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ABSTRACT

The endocannabinoid system is a major brain modulatory system that controls memory
and learning mainly via the cannabinoid receptor type 1 (&€Bpendent regulation of
neuronal and glial activity. In the hippocampus, bidirectional communicdteiween neurons
and astrocytes shapes synaptic plasticity and behavior. CB1 receptors have been shown to be
present in the astrocytes and to mediate the disruptive effects of cannabinoids in synaptic
plasticity and working memory. Yet, it is not currertlyown the role of this receptor in the
physiological modulation of memory processes. Also, previous studies have shown that CB1
receptors expressed in dopamine D1 receptapressing cells are involved in the modulation of
hippocampaidependent aversive mmories. However, their involvement in the modulation of
non-aversive longerm memory formation and synaptic plasticity is presently unknown. In this
thesis, | aimed at identifying the cellular and molecular mechanisms by which specific CB1
receptors in ditinct brain neuronal and glial populations contribute to the physiological
modulation of synaptic plasticity and learning and memory. For this aim we used conditional
genetic mutant mice lacking CB1 receptors specifically in astrocytes or-poditive @lls. By
coupling these genetic mouse models with behavioral, pharmacologicaipantto andin vivo
electrophysiological approaches, we dissected the role of these CB1 receptors in the formation
of memory. First, we show that astroglial CB1 receptorthe hippocampus control lorgrm
potentiation (LTP)of CA3CAL1 synaptic transmission and lelegm recognition memory. By
allowing physiological availability ofderine at NMDA receptors via gliotransmission, astrocytes
are important elements controtig glianeuron interactions that underlie synaptic plasticity and
memory functions. The data show that astroglial CB1 receptors control plasticity and memory
by regulating the synaptic availability ofderine at NMDA receptors. Second, we show that CB1
receptors Dipositive cells control the consolidation, but not acquisition, of new memories and
the enhancement of LTP induced by learning, showing that specific subpopulations CB1
receptorexpressing dés differentially modulateéhese processes.

Overall,by showing that the endocannabinoid system in astrocytes is an important
modulator of learning and memory and by suggesting that CB1 receptorspoditive cells are
important for specific components of memory formation, we provide functional evidence fo
the complex cell typelependent regulation of longerm recognition memory by the CB1
receptors.

Key words:CB1 receptors, D1 receptors, astrocytesebine, LTP, Memory.
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RESUME

Le systéme endocannabinoide est un systéme neuromodulateur majeur daacerv
lAyaArz Af O2yUNRES fF YSY2ANB S € QF LILINBYGAA:
récepteurs aux cannabinoides de type 1 (CB1) qui régulent de maniere fine les activités
YySdzNRyYylfSa S JFtAlLfSad 51 ya ftionkelddniteDeudonsds > dzy S
et astrocytes modéle la plasticité synaptique et le comportement. Il a été rapporté que les effets
disruptifs des cannabinoides sur la plasticité synaptique et la mémoire de travail sont
dépendants de récepteurs CB1 présents dassalstrocytes. Cependant, le réle de ce récepteur
Rya fF Y2RdzZ FTGA2y LIKeaAz2ft23AljdzS RSa LINROSa:
précédentes études ont également montré que les récepteurs CB1 exprimés dans les cellules
hébergeant le récepteur dopamingique D1 sont impliqués dans la modulation hippocampique
de la mémoire associée aux évenements aversifs. Toutefois, leur implication dans la modulation
de la formation de la mémoire associée a des événements non aversifs ainsi que dans la
plasticité synapque sousjacente reste encore inconnue. Dans cette thése, mon objectif était
ROARSYGATASNI £ Sa YSOFyAaavySa OSttdzZ F ANBSa SiG Yz
récepteurs CB1 dans des populations gliales et des régions cérébrales heasdegntribuent
Lt Y2RdzZ I GA2Yy LIKE@aA2ft23A1jdzS RS I LI I AGAOADG
Pour ce faire, nous avons utilisé des souris mutantes conditionnelles dans lesquelles le
récepteur CB1 a été rendu silencieux sélectivemenisdies astrocytes ou dans les cellules
exprimant le récepteur D1. En couplant ces modeles génétiques murins avec des approches
comportementales, pharmacologiques et électrophysiologiquesitro et in vivg nous avons
disséqué le role de ces populations técepteurs CB1 dans la formation de la mémoire. Tout
RQIFI02NRY y2dza | @2ya Y2y(iGNB [[dzS tSa NBOSLI SdzNa
la potentialisation a long terme (PLT) de la transmission synaptiqueC8AZt la mémoire de
reconnaissanca long terme. En contrélant, via la gliotransmission, la disponibilité effective de
D-sérine aux récepteurs NMDA, les astrocytes sont des éléments importants contrélant les
interactions glieneurones qui soutendent la plasticité synaptique et les formtis mnésiques.

Les données obtenues montrent que les récepteurs CB1 astrogliaux contrélent la plasticité et la
mémoire en régulant la disponibilité synaptique de lasdine aux récepteurs NMDA.
Deuxiemement, nous avons montré que les récepteurs CB1 @mnsellules exprimant le
NBOSLIiSdzN) 5mM O2yiNrfFASYyd fF O2yaz2tARIGAZY S

f QL dzAYSyidldAz2y RS ftF t[¢ AYRdzZAGS LI NI £ QI LILIN
populations spécifiques de cellules exprimant le ptear CB1 modulent ces processus de

maniére différentielle.
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En conclusion, ces travaux démontrent que le systeme endocannabinoide dans les
FadNRrOediSa Said dzy AYLRNIFYyd Y2RdzZ FG§Sdz2NJ RS Q
récepteurs CB1 dans les oddls exprimant le récepteur D1 semblent importants pour des
composantes spécifiques de la formation de la mémoire. Prise dans son ensemble, cette thése
apporte des preuves fonctionnelles quant a la régulation complexe de la mémoire de
reconnaissance a lortigrme par des populations distinctes de récepteurs CB1.

Mot clés Récepteurs CB1, récepteurs D1, astrocyteseiine, PLT, Mémoire.
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LONERESUME

Le systeme endocannabinoide est un modulateur majeur du systéme nerveux central et
des tissusLIS NA LIK SNR |j dzS&a O2 y (i NKahtlpyodessuS i(physiiBgiidetdsy & R Q.
cannabinoides exogeéenes et endogénes agissent principalement via le récepteur cannabinoide de
type 1 (CB1) qui régule des fonctions cérébrales clés telles que la consommatientailie, le
métabolisme énergétique, les réponses immunitaires, les réponses de stress, les performances
Y2ONROSasx fF LISNOSLIIA2Y RS fF R2dzZ SdzNJ Sd £ F Y
AYLRNIFYGS LI2dzNJ  QF LILINE yeidesirécepi@s CBIli (prindipalefrent 2 A NB
présynaptiques) sur les neurones E¥ergiques et glutamatergique¥ 2 Rdzt Sy i f QI O
neuronale en diminuant la libération de neurotransmetteurs. En combinant des approches
génétiques, de mutagéneses conditionnelles,pbarmacologiques, il a étmontré que des
récepteurs CBile populations neuronales bien distinctes sont responsables des altérations des
processus mnésiques induites par les cannabinoides. Toutefois, il reste de nombreux points a
explorer concernant leble physiologique des récepteurs CB1 dans ces fonctions. De plus, les
NBOSLIiSdNE /. wm LISdz@Syld sGNB LINBASYy(idedilesya RQI
FadNRrOedSasx SG €S NrptS LKeaAaAz2ft23AljdzS mRsse O0Sa N
inconnu.

