alphaJ actininJ2,!a!putative!NMDA!receptorJanchoring!protein,!in!rat!brain[END_REF],! NTJ3! and! pcpJ4) [START_REF] Zhao | ! Transcriptional! profiling! reveals! strict! boundaries! between! hippocampal! subregions[END_REF],! FGFJ2! [START_REF] Gómezjpinilla | ! Implicit! and! explicit! memory! for! new! associations! in! normal!and!amnesic!subjects.![END_REF],!Tiam1)and!Mapk3) [START_REF] Lein | ! Defining! a! molecular! atlas! of! the! hippocampus! using! DNA! microarrays! and! highJthroughput! in! situ! hybridization[END_REF] [START_REF] Ochiishi | !High!level!of!adenosine!A1!receptorJlike!immunoreactivity!in!the!CA2/CA3a! region!of!the!adult!rat!hippocampus[END_REF]Talley et al., 2001;[START_REF] Traver | ! RGS14! is! a! novel! Rap! effector! that! preferentially! regulates!the!GTPase!activity!of!galphao[END_REF][START_REF] Wyszynski | ! Differential! regional! expression! and! ultrastructural! localization! of! alphaJ actininJ2,!a!putative!NMDA!receptorJanchoring!protein,!in!rat!brain[END_REF].

Using! in! situ! hybridization! for! specific! markers! coupled! to! 3D! reconstruction,! CA2! boundaries!have!been!molecularly!defined!along!the!extent!of!the!septotemporal!axis!of!the! cytoarchitectural! boundaries! are! not! clear! [START_REF] Lein | !Redefining!the!boundaries!of! the! hippocampal! CA2! subfield! in! the! mouse! using! gene! expression! and! 3Jdimensional! reconstruction[END_REF].! This! has! revealed! that! in! addition!to!a!small!zone!between!CA1!and!CA3,!CA2!comprises!the!entire!dorsal!half!of!the! pyramidal! layer! at! the! septal! pole.! Then! when! CA1! appears,! CA2! is! split! into! a! medial! and! lateral!component!separated!by!CA1! [START_REF] Lein | !Redefining!the!boundaries!of! the! hippocampal! CA2! subfield! in! the! mouse! using! gene! expression! and! 3Jdimensional! reconstruction[END_REF] Previous!studies!have!revealed!CA2!afferences!and!efferences! (Cui!et!al.,!2013;!Haglund!et! al.,!1984;!Hitti!and!Siegelbaum,!2014;[START_REF] Kiss | ! The! supramammilloJ hippocampal!and!supramammilloJseptal!glutamatergic/aspartatergic!projections!in!the!rat:!a! combined![3H]DJaspartate!autoradiographic!and!immunohistochemical!study[END_REF]!Köhler,!1985a;[START_REF] Maglóczky | !Principal!cells!are!the!postsynaptic!targets! of!supramammillary!afferents!in!the!hippocampus!of!the!rat[END_REF][START_REF] Vertes | !PHAJL!analysis!of!projections!from!the!supramammillary!nucleus!in!the! rat[END_REF][START_REF] Vertes | !Projections!of!the!median!raphe!nucleus!in! the!rat[END_REF].! output! of! CA2! PNs! is! to! CA1! (Lorente! de! Nó,! 1934;[START_REF] Andersen | ! The! Hippocampus!Book![END_REF]! Chevaleyre! and! Siegelbaum,!2010;!Cui!et!al.,!2013;[START_REF] Shinohara | ! Hippocampal! CA3! and! CA2! have! distinct! bilateral! innervation!patterns!to!CA1!in!rodents[END_REF][START_REF] Tamamaki | !ThreeJdimensional!analysis!of!the!whole!axonal! arbors!originating!from!single!CA2!pyramidal!neurons!in!the!rat!hippocampus!with!the!aid!of! a!computer!graphic!technique[END_REF].!However,! in! contrast! to! CA3! PNs,! CA2! PNs! target! both! the! apical! and! the! basal! dendrites! of! CA1! neurons,! in! the! SR! and! in! SO,! respectively.! Furthermore,! unlike! CA3,! CA2! PNs! show! a& preferential!connection!to!deep!CA1!pyramidal!cells! (Kohara!et!al.,!2014) [START_REF] Lorente! De! No | ! Studies! on! the! structure! of! the! cerebrai! cortex.! II.![END_REF]!1911;[START_REF] Ishizuka | !A!quantitative!analysis!of!the!dendritic! organization!of!pyramidal!cells!in!the!rat!hippocampus[END_REF].!Their!sizes!are!around!2J3!times!larger!than!the!CA1!PNs! [START_REF] Ishizuka | !A!quantitative!analysis!of!the!dendritic! organization!of!pyramidal!cells!in!the!rat!hippocampus[END_REF].! Second,! the! organization! of! their! dendritic! threes! is! different! from! that! of! CA1! PNs.! CA3! and! CA2! PNs! show! 1J3! primary! apical! dendrites! originating! from! the! soma!giving!rise!to!at!least!4!more!secondary!dendrites!while!CA1!PNs!have!only!1!or!2!apical! dendrites! that! do! not! bifurcate! along! their! extend! toward! SLM! [START_REF] Ishizuka | !A!quantitative!analysis!of!the!dendritic! organization!of!pyramidal!cells!in!the!rat!hippocampus[END_REF].! Side! branches!of!apical!dendrites!are!also!different!between!CA1!and!CA2/CA3!PNs.!In!CA2/CA3,! they!are!few,!confined!to!the!deep!four!fifths!of!SR!and!they!extend!nearly!perpendicularly! to! the! primary! dendrites.! In! contrast! to! this,! dendritic! side! branches! have! a! more! acute! radial!angle!of!departure!and!they!occur!through!the!full!extent!of!SR!in!CA1! [START_REF] Ishizuka | !A!quantitative!analysis!of!the!dendritic! organization!of!pyramidal!cells!in!the!rat!hippocampus[END_REF].! Furthermore,! distal! dendrites! of! CA1! PNs! in! SLM! are! oriented! transversally! while! a! vertical! orientation! characterizes! those! of! CA2/CA3! PNs! [START_REF] Ishizuka | !A!quantitative!analysis!of!the!dendritic! organization!of!pyramidal!cells!in!the!rat!hippocampus[END_REF] al.,!1995).!Finally,!in!addition!to!these!subtle!differences,!the!lack!of!thorny!excrescences! on!the!proximal!apical!dendrites!CA2!PNs!is!the!major!characteristic!distinguishing!CA2!PNs! from!CA3!PNs.!! First,! some! interneurons! in! this! region! are! also! strikingly! different! from! those! described! previously! in! CA1! and! CA3! (Botcher! et! al.,! 2014;[START_REF] Mercer | ! Local! circuitry! involving! parvalbuminJpositive! basket! cells! in! the! CA2! region! of! the! hippocampus[END_REF]! 2012a;[START_REF] Honoré | The neuronal background K2P channels: focus on TREK1[END_REF].!For!instance,!Mercer!and reported!in!several!neuropathology!such!as!schizophrenia!and!epilepsy! (Andrioli!et!al.,!2007;! Benes,!2015a;!Jones!and!McHugh,!2011;!Knowles!et!al.,!1987;[START_REF] Loup | ! Selective! alterations! in! GABAA! receptor! subtypes! in! human! temporal! lobe! epilepsy[END_REF]!Williamson! and! Spencer,! 1994;! Wittner! et! al.,! 2009) [START_REF] Loup | ! Selective! alterations! in! GABAA! receptor! subtypes! in! human! temporal! lobe! epilepsy[END_REF]. (Wittner!et!al.,!2009)!or!completely!lost! (Williamson! and! Spencer,! 1994).! Moreover,! CA2! region! generates! epileptiform! activity! contrary!to!CA1!and!CA3!both!in!rodents! (Knowles!et!al.,!1987)!and!human! (Wittner!et!al [START_REF] Dam | !Epilepsy!and!Neuron!Loss!in!the!Hippocampus[END_REF][START_REF] Sloviter | ! "Epileptic"! brain! damage! in! rats! induced! by! sustained! electrical! stimulation!of!the!perforant!path.!I.!Acute!electrophysiological!and!light!microscopic!studies[END_REF].!

.! ! 2.1.3 CA2!pyramidal!neurons!have!distinct!properties!! CA2!PNs!can!be!distinguished!from!CA1!and!CA3!PNs!by!their!morphology.!First,!CA2! and!CA3!PNs!could!be!distinguished!from!CA1!PNs!by!their!larger!cell!bodies!(Lorente!de!Nó,
.! Third,! although! CA2! PNs! dendritic! trees! are! similar! to! those! of! CA3! PNs,! some! subtle! differences! have!been!reported!concerning!their!organization.!For!instance,!the!proportion!of!dendritic! tree!of!PNs!located!in!SO!is!less!important!in!CA2!than!in!CA3.!In!contrast!to!this,!a!larger! amount!of!dendritic!trees!is!present!in!CA2!SR!and!SLM!compared!to!CA3!SR/SLM!(Ishizuka! ! ! 48! et!
!colleagues!have!identified!two!types!of!PVJimmunopositive! basket!cells!in!CA2!of!which!a!minority!is!similar!to!those!in!CA1!
,! giving! cues! to! the! functional! role! of! long! overlooked!CA2!region!of!the!hippocampus.! ! 2.2 Role&of&area&CA2&in&social&behavior,&memory&and&neuropathology& 2.2.1 A!selective!implication!of!the!CA2!hippocampal!region!in!several! neuropathology! Several!studies!have!revealed!that!area!CA2!is!critically!involved!in!epilepsy.!Epilepsy! is! characterized! by! deficit! in! GABA! transmission! at! different! level! (Benes,! 2015a).! At! the! subcellular! level,! a! perturbation! in! the! organization! of! the! GABA! A! subunits! has! been! reported!in!the!area!CA2!of!epileptic!patient!hippocampi!
!At!the!cellular! level,! area! CA2! of! epileptic! patients! is! characterized! by! an! important! reduction! of! interneurons!(Andrioli!et!al.,!2007).!Furthermore,!consistent!with!the!fact!that!the!density!of! PVI!is!considerably!decreased!in!the!CA2!regions!of!epileptic!patients!(Andrioli!et!al.,!2007),! physiological! recordings! in! the! hippocampi! of! human! epileptic! patients! has! revealed! that! inhibitory!currents!in!CA2!are!considerably!decrease!
The! high! expression! of! adenosine! A1! receptors! [START_REF] Ochiishi | !High!level!of!adenosine!A1!receptorJlike!immunoreactivity!in!the!CA2/CA3a! region!of!the!adult!rat!hippocampus[END_REF]! and! anticonvulsant! properties! (Van! Dycke! et! al.,! 2010)! of! CA2! neurons! have! been! proposed! to! be! implicated! (Jones!and!McHugh,!2011).)It!has!been!suggested!that!the!unique!CA2!cytoarchitecture!may! be!sufficient!for!seizure!resistant!in!some!species!of!rodent! [START_REF] Scorza | ! Distinctive! hippocampal! CA2! subfield! of! the! Amazon! rodent! 140! Proechimys[END_REF]

.!! A!loss!of!inhibitory!interneurons!selectively!in!area!CA2!has!been!reported!not!only!in!
epilepsy!but!also!during!schizophrenia! (Benes!et!al.,!1998).!Benes!and!coworkers!found!that! interneurons! are! selectively! reduced! by! approximately! 40%! in! the! CA2! region! of! the! schizophrenic! patient! (Benes! et! al.,! 1998).! Consistent! with! this! results,! several! studies! reported! a! profound! loss! of! parvalbumin! immunoreactivity! in! CA2! subregion! (Benes! et! al.,! 1998;! Knable! et! al.,! 2004;! Zhang! et! al.,! 2002),! while! decreases! in! parvalbumin! immunoreactivity!outside!the!hippocampus!are!widespread! [START_REF] Hashimoto | ! Conserved! regional! patterns! of! GABAJrelated! transcript! expression! in! the! neocortex! of! subjects!with!schizophrenia[END_REF].!PostJ mortem! studies! have! revealed! that! compensatory! upregulation! of! GABA A ! receptor! binding! activity!on!interneurons!in!SO!of!CA3/2,!but!not!CA1! (Benes,!2015a).!Besides,!binding!assays! have!shown!reduced!AMPA! [START_REF] Gao | ! Ionotropic!glutamate!receptors!and!expression!of!NJmethylJDJaspartate!receptor!subunits!in! subregions! of! human! hippocampus:! effects! of! schizophrenia[END_REF]!and!histamine!H3!receptor!binding! [START_REF] Jin | ! Altered! histamine! H3! receptor! radioligand! binding! in! postJmortem! brain! samples! from! subjects! with! psychiatric! diseases[END_REF] ! et! al.,! 2009;[START_REF] Pagani | ! Role! of! the! vasopressin! 1b! receptor! in! rodent! aggressive! behavior! and! synaptic! plasticity!in!hippocampal!area!CA2[END_REF][START_REF] Wersinger | ! Vasopressin!1a!receptor!knockout!mice!have!a!subtle!olfactory!deficit!but!normal!aggression[END_REF][START_REF] Buzsáki | !Theta!oscillations!in!the!hippocampus[END_REF] Hitti and Siegelbaum, 2014).

!in!CA2!compared!to!other!CA!subfields,!of!patients!diagnosed!with!schizophrenia!and! bipolar!disorder,!respectively.!!! ! 2.2.2 Relevance!of!area!CA2!in!social!behavior! The!role!of!the!vasopressin!1b!receptor!(Avpr1b),!which!highly!expressed!in!CA2,!has! given!one!hint!as!to!the!function!of!area!CA2.!Indeed,!it!has!been!shown!that!knockout!of! Avpr1b!resulted!in!reduced!aggression,!impaired!social!recognition,!and!impaired!detection! of! temporal! order! (DeVito
In! addition! to! this! role! in! social! recognition,! two! studies! have! revealed! that! CA2! neuronal! activity! is! sensitive! to! subtle! changes! in! the! environment! [START_REF] Sheth | ! The! amygdala! modulates! neuronal! activation! in! the! hippocampus! in! response! to! spatial! novelty[END_REF] 

Animals&

Adult! males! from! four! different! mouse! lines! including! C57BL6! mice! (wild! type),! PVJ cre,!CA2Jcre!and!Df(16)A +/J !mouse!line!were!used!during!this!thesis.!PVJcre!mouse!line!are! 

Pvalbtm1(cre)Arbr/J!mice!that!express!the!cre!recombinase!in!the!Pvalb!locus!in!other!words! in! parvalbuminJexpressing! interneruons.! CA2Jcre! mouse! line! are! cacng5Jcre! mice,! that! express! the! cre! recombinase! in! the! cacng5! locus! a! gene! specifically! express! in! CA2! PNs! (Figure!II.1).!These!two!last!mouse!line!were!used!to!express!DREADD!in!PVIs!or!in!CA2!PNs.!

!

Introduction

Recent findings have revealed that hippocampal area CA2 plays an important role in learning and memory.

Area CA2 has been shown to be necessary for social memory formation (Hitti and Siegelbaum, 2014;Stevenson and Caldwell, 2014), and may act to detect discrepancies between stored memories and current sensory information (Wintzer et al., 2014). It has recently been found that the receptive fields of CA2 pyramidal neurons (PNs) change rapidly with time, indicating that this region is playing a role in hippocampal

Significance Statement

Long overlooked, recent work has demonstrated that area CA2 of the hippocampus is a critical region for social memory and aggression. How area CA2 integrates into the hippocampal circuit is not understood. While CA2 pyramidal neurons (PNs) receive excitatory input from CA3 PNs, these inputs cannot drive action potentials in CA2 PNs because of a large feedforward inhibition. Furthermore, CA2 PNs do not express long-term potentiation, so it is unclear whether CA2 PNs can be engaged by CA3. We demonstrate that a unique activity-dependent plasticity of CA2 interneurons can increase the excitatory/inhibitory balance between CA3 and CA2 PNs, and allow the recruitment of CA2 PNs. Therefore, our results reveal a mechanism by which CA2 PNs can be engaged by CA3.

learning that may be separate from spatial orientation (Mankin et al., 2015). Neurons in area CA2 seem poised to modulate hippocampal activity, given the striking number of receptors that are enriched or uniquely expressed in this area (Jones and McHugh, 2011). A clearer understanding of the connectivity in area CA2 has recently evolved (Chevaleyre and Siegelbaum, 2010;Cui et al., 2013;Rowland et al., 2013;Kohara et al., 2014); however, a better understanding of the plasticity of these connections is critical for understanding how this region contributes to hippocampal learning.

Axons from CA3 PNs [i.e. the Schaffer collaterals (SCs)] connect both CA2 and CA1 PNs. However, unlike the well described SC-CA1 synapses, the SC-CA2 connection does not display activity-dependent longterm potentiation (LTP; Zhao et al., 2007;Chevaleyre and Siegelbaum, 2010)duetotheuniqueexpressionof calcium-buffering proteins (Simons et al., 2009)a n do f the regulator of G-protein signaling RGS14 (Lee et al., 2010). Furthermore, there is a higher density of interneurons in area CA2 compared with CA1 (Benes et al., 1998;Andrioli et al., 2007;Piskorowski and Chevaleyre, 2013;Botcher et al., 2014). While inhibition is known to control the strength and plasticity of excitatory transmission in the hippocampus [START_REF] Chevaleyre | Modulating excitation through plasticity at inhibitory synapses[END_REF], the control exerted by inhibition in area CA2 is extensive. When inhibitory transmission is intact, electrical (Chevaleyre and Siegelbaum, 2010)o r selective optogenetic (Kohara et al., 2014)s t i m u l a t i o n of the SC inputs results in a very small depolarizing postsynaptic potential (PSP) comprising both excitatory and inhibitory postsynaptic potential (EPSPs and IPSPs). The depolarizing EPSP is abruptly truncated by al a r g eh y p e r p o l a r i z i n gc o m p o n e n td u et oi n h i b i t o r y currents from feedforward inhibition. This very large feedforward inhibition completely prevents CA3 excitatory inputs from evoking action potentials (APs) in CA2 PNs (Chevaleyre and Siegelbaum, 2010). After pharmacological block of inhibition, the amplitude of the PSP becomes approximately fivefold larger and is sufficient to drive action potentials in CA2 PNs (Chevaleyre and Siegelbaum, 2010;Piskorowski and Chevaleyre, 2013).