Il a été montré que les astrocytes de I'hippocampe expriment des récepteurs CB1
fonctionnels. Les astrocytes constituent le type de cellules gliales le plus abondant dans le
soutien au réseau neuronal en fournissant les substrats métalesiqgnécessaires au
fonctionnement optimal du cerveau. Toutefois, il a été démontré au cours des derniéres
RSOSyyASa ljdzS tSa adNeroOeidisSa SOl ASyd AYLX Al dzS
Y2RdzZ I GA2Y RANBOGS RS f @tiquedviadang ScomrBunicationl- LIt |
bidirectionnelle avec les structures synaptiques neuronales (les terminaisons présynaptiques et
les épines postsynaptiques). Ce concept, communément désigné sous les termes de "synapse
tripartite”, définit ces synapses commeda@t composées de trois élémentdes terminaisons
pré- et postsynaptiqgues ainsi que les processus fins astrocytiques les entourant. Cette
localisation permet aux astrocytes de percevoir les signaux neuronaux et de libérer des
molécules modulant leur awité. Les modifications fonctionnelles et/ou structurelles a coett
longterme de la transmission synaptique, qui constituent la plasticité synaptiqoe,été
proposées comme étant des mécanismes cellulaires clés-jasomists a la formation de
nouvealzE &2 dzOSYANB® tfdzd LINBOA&ASYSYyids t QAyRdzO0 A
RSLISYRIYydS RS&a NBOSLIWiSdZNB bas5! F SGS Y2y uNBS
LISYRIFYG fQFLIINBydAaalr3aISe L Sad |f2idkdeRdy d SNBE:
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sérine, le ceagoniste principal du récepteur NMDA, considéré comme un gliotransmetteur, est
ySOSaalrANBE t fQAYRdAzOUAZ2Y RS (1 t[ ¢ RFEya OSi
récepteurs CB1 astrogliaux sont les médiateurs des effets ptemrs des cannabinoides
synthétiques et naturels sur la plasticité synaptique et la mémoire de travail. Actuellement, le

réle physiologique des récepteurs CB1 astrogliaux dans la modulation des formtiésgjues

Si aeylLIWAldzSa yQSaid LI a O2yydzo

Comme mgiA2yyS LINBOSRSYYSyiduz S OAo6ftl3S RQd
YSGK2RSa (GSOKy2f23AljdzSa I @Fryo0oSSa 2yd LISNX¥Aa f
f20FftAAFGA2y A AYGNI OSf fdz F ANBaA 2dzaljdzQl f 2NR Ay
populations cellulaires cérébrales. Ainsi, les récepteurs CB1 ont été réecemment localisés au sein
de cellules exprimant le récepteur dopaminergique de type 1 (D1). Néanmoins, le nhombre de
cellules exprimant D1 dans I'hippocampe étant relativement faibeest difficile de les identifier
anatomiquement. Bien que la nature de ces cellules demeurésissable (neuronale ou glidje
RS& LINBdzSa T2y QiAazyySttSa LRAYy(ISyld OSNAR f QSE
f QKA LILIZ OF YLIS | abebl® sudays fohctidnl rOéiliées al caluiBien que ces
cellules représentent une petite fraction du nombre total de cellules exprimant CB1, elles
représentent une soupopulation neuronale ou gliale exprimant le récepteur CB1. Ainsi, il est
nécessairR QS i dzZRA SNJ £ S N f-@puktdns OScallulgs 2xquinarit & @cepteur? dza
/. m SG RQARSYUATFTASNI €S YSOFYyAayYyS Y2t SOdzZ I ANB
liées a leur activité.

[ S LINAYOALIE 202SO0GATF RSmédanismes KrblacSlairds etS G S |
cellulaires par lesquels les récepteurs CB1 au sein de populations cellulaires spécifiques, qu'elles
soient neuronales (par exemple les cellules dopaminergiques) ou gliales (par exemple les
astrocytes) contribuent alamodukatz y LK@ &A2f 23A1jdzS RS f QF LILINBY (.
est important non seulement pour la compréhension des fonctions cérébrales mais eégalement
pour l'appréhension des mécanismes par lesquels certaines dérégulations peuvent conduire a
des états patblogiques.

I FAY RQIFUGGSAYRNBE fQ202SOU0AFT LINAYOALIE RS C
RQ2dziAfa 3ISYSGAIldzSa oYdzil3SysasS O2yadAadadziagds
et pharmacologiques (agonistes et antagonistes du récep@Bit) couplés a des paradigmes
comportementaux précédemment congus et validés pour étudier la formation de la mémoire
OKST fF az2d2NRadad 5SS LXdzaxr Sy O2YoAylyld im©OSa LIN
vitro et in vivqg l'objectif était de disséqueles mécanismes impliqgués dans la modulation de la
formation de la mémoire dépendant spécifiquement du récepteur CB1.
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{ LISOATALdzZSYSyiG> S LINBYASNI 6dziil SGFAG RQSI dz
la modulation physiologique de la mémoirdotgterme par les récepteurs CB1 astrogliaux. Au
cours de ces travaux, hous nous sommes intéressés a plusieurs questions concernant (i) le réle
de ces récepteurs dans la modulation de la formation des mémoires & eblonhgterme, (ii)
le role des réepteurs CB1 astrogliaux dans la modulation de la PLT, (iii) les mécanismes par
lesquels les récepteurs CB1 contrdlent les fonctions astrogliales afin de permettre la
gliotransmissin et iv) la caractérisation donécanisme soutendant le contréle des forimns
mnésiques par le récepteur CB1.

La délétion spécifique des récepteurs CB1 astrogliaux chez la souris-GBEAB)
FfG8NB fI GNOKS RS YSY2ANB RS NBO2yyl Aaalyos
sont nécessaires pour la formation de I§M2 ANBE RQ2062S0 y2dz0SI dzd 5SS
jdzS tF OGN} yaYAaaAirzy Rdz NBOSLIiISdzNJ ba5! RIFEya fQ
G8LJS RS YSY2ANB® 9y aidziivo & DotanileliNe dhap yosByHaptiue NB Y Sy
excitateur (fEPSP)dans les voies CA3! v RS f QKA LR Ol YLIS s6KST RS
mutantes anesthésiées, nous avons montré que les souris-GBARO avait une altératiom
vitroetinvivoRS I t[ ¢ RSLISYRFIYyGS Rdz NBOSLIiSdz2NJ bas5!
mécansme cellulaire impliqué dans le phénotype présenté par les souris-GBARO, nous
avons exploré la relation entre les astrocytes et leurs homologues neuronaux au sein des
aeylLlasSa GNARALI NGAGSAE RS f QKA LILR OF YLISpbuvety Y2y i
induire une augmentation des niveaux intracellulaires de calcium au sein des astrocytes des
souris sauvages mais pas des souris GFBEKO, nous avons révélé que les récepteurs CB1
astrogliaux pouvaient contrdler les niveaux de calcium intragetkil Considérant que les
niveaux de calcium intracellulaires sont les mécanismes astrocytiques potentiels impliqués dans
la sécrétion de gliotransmetteurs, nous avons étudié si plusieurs gliotransmetteurs
adzlJll2 aSYSyid fA0SNBa L) Nie tépendanteadii NRloludh Géfa@nt R Q dzy
également affectés par la modulation du récepteur CB1. Nous avons observé gaériad) un
important caagoniste du récepteur NMDA, était modulée par le récepteur CB1, fournissant un
bon candidat pour le phénotype obsérnchez les souris GREB1KO. De plus, nous avons
montré que les récepteurs CB1 astrogliaux étaient nécessaires au maintien de concentrations
appropriées de Bérine au sein de la fente synaptique. Ces concentrations assuraient un niveau
I Rl LJG S RMauCsiteddelliaisdn du eagoniste sur le récepteur NMDA. Ensuite, par
analyse du role potentiel de la transmission des@dine chez les souris GFEB1IKO, nous
avons montré que les récepteurs CB1 astrogliaux régulaient les niveaux synaptiques de D
séline, un élément nécessaire pour la PLT dépendante du récepteur NMBSA bienin vitro
gu'in viva Nous avons également montré par la modulation des niveaux-séribe (réalisée
par administration exogene de-§&rine ou par augmentation endogene de eetterniere via
f QAo VKAOAGAR2Y RS  at RSANI RIFGAZ2Y U0 [jdzS fS&a NBOC

L
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performances de mémoire dans le test de reconnaissance de nouvel objet. Ce contrdle
s'effectue par l'intermédiaire de la signalisation de tadbinependant les phases initiales de la
consolidation de la mémoire. De maniére générale, les résultats présentés dans la premiere
partie de cette These montrent que les récepteurs CB1 astrogliaux sont nécessaires pour la
formation de la mémoire de reconnaisars RQ202SG SO  LI2dzNJ f QA Y
hippocampique via la modulation du gliotransmetteursé€rine, illustrant un mécanisme
physiologique inattendu sotgndant la plasticité synaptique et la formation de la mémaoire.

Dansune seconde partie de la Thésé2 dza | A2y a LJ2dzNJ 202SO0A T
récepteurs CB1 dans les cellulesfakitives dans la modulation des fonctions de mémoire de
NBO2Yy VYl Aa&aal yOstloRyidne2tcé afih de Condebhire quelle région cérébrale
était responsatf RS OS LIKSy20eL)S I FAY RQSGAZRASNI £ S N
de la PLT.

CASY jdzQAt yQe FAG FO0ldzSttSYSyid | dzOdzyS LINB
CBlsurlescellules®I?2 aA 0APSa> RS& LINSdzdSa spauyaent atryy St
présents danshippocampe La délétion spécifique des récepteurs CB1 des cellulgmgiives
chez la souris (BCB1KO) altere spécifiguement la formation de la mémoire de reconnaissance
de nouvel objet a lorerme mais pas a couterme indiguant que les récepteurs CB1 dans ce
type de cellules en particulier étaient nécessaires a la formation de la mémoire -éelomg, I
est intéressant de noter QuUISELINB & a4 A 2y RS dSoyhBinaseidBrécRpfeuriCB1L / w9
dans le striatum desouris DICBiYh y QI LI} & LISNXAa RS NBadl dzN
YSY2ANB RSa az2d2NhAa YdzilyisSa If2NAR 1ljdzS fF YsYS
rétablir totalement les performances de mémoire des sourisdBIEKO. Ceci indique donc que
les récep§dzNE /. m RS f QKA LILI2 Ol ydsiffs sbnt wédessdirésaa la/ S dzNP
consolidation de la mémoire a losigrme. Nous avons montré précédemment que la PLT dans
f QKA LI OF YLIS SiFAG RSLISYRIFY(HGS RS I F2Ra00A2Y
f QS y NS 3 Anavivoldd YEPSRI des souris mutantes anesthésiées, nous avons étudié le
YSOIYAAYS RS I t[ ¢ RI yCBIKOQIKE inéiasSdntetdterRiGea & 2 d
y2dza | @g2y&a GNRAzZS 1jdzS f QSELIR & AichAdalte friéquante Sy G NI
induisait une PLT chez les animaux sauvages qui est altérée chez leurs fréeBIKTL
montrant que dans ces conditions les récepteurs CB1 dans les cellules exprimant le récepteur
D1 sont nécessaires pour une expression correctad®.T. Considérés dans leur ensemble, ces
résultats apportent une nouvelle preuve fonctionnelle que les récepteurs CB1 dans les cellules
SELINAYLFY(d £S NBOSLIISdZNI 5m RIEya fQKALILEROIYLS O
des mémoires a lontgerme et la plasticité synaptique associée.

De maniére générale, en montrant que le systtme endocannabinoide dans les astrocytes
Sad dzy AYLRNIFYyG Y2Rdz I 4§SdzNJ RS f QF LILINBy GA&al
JoséFernando Oliveira da CrgdDoctoral Thesig University of Bordeauand University of Catania

19



récepteurs CB1 dans les cellules-@dktives sont importants pour certains composants
spécifiques de la formation de la mémoire, nous avons apporté une preuve fonctionnelle d'une
régulation de la mémoire de reconnaissance a i@rgie qui est dépendante du type cellulaire
exprimant les récepters CB1.
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PART1 ¢ THEENDOCANNABINOID SESMTIN THE BRAIN

| ¢ Introduction

The discovery of the endogenous cannabinoid sys(&@S)ys a major modulatory
system involved in health and disease started with the interest in understatingGewmabis
sativa commonly known as marijuana or simply cannabis, could induce a plethora of effects
after consumption in both humans and animals. Notably, early societies in China, India and
Assyria were already awaedout theproperties of cannabimillenniaagg usingit not onlyas a
medicine but also recreationally, to experience states of euphoria or higher emotional
awarenesgCurran et al., 2016, Mechoulam et al., 2014)

The use of cannabis became krowy European societiesaround the 19th century
when the Napoleon Armies, returning frotimeir campaign in Egypt and Syriaought the plant
with them (Mechoulam and Parker, 2013Yhe modern therapeutic use of cannabis was
initiated by thelrish LIK&@ & A OA 'y 2 A f f X180&;1889) fnddicalzafficef Sfatled
British Army who was stationary in Calcuftadia) in the beginning of the 19th century. During
GKAAd LISNA2RZ hQ{KFIdAKySadae KIFIR (KS 2 LIo®eNIdzyA i
Indian people and introduced its therapeuticuse in Europe Another importantfigure in the
application of medcal cannabis was the French psychiatrist JacgossphMoreau (1804
1884) In his bookiDu hachisch et de l'aliénation mental@Moreau, 1845) Moreau provided
important medical data on the effects of cannabis consumption in humgos instance, he
describel effectsfrom cannabis consumption such as the feeling of happiness and excitement,
illusions and hallucinations, troutdé navigationor enhancement of perception.

Scientific research aimg at characterizingthe mechanism behind the effects of
Cannabis sativan the brainstarted mainlyin the 20th century With the progressive availability
of chemical methodologiesotanalyze the extracts ofCannabis sativait was possible to
investigatewhich compoundsvere responsible foits psychoactivesffects.

After a period of successive isolation and identification of several phytomoleofiles
c yy I 0 Ae&ahydrgcgmabinol (THCYhe main active compound of cannabisas finally
identified by Roger Adam@dams, 1942and further isolated and characterizedGaoni and
Mechoulam, 1964)Interestingly, althogh more than 60 cannabinoids have beeuarrently
identified in the cannabisplant, THC remains thmain psychoactive compoun@iechoulam
and Parker, 2013)hiskeydiscovey allowedfurther development okynthetic analogs of THC
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that provided valuable tools to identify the putativendogenous target of thesenolecules
(Piomelli, 2003)

The discovery of THC improved greathe tunderstanding of the major effects of
cannabinoid consumptiorkor instanceTHCadministration inanimal models was able to mimic
certain phenotypes that carbe correlated to human consumptierelated effects such as
hypolocomotion, hypothermia, incread analgesia, catalepsy, stress reactivity, among others
(Mechoulam et al., 2014)

Around 25 years after the definitive chemical characterization of THC, the identification
of the first cannabinoid recepto(CB1)(Devane et al., 1988, Matsuda et al., 199@) only
provided evidence that cannabinoids agca a specific endogenous receptbut alsounraveled
the pathway to uncover anew modulatory system. The further identification of a second
cannabinoid recptor (CB2)(Munro et al., 1993) the discoveryand characterization the
endogenous cannabinoid ligan@sndocannabinoi(), eCBs)) of CB1/CB2eceptor (Devane et
al., 1992, Mechoulam et al., 1995, Sugiura et al., 19@fjether with the identification of
correspondng metabolic pathway$Di Marzo, 2009)rovided the main components of tHeCS
(Piomelli, 2003)

The aim of this thesis is to understand howe tECSmodulates two of the most
important adaptive functions of an organism: learning and memory. In order to understand the
importance of this system and its broad modulatory action,the following sectiond will
review someimportant past and currenfindings that shed light othe ECSIn particular | aim
at describinghe gaps in the current knowledgend how this work might contribute tonprove
our understanding of thikeymodulatory system.
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Il ¢ Cannabinoid receptors the brain

The discovery of THC and the generation of highly selective and mytetiteticanalogs
allowed the identification othe brain target for these moleculesThe discovery of the CB1
receptor was accomplished bigg group of Allyn Howlett in the early 9@y usingthe specific
radio-labeled cannabinoid analogu¢3H]CP55940they identified and characterize@ novel
cannabinoid receptor(named CB1Jrom rat brain membranes and synaptosom#sat was
boundto a Giprotein subunits(Devane et al., 1988l.ater, the receptor was clone(Matsuda et
al., 1990)and more recently crystalizeHuaet al., 2016, Hua et al., 2017, Shao et al., 2016)
The CBL1 receptor is a 7 transmembrane G protein coupled recpRCRWwidely expressed in
the central nervous systenfCNS) and arguably the most abundant GPCR in the brain
(Herkenham et al., 1990)

Following the discovery dhe CB1lreceptor, a second cannabinoid receptor (CB2) was
clonedfrom the macrophages in thbumanspleen(Munro et al., 1993)Since CB®%as initially
characterized in the splegrand not in the CNSit was mainlythought to bepresent in the
periphery rather thanin the CNSHowever, recent edience have demonstrated that not only
CB2 receptors can be expressed in the & in neurons aw in glial cells(Marsicano and
Kuner, 2008)but also that CB2eceptorscanmodulateneuronal and glial activitgAtwood and
Mackie, 2010, Li and Kim, 2015, Stempel et al., 2016)

CB1 and CBiceptorsshare 48% of amino acid sequence amd similarly sengive to
the endogenous agonist@Mechoulam and Parker, 2013)imerization between receptors of
different and same class GPCRs has been repdkedkie, 2005)For instanceCB1lreceptors
can be found in the monomeric, homomeijé/agerMiller et al., 2002)or heteromeric forms
with CB2receptors(Callen et al., 20122 or opioid receptor@Mackie, 2005)Although these
dimers were anatomically identified, the functiomalevanceremains poorlyunderstood(Turu
and Hunyady, 2010)