Inhibitory transmission from parvalbumin-expressing (PV ϩ ) interneurons in area CA2 undergoes a long-term depression at inhibitory synapses (iLTD) mediated by ␦ opioid receptor (DOR) activation (Piskorowski and Chevaleyre, 2013). However, it is unknown whether the synapses that undergo iLTD are playing any role in controlling the net strength of SC-CA2 transmission. We show that the balance between excitation and inhibition between CA3 and CA2 is persistently altered after the induction of DOR-mediated iLTD. Furthermore, the induction of iLTD by SC stimulation also permits a net increase in the excitation/inhibition ratio at distal CA2 inputs. Finally, this disinhibitory mechanism is sufficient to allow SC inputs to drive AP firing in CA2 PNs, thereby engaging CA2 in the trisynaptic circuit.

Materials and Methods

Slice preparation

All animal procedures were performed in accordance with the regulations of the animal care committee of the Université Paris Descartes. The 400 m transverse hippocampal slices were prepared from 6-to 9-week-old C57BL6 male mice. Animals were killed under anesthesia with isoflurane. Hippocampi were removed, placed upright into an agar mold, and cut with a vibratome (VT1200S, Leica) in an ice-cold extracellular solution containing the following (in mM): 10 NaCl, 195 sucrose, 2.5 KCl, 15 glucose, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 1 CaCl 2 , and 2 MgCl 2 . A cut was made between CA3 and CA2 with a scalpel in some of the slices before being transferred to 30°C ACSF (in mM: 125 NaCl, 2.5 KCl, 10 glucose, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2 Na Pyruvate, 2 CaCl 2 and 1 MgCl 2 ) for 30 min and kept at room temperature for at least 1.5 h before recording. All experiments were performed at 33°C. Cutting and recording solutions were both saturated with 95% O 2 and 5% CO 2 , pH 7.4.

Electrophysiological recordings and analysis

Field recordings of PSPs were performed in currentclamp mode with a recording patch pipette (3-5 M⍀) containing 1 M NaCl and positioned in the middle of stratum radiatum (SR) or stratum pyramidale in CA1 or CA2. Whole-cell recordings were obtained from CA2 PNs in current-clamp mode held at Ϫ73 mV with a patch pipette (3-5 M⍀) containing the following (in mM): 135 K methyl sulfate, 5 KCl, 0.1 EGTA-Na, 10 HEPES, 2 NaCl, 5 ATP, 0.4 GTP, 10 phosphocreatine, and 5 M biocytin, pH 7.2 (280 -290 mOsm). Inhibitory currents were recorded with pipette solution containing 135 Cs methyl sulfate instead of K methyl sulfate. The liquid junction potential was ϳ1.2 mV, and membrane potentials were corrected for this junction potential. Some recordings were performed with the perforated patch technique. For these experiments, 75 g/ml gramicidin was added to the intracellular solution along with an additional 4 mM calcium to ensure that recordings were acquired in perforated configuration only. Series resistance (typically, 12-18 M⍀ for whole-cell recordings and 65.5 Ϯ 2M ⍀ for perforated patch recordings) was monitored throughout each experiment; cells with a Ͼ15% change in series resistance were excluded from analysis. Synaptic potentials were evoked by monopolar stimulation with a patch pipette filled with ACSF and positioned in the middle of CA1 SR or stratum lacunosum-moleculare (SLM). When evoking PSPs in both SR and SLM in the same experiment, we tested the independence of the inputs prior to the experiment. Using the same stimulation intensity used for the experiment, we compared the PSP amplitude evoked by SR stimulation with the PSP amplitude evoked by SR stimulation 100 ms after SLM stimulation. We also performed the reverse measurement, comparing the PSP amplitude evoked by SLM stimulation to a PSP evoked with SLM stimulation after SR stimulation by 100 ms. The stimulation of the SR and SLM inputs was considered to be independent if a preceding evoked PSP in the separate pathway had no effect on the amplitude of the second evoked PSP. When axons of CA2 pyramidal neurons were directly recruited by the stimulation pipette, as observed with a backpropagating AP in the recorded CA2 neuron, the stimulating pipette was moved until the direct activation of the axon disappeared.

High-frequency stimulation (HFS; 100 pulses at 100 Hz repeated twice), 10 Hz stimulation (100 pulses at 10 Hz repeated twice), or DPDPE ([D-Pen 2,5 ]Enkephalin) was applied after a stable baseline of 15-20 min duration. Before beginning whole-cell experiments, we identified the CA2 PNs by somatic location and size. Furthermore, the cell type was confirmed by several electrophysiological properties (input resistance, membrane capacitance, resting membrane potential, sag amplitude, action potential amplitude, and duration). For several experiments, particularly when Cs ϩ was in the pipette solution, the slices were fixed after the recording with 4% paraformaldehyde, and the neurons were identified by biocytinstreptavidin labeling and immunohistochemistry to label the CA2-specific protein RGS-14.

The amplitudes of the PSPs were normalized to the baseline amplitude. The magnitude of plasticity was estimated by comparing averaged responses at 30 -40 min for whole-cell recordings and at 50 -60 min for extracellular recordings after the induction protocol with baselineaveraged responses 0 -10 min before the induction protocol. All drugs were bath applied after dilution into the external solution from concentrated stock solutions. We used Axograph X software for data acquisition, and Origin Pro for data analysis. A Student's t test was performed for statistical comparisons, and results are reported as the mean Ϯ SEM.

Results

Inhibition in area CA2 has been shown to play a very prominent role in controlling the size of the depolarizing component of the compound EPSP-IPSP after stimulation of the SC (Piskorowski and Chevaleyre, 2013). Furthermore, inhibition has been shown to be highly plastic, undergoing an iLTD mediated by DORs (Piskorowski and Chevaleyre, 2013). We asked whether this plasticity of inhibitory transmission might be sufficient to modulate the level of excitatory drive at SC-CA2 synapses. To address this question, we first recorded extracellular field PSPs (fPSPs) in CA2 SR in response to electrical stimulation of SC fibers. These fPSPs are a compound readout of both the local EPSPs and IPSPs. After a stable baseline period, we applied either an HFS protocol (100 pulses at 100 Hz repeated twice) or a 10 Hz protocol (100 pulses at 10 Hz repeated twice). These two protocols efficiently induce iLTD of inhibitory inputs in area CA2 (Piskorowski and Chevaleyre, 2013). We found that both the HFS and 10 Hz protocol evoked a lasting increase in the amplitude of the compound fPSP [with 100 Hz stimulation: 160.5 Ϯ 4.2% of fPSP amplitude, p Ͻ 0.00001, n ϭ 10 (Fig. 1A); with 10 Hz stimulation: 144.8 Ϯ 9.9% of fPSP amplitude, p ϭ 0.0034, n ϭ 8( Fig. 1B)]. We also observed a significant but smaller increase in the compound fPSP when measuring the slope (136.2 Ϯ 6.4% of fPSP slope, p ϭ 0.0009, n ϭ 8). We expected a smaller change in the fPSP when measuring the slope, as most of the inhibition evoked by the stimulation is recruited by the SC. The extrasynaptic delay of this feedforward inhibition onto CA2 PNs (compared with the direct SC transmission) will result in a larger control of the peak rather than of the slope of the fPSP. Therefore, the amplitude of the PSP was used for the analysis of the subsequent experiments. To address whether a change in the excitability of CA3 PNs was responsible for the increase in the fEPSP in CA2, we measured the amplitude of the fiber volley (a measure of the number of axons firing an action potential). As shown in Figure 1, A and B, we did not detect any significant increase in the fiber volley amplitude after HFS (112.0 Ϯ 5.3%, p ϭ 0.06) or after 10 Hz stimulation (105.8 Ϯ 4.1, p ϭ 0.19). In addition, we also applied HFS in slices that had a detached CA3. In this condition, we found a similar increase of the compound fPSP amplitude [Fig. 1A; 165 Ϯ 7.8% of fPSP amplitude, n ϭ 5, p ϭ 0.0011 (p ϭ 0.59 with uncut slices)]. These data indicate that the long-term increase in the amplitude of the compound fPSP in area CA2 is not due to recurrent activation of CA3 neurons.

We also tested the effect of HFS and 10 Hz stimulation in whole-cell current-clamp recordings of CA2 PNs to ascertain that the increased amplitude of the fPSP was a result of an increased excitatory/inhibitory ratio onto CA2 PNs. We found that both the HFS and 10 Hz protocols triggered a large increase in the PSP recorded in this condition (Fig. 1 C,D; 223.4 Ϯ 14.1% after HFS, n ϭ 9; 195.5 Ϯ 26.3% after 10 Hz stimulation, n ϭ 6). The larger increase in PSP amplitude observed in whole-cell recording compared to extracellular recording is not surprising as DORs have been reported to be expressed in interneurons that target PN soma and proximal dendrites (Erbs et al., 2012). A potential iLTD at somatic inputs will likely have a minor contribution in regulating the size of the fPSP amplitude recorded in the dendritic area, but will have a large impact on PSP amplitude measured by whole-cell recordings. Consistent with this idea, we found that fPSPs monitored in the somatic region show a larger increase after HFS compared with fPSP monitored simultaneously in the dendritic area (fPSP in soma, 222.3 Ϯ 28.4%; fPSP in dendrite, 164.3 Ϯ 7.1%; n ϭ 5, p ϭ 0.047). Thus, our data show that different patterns of activity can increase the excitatory drive between CA3 and CA2.

Inhibitory transmission is mandatory for the HFSinduced long-term increase of the SC-CA2 PSP

We hypothesize that the increase in the amplitude of the PSP we measured is the consequence of the previously described DOR-mediated iLTD at inhibitory synapses (Piskorowski and Chevaleyre, 2013). That is, this increase in amplitude is due to a disinhibitory mechanism, and does not occur as the result of a potentiation of excitatory transmission. If this prediction is true, then the lasting increase in the compound PSP amplitude can only occur if inhibitory transmission is left intact.

To test this hypothesis, we recorded extracellular compound fPSPs in areas CA1 and CA2 in response to HFS of SC inputs either in the presence or absence of GABA A and GABA B receptor antagonists (1 M SR 95531 and 2 M CGP 55845). In area CA1, the HFS induced a small increase in the fPSP amplitude when inhibition was intact (Fig. 2A; 128.2 Ϯ 4.1% of fPSP amplitude, p ϭ 0.0020, n ϭ 5). As expected, this increase was significantly enhanced when the recordings were performed in the continuous presence of GABA receptor antagonists [Fig. 2A; 167.9 Ϯ 13.4%, p ϭ 0.0017 (p ϭ 0.0447 with intact inhibition), n ϭ 8]. In area CA2, a robust and lasting increase of the fPSP was induced with inhibition intact (Fig. 2B; 160.5 Ϯ 4.2% of PSP basal amplitude, p Ͻ 0.00001, n ϭ 10). Furthermore, unlike what was observed in area CA1, the HFS did not evoke any lasting change in the fPSP amplitude when inhibitory transmission was blocked [Fig. 2B; 104.9 Ϯ 2.3% of EPSP amplitude, p ϭ 0.09 (p Ͻ 0.0001 with intact inhibition), n ϭ 10].

We also performed the same experiment using wholecell current-clamp recordings of CA2 PNs. Consistent with the extracellular recordings, the HFS induced an increase in the amplitude of the depolarizing response when inhibition was intact (Fig. 2C; 207.4 Ϯ 12.6% of PSP amplitude, p Ͻ 0.00001, n ϭ 10), but not in the presence of GABA receptor antagonists [Fig. 2C; 103.1 Ϯ 5.7% of EPSP amplitude, p ϭ 0.6997 (p ϭ 0.000006 with intact inhibition), n ϭ 7]. Altogether, these results show that in area CA2, intact inhibitory transmission is a requirement for the long-term increase of the compound PSP amplitude.

If the increase in the PSP after HFS indeed results from a decrease in inhibition, then it is possible to make the following prediction: pharmacological block of inhibition should increase the amplitude of the PSP, and part of this increase should be occluded by a previous HFS. In order to test this, we performed current-clamp recordings of CA2 PNs and applied GABA receptor blockers after an HFS of SC inputs, or in control experiments with no tetanus stimulation. We found that when the GABA receptor blockers were applied without the HFS, the PSP amplitude was strongly increased (Fig. 3A; 472.8 Ϯ 85.5% of the PSP amplitude, p ϭ 0.0026, n ϭ 6), confirming that GABAergic transmission exerts a strong negative control on the PSP amplitude in CA2 PNs (Piskorowski and Chevaleyre, 2013). When the GABA receptor blockers were applied after the HFS, the increase in the PSP amplitude was smaller than the effect of the blockers applied without the HFS [Fig. 3A; 185.8 Ϯ 7.8% of increase of the PSP amplitude, p Ͻ 0.00001 (p ϭ 0.0074 compared with blockers without HFS), n ϭ 6]. However, the final PSP amplitude after the HFS and GABA blocker application was identical to the amplitude of the PSP after GABA blocker application alone (Fig. 3A; p ϭ 0.7, n ϭ 6). Altogether, these results indicate that the HFS-induced increase of the PSP amplitude is mediated by a decrease in GABAergic transmission.

It was previously reported that the SC-CA2 synapse does not express LTP when inhibition is pharmacologically blocked, but also when inhibition is kept intact (Zhao et al., 2007). One potential explanation for the apparent discrepancy with our results could be the difference in chloride used in our internal solution and that of the previous study. The intracellular [Cl Ϫ ] of our pipette solution is 7 mM, making the reversal potential for ClϪ (E Cl ) of Ϫ77 mV. The previous study (Zhao et al., 2007) used 16 mM, with an E Cl of Ϫ55 mV, which is more depolarized than the resting membrane potential of the cell. With the higher [Cl Ϫ ] in the intracellular solution, a decrease in GABAergic transmission would likely not increase the compound PSP amplitude. To test whether the difference in E Cl could explain the discrepancy between our results and those of Zhao et al. (2007), we performed whole-cell current-clamp recordings of CA2 PNs with an internal solution containing 16 mM Cl Ϫ . We found that an HFS did not evoke an increase in the amplitude of the PSP in CA2 PNs when using a high concentration of chloride in the pipette, even with intact GABAergic transmission [Fig. 3B; 111.0 Ϯ 16.9% of PSP basal amplitude, p ϭ 0.4103 (p ϭ 0.006 with control slices) n ϭ 5]. Finally, in order to directly monitor the compound EPSP/IPSP in pyramidal neurons without affecting intracellular [Cl Ϫ ], we performed perforated patch recordings with gramicidin in the pipette. In these conditions, we found that HFS evoked a large increase in the amplitude of the PSP that was not different than the one observed with whole-cell recordings (Fig. 3C; 200.8 Ϯ 19.9% of baseline, n ϭ 5, p ϭ 0.008 with baseline, p ϭ 0.7 compared with whole-cell experiments). Altogether, these data strongly indicate that the disinhibitory increase in PSP amplitude can occur during physiological conditions.

The long-term increase in the CA2 compound PSP amplitude requires the activation of ␦ opioid receptors

Our results show that the potentiation of the PSP amplitude in area CA2 induced by an HFS results from a decrease in inhibition, rather than from a direct potentiation of excitatory inputs. If iLTD in area CA2 indeed mediates the increase in the compound PSP, both iLTD and the increase in PSP amplitude should share similar pharmacology. Because the induction of iLTD in area CA2 requires the activation of DORs (Piskorowski and Chevaleyre, 2013), we tested whether HFS-mediated increase in PSP amplitude is also dependent on the activation of these receptors.

First, we performed extracellular and whole-cell current-clamp recordings of CA2 PNs in response to SC stimulation and applied an HFS in the presence of a DOR competitive antagonist, ICI 74864. We found that the HFS did not significantly change the CA2 PN PSP amplitude if DORs were not activated during the tetanus stimulation (Fig. 4A; ICI 74864: 119.6 Ϯ 12.9% of the PSP amplitude, n ϭ 7, p ϭ 0.135; interleaved control: 215.5 Ϯ 20.6% of the PSP amplitude, p ϭ 0.005, n ϭ 5). Similarly, using extracellular recordings, we found no lasting change in the amplitude of the fPSPs after HFS in the presence of DOR antagonists ICI 74864 or naltrindole [Fig. 4B; 108.7Ϯ4.6% of the fPSP basal amplitude, p ϭ 0.0822 (p ϭ 0.0006 with the absence of DOR antagonist), n ϭ 8]. For these experiments, we used two structurally distinct DOR antagonists (ICI 74864 and naltrindole). Because the increase in PSP amplitude was blocked with both antagonists, data were pooled.

Together, these data show that DOR activation is needed for induction of the lasting increase in CA2 PN PSP amplitude. We then asked whether the activation of DORs would be sufficient to mediate this plasticity. To address this question, we performed extracellular recordings in the SR of area CA2 and applied the specific DOR agonist DPDPE for 15 min. We found that the application of DPDPE induced a long-term increase in the fPSP amplitude (Fig. 4C; 162.2 Ϯ 17.7% of baseline, p ϭ 0.02, n ϭ 5). To make sure that this long-term potentiation is due to a DOR-dependent decrease in inhibition and not to a potential direct increase in SC-CA2 excitatory transmission, we performed the same experiment in the presence of GABA receptor blockers. We found that when inhibitory transmission was blocked, DOR activation did not induce any lasting increase in the PSP amplitude at SC-CA2 synapses (Fig. 4C; 99.8 Ϯ 4.2% of baseline, p ϭ 0.71, n ϭ 6). Altogether, these data show that DOR activation is necessary and sufficient to trigger a lasting increase in the amplitude of the PSP between SC and CA2 PNs.

iLTD evoked by SC input stimulation also alters the excitatory/inhibitory balance at distal inputs of CA2 PNs CA2 PNs are strongly activated by distal inputs in SLM. Thus, we wondered whether the stimulation of proximal SC inputs, via a disinhibitory mechanism, could also influence distal inputs in SLM. We used two stimulating electrodes to evoke PSPs in SC and SLM inputs, as diagrammed in Figure 5A, and checked for the independence of the two pathways before starting experiments (see Materials and Methods). We found that tetanic stimulation in SR not only led to a large increase in the PSP amplitude of SC inputs, but also increased the amplitude of PSPs from SLM inputs (Fig. 5B; 125.9 Ϯ 5.9% of baseline, p ϭ 0.0017 with baseline, n ϭ 10). In contrast to SC inputs, SLM inputs have been described to express an LTP that is independent of inhibitory transmission (Chevaleyre and Siegelbaum, 2010). Thus, we wondered whether our observed increase in SLM PSP is a result of a direct LTP at these inputs or from a disinhibitory mechanism similar to what we have found at SC-CA2 inputs. We repeated the experiment in the presence of GABA receptor blockers and found that the tetanic stimulation in SR did not result in any increase of SLM-evoked PSPs (Fig. 5C; 94.6 Ϯ 7.9% of baseline, p ϭ 0.52 with baseline, n ϭ 8), which is consistent with a disinhibitory mecha-nism. We then tested whether this disinhibitory mechanism at the SLM pathway also depends on DOR activation by applying the SR tetanus stimulation in the presence of naltrindole. We found that the increase in the PSP amplitude of SLM input was completely blocked under these conditions (Fig. 5C; 103.9 Ϯ 3.4% of baseline, p ϭ 0.31 with baseline, n ϭ 6).