Other metabotropic and ionotropiaceceptors have been reported to respond to the
endogenousagoniss of classical cannabinoid receptoi&ansiat recefor potential vanilloid 1
(TRPM) isa nonselective cation channel with high calcium permeabilitgt belongs to the
transient receptor potential superfamilyCaterina et al., 1997)They areinvolved in the
transduction of signals such amperature, electrical charge, light, olfactive and taste stimuli
and endogenous lipidéertwee et al., 2010bAlthough TRPX channelsn the digestive track
are most known for the mediaton of the burning sensation elicited e molecule capsaicin
(present ind OK A f A¢ (Caetidalét bk 1997)jhey can also be present in the brdristino
et al., 2M6, Menigoz and Boudes, 2011, Toth et al., 200#)ere they mediate
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endocannabinoiemediated forms of synaptiplasticity (Chavez et al., 2010, Marsch et al.,
2007)

Anather exampleof proteinsthat might act as potential cannabinoid receptongludes
the deorphanizedGPCR GPR55and GPR119. GPR55 was initially isolated from the human
striatum (Sawzdargo et al., 1998ndit has been reported to respond toRG andAnandamide
(Sharir and Abood, 2010BPR11%s found predominantly inthe pancreas and gastrointestinal
tract (Fredriksson et al., 20038)nd it canrespond to the endocannabinoioleoylethanolamide
(OEA)(Overton et al., 2006)Although loth receptors can be expressed in the braiheir
function and potential action as cannabinoid receptor 3 (CB@mains mostly unknown
(Godlewski et al., 2009%Pertwee and colleagues (2010) established a range of criteria to classify
a potentialcandidateprotein as CB3eceptor. These includel) the candidate receptor should
be activated by CB1/CB2 agonist at the orthosteric site with similar pot&)@ndogenous
ligands at physiological conditions should elicit a response 8ar¢leeptor,3) it should display
an amino acid similarity with CB1/ZB!) it should have specific functions elicited by classical
agonist and) it shouldnot be a receptor with other already identified functio(Bertwee et al.,
2010b) The evidence of potential CB&ceptorindependent targets of endocannabinoids in the
brain underlinesthe importance ofthe use of specific pharmacological methods together with
genetic knoclout (KO)strategiesto understandspecificfunctions of CBlreceptors.

Because CB1 receptors are known to mediate the majority ot#dmnabinoidinduced
psychotropic effects, studying the role of CB1 receptors in brain physialog)ypathologyis a
major topic in cannabinal researchIn accordance with the aim of this thesis, | will thereby
concentratein the next sectiorof the introductionon CBlreceptor and hov they modulate
brain functiors, how their biology is strategically involved in behaviceind what are the
currertly importantunsolved questions regardirige role of this receptor in brain function
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[11 ¢ Distribution of CB1 receptors in the brain

CB1 receptors are wideljout not exclusivelyexpressed in theCNS(Hu and Mackie,
2015, Marsicano and Kuner, 2008eing likely the most abundant GPCR in th@in
(Herkenham et al., 1990, Howlett et al., 1990B1receptors havéeen extensively described in
regions mvolved inkey brain functions such dsarning and memory, pain perception, reward,
motor coordinationand energy and metabolism(Di Marzo et al., 2004, Piazea al., 2017)
ConsequentlyCB1lreceptors arepresentin important parts of theCNSsuch as theetina, the
neocortex the olfactory system, the amygdala, theapocampusthe striatum, the cerebellum,
the thalamus,the substantianigra, the ventral tegmentalarea (VTA) the periaqueductalgray
and the spinal corqBusquets Garcia et al., 2016, Hu and Mackie, 2015, Marsicano and Kuner,
Hnny X { 2NRALI D2 YAsithe &éractérizatiol of KCBIeaeptors $ crucial to
understand where and hovthey modulate the diverse brain functions, | widescribethe
cellular and subcelluldocalizationof CBlreceptorsin the hippocampuss itisthe main region
of interestof this thesis

I11.A¢ CBIRECEPTORSTRIBUTION IN THPPOCAMPUS

Thehippocampusa key brain region for learning and memohas one of thebroadest
and highest expressionsof CBlreceptorsin the brain (Figure1l) (Herkenham et al., 1990,
Marsicano and Kuner, 20Q08)

Among thedifferent celltypes that compose thigegion CB1 receptors have been
initially characterized inhippocampal interneurons more preciselyin the terminak of
cholecystokinin(CCHlcpositive cellslt is mostly absent irparvalbumir{P\}-positive GABAeggic
basket cellsn the pyramidal cell layer, the molecular layer and also the granule cell layer of the
dentate gyrugKatona et al., 1999, Marsicano and Lutz, 1999, Marsicano and Kuner, 2008, Tsou
et al., 1999) This mutual exclusion has been consistently observetl fastershypotheseson
how PV and CClpositive interneuronsmight interact in the modulation of hippocampal
network activity (Klausberger et al., 2005, Klausberger and Somogyi, 2B88idests presence
in gammaaminobutyric acid (GABArgic neurons, CB1 receptors havebeen described
anatomicallyand functionallyin the glutamatergic pyramidal neuronsf the CA1l and CA3
regions although in considerably leasnountascomparedto GABAergioeurons(Katona et al.,
2006, Marsicano and Lutz, 1999, Marsicano et al., 20083sy cell®f the dentate gyruswhich
are glutamatergic neurons, also express high levels of f@Bé&ptor in their terminals
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(Kawamura et al., 2006, Monory et alQ@b). Expression ofCBlreceptors havealso been
reported in glialcells such as astrocytéfurther reviewed in the part 3 ¢ V). Additionally CB1
receptors have been shown to be preseimt hippocamml cells expressingcetylcholine
(Degroot et al., 2006and dopamine type2 (D2) receptar 5-hydroxytryptamine type-1B(5-
HT1B and 5-Hydroxytryptamine type3(5-HTJ receptors (Hermann et al., 20023uggesting
functional crosstalk between theECSand the cholinergic, the dopaminergic andthe
serotonergic system@larsicano and Kuner, 2008)

[11.B ¢ SUBCELLWARDISTRIBUTIOBFCBIRECEPTORS

The lipidc nature of the(endogcannabinoidssuggess that they canact on intracellular
targets. Notablypesidesthe classical distribution at theellular membrandDudok et al., 2015,
Katona et al., 1999)CBIreceptorshavebeen recently describeth intracellular compartments,
such as endosomg®udok et al., 2015and brain mitochordria (mtCB1)(FigurelF) (Benard et
al., 2012, HeberChatelain et al., 2014, Hebetthatelain et al., 2016, Koch et al.,, 2015)
Mitochondria are highly dynamic organelles that act pswerhouses of eukaryotic cellsy
generatng adenosine triphosphate (ATPj}he universal cellular energy ssilkate, using a
process calledxidative phosphorylatiofOXPHOS{Yin and Cadenas, 201%) neuronspesides
mitochondrid contribution to energy supply via generation ofATPto support intracellular
processes €.g. active transport, endocytosis and neurotransmitter productiothey can
contribute to phospholipids synthesigproduction of intermediate metabolites and intracellular
signaling molecules (Picard and McEwen, 2014furthermore, the apoptotic function of
mitochondria, which normally leads to programed cell deathcan be responsiblat synaptic
level for the physiologicainduction of Longterm Depression (LTY synaptic transmissiom
hippocampal neurongLi et al., 20103howing that traditional funtions of these organellescan
previously unknowmoles under certain condition®ecently it has been shown that chronic THC
administration (10 mger kg, twice a day for 6.5 daydecreases overall CBéceptor content
in GABAergic axon terminal, withcnreasedCBl1receptor internalization(Dudok et al., 2015)
Although the authors suggest that CBiceptors arepossiblyinternalized inendosomespne
cannot exclude that tlese intracellular CBITreceptors might rather bein the mitochondria
Furtherexaminationwill elucidate how CB1 receptors in intracellular compartments can impact
the synaptic function and how they are functionally relate¢plasmamembrane CB1 receptors.
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A-C. CB1 receptor protein distribution in the brain shows high immunoreactivity in
structures of the temporal lobe: hippocampus (Hi), dentate gyrus (DG) and entorhinal ¢
(Ent). Other remns of high CB1 receptor expression include the anterior olfactory nuc
(AON), neocortex, caudate putamen (CPu), thalamus (Th) basolateral (BLA) and cent
amygdaloid nuclei (C), cerebellum (ODE In the hippocampus, CB1 receptors are mai
present in the presynaptic terminal (Ad CA1l: Adult CBfh; dendrite; Ex, Excitatory
terminal; 1Dn, interneuronal dendrite; In, Inhibitory terminal; S, Synagse}B1 receptors
are also found in intracellular organelles such as mitochondria (m) preserthe
presynaptic terminals (ter). M1, primary motor cortex; S1, primary somatosensory cc
V1, primary visual cortex; Cg, cingulate cortex; Ent, entorhinal cortex; DG, dentate
NAc, nucleus accumbens, GP, globus pallidus; VP, ventral pallidammidbrain; SNR
substantia nigra pars reticulata; PO, pons; MO, medulla oblongata; EP, entopedo
nucleus; VMH, ventromedial hypothalamus; DH, dorsal horn; DLF, dorsolateral funi
Bars: 1 mm (&), 100 nm(D-E), 0.5um (F) (A- Bl Adapted fronfKano et al., 2009)(F)
Adapted from(HebertChatelain et al., 2014)
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IV ¢ Metabolism of Endocannabinoids

The discogry of the cannabinoid receptopgompted thesearch for endogenous ligands
that couldact as agonist§Mechoulam and Parker, 2013)hese endocannabinoidsare lipidic
signaling moleculethat act asendogenous agonists of CB1 and @&2ptors(Lu and Mackie,
2016) Classically, eleatrally charged signaling molecules can be actively stored in synaptic
vesicles, which are transporteahd docked near the synaptic terminasd releasedduring
neuronal activity In the case of endocannabinoids, their lipophilic nature makes a similar
scenario not plausible Rather than being classically storedn synaptic vesicles to posterior
release endocannabinoids arthought to beLINR2 RdzOSR a2y RSYl yRé X | LINJ
tight regulation ofsynthesis andlegradation \a specific enzymg®iomelli, 2003)

In the following section, | wibriefly discussthe metabolic pathways for the synthesis
and degradation of the major endocannabinoids awne background on how the enzymatic
machiney location might modulate the endocannabinoid signaling.

IVAC THE MAJOR ENDOCANNWBIDS ANANDAMIDENDZ2-AG

The first endocannabinoid to badentified was the lipid molecule of arachidonoyl
ethanolamide AEA, namedAnandamidefrom the Sansktworda ! VI WRKIAOK YSI ya ao
(Devane et al., 1992Anandamideis a derivative of arachidoniacid thatacts as a partial
agonist for CB1 and CB@&ceptorsin the brain as well as in the periphergPertwee et al.,
2010a) Soon after the discovery dinandamide a second endogenougid ligand called2-
arachidonoylglycero(2-AG) wasisolated from the canine gutMechoulam et al., 1995and
from the brain (Sugiura et al., 19952-AG also a derivativef arachidonic acidyas found to be
a full agonist ofthe CBL receptorswith high potency and selectivifPertwee, 2008)

Besides theetwo well-characterizedendocannabinoids, there are other molecules that
act as endogenous cannabinoighodulators with different selectivity and potency for @B
receptors(Figure2). Theseinclude noladin ether virodhamine andN-arachidonoyldopamine
(Pertwee, 2008) The functionalrelevanceof these moleculesis not yet well characterized
(Pertwee, 2008andtherefore | will focusonly on the main two eCB2:AG andAnandamide

Apartfrom the endogenousCBlreceptorligands endogenousllosteric modulatorghat
can modify theCB1 receptoractivity have also been identified (Morales et al., 2016)The
currently known allosteric modulatorsf CBlreceptorsare: the anti-inflammatory lipid lipoxin
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A4 (Panplona et al., 2012)the neurosteroidpregnenolone (Vallee et al., 2014and the
hemopressidike polipeptide pepcaii2 (Hofer et al., 2015)
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FIGURE2 ¢ CHEMICAL STRUCTURES ENDOGENOUS MOLEE® THAT BIND TO TEENNABINOI
RECEPTORS

[Adapted from(Piomelli, 2003)
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IVBC SYNTHESISTRANSPORT ANDEGRADATION AHEZ2-AGANDANANDAMIDE

ANANDAMIDE

Anandamidesynthesis starts witlthe conversion of thehosphatidylethanolamines by
N-acetyltransferase (NAT) intthe precursor N-arachidonoyl phosphatidyl ethandNAPE)
(Piomelli, 2003)Currently there is evidence of multiple synthegathwaysfor the production
of Anandamidewhich, most likely dependon several factors such brain region, local circuitry or
locd neuronaland/or glialactivity (Ahn et al., 2008, Lu and Mackie, 2Q186)0 of the mosivell
characterizechre NAPEphospholipase HPLD (Di Marzo et al., 1994)he first to be discovered
and theNAPEphospholipaseD pathway.In the firstcase NAPE is converted #tanandamideby
the action ofNAPEphospholipaseD (Lu and Mackie, 2016 his pathway has been extensively
studied and igpresent in the CNfLu and Mackie, 2016)n the second pathwayNAPEs first
converted to plosphanandanide via PhospholipaseC (PLC) and thestephosphorylated by a
protein tyrosine phosphataseon-receptor type22 (PTPN22) to producAnandamide(Figure
3A)Liu et al., 2006)

After releaseto the extracellular spacenost likdy by passive diffusionAnandamide
exerts its effects by retrograde signaling@B1 receptorsocatedat the presynapit terminals
(Piomelli, 2003) After the activation of CB1 receptor®y\nandamideis cleared from the
extracellular space and quickly degraded by the enzyaity acid amid hydrolase (FAAH)
(Figure3C) (Cravatt et al., 1996)in the hippocampusFAAHhas been shown to bentegral
membrane bound proteifiound in the soma and dendritesf pyramidalcell that are innervated
by CB1 receptepositive axon terminals, most likely from Ggis&itive interneurongGulyas et
al., 2004, Hu and Mackie, 2015nterestingly, intracellularmembrane systemssuch as
mitochondriaand the endoplasmicreticulum arehighly enriched in FAAKAhn et al., 2008,
Gulyas et al., 2004A catalytically silent variant oFAAH,the FAAHL (named FLAT by the
authors) has been describedFu et al., 2011) Thismembranebound protein, which lacks
catalytic activity due to alternative splicing, has high affinityAiwendamide and has been
shown to leadto an accumulation oAnandamiden the cytosolthus beingsuggestedo actas
an endocannabinoidransporter(Lu and Mackie, 2016)
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2-ARACHIDONOYLGLYCERDAG)

The endocannabinoi@-AG is synthetizeanainly by two principal mechanisms:1) a
calciumdependent release (CaER)echanism and2) calciumassistedreceptor regulated
endocannabinoid release (RERiIgure3B) (Ahn et al., 2008)Thecalciumdependentreleaseis
likely initiated by the activation of postsynaptic metabotropic typene glutamate(mGlul)
receptors(Maejima et al., 2005and alsomuscarinic typel (M1), type-3 (M3) receptors(Ohnc
Shosaku et al., 2008y orexinreceptors(Kukkonen and Leonard, 201&pllowing activation of
these receptors, which induceBLCactivity, will produce inositol trisphsphate (IP3)and
diacylglycerol (DAGjom phosphatidyl inositol bisphosphate (PIPQgxt, DAGis convertedby
a DAG lipase, isoforfh andi kto 2-AG(Di Marzo, 2008)lt is currently believe that isoform
DAG is the one responsible for the synthesis of the majority eA@ necessary for the
retrograde suppression of neurotransmitter release in the cerebelltihm, hippocampus and
the striatum (Tanimura et al., 2010) The second main mechanisfound to regulate 2AG
production isvia the generation ofthe intermediate molecule phosphatidyl inositaby the
action of phospholipase ,Avhich isthen convered into 2-AG by the enzyme lydelC (Lu and
Mackie, 2016)

2-AG similarly toAnandamide is thought to betransported by facilitated transport
across the membrane® the extracellular spaceHowever, such transport protein hasot yet
beenidentified (Di Marzo, 2008)

The degradation of -AG ismainly processed by the enzymmsonoacylglycerolipase
(MAGL)(Figure 3D) (Dinh et al., 2002b)This enzymebelongs tothe family of the serine
hydrolase highly expressed in the CK&nh et al., 2002aand t converts 2AG intoarachidonic
acid and glycerol (Ahn et al., 2008)In hippocampal neuronsMAGL is expregsl mainly
presynaptially in glutamatergic and GABAergic terminatscontrast to FAAK which is mainly
postsynaptt (Dinh et al., 2002aMAGLislocalizedn closeproximity to CBXeceptorsto ensure
a tight regulation of CBdeceptoractivity by 2-AG(Gulyas et al., 2004At the subcellular level,
MAGL lave alsobeen functionally and anatomically identified in the mitochonddger and
Tang, 2012, Marsicano and Kuner, 2008)

The idea that ECB tightly regulated, together with recent characterization of CB1
receptors in intracellular comptaments {.e. mitochondria) raises questiors regarding the
functionalrelevanceof the presence oboth the degradation enzymes arttie receptors at the
samelocatiors.
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FIGURB ¢ MAIN MECHANISMS OFNTHESIS AND DEGRAIDN OF ANANDAMIDER 2AG
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V ¢ Methodologies to dissedhe function of CB1 receptors

The broad distribution of CB1 receptor in several brain regions, circuits and close
associated cells illustrasethe conplexity of this systemin order © understand the specific
contribution of CB1 receptorgo the modulation ofsynaptic plasticity andehavior both in
physiology and pathologycombination of genetic and pharmacological approadseseeded.
Advancal methodssuch asutting edge microscopy and/or electrophysiological approaches will
allow further dissectionof the specificrole of the CB1receptor in brain function. In the
following sectionl will review some of the current main pharmacological and gereols used
to dissect the role of CB1 receptors in brain function.