We postulate that this increase in the strength of SLM inputs is a result of the same DOR-dependent disinhibition that increases the strength of SC inputs. To test this hypothesis, we directly monitored IPSCs evoked by stimulation in SR and SLM. We found that tetanus stimulation in SR evokes a lasting and significant iLTD in both SC and SLM inputs into CA2 PNs (Fig. 5D; 77.7 Ϯ 4.8% of baseline, p ϭ 0.005 for SR IPSCs; 87.0 Ϯ 2.5% of baseline, p ϭ 0.003 for SLM IPSCs; n ϭ 6).

The disinhibition at SC-CA2 allows SC inputs to drive firing in CA2 PNs

The large feedforward inhibition recruited by SC stimulation completely prevents action potential firing in CA2 PNs. However, when inhibition is pharmacologically blocked, SC inputs are able to drive action potential firing in CA2 PNs (Chevaleyre and Siegelbaum, 2010). Therefore, we asked whether the decrease in inhibition after iLTD, and the consequent increase in compound PSP amplitude would sufficiently increase the net excitatory drive between CA3 and CA2 PNs to allow SC to drive firing in CA2 PNs.

To test this hypothesis, we monitored the magnitude of the population spike (PS) in the somatic layer of area CA2 before and after HFS. We found that before HFS there was no PS or a PS of very small amplitude that was measurable only at the highest intensity stimulation (30 V). This observation confirms that the stimulation of CA3 SC axons was not capable of driving the firing of PNs in the CA2 region. Interestingly, a large PS was revealed in CA2 after HFS (Fig. 6A-C; with 20 V stimulation: PS amplitude increases from 0.035 Ϯ 0.024 to 0.37 Ϯ 0.11 mV after HFS, p ϭ 0.01, n ϭ 5; with 30 V stimulation: PS amplitude increases from 0.09 Ϯ 0.04 to 0.59 Ϯ 0.14 mV after HFS, p ϭ 0.006, n ϭ 5). This result shows that the plasticity induced by the HFS is sufficient to allow CA3 inputs to evoke the firing of cells in CA2.

To determine whether the pyramidal cells in area CA2 experience an increased firing probability after HFS of SC, we performed whole-cell current-clamp recordings of CA2 PNs and measured the probability of AP firing in response to a series of five pulses at 100 Hz at different stimulus intensities before and after HFS. Before HFS, no APs were evoked in CA2 PNs. However, after HFS, CA2 PNs were able to generate APs in response to SC stimulation. Both the number of APs per train and the proportion of cells firing at least one AP during the train were significantly increased after HFS (Fig. 6D-F; with 30 V stimulation: from 0 to 1.15 Ϯ 0.3 APs per train after HFS, p ϭ 0.012, n ϭ 6; and from 0% to 80% of cells firing APs after HFS). To ensure that this increase in firing results from the DOR-mediated plasticity at inhibitory synapses evoked by HFS, we performed the same experiment in the presence of the DOR antagonist ICI 174864 (2 M). When HFS was applied in the presence of the drug, no significant change in action potential firing was evoked (Fig. 6G-I; with 30 V stimulation: from 0 to 0.15 Ϯ 0.15 AP per train after HFS, p ϭ 0.37, n ϭ 5; and from 0% to 20% of cells firing APs after HFS). These results show that the DOR-dependent disinhibitory increase in PSP is sufficient to allow CA3 inputs to drive AP firing in CA2 PNs.

Discussion

In this study, we have shown that the net excitatory drive between CA3 and CA2 can be persistently increased in an activity-dependent manner, even though the CA3-CA2 excitatory transmission does not express a direct LTP. Our results show that the increase in the excitatory drive between CA3 and CA2 is dependent on inhibition and results from a DOR-mediated iLTD at inhibitory synapses. Furthermore, we show that this disinhibition also increases the excitatory drive between SLM inputs and CA2. Finally, this plasticity sufficiently increases the net excitatory drive between CA3 and CA2 to allow SC inputs to drive action potential firing in CA2 PNs.

Activity induces a long-term increase of CA3-CA2 transmission via a disinhibitory mechanism

There are several examples of disinhibitory plasticity in the hippocampus. For instance, a pairing protocol induces a shift in GABA reversal potential, thereby increasing synaptic strength at CA3-CA1 synapses (Ormond and Woodin, 2009). Similarly, a pairing protocol between distal and proximal inputs strongly facilitates CA3-CA1 synapses, an effect that is dependent on a decrease in feedforward inhibition recruited by SC synapses (Basu et al., 2013). In both cases, the decrease in inhibition facilitates a plasticity that can occur independently of a change in inhibition. In our study, the increase in excitatory/inhibitory balance between CA3 and CA2 is entirely dependent on a disinhibition mechanism. Indeed, SC-CA2 excitatory synapses do not express LTP after HFS or other induction protocols (Zhao et al., 2007;Simons et al., 2009;Chevaleyre and Siegelbaum, 2010;Lee et al., 2010). However, we found that HFS or 10 Hz stimulation could trigger a lasting increase in the net excitatory drive between CA3 and CA2. Several experiments indicate that this increase is dependent on GABAergic transmission and results from a disinhibitory mechanism. First, the lasting increase in PSP amplitude was absent when inhibitory transmission was pharmacologically blocked.

Second, increasing the reversal potential for Cl Ϫ in the recorded cell also prevented induction of this plasticity. Third, the increase in the amplitude of the PSP after the application of GABA receptor blockers was partially occluded by previous HFS. Fourth, the activity-dependent increase in PSP shares the same pharmacology as the iLTD (i.e., a strict dependence on DOR activation). And finally, the application of a DOR agonist, which induces a lasting decrease in inhibition but does not alter isolated excitatory transmission, was sufficient to evoke the lasting increase in PSP amplitude.

Our results are in agreement with those of several studies showing a lack of plasticity at SC-CA2 synapses when inhibition was blocked. Nonetheless, they seem to differ from the results of a previous study (Zhao et al., 2007) in which no plasticity was evoked at SC synapses with inhibitory transmission left intact. We believe that the recording conditions likely account for this apparent discrepancy. While the previous study used a high concentration of Cl Ϫ in the recording solution (16 mM), we used 7 mM Cl Ϫ . In accordance with this idea, we found no increase in PSP amplitude with 16 mM Cl Ϫ in the recording pipette. The precise physiological concentration of intracellular Cl Ϫ in CA2 PNs is unknown. However, the fact that we observe an increase in PSP amplitude when intracellular [Cl Ϫ ] is not perturbed (using gramicidin perforated patch recordings), and when both intracellular ionic composition and resting membrane potential are not affected (using extracellular recordings), strongly indicates that the disinhibition-mediated increase in PSP amplitude can occur in an intact system. Furthermore, we are confident that the fPSP we recorded in CA2 is not contaminated by PSP in CA1 because we did not observe LTP in CA2 in the presence of GABA blockers, while a large potentiation was observed with simultaneous fPSP recordings in CA1.

The disinhibitory increase in CA3-CA2 transmission is dependent on DOR

Our results strongly indicate that the DOR-mediated iLTD recently described (Piskorowski and Chevaleyre, 2013) is involved in the disinhibitory increase in PSP between CA3 and CA2. First, the disinhibitory potentiation was abolished in the presence of two different selective antagonists of DORs (ICI 74864 and naltrindole). Second, the direct activation of DORs with the selective agonist DP-DPE was sufficient to trigger a lasting increase in the PSP amplitude. Therefore, these data show that DORs are necessary and sufficient to increase the PSP amplitude between CA3 and CA2.

Opioids have long been known to increase excitability in the hippocampus and to facilitate the induction of plasticity at excitatory synapses. For instance, the activation of opioid receptors (MORs) and DORs is required for LTP induction at the perforant path-granual cell synapse in the dentate gyrus (Bramham and Sarvey, 1996), and the activation of MORs facilitates LTD induction at the SC-CA1 PN synapse (Wagner et al., 2001). In both cases, the observed increase in excitatory drive is believed to result from a transient decrease in inhibition during the induction protocol, hence facilitating the induction of the plasticity at excitatory inputs.

Our results differ in several ways from the previously reported action of opioids. First, in contrast to the transient effect of DORs on GABAergic transmission in CA1, the activation of DORs was shown to induce a lasting depression of inhibition in area CA2 (Piskorowski and Chevaleyre, 2013). In addition, in contrast to the well described facilitatory action of opioids on plasticity at excitatory synapses, our results show that DOR activation is mandatory for the change in excitatory/inhibitory balance between CA3 and CA2.

Our results show that stimulation in SR increases the synaptic strength of both proximal and distal inputs. The increase in the strength of excitatory transmission was dependent on GABAergic transmission. There have been several reports of heterosynaptic plasticity between proximal and distal inputs onto hippocampal PNs; for example, the potentiation of SC inputs onto CA1 PNs after theta-burst stimulation of distal dendritic inputs (Han and Heinemann, 2013), and the potentiation of SC inputs and depression of distal dendritic inputs after low-frequency stimulation of distal inputs (Wöhrl et al., 2007). To our knowledge, there is no report of a lasting increase in synaptic strength at distal dendritic input that is induced by stimulation in the proximal dendritic region. The simplest explanation for our results is that stimulation in SR evokes iLTD, and both SC and SLM stimulation recruit the depressed inhibitory inputs. In agreement with this idea are the findings that PV ϩ basket cells in area CA2 have dendrites that traverse SR and SLM (Mercer et al., 2012;Tukker et al., 2013). Furthermore, it was recently shown that synaptic transmission from PV ϩ interneurons in area CA2 is depressed during DOR-mediated iLTD (Piskorowski and Chevaleyre, 2013). Together, our results highlight a new mechanism by which activity in SR can enhance the net excitatory drive of synapses in SLM. This interplay is likely to have important consequences on information transfer by extrahippocampal (SLM) and intrahippocampal (SC) inputs onto CA2 PNs.

Physiological and pathological consequences of the disinhibitory action of DOR in CA2

When inhibition is intact, SC EPSPs are very small and fail to induce AP in CA2 PNs. Our results show that, after the induction of DOR-mediated iLTD, the stimulation of SC inputs can evoke APs in CA2 PNs. This was observed both in whole-cell and extracellular recordings, indicating that it can occur when the resting potential of CA2 PNs is not affected. This result is consistent with those of a previous study (Sekino et al., 1997)usingvoltage-sensitivedyestostudyinformation propagation through the hippocampus reporting that dentate gyrus stimulation resulted in either a fast propagation of activity between CA3 and CA1, or a slower propagation successively recruiting CA3, CA2, and CA1 PNs. Interestingly, the blockade of GABA receptors allowed the recruitment of CA2 from slices in which the activation of this region was initially not detected. Our results provide a mechanism for the result observed in this previous study and show that the disinhibitiondependent recruitment of CA2 can be evoked in an activity-dependent manner. While HFS (100 Hz) might not be very physiological, the activity-dependent increase in PSP amplitude can also be evoked with a 10 Hz stimulation, a frequency that falls within the range of theta oscillations. Furthermore, it was previously shown that the depression of inhibitory transmission underlying the increase in PSP can be evoked with 100 and 10 Hz stimulation, but also with a theta burst stimulation protocol. Therefore, we think it is likely that physiological patterns of activity will be efficient to trigger the increase in excitatory drive between CA3 and CA2, thus allowing CA2 to be recruited by CA3. We propose that inhibition in area CA2 is acting as a gate to control information flow between CA3 and CA2, and that DOR activation can be considered as one of the keys to opening this gate.

While our results suggest that an activity-dependent decrease in inhibition could be relevant for information transfer by allowing SC inputs to activate CA2 PNs, it is likely that a more global decrease in inhibition in CA2 is detrimental for the hippocampus. For instance, a decrease in the density of PV ϩ interneurons has been reported (Knable et al., 2004)t oo c c u ru n i q u e l yi na r e a CA2 during schizophrenia. Similarly, the density of PV ϩ cells is considerably reduced in CA2 during epilepsy (Andrioli et al., 2007), and physiological recordings in the hippocampi of human epileptic patients revealed an important decrease in inhibition of (Wittner et al., 2009) or a complete loss of inhibition of CA2 PNs (Williamson and Spencer, 1994). Our results provide a potential explanation for why a persistent decrease in the inhibitory gate in CA2 could alter the trisynaptic circuit during schizophrenia (Benes, 1999), and why CA2 might be the locus of epileptiform activity generation both in rodents (Knowles et al., 1987)a n di nh u m a n s (Wittner et al., 2009).

In summary, our results show that while there is no LTP at the SC-CA2 PN synapse, the excitatory/inhibitory balance can be persistently shifted toward excitation in an activity-dependent manner through a disinhibition mechanism. Interestingly, this disinhibition results in an increase in net excitatory drive at both SC inputs as well as distal dendritic inputs. Furthermore, our results reveal that the decrease in inhibitory transmission sufficiently increases the excitatory drive from SC inputs to allow recruitment of CA2 by CA3 PNs. Thus, our data add complexity to the hippocampal circuitry and reveal how CA2 PNs can be engaged by intrahippocampal inputs after activity. 

INTRODUCTION

While much progress has been made recently in understanding the genetic causes of psychiatric illnesses, there remain many unresolved questions pertaining to the neural substrates at the cellular and circuitry level underlying specific symptoms and cognitive deficits. One area in particular that merits further study is the long overlooked area CA2 of the hippocampus. It was shown recently that area CA2 is critical for social memory formation (Hitti and Siegelbaum, 2014;Stevenson and Caldwell, 2014), likely plays little role in spatial coding [START_REF] Lee | Neural Population Evidence of Functional Heterogeneity along the CA3 Transverse Axis: Pattern Completion versus Pattern Separation[END_REF][START_REF] Lu | Topography of Place Maps along the CA3-to-CA2 Axis of the Hippocampus[END_REF]Mankin et al., 2015) and may serve to detect conflicts between memory-driven and sensory information converging on the hippocampus (Wintzer et al., 2014).

Before the contribution of area CA2 to hippocampal function was appreciated, numerous post-mortem studies of patients with schizophrenia and psychosis had revealed that this relatively small hippocampal region undergoes disease-related changes in size and composition (Benes et al., 1998;Narr et al., 2004). A metaanalysis study reported that a decrease in parvalbumin-expressing (PV+) interneuron density in area CA2 was one of the few measures, of more than 200, to be significantly altered in schizophrenia and bipolar disorder in the hippocampus (Knable et al., 2004). A decrease in PV+ interneurons in CA2 has also been reported in Alzheimer's disease [START_REF] Brady | Parvalbumin-immunoreactive neurons in the hippocampal formation of Alzheimer's diseased brain[END_REF]. Therefore, understanding cellular alterations that occur in area CA2 in psychiatric disorders is likely to provide invaluable information about the pathogenesis of these diseases. To this end, we analyzed CA2 in a mouse model of the 22q11.2 deletion syndrome (22q11.2DS), as this allows a more reliable and comprehensive examination of the consequences of the disease on cellular function and circuitry dynamics.

Individuals with the 22q11.2 deletion are sometimes given other diagnoses early in life, including attention-deficit hyperactivity disorder, generalized anxiety disorder, obsessive-compulsive disorder and autism spectrum disorders (ASD) [START_REF] Karayiorgou | 22q11.2 microdeletions: linking DNA structural variation to brain dysfunction and schizophrenia[END_REF]. In late adolescence and early adulthood, up to one-third of all individuals carrying the 22q11.2 deletion develop schizophrenia or schizoaffective disorder, an approximately 30-fold increase in disease risk. Moreover, de novo 22q11.2 deletions account for up to 1-2% of sporadic schizophrenia cases (International Schizophrenia [START_REF] Consortium | ! Rare! deletions! at! 22q11.! 2[END_REF]Karayiorgou et al., 1995;[START_REF] Xu | !Strong! association!of!de!novo!copy!number!mutations!with!sporadic!schizophrenia[END_REF]. Most affected individuals carry a 3-Mb hemizygous deletion, whereas 7% have a nested 1.5-Mb deletion spanning 27 known genes [START_REF] Karayiorgou | 22q11.2 microdeletions: linking DNA structural variation to brain dysfunction and schizophrenia[END_REF]. A mouse model (Df( 16)A+/-mice; (Stark et al., 2008) carrying an engineered orthologous deletion on mouse chromosome 16 encompassing all but one of the genes encoded in the 22q11.2 critical region, is a particularly powerful tool for deciphering how this genetic lesion increases risk for neuropsychiatric disorders. Df( 16)A+/-mice have deficits in sensorimotor gating, emotional learning (Stark et al., 2008) and altered performance and long-range synchrony between the hippocampus and prefrontal cortex during a spatial working memory task [START_REF] Sigurdsson | Impaired hippocampal-prefrontal synchrony in a genetic mouse model of schizophrenia[END_REF]Stark et al., 2008). However, besides the impairment in long-range connectivity between brain structures, the local cellular changes at the level of the hippocampal microcircuit remain incompletely understood in areas CA1/CA3 [START_REF] Drew | Evidence for altered hippocampal function in a mouse model of the human 22q11.2 microdeletion[END_REF][START_REF] Earls | Dysregulation of presynaptic calcium and synaptic plasticity in a mouse model of 22q11 deletion syndrome[END_REF] and completely unknown in area CA2. Given the reported alterations in area CA2 in patients with schizophrenia and other neuropsychiatric disorders, we decided to examine area CA2 of Df( 16)A+/-mice, and in particular, in relation to inhibitory transmission and activity-dependent plasticity mediated by PV+ interneurons.