VA PHARMACOLOGICAL TOOLS

The use of pharmacological tools that are basadthe structure of natural exogenous
and endogenous cannabinoid molecules is very important to identify chissect CBleceptor
specific functions from the molecular to the behavioral level. There are currently several
synthetic molecules that can acs &ull agonists withhigh activity and partial agonistsvith mild
affinity of the receptor Antagoniststhat block the action of the receptoand inverse agonists
decrease the activation of the receptor below a threshold of basal actiVibhere are also
allosteric modulators that through binding in allosteric rather than orthosteric sites can modify
the function of the receptor(Mackie, 2008)

Besides the natural agoniste.g. THC), lhere are severakynthetic ligands that are
currently used to address specific functions ©@B1 receptorsHigure 4). So far,the best
characterized arethe agonistHU-210, with high affinity and potency; CP55948 potent
agonist with high affinity (though inferior to HkR10) WIN 552122 and arachidonyH -
chloroethylamine(ACEA)both highly selective and potent agonsdiPertwee et al., 2010h)As
selective CBlIeceptor antagonists,the best characterized ar&R141716Aalso known as
Rimonabant and AM-251 (Pertwee et al 2010b) As many known CB&ceptor agonists have
alsohigh affinity for CB2 meptors €.9.HU-210), before claiming that an effect is C@teptor
dependent it is important to demonstrate that it can be blocked by specific antagonists of CB1
receptors(e.g. Rimonabant) othat the phenotype of interesis absentin full CBlreceptor KO
models.
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VB¢ GENETIC TOOLS TO SYOBHEECS

The generation of mousmodels ubiquitously lacking CBéceptorsprovideda major
step to studythe specific functional of these receptors at the molecular, cellular and behavioral
level (Ledent et al., 1999, Marsicano et al., 2002, Zimmer et al., 199®yever, asCB1
receptors areexpressed in brain cells and circuits with apparent functional opposing effects
(e.g.glutamatergic and GABAergieuronsin the hippocampusbhe consttutive deletion of CB1
receptor does not allow to study its specific contribution to brain functi@estillo et al., 2012

In order to dissect the role of CBdceptorsin specific neuronal and glial cells, the use of
the Cre recombinase(CRIEXP system of genetic recombination to generail typespecific
conditional KOsprovided a valuabléool. CREs a protein tlat allows thetargeted excision of
genesin the genome that are locateetween two artificially introduced34-bp sequences
known as loxROrban et al., 1992, Sauer and Henderson, 19888 loxP sequencdgenerally
introduced into the genome by homologous recombinati@mg very small anddo not have
impact on the normal animal phenotype. Thansce carrying loxP sequencdisnkingthe gene
of interest(named floxed mice) are considered\&3 animals(Nagy, 2000Q)

In order to achieve the specific deletion of the gene of interés¥ £ 2 E S@R&witt A O S
the gene of interest flanked by the LoxP sequenees)crossedvith a mouse hat expresses
the Cre recombinase under the control of a promoter specific for thetyed to be targeted
(Nagy, 2000, Orban et al., 199P)nce the breeding is done, tloffspringwill express the REN
the celttype of interest, allowing it to modify the genome by excision of th& f 2deeR ¢
therebygenerating a celtype specific KO moug€igure5)(Nagy, 2000)

JoséFernando Oliveira da CrgdDoctoral Thesig University of Bordeauand University of Catania

40



_- —l -mp-mp-
- e -
- X

cre transgene control homozygous floxed” mouse

-----

|
Ih’ﬁ-
|
I |

Cell-type specific
CB1-KO mouse

FIGUREB ¢ GENERATION OF A CEYBE SPECIFIC CBaIHRH OR&KMOUSE

[Adapted fromThe Jackson Laboratooyline resourcs (ttps://www.jax.org/newsand
insights/jaxblog/2011/september/crelox-breedingfor-dummies last access 12/11/2017)]

Conditionaldeletion of CB1 receptorss a powerful tool toexaminethe role in brain
circuits However, compensatory mechanisms often emerge during development that can
hinder the relevance of CB&ceptor deletion to sone important functions. Morever, one of
the limits of CRHLoxP system for genetic recombination liestbe tissue and developmental
specificactivity of the promoter used to drive CRE expressi{iMalatesta et al., 2003)For
instance, it is well known that precursor cells caffiedlentiate into neurons or astrocytes during
developmentand in adulthood in regions that have conserved neurogenesig. the dentate
gyrusor the olfactory bull (Garcia et al., 2004)n this specific case, constitutive deletion of a
geneat early developmetal stagescan cause unspecific recombinatian both neurons and
astrocytes. For examplajlial fibrillary acidic protein (GFAP) is a cytoskeleton protein that is
commonly used as a marker for astrocytic identificatiBrenner et al., 1994Jurther explained
in the Part 3l). This marker is also present ineuronal and glial precursor cells during
development (Garcia et al., 2004Consequently, usindpe GFAP promoter to drivERHor the
generation of aconditional KOwould generate a mouse with recombination in both neurons
and astrocytes, thus making céfpe specific functional dissectiamdoable
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One wayto bypass this problem is to generate a system that allows toependent
induciblegenedeletion. In the caseof astrocytes, to achieve cdilpe specific KO, Hirrlinger and
colleagues (2006) developed thamoxifeninducible REERT2/IoxP systerfHirrlinger et al.,
2006) In this model he CREs fused to a heat mutated ligand binding domain of the estrogen
receptor (ERT)The CRIERT4s expressed in the cells that have GFAP but it is only active after
treatment with the selective estrogen ligandamoxifen. Accordingly, this method allows
temporal control of the generation of the tissue specific Kdrlinger et al., 2006)diminishes
the risk of having genetic recombination in neurons and is a powerful tool to dissect specific
astroglial function in the adult brain.

In the specific case of CB1 receptor research, several mouse lines were generated using
this method allowing the cetlype specific dissectioaf CBlreceptorfunctionin different brain
functions
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PARTZ2 ¢ SYNAPTIC PLASTICITY

Activity-dependent changes in synaptaonnectivity are currentlythought to be the
cellular bases ofiigher brain functionssuch as learning and memo¢ko et al., 201XFurther
discussed iPart 4¢ I). Synaptic plasticitywhich can vary between sherand longterm forms
depending on the duratin of the modificationsinduced, can be characterized terms of
changes in synaptic release of neurotransmitters, structuratodifications in synaptic
organization receptor trafficking, celhdhesionpropertiesand geneexpression(Luscher and
Malenka, 2012)Thus synaptic plasticity will imprion the synapse an activiiygependent state
that modulates neuronal and glial activity with important consequences at cirand
behavioral level

In the next section| will first reviewan important form oflongterm synaptic plasticity
in the hippocampusa keybrain region involved in learning and memomgs well aspecif the
involvement ofN-methylD-aspartate(NMDA receptor transmission in the modulation of these
important functionsboth at circuitand behavioal level This description will provide the ground
to discussthe potential molecular mechanism involved in the CB1 recegépendent
regulation oflearning andnemory.

| ¢ NMDA receptors

NMDA receptors are glutamaigated ion channels important for neuronal transmission
and plasticity. One of the key functiolm$ NMDA receptor transmission is the modudat of
synaptic plasticitythat underlies the cellular and molecular basis of learning and memory
(Paoletti et al, 2013) NMDA receptordependentlongterm potentiation (TH of synaptic
transmission is one of the best dlaaterized forms ofynapticplasticity and the radulation of
NMDAreceptor activity by genetic deletion or pharmacological blockade has shbanthese
receptors are vital component®r proper of brain function (Nicoll, 2017) The modulation of
NMDA receptordependentglutamatergic transmission by the endocannabinoid system is thus
an interesting topic of research with far reaching consequences to understand important
physiologicabrain functions.
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NMDA receptors are heteromeric complexe#th a diversesubunit composition and
distribution throughout the brain. They cafiorm di- or tri-heteromeric complexes (with
subunits ranging from th&luN1, GIluN2£D, and GIuN3A and Bipd theyare mainlydistributed

at postsynapticstructures,both at synaptic and extrasynaptiomains Figure6) (Paoletti et al.,
2013)
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FIGUREB ¢ NMDA RECEPTORS

A. Crystal structure ofan NMDA receptorcomposed by thesubunit GIuN1 and GIuNZB.
Subunit composition of different types of NMDA receptdesDistribution of NMDA receptors
in the adult mouse brain. [Adapted fro(Raoletti et al., 2013)

Postynaptic NMDAreceptors displayspecificproperties in order to be activated they
require both the binding ofglutamateanda coagonist andthe removal of the magnesium block
by membrane depolarizatiofPaoletti et al., 2013)r'he sibunit GIuUN1 ubiquitouslgxpressed in
NMDA receptorscontains thebinding site of the coagonist Together with GIuN1 another
subunit responsible for the binding gfutamate will determine the structure of the receptor
and the affinity of the coagonist that is required fine NMDAreceptor activation (Paoletti et
al., 2013) Interestingly, there are somgubunit configurations that generatdMDAreceptors
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that do not have a magnesium blocker. However, thell-studied forms of plasticity in key
brain regions for learning and memarywolvereceptorsthat havethis interestingfeature.

NMDA receptors requirglycine or Bserine asmain coagonist(Figure7A) (Papouin et
al., 2012) Gycinewas the first to be identifiedKleckner and Dingledine, 1988)d fora long
time it was considered to be the main coagonist. Howe&serinewas later describedto be
the mainNMDA receptor coagonisit synaptic leve(Mothet et al., 2000, Papouin et al., 2012)
The discovery o&serineas NMDAeceptor co-agonist was a surprise mostly because of the D
structure of the amino acid. Unti>-serine was found in large quantities e brain(Wolosker
et al., 2008) D-structure amino acidsvere thoughtto be absent in mammalian organisms
(Hashimoto and Oka, 1997)hus the discovery ofD-serine and serine racemasgSR in the
brain (Wolosker et al., 1999gd to a better understanding olNMDA receptor physiologyD-
Serine is produced from the amino acieSéine in a reaction catalyzed b$R(Figure 7B)
(Wolosker et al., 1999)n the hippocampus, {3erine is the main coagonist of NMDA receptors.
Interestingly, it has been obsemt¢he subunit type2 present in theNMDAreceptor determines
their localization in either the synaptic cleft (GIuN1 + GIuUN2A) or extrasynaptic cleft (GIUN1 +
GIluN2B)Papouin et al., 2012Jurthermore, it has been shown thatderine has higher affinity
for synapticNMDAwhereasglycine shovs higher affinity taextrasynaptiaeceptors (Papouin et
al., 2012) At the cellular leveD-Serine ighought to bemainly synthetized in the astrocytes and
further releasedby astrocytedo the synaptic cleft during synaptic functigdenneberger et al.,
2010, Papouin et al., 2017k)owever the origin of Bserine in the brain remains highly
controversiaWolosker et al., 2016, Wolosker et al., 2017)

s B
NR1 5 NRZ
f/%"‘-k.\ b’ \:* L-serine D-serine
o rlll e o 0
p-Serine b 82 (gf Glutamate HO OH ‘Tb HO Y OH
\ Extracellular NHE ( NHz
\ e
| l*.’ ™~ Serine racemase
'} Cytoplasmic (em

Pyruvate + NH,

FIGURE ¢ SIGNALLING AND METABSM OF {SERINE

A. D-serine binds to the subunit NR1 of the NMDA recepBlL-serine can be converted intc
D-serine or pyruvate by the action of the enzyme serine racem@@@Adapted from
(Martineau et al., 2006)B) Adapted fronfHenneberger et al., 201R)
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Il ¢ NMDAreceptordependentLTP

The hippocampus isnaimportant brain region importantfor learning, menory and
spatialnavigation(Eichenbaum, 2017Thankgo its laminar structure withwell-defined circuits
that transfer information from withindefined hippocampalareas to other brain regions
extracellular and intracellularlectrophysiologicalinvestigations haveprovided important
insights intounderstandng the role of neuronal and astrocytic activity in this kindsgfucture.
One of the circuitswithin the hippocampughat is best characterized in terms ofynaptic
communicationis the onebetween theCA3 pyramidal neuronal axons that synaps¢éhe CA1
dendrites, also knownas the Schaffer collateral to CAl pathwdayig(re 8). The best
characterizedorm of synaptic plasticityn the hippocampuss the LTPof synaptic transmission
(Luscler and Malenka, 2012)0ther types of longterm forms of synaptic plasticitycurrently
known in the hippocampusnclude the LTD spke-timing-dependent plasticity excitatory
postsynaptic potential (EPSFypike potentiationand depotentiation (Neves et al., 2008)
Despite their putativeimportance in the modulation of neuronal circuits, thes®rms of
plasticity fall outside the scope of thisth@s | Y R ¢ 2 y @igcusses. F dzNJi K S NJ

Record

Stimulate

CA1

A

M\i—-—___—;‘; Synaptic pathway

»—< Schaffer collateral

{axons from CA3
pyramidal cells)

CA3

‘—Denlale gyrus—‘

FIGURE8 ¢ REPRESENTATION OF TBASSCHAFFER COATERAL TO CA3ZYNAPTIC PATHWAN A
TRANSVERSE SLICEKEMOUSE HIPPOCANPU

Axons from the CA3 pyramidal cells (in red) synapse with the dendrites of the CAL pyr:
neurons. By electrical stimulation via an electrode in the CA3 axons it is possible to ne
field or individual responses in the CA1 neurfaapted from(Ho et al., 2011)
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The discovery of LTP happenaund 40 years ago in the perforate pathwaytbé
rabbit hippocampusand constitutes one of the major breakthroughs in the understagdf
molecular and cellulamechanisms olbrain function(Bliss and Gardnéviedwin, 1973, Bliss and
Lomo, 1973)After this key finding, another major discovery was thggpocampal LTduced
by high frequency stimulatiofHFSXdependson NMDAreceptor transmission(Collingridge et
al., 1983) Since TPis artificially induced byvoked electrical activitya @usairelation to
corroborate its role in behavioral function remained hightheoretical Morris and colleagues
(1986) provided &ey study aiming at probing the role of LTP and NN&x&ptortransmission
in learning and memoryThe authorsshowed that infusion ofan NMDAreceptor antagonist in
the brain @nimpair learning and memory and vivohippocampaLTRn rodents(Morris et al.,
1986) More recently, it has beedemonstrated that learning can inded.TRlike changes in
hippocampal neuronal circui€ruart et al., 2006, Whitlock et al., 2006)ncethe key events in
the identification of NMDA receptordependent LTP and their physiological significance
multiple research groups elucidated the molecular, cellular and circuit modifications induced by
LTPas well as behavioral functions that share similar mechan{stoset al., 2011, Luscher and
Malenka, 2012, Neves et a2008)
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1l ¢ Mechanisns of LTP

LTP is characterized an increase of the efficacygf synaptic transmissioffiollowing
OSNI I Ay OSft f defcanNikir @t ch8midal (Bevig gt all. 2005)electrically
(Bliss and Lomo, 1973, Neves et al., 3@0® optogenetially (Nabavi et al., 2014)oth in vitro
and in vivo preparations.These proceduresre intended to mimic neuronalfiring capable of
inducingsynaptic changes thatlepending onthe intensityand frequency of the stimulatign
potentiate or weakenthe synaptic transmissiofNicoll, 2017) LTPis a process that can be
essentiallydivided in twomain phases:1) early-LTP, lasting around 60 minutes a2date-LTP,
lasting fromhoursto days(Figure9A, B) (Malenka and Bear, 2004)