We found that the density of PV+ interneurons in the hippocampus of Df( 16)A+/-mice is specifically reduced in area CA2. Accompanying this reduction, we found an impairment of feed-forward inhibition onto CA2 PNs, resulting in a larger excitatory drive from CA3 inputs, but a lower potential for modulation by an activity-dependent disinhibitory-plasticity mediated by PV+ interneurons.

Interestingly, these effects are only observed in adult, but not in young mice, paralleling the disease onset in humans. Finally, the intrinsic properties of CA2 PNs are also affected, resulting in a decreased action potential firing in response to proximal and distal excitatory inputs stimulation. Lastly, we report that Df( 16)A+/mice display social memory impairment similar to that observed following specific silencing of CA2 PNs. These results show that the specific alterations reported in hippocampal CA2 in humans with schizophrenia are also present in Df( 16)A+/-mice.

Moreover, our findings yield new insights into cellular and functional alterations occurring in CA2 as a result of a pathogenic mutation and provide a potential mechanism and a neural substrate for the social cognition impairment occurring in schizophrenia and other neuropsychiatric disorders.

RESULTS

The density of PV+ interneurons in the hippocampus is decreased specifically in area CA2 of adult Df(16)A +/-mice

In the hippocampus, both individual and meta-analysis of postmortem studies of individuals with schizophrenia have reported a significant decrease in PV+ interneuron density specifically in area CA2 (Benes et al., 1998;Berretta et al., 2009;Knable et al., 2004;Zhang and Reynolds, 2002). Therefore, we first asked whether a similar change in PV+ interneuron density occurred in area CA2 of Df( 16)A +/-mice.

To this end, we performed immunostaining against PV and quantified the density of PV+ cells in the different subdivisions of the hippocampus in adult mice (8-week old). Consistent with previous findings (Botcher et al., 2014;Piskorowski and Chevaleyre, 2013), the density of PV+ interneurons in wild-type littermate control mice (WT) was higher in area CA2 stratum oriens (SO) and stratum pyramidale (SP) than in the other hippocampal areas (Figure 1A,B). In Df( 16)A +/-mice, the density of PV+ interneurons in area CA2 was significantly lower than in WT littermate mice (in SO: 6650 ± 525 for WT vs. 4691 ± 239 for Df( 16)A +/-mice, p = 0.0068; in SP: 24664 ± 1307 for WT vs. 16110 ± 2071 for Df( 16)A +/-mice, p = 0.0058, n = 6 mice for both WT and Df( 16)A +/-mice). Strikingly, this decrease in PV+ cell density was specific to area CA2 as no changes were observed in areas CA1 and CA3 (Figure 1B). To ensure that the quantification of PV+ density in CA2 was not biased by a change in the size of area CA2 in Df( 16)A +/-mice, we also performed co-staining with the CA2-specific marker regulator of G-protein signaling 14 (RGS14) (Lee et al., 2010). We found no difference between WT and Df( 16)A +/-mice in the area of the hippocampus stained by the RGS14 antibody, indicating that the size of area CA2 is unchanged. Moreover, with the boundaries between the CA areas defined by RGS14 staining alone, we confirmed the significant decrease in the density of PV+ cells in CA2 area of Df( 16)A +/-mice (Supl Figure 1, in SP: p = 0.008; n = 3 and 4 mice for WT and Df( 16)A +/-mice respectively).

The onset of behavioral symptoms of schizophrenia occurs usually during early adulthood. We wondered whether the change we observed in PV+ interneurons density might also be age-dependent. Therefore, we quantified the density of PV+ interneurons in 4-week-old mice. The density of PV+ cells in 4-week-old WT mice was similar to that observed in older mice. Notably however, the density of PV+ cells in area CA2 was identical between WT and Df( 16)A +/-mice (Figure 1C,D; in SO: 6662 ± 839 for WT vs. 6703 ± 1203 for Df(16)A +/-mice, p = 0.97; in SP: 22430 ± 1465 for WT vs. 22728 ± 1496 for Df( 16)A +/-mice, p = 0.89, n = 6 for WT and 6 for Df( 16)A +/-mice). Overall, our results show that the Df( 16)A +/-mice recapitulate one of the most consistent cellular phenotype observed in the hippocampus of patients with schizophrenia, i.e. an age-dependent decrease in PV+ cells number in area CA2.

The inhibitory control of excitatory drive from CA3 is reduced in adult

Df(16)A +/-mice

Inhibitory transmission in area CA2 powerfully controls the strength of excitatory transmission from the Schaeffer collateral (SC) inputs, and completely prevents CA3 neurons to evoke action potential firing in CA2 pyramidal neurons (PNs). To address whether the decrease in PV+ neurons observed in Df( 16)A +/-mice could affect the control of the excitatory drive from CA3 PNs, we monitored PSPs in CA2 PNs in response to stimulation of SC inputs before and after blockade of GABA receptors. The depolarizing phase of the post-synaptic potential (PSP) in control conditions was very small in WT mice and was truncated by a large hyperpolarizing component. The addition of GABA blockers markedly increased the amplitude of the excitatory PSP (EPSP; Figure 2A,B). Interestingly, in the absence of GABA blockers, the depolarizing component of the PSP was significantly larger in Df( 16)A +/-mice than in WT mice (Figure 2B, n = 8, 3 mice for WT, n = 17, 6 mice for Df(16)A +/- mice; ANOVA 2 way repeated measure: genotype: F(1,7) = 6.89, p = 0.03; stimulation: F(2.06,14.4) = 50.3, p = 0.00000027; genotype x stimulation: F(2.6,18.4) = 2.03, p = 0.14). However, in presence of GABA blockers, the EPSPs in WT and in Df( 16)A +/-mice were not different (Figure 2A,B, ANOVA 2 way repeated measure:

genotype: F(1,6) = 0.00032, p = 0.98; stimulation: F(1.7,10.24) = 185.9, p = 1.37x10 - 8 ; genotype x stimulation: F(1.42,8.56) = 0.23, p = 0.72). When we examined the change in the PSP amplitude before and after blocking inhibition, the 4-5 fold increase in PSP in WT mice was significantly reduced to 2-3 fold in Df( 16)A +/-mice (Figure 2C, ANOVA 2 way repeated measure: genotype: F(1,7) = 6.89, p = 0.03; stimulation: F(2.1,14.4) = 50.3, p = 2.7x10 -7 ; genotype x stimulation: F(2.6,18.4) = 2.03, p = 0.14). Finally, to isolate the inhibitory component evoked during the stimulation, we subtracted the responses in the presence of GABA blockers from the responses in absence of blockers. This method has been validated by other studies to infer the IPSP size from a compound EPSP/IPSP response (Basu et al., 2013;[START_REF] Pouille | Enforcement of temporal fidelity in pyramidal cells by somatic feed-forward inhibition[END_REF]. We found that the deduced inhibitory PSP (IPSP) was significantly smaller in Df( 16)A +/-mice (Figure 2D, ANOVA 2 way repeated measure: genotype: F(1,7) = 7.19, p = 0.03; stimulation: F(2.6,18.2) = 169.4, p = 3.7x10 -13 ; genotype x stimulation: F(1.99,13.97) = 7.0, p = 0.0078). These results

show that the depolarizing component of the compound EPSP-IPSP is larger in Df( 16)A +/-mice, and that this increased PSP in the absence of GABA receptor blockers results from a decrease in the level of inhibitory transmission.

Because the change in PV+ interneuron density is age-dependent, we then quantified the amplitude of the PSPs with and without inhibition and the amplitude of the deduced IPSPs in 4-5-week-old mice. We observed no difference in the amplitude of the PSP between WT and Df(16)A +/-mice (Figure 2E; n = 6, 4 mice for WT and n = 5, 5 mice for Df(16)A +/-mice, ANOVA 2 way repeated measure: genotype: F(1,4) = 1.38x10 -7 , p = 0.99; stimulation: F(3.0,12.0) = 57.3, p = 2.14x10 -7 ; genotype x stimulation: F(1.3,5.21) = 0.39, p = 0.61 for the PSP before GABA blockers and ANOVA 2 way repeated measure: genotype: F(1,3) = 0.12, p = 0.74; stimulation:

F(1.9,5.8) = 148.2, p = 1.08x10 -5 ; genotype x stimulation: F(1.3,3.9) = 0.25, p = 0.70 after GABA blockers). We also observed no difference in the amplitude of the deduced IPSP (Figure 2F; ANOVA 2 way repeated measure: genotype: F(1,3) = 0.036, p = 0.86; stimulation: F(1.7,5.17) = 66.5, p = 2.3x10 -4 ; genotype x stimulation:

F(1.6,4.9) = 0.22, p = 0.76). Therefore, these results indicate that the decrease in PV+ interneurons and in inhibition recruited by proximal input is the result of a change during periadolescent development, mirroring the disease onset in humans.

The inhibition monitored on the pyramidal cell comes from the recruitment of feed-forward inhibition engaged by the SC, but also potentially from a direct activation of inhibitory cells and axons by the stimulating electrode. To address whether the feed-forward inhibition is impaired in Df( 16)A +/-mice, we directly monitored inhibitory post-synaptic currents (IPSCs) at a holding potential of 0 mV (the reversal potential for excitatory currents) before and after blocking excitatory transmission. In control conditions, both the directly activated inhibition and the feedforward inhibition will be present, while only directly activated inhibition will be monitored after blocking excitation. We quantified the amount of feed-forward inhibition by subtracting IPSCs in AMPA/NMDA blockers from the IPSCs in control conditions. We found that the level of feed-forward inhibition was ~30% larger in WT mice compared to Df( 16)A +/-mice (Supl. The decrease in the level of feed forward inhibition could result from a decrease in the number of recruited interneurons or from a decrease in GABA release probability. We performed a paired stimulation to quantify the paired-pulse ratio (PPR) of two consecutive IPSCs, a parameter inversely proportional to release probability. When IPSCs were isolated in presence of NBQX/DAPV, we found that the PPR (with a stimulation interval of 100 ms) was identical between WT and Df( 16)A +/-mice over the entire stimulation intensity range (Supl. Figure S2C, n = 15, 6 mice for WT and n = 15, 6 mice for Df( 16)A +/-mice, ANOVA 2 way repeated measure: genotype: F(1,6) = 2.25, p = 0.18; stimulation: F(3.6,21.9) = 1.34, p = 0.28; genotype x stimulation: F(2.3,14.2) = 0.70, p = 0.53). We also measured the PPR at different stimulation intervals (between 20 and 800 ms) and again found no difference between WT and Df( 16)A +/-mice (Supl. Figure S2D, n = 10, 5 mice for WT and 11, 5 mice for Df( 16)A +/-mice, ANOVA 2 way repeated measure: genotype: F(1,8) = 0.27, p = 0.61; stimulation: F(2.2,17.9) = 4.4, p = 0.02; genotype x stimulation: F(2.3,18.7) = 1.7, p = 0.20). Finally, because an increase in summation of synaptic responses during a train at CA3-CA1 excitatory synapses had previously been reported in Df( 16)A +/-mice [START_REF] Earls | Dysregulation of presynaptic calcium and synaptic plasticity in a mouse model of 22q11 deletion syndrome[END_REF], we looked at the EPSP summation during a train of 5 pulses at the CA3-CA2 synapse. We found no difference between WT and Df( 16)A +/-mice (Supl. Figure S2E; n = 6, 3 mice for WT and 7, 4 mice for Df( 16)A +/- mice, ANOVA 2 way repeated measure: genotype: F(1,3) = 0.10 p = 0.77; stimulation: F(1.8,5.6) = 102.6, p = 3.6x10 -5 ; genotype x stimulation: F(1.2,3.6) = 0.15, p = 0.76). These results suggest that release probability at inhibitory synapses is not significantly altered in Df( 16)A +/-mice and that the decrease in feed-forward inhibition is likely a consequence of the decrease in PV+ interneuron density. 16)A +/-mice CA2 PNs receive excitatory input from CA3 SCs on proximal apical dendrites, and excitatory input from the entorhinal cortex on distal apical dendrites. To address whether the change we observed in Df( 16)A +/-mice on the inhibitory control of excitatory transmission is input specific or a general feature in these mice, we stimulated in stratum lacunosum moleculare (SLM), and recorded PSPs before and after blocking inhibitory transmission. As reported previously, EPSPs from distal inputs were much less affected by blockade of inhibition than EPSPs from proximal inputs (Chevaleyre and Siegelbaum, 2010). We observed no difference in the PSP amplitude between adult WT and Df( 16 way repeated measure: genotype: F(1,5) = 0.31, p = 0.59; stimulation: F(1.9,9.9) = 22.3, p = 226x10 -4 ; genotype x stimulation: F(2.9,14.5) = 0.37, p = 0.76 for the IPSP).

Distal excitatory transmission is not affected in Df(

Then, we quantified the amplitude of the PSPs with and without inhibition and the amplitude of the deduced IPSPs in 4-5-week-old mice. We observed no difference in the amplitude of the PSP between WT and Df( 16)A +/-mice (Figure 3E; n = 6, 3 mice for WT and n = 6, 4 mice for Df( 16)A +/-mice, ANOVA 2 way repeated measure: genotype: F(1,4) = 0.001, p = 0.97; stimulation: F(2.1,8.5) = 40.9, p = 3.85x10 -5 ; genotype x stimulation: F(1.2,4.6) = 0.062, p = 0.84 for the PSP before GABA blockers and ANOVA 2 way repeated measure: genotype: F(1,4) = 0.002, p = 0.97; stimulation: F(2.0,8.2) = 77.22, p = 4.5x10 -6 ; genotype x stimulation: F(1.2,4.9) = 0.053, p = 0.87 after GABA blockers), and no difference in the amplitude of the deduced IPSP (Figure 3F; ANOVA 2 way repeated measure: genotype: F(1,3) = 0.42, p = 0.56; stimulation: F(2.2,6.7) = 26.3, p = 5.8x10 -4 ; genotype x stimulation:

F(1.9,5.9) = 0.32, p = 0.73). These results indicate that the change in inhibitory transmission in Df( 16)A +/-mice is input specific, with a decrease in feed-forward inhibition recruited by SC proximal inputs, but no change in feed-forward inhibition recruited by distal inputs.

CA2 pyramidal neurons have a more hyperpolarized resting membrane potential in adult Df(16)A +/-mice

A large feed-forward inhibition prevents CA3 SC inputs from evoking action potential firing in CA2 PNs. However, when inhibition is pharmacologically blocked, stimulation of SC inputs can easily evoke action potential firing in CA2 PNs. Because feed-forward inhibition is reduced in Df( 16)A +/-mice, SC stimulation should more easily evoke action potential firing in these mice. However, this only holds true if other parameters such as the intrinsic properties of CA2 PNs are identical in Df( 16)A +/-mice. Therefore, we measured intrinsic properties of pyramidal neurons in CA2, as well as the depolarizing sag observed during a hyperpolarizing pulse and the action potential threshold. We found that mature (≥ 6 week old), but not young Df( 16)A +/-mice had a more hyperpolarized resting potential (Fig. 4A; at postnatal week 5: -74.6 ± 1.22 mV for WT, n = 12; -75.5 ± 1.1 mV for Df( 16)A +/-mice, n = 8, T test: p = 0.63; at postnatal week ≥ 6-7: -74.4 ± 0.5 mV for WT, n =39; -77.8 ± 0.5 mV for Df( 16)A +/-mice, n = 51, ANOVA 2 way: genotype: F(1,81) = 20.45, p = 2.06x10 -5 ; age: F(3,81) = 0.12, p = 0.94; genotype x age: F(3,81) = 0.33, p = 0.79). A lower membrane resistance in Df( 16)A +/-mice was also observed at W9-10 (Figure 4B), but this effect was transient and not observed in older animals. The other parameters measured including membrane capacitance, the depolarizing sag and the action potential threshold were not different between WT and Df( 16)A +/-mice (Figure 4C-E). Therefore, paralleling the change in synaptic transmission occurring in mature Df( 16)A +/-mice, the membrane potential of CA2 pyramidal neurons becomes more hyperpolarized in Df( 16)A +/-mice over the 6 th to 7th week of life.

We next explored the molecular mechanism that could potentially explain the change in membrane potential of CA2 PNs in Df( 16)A +/-mice. Among the channels known to control resting membrane potential, the two-pore-domain potassium channel TREK was a strong candidate because it is highly expressed in area CA2 (Talley et al., 2001) and can be modulated by many second messengers [START_REF] Honoré | The neuronal background K2P channels: focus on TREK1[END_REF]. To isolate TREK current, we first blocked voltage-activated Ca 2+ , K + , Na + and HCN channels (with Cd 2+ , Ni 2+ , TEA, 4AP, TTX and Cs + ) and performed a ramp in voltage clamp before and after application of fluoxetine, a potent blocker of TREK channels [START_REF] Kennard | Inhibition of the human two-pore domain potassium channel, TREK-1, by fluoxetine and its metabolite norfluoxetine[END_REF]. We restricted the analysis of the ramp between -130 and -60 mV because a large inward current was evoked at more depolarized potentials (Supl Figure S3). We found that the fluoxetine-sensitive current was much larger in Df( 16)A +/-mice as compared to WT control mice (Fig. 4F). We calculated the conductance of the fluoxetine-sensitive current by fitting the slope of the I/V curves and found that it was over three times larger in Df( 16)A +/-mice (Fig. 4 F inset; 0.76 pS, n = 13, 4 mice for WT and 2.77 pS, n = 13, 5 mice for Df( 16)A +/-mice, T test: p = 0.018). We also observed that there was a significant correlation between the resting membrane potential of the cells and the amount of fluoxetine-sensitive current when the data from WT and Df( 16)A +/-mice were plotted together (Fig. 4G; Pearson's R = -0.53, ANOVA F(1,23) = 9.03, p = 0.006). Together, these data show that the current mediated by TREK channels is up-regulated in Df( 16)A +/-mice and potentially contributes to the more hyperpolarized resting potential of PNs in these mice.

Decreased action potential firing of pyramidal neurons in Df(16)A +/-mice in response to proximal and distal inputs stimulation

Because of alterations in intrinsic properties, it is difficult to predict which one of the changes observed Df( 16)A +/-mice, i.e. the decrease in inhibition or the lower resting membrane potential, will have a stronger impact on the ability of CA2 PNs to fire action potentials in response to stimulation of proximal and distal inputs.

Therefore, we directly addressed this question by applying a train of 5 pulses at 100Hz in proximal and in distal inputs, and quantifying the number of action potentials in CA2 PNs in WT and Df( 16)A +/-mice. With inhibition intact, no action potentials were observed when stimulating proximal inputs, both in WT and Df( 16 WT and Df( 16)A +/-mice, this result suggests that the decreased ability to fire action potential results from the more hyperpolarized membrane potential of PNs in Df( 16)A +/-mice. Indeed, the resting potential of PNs in Df( 16)A +/-mice was more hyperpolarized even after blocking inhibitory transmission (Supl. Figure S4A. WT: -72.3 ± 0.5 mV, n = 13, 8 mice; Df( 16)A +/-mice: -74.4 ± 0.7 mV, n = 15, 9 mice, T test p = 0.04), and injection of a small depolarizing current in PNs of Df( 16)A +/-mice to compensate for the more hyperpolarized resting potential was sufficient to restore the number of action potential to a level similar to WT mice (Supl. and Df( 16)A +/-mice after depolarization). We then looked at action potential firing in response to stimulation of distal inputs. Again, both the number of action potentials per train and the percentage of cells firing at least one action potential were reduced in Df( 16)A +/-mice (Figure 5C,D. At 30V stimulation: WT mice: 0.98 ± 0.32 AP per train, 66.6% of cell firing, n = 12, 9 mice; Df( 16)A +/-mice: 0.30 ± 0.13 AP per train, 38.8% of cell firing, n = 17, 9 mice, at 30V: ANOVA 1 way, F(1,27) = 4.6, p = 0.04).

These results show that the decrease in feed-forward inhibition did not facilitate action potential firing in response to proximal and distal inputs stimulation. Instead, the more hyperpolarized resting potential of CA2 PNs resulted in a non-specific decrease in action potential firing, affecting the excitatory drive of both proximal and distal inputs.

Plasticity at inhibitory synapses and the resulting disinhibitory increase in SC-

CA2 synaptic drive are impaired in Df( 16)A +/-mice While it is well-established that CA2 PNs cannot undergo a post-synaptic LTP (Zhao et al., 2007), the inhibitory transmission from PV+ interneurons in this region express a long-term depression (iLTD) dependent on Delta-opioid receptor activation (Piskorowski and Chevaleyre, 2013). Because the density of PV+ interneurons and inhibitory transmission are reduced in Df( 16)A +/-mice, we first asked whether the magnitude of iLTD might also be reduced in these mice. For this, we directly monitored inhibitory transmission in CA2 PNs in the presence of AMPA/NMDA blockers (NBQX, D-APV). After collecting a stable baseline, we provided a high frequency stimulation (HFS: two trains of 100 pulses at 100 Hz). As shown in Figure 6A, this protocol led to a robust and lasting depression of IPSCs in WT mice (63.4 ± 3.0% of baseline, n = 9, 5 mice). Furthermore, consistent with a presynaptic locus of expression, iLTD resulted in a significant increase in the PPR (Figure 6B, 116.6 ± 5.6%, from 0.47 ± 0.02 to 0.55 ± 0.03, paired T test: p = 0.001). Although the same stimulation also led to a lasting depression in Df( 16)A +/-mice, the magnitude of the iLTD (Fig. 6A; 83.3 ± 3.1% of baseline, n = 9, 5 mice, p = 0.0003 compared to WT) and the change in PPR (109.7 ± 3.8%, from 0.47 ± 0.03 to 0.51 ± 0.03, paired T test: p = 0.03) were strongly reduced in these mice. These results show that plasticity at inhibitory synapses in area CA2 is impaired in Df( 16)A +/-mice, likely because the sub-population of inhibitory neurons that express iLTD, i.e. PV+ interneurons, is also reduced in Df( 16)A +/-mice.

This iLTD in area CA2 allows for an increase in the net excitatory drive of SC inputs onto CA2 PNs (Nasrallah et al., 2015), resulting in an increased PSP amplitude following iLTD induction. Because iLTD is reduced in Df( 16)A +/-mice, we wondered whether the disinhibitory-mediated increase in PSP might also be impaired. In order to test this, we performed whole cell current-clamp recordings, and injected current as necessary to maintain the same resting membrane potential for WT and Df( 16)A +/- mice. Under these conditions, we found a much smaller increase in the PSP amplitude following HFS in Df( 16)A +/-mice (Figure 7A, WT: 236.1 ± 10.1%, n = 6, 4 mice;

Df( 16)A +/-mice: 137.6 ± 4.5%, n = 8, 6 mice, p < 0.00001 with WT). As previously reported, we verified that this increase in PSP was mediated by a dis-inhibition as it was abolished in presence of GABA receptor blockers, both in WT and Df( 16)A +/- mice (Figure 7A, WT: 105.9 ± 7.9%, n = 4, 4 mice; Df(16)A +/-mice: 111.0 ± 2.4%, n = 5, 5 mice, p = 0.52 with WT).

Because CA2 PNs are more hyperpolarized in Df( 16)A +/-than WT mice, the impact of inhibition on the EPSP might also be reduced due to a smaller driving force for Cl -. Therefore, in order to test the effect of HFS without affecting the resting membrane potential and Cl -concentration in the PNs, we performed extracellular recordings to monitor the effect of induction of iLTD by HFS on SC-CA2 fPSP amplitude. We found that the lasting increase in fPSP amplitude was completely abolished in Df( 16)A +/-mice (Figure 7B, WT: 165.7 ± 20.8 %, n = 6, 5 mice;

Df( 16)A +/-mice 110.2 ± 6.9 %, n = 5, 4 mice, p = 0.04 between WT and Df( 16)A +/- mice). Therefore, this data suggests that the more profound impairments in the disinhibitory-mediated plasticity observed using extracellular recordings results from both the reduced plasticity of inhibitory transmission and the more hyperpolarized resting potential of pyramidal cells in Df( 16)A +/-mice.

Under basal conditions, area CA2 PNs are primarily inhibited by SC input stimulation. However, following the induction of iLTD in area CA2, stimulation of SC inputs are able to drive action potential firing in CA2 PNs (Nasrallah et al., 2015).

To address whether action potential firing is impaired after induction of plasticity in Df( 16)A +/-mice, we monitored action potential firing extracellularly in the somatic layer of area CA2 before and after HFS. In the majority of experiments in both WT and Df( 16)A +/-mice (20/28 slices), there was no detection of action potential firing before HFS, which would be observed in the recording extracellular configuration as a population spike (PS) (Fig. 8C). This confirms that most CA2 PNs are not firing action potentials in response to SC stimulation in basal conditions. Following a HFS, a large PS was observed in WT mice in response to SC stimulation (Figure 7C left;

for instance from 92.8 ± 19.9 to 200.6 ± 64.8 µV at 30V stimulation, ANOVA 2 way repeated measure: HFS: F(1,13) = 5.8, p = 0.03; stimulation: F(1.0,13.7) = 4.65, p = 0.04; HFS x stimulation: F(1.0,13.7) = 2.7, p = 0.11, n = 14, 4 mice). In Df( 16)A +/- mice, HFS did not reveal a PS even at the highest stimulation setting (Figure 7C right;

for instance from 103.7 ± 24.8 to 136.9 ± 34.2 µV at 30V stimulation, ANOVA 2 way repeated measure: HFS: F(1,13) = 2.9, p = 0.11; stimulation: F(1.1,14.6) = 9.7, p = 0.005; HFS x stimulation: F(1.1,14.3) = 0.65, p = 0.44, n = 14, 4 mice). These results

show that the activity-dependent ability of CA3 PNs to engage CA2 PNs is strongly impaired in Df( 16)A +/-mice.

Social memory is impaired in Df(16)A +/-mice

Social dysfunction is a hallmark of several psychiatry diseases. Interestingly, it was recently shown that targeted genetic silencing of CA2 PNs results in a strong deficit in social memory formation (Hitti and Siegelbaum, 2014). Because our results

show that AP firing in CA2 PNs is strongly reduced in Df( 16)A +/-mice, both under basal conditions and following activity-dependent plasticity at inhibitory synapses, we wondered if this reduced level of CA2 activity would have a similar effect on social learning as the complete silencing of CA2 PNs.

In order to test this hypothesis, we use the direct interaction test. For this test, a subject mouse is first exposed to an unfamiliar mouse during trial 1. During trial 2, the subject mouse is either exposed to a second novel mouse (Figure 8A) or reexposed to the same mouse encountered in trial 1 (Figure 8B). We found that exploration time for trial 1 and 2, when the subject mouse encountered two different 2) was also similar between WT and Df( 16)A +/-mice (Figure 8A; -7.0 ± 6.4, n = 8 for WT and -2.6 ± 1.4, n = 8 for Df( 16)A +/-mice, one-way ANOVA F(1,15) = 0.469, p = 0.5). This result suggests that sociability is not impaired in Df( 16)A +/-mice.

We then tested whether social memory was affected in Df( 16)A +/-mice. As previously reported, when the subject mouse was re-exposed to the same mouse encountered in trial 1, the interaction time for trial 2 was strongly decreased in WT mice (Figure 8B; from 44.5s to 25.3s, p<0.01, Bonferroni post-test, n = 8), leading to a difference score of 19.1 ± 5.5. However, social memory was strongly impaired in Df( 16)A +/-mice. Indeed, unlike WT mice, Df( 16)A +/-mice did not spend less time exploring a previously encountered mouse (from 47.0s to 58.3s, p > 0.05, Boneferroni post-test, n = 8) and failed to show significant recognition of the familiar mouse (twoway repeated measures ANOVA: Genotype x Trial F(1,14) = 13.503, P = 0.0025) .

The difference score was not only lower than that of WT mice (-11.3 ± 4.9, one way ANOVA p = 0.002), but also had a negative value, indicating no social learning of the Df( 16)A +/-mice with this test.

These results indicate that social learning, but not sociability, is impaired in Df( 16)A +/-mice, hence mimicking the phenotype observed in mice with a complete silencing CA2 PNs. Thus, our data provide a potential cellular mechanism for the impairment in social memory observed in patients with schizophrenia.

DISCUSSION

In this study, we describe for the first time cellular alterations in the 22q11.2 mouse model of schizophrenia that occur uniquely in area CA2 of the hippocampus, and highlight social memory impairment in these mice, a behavior critically dependent on area CA2. In detail, we have shown that the density of PV+ interneurons is reduced in area CA2 of Df( 16)A +/-mice, and that the level of feedforward inhibitory transmission onto CA2 PNs is also reduced. In addition, similar to the disease onset in early adolescence or adulthood in humans, these differences were not present in 4-week old mice. In parallel to the decrease in feed-forward inhibition, we also found age-dependent changes in the intrinsic properties of CA2 PNs in Df( 16)A +/-mice, causing the cells to be more hyperpolarized. As a consequence, CA2

PNs in Df( 16)A +/-mice displayed fewer action potentials in response to both proximal and distal excitatory input stimulation. Furthermore, the unique plasticity of inhibitory synapses in area CA2 that typically undergoes an activity-dependent LTD is reduced in Df( 16)A +/-mice, disrupting the dis-inhibitory mechanism that allows CA3 to drive action potential firing in CA2 PNs in wild-type mice. Thus, information transfer and activity-dependent modulation of the excitatory drive between CA3 and CA2 is strongly impaired in Df( 16)A +/-mice. Finally, Df( 16)A +/-mice display a deficit in social memory, a phenotype similar to the one observed after complete silencing of CA2 PNs (Hitti and Siegelbaum, 2014).

Loss of PV+ interneurons: significance, consequences and potential causes.

Consistent with our findings, a decrease in PV+ interneuron density uniquely in area CA2 has been observed both in human post-mortem studies and animal models (Benes et al., 1998;Berretta et al., 2009;Knable et al., 2004;Zhang and Reynolds, 2002), recapitulating one of the most consistent changes observed in the hippocampus during schizophrenia. A decrease in PV+ interneuron in area CA2 has also been reported in bipolar disorder (Benes et al., 1998) and in Alzheimer's disease affected brains [START_REF] Brady | Parvalbumin-immunoreactive neurons in the hippocampal formation of Alzheimer's diseased brain[END_REF].

The overall importance of PV+ interneurons is quite clear: global impairment of PV+ interneuron function has been shown to disrupt hippocampal network synchrony and was accompanied by profound changes in working and spatial memory [START_REF] Fuchs | Recruitment of parvalbumin-positive interneurons determines hippocampal function and associated behavior[END_REF][START_REF] Korotkova | NMDA receptor ablation on parvalbumin-positive interneurons impairs hippocampal synchrony, spatial representations, and working memory[END_REF]. Furthermore, it has recently been shown that hippocampal PV+ basket cells play a pivotal role in regulating memory formation in an experience-dependent manner [START_REF] Donato | Parvalbumin-expressing basket-cell network plasticity induced by experience regulates adult learning[END_REF]. However, previous investigations of hippocampal properties and plasticity of Df( 16)A +/-mice have revealed only fairly modest changes in inhibitory transmission and plasticity at the SC-CA1 synapse [START_REF] Drew | Evidence for altered hippocampal function in a mouse model of the human 22q11.2 microdeletion[END_REF][START_REF] Earls | Dysregulation of presynaptic calcium and synaptic plasticity in a mouse model of 22q11 deletion syndrome[END_REF]. Furthermore, an examination of the theta oscillation and hippocampal synchrony of the Df( 16)A +/-mice found no difference with control animals [START_REF] Sigurdsson | Impaired hippocampal-prefrontal synchrony in a genetic mouse model of schizophrenia[END_REF].

The major aim of this study was to test the hypothesis that the PV+ interneurons in area CA2 in Df( 16)A +/-mice are reduced and to examine the resulting consequences in the local network. It has recently been shown that the density of PV+ interneurons in mice is much higher in area CA2 compared to CA1 and CA3 (Botcher et al., 2014;Piskorowski and Chevaleyre, 2013), and the age-dependent reduction of PV+ staining uniquely in area CA2 of the hippocampus that we observe suggests that inhibitory transmission from PV+ cells in this region may be playing a peculiar function. These interneurons undergo a unique long-lasting delta opioid-mediated plasticity (Piskorowski and Chevaleyre, 2013) that allows the otherwise non-plastic CA2 PNs (Zhao et al., 2007) to be incorporated into the hippocampal tri-synaptic circuit (Nasrallah et al., 2015).

The most predictable consequence of the reduction in CA2 PV+ staining is the reduction in feed-forward inhibition between CA3 and CA2 PNs. It is difficult to establish a quantitative link between the decrease in PV+ interneuron density, the decrease in inhibitory transmission and the decrease in plasticity, due to uncertainty in the subclass of PV+ cells that are affected and in the effect that PV+ cells reduction has in iLTD and in controlling the PSP amplitude. Nevertheless, the ~35% decrease in PV+ interneurons can account for the ~30% decease in inhibitory transmission, and the resulting increase in EPSP amplitude (by ~ 60%) can account for the decrease in dis-inhibitory LTP (due to an occlusion effect). Furthermore, we have shown that iLTD occurs onto PV+ interneurons (Piskorowski and Chevaleyre, 2013) and the disinhibitory LTP is entirely mediated through a decrease in inhibition during iLTD (Nasrallah et al., 2015). Therefore, although it is difficult to make a quantitative link, that the more hyperpolarized membrane potential of CA2 PNs is a compensatory effect of the decrease in inhibition. Indeed, a persistent decrease in inhibitory transmission in CA2 might have a damaging effect on the homeostasis of the hippocampus, as several studies have reported a decrease or loss of inhibition in CA2

during epilepsy (Andrioli et al., 2007;[START_REF] Cohen-Gadol | Mesial temporal lobe epilepsy: a proton magnetic resonance spectroscopy study and a histopathological analysis[END_REF]Olney et al., 1983) and it has been shown that epileptic bursts in human hippocampus are generated in area CA2 (Wittner et al., 2009). Another question that merits further study are the molecular mechanisms underlying the hyperpolarized membrane potential of CA2 pyramidal cells in Df( 16)A +/-mice upon maturity.

Interestingly, similar to findings in revealing dysfunction of cortical disinhibition in the neocortex (O'Donnell, 2011), our results indicate that periadolescent changes in hippocampal dis-inhibitory networks are also disrupted.

The cause of the loss of PV staining and feed-forward inhibition after 4 weeks is an intriguing and pertinent question given the parallel nature of disease onset in humans.

Area CA2 and neuropsychiatric disorders

Our analysis of a mouse model of the 22q11.2DS, revealed that CA2 PNs are essentially rendered silent due to change in their inherent properties, and the loss of inhibitory transmission prevents activity-dependent plasticity from increasing excitatory drive onto these cells. This finding potentially holds great significance when one considers the output of area CA2. It has been shown recently that CA2 PNs project to several extra-hippocampal structures such as the medial entorhinal cortex (Rowland et al., 2013), the medial and lateral septum, the diagonal band of broca, and the hypothalamic supramammillary nucleus (Cui et al., 2013). Thus, if one also considers the diverse and numerous inputs of area CA2, which include but are not limited to cortical, hypothalamic and intra-hippocampal origins (Chevaleyre and Siegelbaum, 2010;Cui et al., 2013;Hitti and Siegelbaum, 2014;Kohara et al., 2014),

CA2 is poised to be a hub connecting the hippocampus with multiple brain regions.

Previously, it has been reported that the Df( 16)A +/-mice have reduced performance during a working memory task and reduced synchrony between the hippocampus and prefrontal cortex [START_REF] Sigurdsson | Impaired hippocampal-prefrontal synchrony in a genetic mouse model of schizophrenia[END_REF]Stark et al., 2008) in the absence of any changes in oscillations in the neocortex or hippocampus. While there are multiple ways in which long-range connections can be disrupted, we speculate that the significant changes we see in CA2 PN output may potentially play a role in altering the long-range communication between the hippocampus and numerous other brain regions in the Df( 16)A +/-mice.

The interesting role of area CA2 in social learning and hippocampal function has only recently emerged. Recent studies have shown that CA2 is essential for social memory (Hitti and Siegelbaum, 2014;Stevenson and Caldwell, 2014). In addition, vasopressin 1b receptor, which is selectively expressed in CA2 PNs, has been shown to be a key player in modulating social memory and aggression in rodents [START_REF] Stevenson | The vasopressin 1b receptor and the neural regulation of social behavior[END_REF][START_REF] Young | !The!vasopressin!1b!receptor!is! prominent! in! the! hippocampal! area! CA2! where! it! is! unaffected! by! restraint! stress! or! adrenalectomy[END_REF]. In fact, rescue of vasopressin 1b receptor expression specifically in area of CA2 in the hippocampus restored socially motivated attack responses in vasopressin 1b receptor knockout mice [START_REF] Pagani | Role of the vasopressin 1b receptor in rodent aggressivebehavior and synaptic plasticity in hippocampal area CA2[END_REF]. Thus, it seems that mice with compromised CA2 function are unable to appropriately assess social situations.

Is there a broader role for area CA2? Recent reports investigating place cell dynamics indicate this region likely does not encode spatial information but rather displays marked instability over time in the same environment [START_REF] Lee | Neural Population Evidence of Functional Heterogeneity along the CA3 Transverse Axis: Pattern Completion versus Pattern Separation[END_REF][START_REF] Lu | Topography of Place Maps along the CA3-to-CA2 Axis of the Hippocampus[END_REF]Mankin et al., 2015). A study using immediate early gene expression revealed that area CA2 is more sensitive that area CA1 and CA3 to changes in context, and may be set to detect conflicts between memory and experience (Wintzer et al., 2014). Remarkably, area CA2 is altered in a number of psychiatric disorders including schizophrenia and bipolar disorder as well as in neurodegenerative diseases (Jones and McHugh, 2011). CA2 is connected to subcortical structures including amygdala, raphe nucleus and hypothalamic nuclei, and projects to higher cortical structures. Bridging primitive and higher-level structures, the integrity of area CA2 might be necessary to finely tune the interplay between primitive instinct (i.e.

hypothalamic signals) and higher-level cognition. Thus, we speculate that a compromised area CA2 will result in cognitive dysfunction. Indeed, the level of dementia during Parkinson's disease is associated with the extent of alpha synuclein and of amyloid Beta peptide in area CA2 [START_REF] Kalaitzakis | Dementia and visual hallucinations associated with limbic pathology in Parkinson's disease[END_REF], and the degree of cognitive impairment is correlated with the density of Lewy neurites in area CA2 [START_REF] Churchyard | The relationship between dementia and direct involvement of the hippocampus and amygdala in Parkinson's disease[END_REF]. The cognitive dysfunction manifested in numerous psychiatric illnesses may be due, in part, to a similar malfunctioning network involving area CA2.

Disruption in social cognition is a core symptom of schizophrenia, autism ASD and neurodegenerative diseases. In schizophrenia it is among the earlier onset features of and it is highly correlated with poor functional outcome [START_REF] Brüne | Emotion recognition, "theory of mind," and social behavior in schizophrenia[END_REF][START_REF] Penn | Social cognition in schizophrenia: an overview[END_REF]. The reciprocal relation of social cognition to both positive (paranoia and delusions) and negative symptoms (social withdrawal and reduced motivation) [START_REF] Foussias | Negative symptoms of schizophrenia: clinical features, relevance to real world functioning and specificity versus other CNS disorders[END_REF], place it central in current translational strategies [START_REF] Millan | Towards improved animal models for evaluating social cognition and its disruption in schizophrenia: the CNTRICS initiative[END_REF]. Associations of social cognition impairments with executive function and negative symptoms are particularly evident in the 22q11.2DS [START_REF] Campbell | Social cognition dysfunction in adolescents with 22q11.2 deletion syndrome (velocardio-facial syndrome): relationship with executive functioning and social competence/functioning[END_REF].

Obviously, rodents do not display all features of human social cognition and comparable information on cross-species circuit recruitment in social interactions is scarse. What dimensions of altered social cognition are measurable in experimental animal models remains unknown, but there is a need for identification of common neural substrates engaged in animals and humans to facilitate adoption of comparable procedures and common readouts in drug evaluation. In that respect, our results, taken together with previous post-mortem studies in patients, suggest that altered circuitry functionality within the CA2 hippocampal area, and its possible interactions with other relevant brain areas, such as the amygdala from which it receives abundant projections [START_REF] Pikkarainen | Projections from the lateral, basal, and accessory basal nuclei of the amygdala to the hippocampal formation in rat[END_REF], might underlie parts of the social cognition deficits seen in some psychiatric and neurodevelopmental disorders. This region of the hippocampus is consistently overlooked or merged with other CA areas in human imaging studies [START_REF] Small | A pathophysiological framework of hippocampal dysfunction in ageing and disease[END_REF]. Clearly, our results provide strong evidence that this region of the brain merits further study both in animal models of psychiatric diseases, but also in humans. Furthermore, given the unusual property of neurons in area CA2 to be modulated by numerous neuropeptides [START_REF] Pagani | Role of the vasopressin 1b receptor in rodent aggressivebehavior and synaptic plasticity in hippocampal area CA2[END_REF]Piskorowski and Chevaleyre, 2013;[START_REF] Simons | Caffeine-induced synaptic potentiation in hippocampal CA2 neurons[END_REF], our results suggest that this region, which is pharmacologically unexplored, may be a fruitful therapeutic target for psychiatric diseases. Cell capacity current was removed using the amplifier circuitry, and series resistance compensation was set at 80-95% and frequently checked during the experiment. We performed a ramp from -120 to +20 mV (corrected for junction potential in the Figure) before and after application of fluoxetine to block TREK channels (Figure S3). The subtracted current is shown in figure 4F the I/V curves and the conductance was estimated between -130 and -90mV. Synaptic potentials were evoked by monopolar stimulation with a patch pipette filled with ACSF and positioned in the middle of CA1 SR. When axons of CA2 pyramidal neurons were directly recruited by the stimulation pipette, as observed with a back-propagating AP in the recorded CA2 neuron, the stimulating pipette was moved until the direct activation of the axon disappeared.

METHODS

A HFS (100 pulses at 100Hz repeated twice) was applied following 15 -20 min of stable baseline. Before beginning whole cell experiments, we identified the CA2

PNs by somatic location and size. Furthermore, the cell type was confirmed by several electrophysiological properties (input resistance, membrane capacitance, resting membrane potential, sag amplitude, action potential amplitude and duration) as previously described (Chevaleyre and Siegelbaum, 2010).

The amplitudes of the PSPs or PSCs were normalized to the baseline amplitude.

The magnitude of plasticity was estimated by comparing averaged responses at 30-40 min for whole cell and at 50-60 min for extracellular recordings after the induction protocol with baseline-averaged responses 0-10 min before the induction protocol.

All drugs were bath-applied following dilution into the external solution from concentrated stock solutions. We used pClamp10 and Axograph X software for data acquisition and Origin Pro for data analysis. Statistical comparisons were performed using Student's t-test, two way ANOVA with repeated measure when appropriate and we used a Greenhouse-Geiser for correction of degrees of freedom when sphericity was not assumed, Results are reported as mean ± SEM.

Immunohistochemistry.

For histology experiments, 4 or 8-week old male mice were transcardially perfused, the brains dissected, post-fixed and 30 µm floating coronal sections were prepared as previously described (Piskorowski et al., 2011). 8 serial sections were selected spanning bregma -1.8 to -2.1. A rabbit anti-parvalbumin antibody (Swant) was used at a dilution of 1:2000, the mouse monoclonal anti-RGS14 antibody (Neuromab) was used at dilution of 1:300. Images were collected with a Zeiss 710 laser-scanning confocal microscope. Z-series images consisting of two channels were collected every 5 µm over a total distance of 35 µm per slice. RGS14

staining was used to define areas CA2. All image analysis was performed with ImageJ.

The experimenters were blind to the genotype of the animals for all recordings, imaging and analysis (including quantification of PV+ interneuron density).

Social memory-Direct interaction with juveniles. All mice were housed two to five in each cage and given ad libitum access to food and water. They were kept on a 12-h Immediately prior to the experimental sessions, 10-12-week-old Df16A+/-and WT littermates were transferred to the testing room and placed into individual cages, identical to the ones used for housing, where they were allowed to habituate to the new environment for 15 min. Male juvenile mice (C57BL/6J, 4-5-week-old) were also placed in the testing room in their home cages and allowed to habituate a similar amount of time. Testing began when a novel juvenile mouse was introduced to a cage with one of the adult experimental mice. Activity was monitored for 5 min (trial 1)

and scored online by a trained observer blind to the genotype of the test mice for social behaviour (anogenital and nose-to-nose sniffing, close following and allogrooming) initiated by the experimental subject, as described by (Hitti and Siegelbaum, 2014). After an inter-trial interval of 1h, the experimental mice were introduced with either the previously encountered mouse or a novel mouse again for 5 min (Trial 2). The time spent in social interaction during trial 1 was subtracted from the social interaction time during trial 2 to obtain the difference score. which is not the case for the Df( 16)A +/-mice (WT, P <0.01; Df(16)A +/-, P > 0.05

Bonferroni post-tests). Bottom right: the difference score of the Df( 16)A +/-group was not only less than that of the WT group (P =0.002; one-way ANOVA), but even had a negative value, indicating that the Df( 16)A +/-show no social memory when tested in the direct interaction paradigm. Error bars show SEM. functions! deteriorate! [START_REF] Gothelf | !Developmental!trajectories! of! brain! structure! in! adolescents! with! 22q11.2! deletion! syndrome:! a! longitudinal! study[END_REF],! and! schizophrenia! or! schizoaffective! disorder! develops!in!30%!of!patients!presenting!the!22q11.2!deletion! [START_REF] Chow | ! Neurocognitive! profile! in! 22q11!deletion!syndrome!and!schizophrenia[END_REF][START_REF] Pulver | !Psychotic!illness!in!patients! diagnosed!with!veloJcardioJfacial!syndrome!and!their!relatives[END_REF] and!it!suggests!that!PVIs!are!not!the!source!of!opioids.!However,!a!small!subpopulation!of! interneurons! that! target! other! interneurons! in! the! hippocampus! contains! enkephalins! [START_REF] Blasco | ! EnkephalinJcontaining! interneurons!are!specialized!to!innervate!other!interneurons!in!the!hippocampal!CA1!region! of!the!rat!and!guineaJpig[END_REF][START_REF] Commons | ! Ultrastructural! relationships! between! leuJ enkephalinJ! and! GABAJcontaining! neurons! differ! within! the! hippocampal! formation[END_REF]! Fuentealba! et! al.,! 2008a).! 
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 32 Figure I.1: The different hippocampal subfields in a transversale hippocampal slice.!.............! 10!

  Figure I.4: Driving strength of CA3 and distal inputs onto CA1 and CA2 pyramidal neurons. Taces of PSP obtained from whole-cell current-clamp recordings of CA1 (left box) and CA2 (right box) PNs in response to distal (top) and CA3 (bottom) inputs. Schematic representation of the net synaptic drive of distal and CA3 inputs onto CA1 and CA2 pyramidal neurons (middle). Net drive is conveyed

Figure I. 6 :

 6 Figure I.6: Paired-pulse depression (PPD) and Paired-pulse facilitation (PPF) with 100ms interpulses interval. Cartoon illustrating the arrangement of the stimulating and the recording electrodes (left). Average traces obtained from whole cell voltage-clamp recordings of CA2 PNs in response to paired stimulations separated by 100ms interval. Note the paired-pulse depression (PPD) of the second IPSC and the paired-pulse facilitation (PPF) of the second EPSC with 100ms inter-pulses interval.

!Figure I. 7 :

 7 Figure I.7: Long-lasting potentiation after application of 100Hz tetanus. A: Diagrammatic parasagittal section through the hippocampal formation, showing a stimulating electrode to activate perforant path fibers (PP) and recording microelectrode in the molecular layer of the dentate gyrus area (AD). B: Time course of the EPSP amplitude showing how application of 100Hz stimulation (for 4 seconds) induces LTP (Adapted from Lomo and Bliss, 1973).

Figure I. 8 :

 8 Figure I.8: Classification of the different forms of memory. The different components of memory are illustrated in this diagrammatic representation. (Adapted from Andersen et al., 2007).

  Figure I.9: Region-specific genes in the hippocampus by in situ hybridization. False-colored montage of in situ hybridization of nephroblastoma overexpressed gene (red), Protein kinase C-delta (green) and pcp-4 (blue) obtained from serial sections demonstrating molecular boundaries between anatomic regions in hippocampus. Note that pcp-4 expression delineated CA2 as a molecularly distinct structure from CA1 and CA3. Scale bar=!0.5 mm. (Adapted from[START_REF] Zhao | ! Transcriptional! profiling! reveals! strict! boundaries! between! hippocampal! subregions[END_REF] 

  Figure I.10: Examples of CA2-enriched molecules. Transcripts enriched in CA2 PNs include TREK-1 (A) and regulator of G-protein signaling RGS 14 (C). B, D: immunostaining revealing the high expression of α-actinin (B) and Adenosin 1A receptors (D). (Adapted from Ochiishi et al., 1999; Talley

  Figure! I.11),! including! in! the! septal! pole! of! the! hippocampus! where!

  Figure I.11: The hippocampal subfields along the transverse axis of the dorsal hippocampus.Schematic representation of separated transversal sections (top) from different location indicated by dashed lines. Note that at the most anterior end of the hippocampus (section c), only CA2 (blue) and CA3 (green) are present, and that in section b CA2 is bifurcated by CA1 (red). Illustration of the hippocampus in a lateral view (bottom). A: anterior, P: posterior, D: dorsal, V: ventral, M: median, L: lateral (Adapted from[START_REF] Lein | !Redefining!the!boundaries!of! the! hippocampal! CA2! subfield! in! the! mouse! using! gene! expression! and! 3Jdimensional! reconstruction[END_REF][START_REF] Piskorowski | ! Synaptic! integration! by! different! dendritic! compartments!of!hippocampal!CA1!and!CA2!pyramidal!neurons[END_REF].

! 2 .

 2 1.2 Connectivity!of!area!CA2!inside!and!outside!the!hippocampus! Establishing! CA2! connections! is! crucial! for! our! understanding! of! the! hippocampus.!

Figure I. 12 :

 12 Figure I.12: Distinct electrophysiological properties of pyramidal neurons in the CA1, CA2 and CA3 hippocampal subfields. A: Typical firing of CA1, CA2 and CA3 pyramidal neurons in response to a 1 second depolarizing step. Inset shows an expanded trace to illustrate that the slow hyperpolarizing potential following the action potential in CA1 neurons (arrow) is lacking in CA2 neurons. B: Voltage response to a 1 second hyperpolarizing step (from -70 to -100 mV). CA1 neurons displayed a much larger depolarizing sag (mediated by activation of I h ) than CA2 or CA3 neurons. C: Input resistance (Input R) and membrane capacitance (M. Capacitance) were measured with a -5 mV pulse from a holding potential of -70 mV. The action potential (AP) amplitude and duration were measured during a 10 ms depolarizing pulse and the sag resulting from activation of I h was measured during a 1 s hyperpolarization from -70 to -100 mV. (Adapted from Chevaleyre and Siegelbaum, 2010).

  Figure I.13 : Lack of long-term potentiation at the CA3-CA2 excitatory synapse. Hippocampal CA2 is illustrated with staining for STEP, which has been described previously (Boulanger et al., 1995). Time courses of average amplitudes of the EPSCs evoked by SC stimulation in CA2 PNs (left) or in CA1 PNs (right). Note that compared with LTP induced in rat CA1 PNs (right), a pairing protocol (arrow, 3 Hz, with depolarization to 0 mV) is ineffective at inducting LTP in rat CA2 PNs. The insets are traces from representative experiments from each area. Calibration: 25 pA, 10 ms. Amount of LTP induced from individual cases is shown, expressed as a percentage of the baseline value: CA1 (gray) and CA2 (black). The open circles represent those experiments performed in 50 µM picrotoxin. Error bars indicate SEM. (Reproduced fromZhao et al., 2007).

  with!axons!confined!to!the! region! of! origin! (Mercer! et! al.,! 2007)(Figure! I.14).! On! the! other! hand,! they! found! that! the! majority!of!PV!basket!in!CA2!have!long!horizontally!oriented!dendrites!extending!into!all!CA! subfields!in!SO!and!the!axon!extending!to!the!CA3!and!CA1!regions.!Such!interneurons!target! neighboring!PNs!and!received!excitatory!inputs!from!them!(Mercer!et!al.,!2012b),!providing! thus! FFI! and! FBI! onto! PNs! of! the! three! CA! subfields.! Furthermore,! a! novel! class! of!

Figure I. 15 :

 15 Figure I.15: Inhibitory inputs onto CA2 PNs express a DOR-mediated LTD. HFS induces iLTD in control condition (open circles, n=6), but not in presence of 2 µM of the DOR competitive antagonist ICI 174864 (gray circles, n=7) nor in 0.1 µM Naltrindol (black circles, n=5). Top, IPSC traces corresponding to the time points before (a) and after (b) HFS performed in control conditions or with drug application. Right, plots of PPR from individual experiments for the three conditions at the two time points, a and b. (Reproduced from Piskorowski and Chevaleyre, 2013).

Finally, ! 3 .

 !3 Figure II.1: Expression of the cre recombinase in CA2-cre mouse hippocampal slice. Cre recombinase (red) expression in the hippocampus of cacng5-Cre mouse line shown in a lowmagnificiance image of the hippocampus. Scale bar=0.5mm. (A Huang and TJ. McHugh, RIKEN Brain Science Institute, Japan).

Figure 1

 1 Figure 1 HFS and 10 Hz stimulation induce a long-term increase of SC-CA2 PSP amplitude. A-D, Time course of the average normalized PSP amplitude obtained by extracellular recording (A, B) in CA2 SR or whole-cell current-clamp recording (C, D) of CA2 PNs, in response to SC stimulation. Both an HFS protocol (two sets of 100 pulses at 100 Hz; A: p Ͻ 0.00001, n ϭ 10; C: p ϭ 0.00018, n ϭ 9) and a 10 Hz protocol (two sets of 100 pulses at 10 Hz; B: p ϭ 0.0009, n ϭ 8; D: p ϭ 0.01596, n ϭ 6) induce a long-term increase in the SC PSP amplitude in CA2. The fiber volley (FV; a measure of the number of axons firing an action potential) was not significantly increased after HFS (A; p ϭ 0.06) or 10 Hz stimulation (B; p ϭ 0.19). A also shows that making a cut between CA3 and CA2 does not affect the magnitude of the potentiation evoked by HFS (p ϭ 0.59 with uncut slices, n ϭ 5). Top right-hand corner in all panels, Averaged PSP traces of a representative experiment corresponding to time points before (a) and 60 min after (b; A, B) or 40 min after (b; C, D) the stimulation protocol. Error bars indicate the SEM in all panels.

Figure 2

 2 Figure 2 The HFS-induced long-term potentiation of the PSP in CA2 is dependent on GABAergic transmission. A, Time course of average normalized fPSP amplitude recorded in CA1 SR in response to SC stimulation, showing that the HFS-induced increase in PSP amplitude in control conditions (open circles, p ϭ 0.0020, n ϭ 5) was facilitated in the continuous presence of the GABA A and GABA B receptor antagonists 1 M SR 95531 and 2 M CGP 55845 (filled circles, p ϭ 0.0017, n ϭ 8). B, C, In CA2, HFS does not trigger long-lasting increase in the SC PSP amplitude in the continuous presence of GABA receptor antagonists (filled circles; B, extracellular recordings, p ϭ 0.09, n ϭ 10; C, whole-cell recording, p ϭ 0.6997, n ϭ 10), but evokes a large and lasting increase in the PSP amplitude in control experiments (open circles; B, extracellular recordings, p Ͻ 0.00001, n ϭ 10; C, whole-cell recording, p Ͻ 0.00001, n ϭ 10). In all panels, averaged PSP traces corresponding to the time points before (a) and after (b) HFS are shown on the right. Error bars indicate the SEM in all panels.

Figure 3

 3 Figure 3 HFS induces a long-term increase of the PSP amplitude in CA2 via a disinhibition mechanism. A, Two representative examples of the normalized PSP time course from CA2 PN whole-cell recordings illustrating how an HFS partially occludes the effect of GABA A and GABA B receptor blocker application on PSP amplitude. Top right, PSP traces corresponding to the time points before (a), after HFS (b), and after the application of GABA receptor blockers (c) with or without HFS. Bottom right, Summary histograms showing the percentage increase in the PSP amplitude induced by HFS applied alone (1), GABA receptor blocker application after HFS (2), HFS plus GABA blockers (1 ϩ 2), and GABA blockers applied without previous HFS (3). B, Normalized CA2 PN SC PSPs recorded with either 7 mM (open circles) or 16 mM (closed circles) [ClϪ] in the pipette solution. An HFS (arrow at time 0) fails to induce a long-lasting increase in PSP amplitude when a high concentration of chloride is used in the pipette solution (filled circled, p ϭ 0.4103, n ϭ 5) but evokes normal long-term potentiation in control experiments (open circles, p ϭ 0.0047, n ϭ 5). C, Summary graph of experiments performed using the gramicidin-perforated patch-recording configuration. HFS triggers an increase in PSP amplitude (p ϭ 0.008, n ϭ 5) similar to the one observed using whole-cell recording configuration.

Figure 4

 4 Figure 4 The increase in SC PSP amplitude in CA2 PNs is dependent on DOR activation. A,AnHFSdoesnottriggeralong-termincreaseof the PSP amplitude recorded in CA2 PNs in the presence of 2 M DOR competitive antagonist ICI 174864 (filled circles, n ϭ 7, p ϭ 0.135) but induces a normal long-term increase in the PSP magnitude in interleaved control experiments (open circles, p ϭ 0.005, n ϭ 5). B,T i m e course of normalized fPSP amplitude recorded in CA2 SR showing how the application of a DOR antagonist (ICI 174864 or naltrindole 0.1 M)d u r i n gH F S( f i l l e dc i r c l e s ,p ϭ 0.0822 and p ϭ 0.0006 with the absence of ICI 74864, n ϭ 8) prevented the induction of a lasting increase in the fPSP amplitude that was observed in the absence of drug application (open circle). Averaged PSP traces corresponding to the time points before (a) and after (b) HFS performed in control conditions (top) or in the presence of ICI 174864 (bottom) are shown on the right. C,A p p l i c a t i o no f0 . 5M DOR-selective agonist (DPDPE) is sufficient to induce a long-lasting increase in the fPSP amplitude recorded in SR of CA2 in the absence (open circles, p ϭ 0.02, n ϭ 5) but not in the presence (filled circles, p ϭ 0.55679, n ϭ 6) of GABA A and GABA B receptor blockers. Right, Example fPSP traces corresponding to the time points before (a) and after (b) the application of DPDPE in the absence of (top) or in the continuous presence of (bottom) the GABA A and GABAB receptor blockers. Error bars indicate the SEM in all panels.

Figure 5

 5 Figure 5 Stimulation in SR induces a heterosynaptic iLTD and increases distal excitatory drive onto CA2 PNs. A, Cartoon illustrating the arrangement of the stimulating recording electrodes in SR and SLM. B, Average PSP amplitudes of SR (open circles) and SLM (closed circles) inputs after HFS stimulation in SR. Note that both SR and SLM inputs are potentiated after the HFS (p ϭ 0.00035 for SR inputs, p ϭ 0.0017 for SLM inputs, n ϭ 10), but only SR inputs show a rapid post-tetanic increase in amplitude. Top, Averaged PSP traces corresponding to the time points before (a) and after (b) HFS. C, The increase in distally evoked PSP after stimulation in SR was blocked by GABA A and GABA B receptor blockers (open circles, p ϭ 0.52, n ϭ 8) and by the DOR antagonist naltrindol (gray circles, p ϭ 0.31, n ϭ 6). D, Average amplitude of IPSCs evoked by stimulation in SR and SLM after HFS in SR. Note that both inputs express an inhibitory LTD after HFS in SR (p ϭ 0.006 for SR inputs; p ϭ 0.003 for SLM inputs, n ϭ 6).

Figure 6

 6 Figure 6 HFS in SR allows CA3 inputs to evoke action potential firing in CA2 PNs. A, Traces of extracellular recordings in the CA2 pyramidal layer in response to a 20 V stimulation of SC inputs, before (gray traces) and after an HFS (black traces), illustrating how HFS induces an increase in the PS amplitude (negative peak). B, Average PS amplitude as a function of stimulation intensity before (open circle) and after (filled circle) HFS (with 20 V stimulation: p ϭ 0.01, n ϭ 5; with 30 V stimulation: p ϭ 0.006, n ϭ 5). C, Time course of average normalized PS amplitude recorded in CA2 pyramidal layer in response to a 20 V stimulation of SC inputs, showing a long-lasting increase in PS amplitude after HFS (p ϭ 0.01, n ϭ 5). D, Traces of whole-cell current-clamp recordings in a CA2 pyramidal cell in response to a train of stimulations (five pulses at 100 Hz) of SC inputs, illustrating how APs can be evoked in CA2 neurons after HFS (black traces) but not before HFS (gray traces). E, Average number of APs per train at different stimulation intensities, showing how a five-pulse train at 100 Hz of the SC inputs does not trigger APs in CA2 PNs before HFS (open circles) but induces APs after HFS (filled circles, with 30 V stimulation: from 0 to 1.15 Ϯ 0.3 APs per train after HFS, p ϭ 0.012, n ϭ 6). F, An HFS increases the percentage of CA2 PNs firing at least one AP during the train (with 30 V stimulation: from 0% to 80% of cells firing APs). G, Traces of whole-cell current-clamp recordings in a CA2 PN in response to a stimulation train (five pulses at 100 Hz) of SC inputs in the presence of the DOR antagonist ICI 174864 (2 M), illustrating how the application of ICI 174864 prevents the induction of APs in CA2 PNs after HFS (black traces). H, Average number of APs per train at different stimulation intensities in the presence of the DOR antagonist before HFS (open circles; with 0 -30 V stimulations: 0 APs per train) and after HFS (filled circles; with 30 V stimulation: 0.15 Ϯ 0.15 AP per train after HFS, p ϭ 0.37, n ϭ 5). I, In the presence of ICI 174864, HFS does not induce a large increase in the percentage of CA2 PNs firing at least one AP during the train (with 10 V stimulation: 0% of cells firing APs before and after HFS; with 20 and 30 V stimulation: from 0% to 20% of cells firing APs). Error bars indicate the SEM in all panels.

!Figure III. 1 :Figure III. 2 :Figure III. 3 : 6 :

 1236 Figure III.1: Pharmacogenetic silencing of PVIs largely reduces sIPSC frequency and the FFI evoked by the SC stimulation in CA2 but not in CA1 PNs. A, B: Time course of average sIPSC frequency recorded in CA1 (filled circles) and CA2 (open circles) PNs showing that the silencing of PVIs with CNO (10µM) reduces sIPSP frequency in CA2 PNs (open circles: p = 0.011, n = 5) but not in CA1 PNs (filled circles: p=0.070, n=8). C: Application of CNO (10 µM) reduces the amplitude of the IPSC evoked by SC stimulation in CA2 (open circles: p = 0.0000015, n = 5) but not in CA1 PNs the presence (filled circles: p = 0.112, n = 7). D, left: eIPSCs traces corresponding to the time points before (a) and after (b) the application of CNO recorded in CA2 PNs (top) and in CA1 PNs (bottom). D, right: Distribution of individual average eIPSC amplitude at the time points after PVI silencing recorded in CA2 (open circle) and CA1 (filled circle) PNs. Error bars indicate the SEM in all panels.

  Figure S2A,B; for instance at 20V stimulation: WT: 1764.8 ± 262.1 pA, n = 17, 7 mice; Df(16)A +/-mice: 1274.1 ± 211.9 pA, n = 15, 7 mice, ANOVA 2 way repeated measure: genotype: F(1,13) = 5.59, p = 0.034; stimulation: F(1.6,21.0) = 51.47, p = 2.79x10 -8 ; genotype x stimulation: F(1.96,25.5) = 0.95, p = 0.39).

  )A +/-mice, both in control conditions and following inhibition block (Figure3A,B; n = 7, 3 mice for WT and 17, 6 mice for Df(16)A +/-mice, ANOVA 2 way repeated measure: genotype: F(1,5) = 0.07, p = 0.79; stimulation: F(1.7,8.5) = 51.5, p = 2.25x10 -5 ; genotype x stimulation: F(1.7,8.8) = 0.15, p = 0.83 before GABA blockers and ANOVA 2 way repeated measure: genotype: F(1,5) = 0.0018, p = 0.96; stimulation: F(1.6,8.0) = 101.05, p = 3.04x10 -6 ; genotype x stimulation: F(1.7,8.7) = 0.52, p = 0.58 after GABA blockers). Similarly, the increase in PSP amplitude after blocking inhibition and the deducted IPSP obtained after subtracting responses with and without GABA blockers were also unaffected in Df(16)A +/-mice (Figure3C,D ANOVA 2 way repeated measure: genotype: F(1,2) = 0.019, p = 0.90; stimulation: F(1.2,2.4) = 4.07, p = 0.16; genotype x stimulation: F(1.7,3.4) = 0.039, p = 0.94 for the fold increase in PSP and ANOVA 2

  )A +/-mice. Only a few cells(2/11) in WT fired action potentials in response to distal input stimulation, indicating that despite the decrease in inhibition, excitatory input does not drive action potential firing more readily in CA2 PNs of Df(16)A +/- mice. We then performed the same experiment after blocking inhibition to increase the percentage of cells firing an action potential. In response to SC stimulation, both the number of action potentials during the train and the percentage of cells firing at least one action potential were significantly smaller in Df(16)A +/-mice (Figure5A,B.At 30V stimulation: WT mice: 2.23 ± 0.52 AP per train, 83.3% of cell firing, n = 12, 9 mice; Df(16)A +/-mice: 0.56 ± 0.38 AP per train, 38.8% of cell firing, n = 18, 11 mice, at 20 and 30V: ANOVA 2 way repeated measure: genotype: F(1,11) = 6.01, p = 0.03; stimulation: F(1.11) = 7.21, p = 0.02; genotype x stimulation: F(1,11) = 0.32, p = 0.58). Because the threshold for action potential firing was not different between

  Figure S4B. At 30V stimulation: 0.66 ± 0.55 AP per train at resting membrane potential, 2.21 ± 0.73 AP per train after depolarization, n = 9, 7 mice ANOVA 2 way repeated measure: depolarization: F(1,8) = 11.1, p = 0.01; stimulation: F(1.2,10.2) = 12.1, p = 0.004; depolarization x stimulation: F(1.1,9.2) = 12.4, p = 0.005 and ANOVA 2 way repeated measure: genotype: F(1,7) = 5.9x10 -4 , p = 0.0.98; stimulation: F(1.4,10.0) = 21.4, p = 4.6x10 -4 ; genotype x stimulation: F(1.2,8.3) = 0.17, p = 0.73 between WT

  novel mice, was similar in WT and Df(16)A+/-mice (two-way repeated measures ANOVA: Genotype x Trial F(1,14) = 0.602, P = 0.451; Genotype F(1,14) = 0.510, P = 0.487; Trial F(1,14) = 1.806, P = 0.200). As a result, the difference score (difference in time that the subject mouse spends exploring the other mouse between trial 1 and

  we believe that the change in PV+ cell density, the change in IPSP and EPSP amplitude, and the change in plasticity are causally linked. A potential additional outcome of the loss of inhibition is the parallel age-dependent change in intrinsic properties of CA2 PNs. Although an exhaustive study would be required to carefully examine the precise time course of the change in inhibitory transmission, we postulate

  Slice preparation. 400 µM transverse hippocampal slices were prepared from 6-to 17-week-old C57BL6 male mice. Animals were euthanized in accordance with institutional regulations under anesthesia with isofluorane. Hippocampi were removed and placed upright into an agar mold and cut with a vibratome (Leica VT1200S, Germany) in ice-cold extracellular solution containing (in mM): 10 NaCl, 195 sucrose, 2.5 KCl, 15 glucose, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 1 CaCl 2 and 2 MgCl 2 ). A cut was made between CA3 and CA2 with a scalpel in some of the slices before being transferred to 30°C ACSF (in mM: 125 NaCl, 2.5 KCl, 10 glucose, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2 Na Pyruvate, 2 CaCl 2 and 1 MgCl 2 ) for 30 min and kept at room temperature for at least 1.5 hr before recording. All experiments were performed at 33°C. Cutting and recording solutions were both saturated with 95% O2 and 5% CO2 (pH 7.4).Electrophysiological recordings and analysis. Field recordings ofPSPs were performed in current clamp mode with a recording patch pipette (3-5 MΩ) containing 1M of NaCl and positioned in the middle of stratum radiatum of CA2. Whole-cell recordings were obtained from CA2 PNs in current clamp mode held at -73 mV with a patch pipette (3-5 MΩ) containing (in mM): 135 KMethylSulfate, 5 KCl, 0.1 EGTA-Na, 10 HEPES, 2 NaCl, 5 ATP, 0.4 GTP, 10 phosphocreatine and 5 µM biocytin (pH 7.2; 280-290 mOsm). Inhibitory currents were recorded with pipette solution containing 135 CsMethylSulfate instead of KMethylSulfate. The liquid junction potential was ~2 mV and membrane potentials were corrected for this junction potential. Series resistance (typically 12-18 MΩ) was monitored throughout each experiment; cells with more than 15% change in series resistance were excluded from analysis. The K + current mediated by TREK channels was recorded with a modified ACSF containing (in mM) 112 N-methylD-gluconate, 2.5 KCl, 10 glucose, 26 NaHCO3, 1.25 NaH2PO4, 2 Na Pyruvate, 112 HCl, 1 MgCl2, 2 CaCl2, 10 EGTA-Na 0.1 CdCl 2 , 0.1 NiCl 2 , 10 Tetraethylammonium Chloride (TEA-Cl), 1 4-Aminopyridine, 0.001 tetrototoxin (TTX) and 2 CsCl, .01 NBQX, 0.05 D-APV and 0.001 SR95531 in order to block voltage gated Ca 2+ , K + , Na + and cationic channels.

( 6 :

 6 00 to 18:00) light-dark cycle with the room temperature regulated between 21-23°C. Behavioral tests were performed during the light cycle in a testing room adjunct to the mouse housing room, which minimizes any transportation stress. The social memory/direct interaction test with juveniles was adapted fromKogan et al., 2000. 

Figure 1 :

 1 Figure 1 : The density of parvalbumin-expressing interneurons in the hippocampus is decreased in area CA2 of adult Df(16)A +/-mice. (A)

Figure S1 :

 S1 Figure S1: The density of PV+ interneurons is decreased in area CA2 ofDf(16)A +/-mice after defining CA2 boundaries with the specific marker RGS14.

Figure 2 :

 2 Figure 2: Inhibitory transmission onto CA2 PNs is decreased in adult Df(16)A +/-

Figure 4 :

 4 Figure 4: Adult CA2 PNs in Df(16)A +/-mice have a more hyperpolarized resting

Figure S3 :

 S3 Figure S3 : Currents evoked by a ramp protocol before and after the addition of

Figure 5 :

 5 Figure 5: Action potential firing of CA2 PNs is decreased in adult Df(16)A +/-

Figure S4 :

 S4 Figure S4: A small depolarization of CA2 PNa rescues action potential firing in

Figure 6 :

 6 Figure 6: Long-term depression at inhibitory transmission onto CA2 PNs is decreased in adult Df(16)A +/-mice. (A) Summary graph of normalized IPSCs

Figure 7 :

 7 Figure 7: The dis-inhibitory increase in PSP amplitude and in action potential firing is impaired in adult Df(16)A +/-mice. (A) Summary graph of the change in

Figure 8 :

 8 Figure 8: Social memory is impaired in adult Df(16)A +/-mice. (A) Top:
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 1223356781 Figure 1: The density of parvalbumin-expressing interneurons in the hippocampus is decreased in area CA2 of adult Df(16)A +/-mice

Figure IV. 3 :

 3 Figure&IV.&2:&HFS&in&SLM&increases&both&SC&proximal&and&distal&excitatory&drive&onto&CA2&PNs&in&GABAa&and& DORadependent&manner.&A:!Cartoon!illustrating!the!arrangement!of!the!stimulating!recording!electrodes!in!SR! and!SLM.!B:!Average!PSP!amplitudes!of!SR!(open!circles)!and!SLM!(filled!circles)!inputs!after!HFS!stimulation!in! SLM.!Note!that!both!SR!and!SLM!inputs!are!potentiated!after!the!HFS!(p!=!0.0014!for!SR!inputs,!p!=!0.032!for! SLM!inputs,!n!=!5),!but!only!SLM!inputs!show!a!rapid!postJtetanic!increase!in!amplitude.!Right,!Averaged!PSP! traces!corresponding!to!the!time!points!before!(a)!and!after!(b)!HFS.!C:!The!increase!in!distally!evoked!PSP!after! stimulation!in!SR!was!blocked!by!GABA A !and!GABA B !receptor!blockers!for!both!SR!(open!circles,!p!=!0.16,!n!=!5)! and!SLM!(filled!circles,!p!=!0.30,!n!=!6)!inputs.!D:!Application!of!the!DOR!antagonist!naltrindol!(0.1μM)!during! HFS!prevents!the!HFSJinduced!increase!in!PSP!amplitude!evoked!by!both!SR!(open!circles,!p!=!0.93,!n!=!5)!and! SLM!(filled!circles,!p!=!0.079,!n!=!5)!input!stimulations.!Error!bars!indicate!the!SEM!in!all!panels.!

! 3 .

 3 1.3 Do!interneurons!release!enkephalins?! Using!PVJcre!mouse!line!injected!with!ChR2,!a!preliminary!results!obtained!in!the!team! has!shown!that!photostimulation!of!PVIs!fails!to!induce!the!DORJmediated!iLTD!at!PVIJCA2! inhibitory! synapses.! This! indicates! that! activation! of! PVIs! is! not! sufficient! for! inducing! iLTD!

  Figure IV. 5: HFS induces a long-term increase of the PSP amplitude in CA2 via a disinhibition mechanism. A, B: Time courses of the average normalized IPSC amplitudes recorded in CA2 PNs in response to the photostimulation of CA2 PN ChR2-containing axons, showing that application of both 0.5µM DPDPE (A: p=0.0058, n=5) and 10Hz photostimulation (B : p=0.048, n=3) induce persistent decrease in IPSC amplitude. C: Single experiment normalized IPSC time course illustrating how application of DPDPE induces an additional decrease after 10Hz photostimulation-induced iLTD. D: Single experiment PSP time course recorded in CA2 PN in response to SC electrical stimulation showing how 10 Hz postsynaptic stimulation induces a further increase to the DPDPE-induced disinhibitory potentiation. In all panels: right, traces corresponding to the time points before (a), after 10Hz stimulation (b or c) or after DPDPE (b or c). Error bars indicate the SEM in all panels.

  

  

  

16: Inactivation of CA2 pyramidal neurons impairs social memory. a, Left

  

	stimulus animals in the two trials.c, Middle: only YFP mice displayed decreased investigation during
	trial 2 of mouse encountered in trial 1. Right: TeNT group difference score (trial 1 minus trial 2) was
	less than that of YFP group. (Reproduced from

;! ! ! Figure I.: sociability test. Middle: YFP (n=11) and TeNT (n=13) mice preferred the littermate chamber with no significant difference in interaction times. Right: interaction time difference scores (littermate minus empty) were similar. b, Left: social novelty test. Middle:only YFP mice preferred the novel animal over a littermate; the groups differed significantly. Right: difference score (novel minus littermate) of TeNT group was significantly less than that of YFP group. c, Left: direct interaction test using identical (c) or different(d)

First& study:& Inhibitory& plasticity& permits& the& recruitment& of& CA2& pyramidal& neurons& by& CA3& (K& Nasrallah,& R& Piskorowski& and& V& Chevaleyre,&2015).&

  

	! ! !	
	4. Electrophysiological&recordings&and&analysis.& Identification! of! the! recorded! neurons:! Before! beginning! wholeJcell! experiments,! we! the! recorded! CA2! neuron,! the! stimulating! pipette! was! moved! until! the! direct! activation! of!
	identified!the!CA1!and!CA2!PNs!by!their!somatic!location!and!size.!Furthermore,!the!cell!type! the!axon!disappeared.!Photostimulation!of!0.1!ms!pulses!of!blue!light!was!provided!with!a!
	Field! recordings! of! PSPs! (fPSPs)! were! performed! in! currentJclamp! mode! with! a! recording! patch! pipette! (3-5! MΩ)! containing! 1! M! NaCl! and! positioned! in! the! middle! of! stratum! radiatum!(SR)!or!stratum!pyramidale!(SP)!in!CA1!or!CA2.!! was! confirmed! by! several! electrophysiological! properties! (input! resistance,! membrane! capacitance,! resting! membrane! potential,! sag! amplitude,! action! potential! amplitude,! and! duration)! as! previously! described! (Chevaleyre! and! Siegelbaum,! 2010).! For! all! experiments! 473!nm!lightJemitting!diode!(controlled!by!a!CoolLED!model!PEJ100)!driven!by!a!transistorJ transistor!logic!pulse.!The!light!intensity!used!during!the!plasticity!experiments!was!between! 10-20!W/mm 2 .!This!was!measured!at!the!appropriate!focal!length!under!the!objective!with!a! 1. 1.1 Introduction&&
	PSPs! (postJsynaptic! potentials)! were! obtained! with! wholeJcell! recordings! from! pyramidal! monitoring!IPSCs,!the!properties!of!the!cell!were!recorded!immediately!after!breakJin!before! Fieldmate!model!light!meter!(Coherent)!at!different!power!intensities.!!
	HighJfrequency! stimulation! (HFS;! 100! pulses! at! 100! Hz! repeated! twice),! 10! Hz! neurons!in!currentJclamp!mode!held!at!-73!mV!with!a!patch!pipette!(2.5-4!MΩ)!containing! the!Cs + !ion!sufficiently!diffused!into!the!cell.!For!several!experiments,!particularly!when!Cs + ! CA2! PNs! receive! projections! from! CA3! PNs! and! they! send! their! axons! to! CA1! PNs.!
	stimulation! (100! pulses! at! 10! Hz! repeated! twice),! DPDPE! ([DJPen 2,5 ]Enkephalin,! 0.5µM)! or! the!following!(in!mm):!135!K!methyl!sulfate,!5!KCl,!0.1!EGTAJNa,!10!HEPES,!2!NaCl,!5!ATP,!0.4! was! in! the! pipette! solution,! the! slices! were! fixed! after! the! recording! with! 4%! However,! the! lack! of! LTP! at! the! CA3JCA2! excitatory! synapses! and! the! large! feedJforward!
	CNO!(clozapineJNJoxide,!10µM)!was!applied!after!a!stable!baseline!of!10-20!min!duration.!! GTP,! and! 10! phosphocreatine! (pH! 7.2;! 286-295! mOsm).! Membrane! potentials! were! paraformaldehyde,! and! the! neurons! were! identified! by! biocytinJstreptavidin! labeling! and! inhibition!(FFI)!prevent!the!recruitment!of!CA2!PNs!by!CA3!PNs.!Consequently,!the!classical!
	corrected!for!liquid!junction!potential,!which!was!measured!to!be!∼1.2!mV.!Series!resistance! immunohistochemistry!to!label!the!CA2Jspecific!protein!RGSJ14.!This!permits!to!confirm!post) ECJDGJCA3JCA1!trisynaptic!loop!bypasses!area!CA2.!Indeed,!FFI!dampens!the!EPSP!recorded!
	(typically!9-18!MΩ)!was!monitored!throughout!each!experiment;!cells!with!>15%!change!in! hoc! that! the! recorded! cell! was! a! CA2! or! CA1! pyramidal! neuron! by! the! colocalization! with! The! amplitudes! of! both! the! PSPs! and! the! IPSCs! were! normalized! to! the! baseline! in! CA2! in! response! to! SC! stimulation! and! it! completely! prevents! the! firing! of! CA2! PNs! in!
	series!resistance!were!excluded!from!analysis.!! RGS14! as! well! as! the! shape! of! the! dendritic! arbor.! For! CA1! PNs,! this! also! allows! the! amplitude.! The! magnitude! of! longJterm! plasticity! was! estimated! by! comparing! averaged! response!to!CA3!activation!(Chevaleyre!and!Siegelbaum,!2010;!Piskorowski!and!Chevaleyre,!
	identification!of!deep!and!superficial!PN.! responses! at! 30-40! min! for! wholeJcell! recordings! and! at! 50-60! min! for! extracellular! 2013).! However,! inhibitory! transmission! onto! CA2! PNs,! including! GABAergic! inputs! from!
	Some! recordings! were! performed! with! the! perforated! patch! technique.! For! these! recordings! after! the! induction! protocol! with! baselineJaveraged! responses! 0-10! min! before! PVIs,! expresses! a! DORJmediated! longJterm! depression! (iLTD)! (Piskorowski! and! Chevaleyre,!
	Synaptic! potentials/currents! were! evoked! by! monopolar! stimulation! with! a! patch! experiments,! 75μg/ml! gramicidin! was! added! to! the! intracellular! solution! along! with! an! the!induction!protocol.!The!effect!of!CNO!was!estimated!by!comparing!averaged!responses! 2013).! The! goal! of! the! first! paper! was! to! determine! whether! the! inhibitory! synapses! that!
	pipette!filled!with!ACSF!and!positioned!in!the!middle!of!CA1!SR!or!SLM.!When!evoking!PSPs! additional!4mM!calcium!to!ensure!that!recordings!were!acquired!in!perforated!configuration! at!5-10!min!for!after!the!drug!application!with!baselineJaveraged!responses!0-5!min!before! undergo! the! DORJmediated! LTD! exert! any! control! of! the! CA3JCA2! transmission.! More!
	in!both!SR!and!SLM!in!the!same!experiment,!we!tested!the!independence!of!the!inputs!prior! only.! Series! resistance! (typically,! 12-18! MΩ! for! wholeJcell! recordings! and! 65.5! ±! 2! MΩ! for! the! CNO! application.! All! drugs! were! bath! applied! after! dilution! into! the! external! solution! precisely,!we!asked!whether!iLTD!in!area!CA2!could!increase!the!SC!synaptic!drive!onto!CA2!
	2 ,!and!2!MgCl 2 .!The!cutting!solution!used!for!the!oldest!mice!contains:!93!NJMethylJDJ to! the! experiment.! Using! the! same! stimulation! intensity! used! for! the! experiment,! we! perforated!patch!recordings)!was!monitored!throughout!each!experiment;!cells!with!a!>15%! from!concentrated!stock!solutions.!We!used!Axograph!X!software!for!data!acquisition,!and! PNs! and! permit! the! recruitment! of! CA2! PNs! by! CA3! PNs.! We! also! examined! whether! this!
	glucamin,! 2.5! KCl,! 1.25! NaH 2 PO 4 ,! 30! NaHCO 3 ,! 20! Hepes,! 25! Glucose,! 2! Thiourea,! 5! NaJ compared!the!PSP!amplitude!evoked!by!SR!stimulation!with!the!PSP!amplitude!evoked!by!SR! change!in!series!resistance!were!excluded!from!analysis.! Origin!Pro!for!data!analysis.!A!Student's!t!test!was!performed!for!statistical!comparisons,!and! DORJmediated!change!in!inhibitory!transmission!triggered!by!stimulation!of!SC!inputs!could!
	stimulation! 100! ms! after! SLM! stimulation.! We! also! performed! the! reverse! measurement,! Ascorbate,!3!NaJPyruvate,!0.5!CaCl 2 ,!10!MgCl 2 .!The!slices!were!then!transferred!to!30°C!ACSF! WholeJcell!recordings!of!IPSCs!(inhibitory!postJsynaptic!current)!were!performed!in!voltageJ results!are!reported!as!the!mean!±!SEM.! modulate!the!net!excitatory!drive!of!distal!inputs!onto!CA2!PNs.!
	(in!mM:!125!NaCl,!2.5!KCl,!10!glucose,!26!NaHCO 3 ,!1.25!NaH 2 PO 4 ,!2!Na!pyruvate,!2!CaCl 2 ,!and! comparing! the! PSP! amplitude! evoked! by! SLM! stimulation! to! a! PSP! evoked! with! SLM!
	1!MgCl 2 )!for!30!min!and!then!kept!at!room!temperature!for!at!least!1.5!h!before!recording.! clamp!mode!with!the!cells!held!at!0!mV!and!in!the!absence!or!presence!of!10!μM!NBQX!and! stimulation! after! SR! stimulation! by! 100! ms.! The! stimulation! of! the! SR! and! SLM! inputs! was! ! !
	50! μM! DJAPV! with! an! internal! solution! containing! Cs! methyl! sulfate! in! place! of! K! methyl!
	Cutting! and! recording! solutions! were! both! saturated! with! 95%! O 2 ! and! 5%! CO 2 ,! pH! 7.4.! All! sulfate.!! considered! to! be! independent! if! a! preceding! evoked! PSP! in! the! separate! pathway! had! no! ! 1.2 Paper&
	experiments!were!performed!at!33°C.!! effect!on!the!amplitude!of!the!second!evoked!PSP.!When!axons!of!CA2!pyramidal!neurons!
	were!directly!recruited!by!the!stimulation!pipette,!as!observed!with!a!backJpropagating!AP!in!
	! ! !	63! 64! 65!

3. Third& study:& Ageadependent& specific& change& in& area& CA2& of& the& hippocampus& and& social& memory& deficit& in& the& 22q11.2& mouse& model& of& schizophrenia& (Rebecca& A.& Piskorowski,& Kaoutsar& Nasrallah,& Anastasia& Diamantopoulou,& Jun& Mukai,& Steven& A.& Siegelbaum,&Joseph&A.&Gogos&and&Vivien&Chevaleyre,&2015)&

  

	!	
	3.1	Introduction:&
	Schizophrenia! is! a! mental! disorder! associated! with! cognitive! and! social! dysfunction.!
	Furthermore,! numerous! postJmortem! studies! of! patients! with! schizophrenia! had! revealed!
	that! area! CA2! which! is! necessary! for! social! memory! undergoes! diseaseJrelated! alterations!
		2008)!carrying!
	an!engineered!orthologous!deletion!on!mouse!chromosome!16.!
	!	
	3.2	&Paper&
	!	

(Benes! et! al.,! 1998;! Knable! et! al.,! 2004;! Narr! et! al.,! 2004)

.! Moreover,! a! decrease! in! parvalbuminJexpressing! interneuron! (PVI)! density! have! been! reported! in! area! CA2! of! patients!with!schizophrenia!

(Knable!et!al.,!2004)

.!In!the!previous!study,!we!have!shown!that! PVIs!are!mandatory!for!the!DORJmediated!longJterm!increase!of!the!SC!synaptic!drive!onto! CA2!PNs.!In!the!following!study,!we!analyzed!area!CA2!in!a!mouse!model!of!schizophrenia! genetic!predisposition!to!examine!the!consequences!of!the!disease!on!cellular!function!and! circuitry! dynamics.! Because,! the! 22q11.2! deletion! is! known! to! increase! the! chance! of! developing! schizophrenia! by! approximately! 30Jfold!

[START_REF] Consortium | ! Rare! deletions! at! 22q11.! 2[END_REF]! Karayiorgou! et! al.,! 1995;!Xu!et!al.,!2008)

,!we!used!a!mouse!model!(Df(16)A+/J!mice)!

(Stark!et!al.,!

  Strong association of de novo copy number mutations with sporadic schizophrenia. Nat Genet 40, 880-885.Young, W.S., Li, J.,[START_REF] Young | !The!vasopressin!1b!receptor!is! prominent! in! the! hippocampal! area! CA2! where! it! is! unaffected! by! restraint! stress! or! adrenalectomy[END_REF]. The vasopressin 1b receptor is prominent in the hippocampal area CA2 where it is unaffected by restraint stress or adrenalectomy. Neuroscience 143, 1031-1039.

	(2008). Zhang, Z.J., and Reynolds, G.P. (2002). A selective decrease in the relative density of
	parvalbumin-immunoreactive neurons in the hippocampus in schizophrenia.
	Schizophr. Res. 55, 1-10.
	Zhao, M., Choi, Y.-S., Obrietan, K., and Dudek, S.M. (2007). Synaptic plasticity (and
	the lack thereof) in hippocampal CA2 neurons. J Neurosci 27, 12025-12032.
	Statistical
	significance was assessed by one-way ANOVA, or two-way repeated-measures
	ANOVA where appropriate.
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ABSTRACT

Several neuropsychiatric disorders are associated with cognitive and social dysfunction. Post-mortem studies of patients with schizophrenia have revealed specific changes in area CA2, a long over-looked region of the hippocampus recently found to be critical for social memory formation. To examine how area CA2 is functionally altered in psychiatric illness, we used the Df( 16)A +/-mouse model of the 22q11.2 microdeletion, a genetic risk factor for developing several neuropsychiatric disorders. We report several age-dependent CA2 alterations: a reduction in the density of parvalbumin-stained interneurons, a reduction in the amount of feed-forward inhibition and a change in the pyramidal neuron intrinsic properties. Furthermore, we found that area CA2 is less plastic in Df( 16)A +/-mice, making it nearly impossible to evoke action potential firing in CA2 pyramidal neurons. Finally, we show that Df( 16)A+/-mice display impaired social cognition, providing a potential mechanism and a neural substrate for this impairment in psychiatric disorders.

Summary graph of the input-output curves of the IPSP in response to CA3 input stimulation obtained by subtracting control traces from traces with GABA receptor blockers in 4-5-week old WT and Df( 16)A +/-mice. Error bars show SEM.