During the induction phasef ealy-LTR the arrival of an action potential to the axon
terminal caninduce an increase in irdgcellular calcium levelsnainly viavoltage-gated calcium
channes (VGCU5, leading to thefusion of synaptic vesiclddled with neurotransmittersinto
the active zone of the termingMalenka and Bear, 2004After the fusionof the vesiclewith
the membrane, neurotransrtiers will diffuse andact on the postsynaptic terminalghere they
bind to specificreceptors that are docked iapecificdendritic structures called spines-igure
90). These structures represent compartmental units that are filled with multiple proteins that
allow activity dependent changes in their structui®@egal, 2005)in glutamatergic synapses
glutamate, the most abundant excitatorgeurotransmitter in the brain released from the
presynaptic terminal bindgo h-amino-3-hydroxy5-methyl4-isoxazoleprpionic acid (AMPA)
receptors in the postsynaptic termina({®lalinow and Malenka, 2002 AMPA receptors are
lonotropic glutamatergic recepts permeable tocations €.g.calciumor sodium)that mediate
fast synaptic transmissio(Malinow and Malenka, 2002)AMPA receptor actation quickly
depolarizes the membranef the spineto prime NMDA receptors (Malinow and Malenka,
2002) NMDA receptors are ionotropic gamate receptos permeable to calcium thaare, at
resting membrane potentiablocked bya magnesium(Paoletti et al., 2013) The release of the
blocker, together with the binding oflutamate and the coagonist to theNMDA receptors
induce itspermeability to calcium from the extracellular space to the pgagapticterminal
(Nicoll, 2017) Intracellular calcium will then ibd to calmodulin that will trigger
Ca2+/calmodulirdependent protein kinase Il (CaMKIl autophosphorylation. Next,an
intercellularsignalingcascade wiltleliver intracellularAMPAreceptors present in endosomes,
to the membraneto mediate the induction of LTP of transmissiqMalinow and Malenka,
2002)

Thetransition from earlyLTP to a more stable fornng. maintenance phasedequires
besides AMPA receptor mobilization to the synaptic cleft, strudtomadificationin specific loc
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of the synapsehat will allow the stabilization of thehanges over timgFigure9D). One of the
outcomesof the induction of LTP is the activationadftivity-dependent gene expressipwhich
leadsto protein synthesigo support LTP maintenancéGovindarajan et al., 2006 Another
important outcome of LTP induction aréhe morphologicalchanges inducedFor instance,
active dendriticspines will increase their numbers asie compared witlpre-LTP(Engert and
Bonhoeffer, 1999)Cytoskeleton components such astin will be rearrangedo allow spine
growth andincreased postynaptic densityareawhere severalkey proteins will maintain proper
synaptic function(Malenka and Bear, 2004Another interesting aspécof LTP is that the
presynaptic/postsynapticexpression locus of LTP can becuitdependent For instance,
whereas LTP in the Schaffer collaterals to §Ahpsess mainly expressed postsynaptically in a
NMDAreceptordependent wayat the synapses betweemossy fiberaxonsand CA3 dendrites
it is mostlyexpressedresynaptiallyin aNMDA receptoiindependentway (Granger and Nicoll,
2014)

The changes induced by LTP will allow the stabilization of inputs that are intended to
strengthen the connectionsihese changes areurrently thought to be the cellulatbasisof
learning and memory. The modulation of these changes by other systems will impact on the
way synapses communicatkeading toconsequences aa behavioral level. Interestinglythe
CB1 receptor localizatioat the presynaptic terminalconfersto this receptor astrategic point
for the moddation of synaptic transmission and, consequently, synaptic plastlaitthe next
sections, | will describe hothe CBlreceptor modulates synaptic transmission and how it can
impact short and longterm formsof plasticity. These insights are intended to illustrate what is
currently known aboutthe CB1receptor modulation of synaptic function andlarify the
potential role ofthe ECS ithe molecular anccellular mechanissiof learning and memory.
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FIGURBE ¢ LTPATTHE HIPPOCAMP&IA1 EXCITATOBYNAPSES

A. By applying specific stimulation patterns (black arrow) such as high frequency stimu
(HFS) protocols to the CA3 axons that synapse at the CA1 region, it is possible to induce
longterm potentiation of synaptic transmissioi. Superimposedrances comparing evokel
excitatory postsynaptic field responses before and after HFS and the potentiation induced
(@). C. Postsynaptic depolarization induced by HFS in the CAl pyramidal neurons le:
intracellular calcium increase, activation@aMKIl and further mobilization of AMPA receptors
the membrane.D 1-3. HFS leads to an increase of the active spine by acindiyced
morphogenesis and protein synthesi$A) Adapted from(Lamprecht and LeDoux, 2004)
Adapted fom (Luscher and Malenka, 2012Z) Adapted fronfNeves et al., 2008)
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IV ¢ CB1 receptormodulation of synaptidransmission and
plasticity

The CB1 receptor, which controls e@Bdiated retrograde signaling, is an important
feedback mechanism that modulates synaptic trarssion Figure10) (Freund et al., 2003,
Piomelli, 2003) As previously described, the postsynaptic-d@mand production of
Anandamideand 2AG activates CB1 receptors, mainly, in the presynaptic terminals to quickly
decreaseneurotransmitter releasgSoltesz et al., 2015Besides the classical mechanisms that
were initially described, it has been recently shown that endocannabinoids can also modulate
synaptic transmission and plasticity by acting #metrogradely onTRPWL receptors in the
postsynaptic terminals or in CB1 receptors located in adjacent astrog¥igsire10C D). In the
following section, | will describe currently characterized neuronal intracellpathway
underlying classical CB1 receptor activation as well as the result of this activatithe in
modulation of synaptic transmission and plasticity.

IV.A ¢ CANONICACBIRECEPTGREDIATED INTRACELARISIGNALING PATHWAY

CB1 receptors at the presynaptic termirgak intracellularlyprimarily coupled withthe
Gi/o subunitsof G proteins (Figure10A, B) (Howlett et al., 1986, Howlett and Fleming, 1984)
The activation of CBteceptorsby endocannabinoidshibits adenylatecyclaseand decreases
cyclic adenosine monophosphateAMB levels Hence downregulation of cAMP levels will
inhibit the cAMPRdependentprotein kinase A(PKA)Davis et al., 2003CB1receptor activation
alsoleadsto the inhibition of Ntype (Guo and lkeda, 2004)-type (Straiker et al., 1999nd
P/Qtype of VGC(QFisyunov et al., 2006, Mackie et al., 1985y the modulation of inwardly
rectifying potassium channe(§&uo and Ikeda, 2004, Mackie et al., 1998)ese effectoverall
contribute to a hyperpolarization of the presynaptic terminal and a decrease of
neurotransmitterrelease into the synaptic cletDi Marzo, 2009)Furthermore, CBleceptor
activation by different liganls modulates several intracellular cascadesuch asmitogen
activated protein kinase@MAPK)pathway. This pathway isesponsiblefor longlasting changes
in neuronal functionand is involvedn cell proliferation, cell differentiation, cell mobility and
apoptosis(Turu and Hunyady, 2010)he activationof this pathway leadso the activation of
extracdlular signalregulated kinaseERK1/2, c:Jun Nterminal kinag (JNK), p38 MAPK or ERK5
proteins(Turu and Hunyady, 2010)
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FIGUREO ¢ CBIRECEPTOR INTRACELRUSIKSNALLING AND MAIATION OBYNAPTIC FUNCTION
A. Presynaptic intracellular cascades induced by CB1 receptor activBioRostsynaptic

production of endocannabinoids activates CB1 receptors in the presynaptic termin@l
postsynaptic targetdD. Endocannabinoids have been shotermodulate neurotransmission b
interacting with astroglial CB1 receptors and promoting gliotransmis§ién Adapted fron(Di
Marzo et al., 2004)B-D) Adapted fron{Castillo et al., 201P)

Besides the prewusly describednechanismof action it is important to keep in mind

that CBlreceptordependent selectivity for a certain intracellular pathway depends on the

conformation ofthe receptor followingthe binding by different ligands(Turu and Hunyady,
2010) Thisfeature induces biased ligandsignal transductiorfor a certain pathway depending
on the availability and recruitment of different G proteins subun{fBuru and Hunyady, 2010)
For instance tihas been reported that in certain conditions, GBteptorscanrecruit Gs(Glass
and Felder, 1997)r Gqg (Lauckner et al., 2005, Navarrete and Araque, 2088)er thanG/o
proteins (Turu and Hunyady, 2010t has been shown thatifferent agonistscan induce
different effectsviathe same receptorsThe highly potent CBXeceptor agonistWIN 5212-2
can induce Ggdependent calcium increase in culed hippocampal neurons whereas H10,
another highly potent CBZleceptor agonist, does not (Lauckner et al., 2005)unctional
implications of tlesefindings might explain why different agonists mighotinduce the same
effect, though all of themare specific toCBlreceptors. It would be interesting to understand
whether certain agonistén vivocan have more affinityor the receptors that aren a certain
configuration or location in terms of cellular specificitg.g. neuronal vs astrocytic) or
intracellularvs membrandocalization €.g. mtCB1lreceptory. Activation ofCB1 receptors can
also prompt an intracellular interactiorwith recruited i -Arrestinsto promote CB1 receptor
internalization a mechanisnmnvolvedin the desensitizatiorof the receptors(Breivogel et al.,
2008, Jin et al., 1999)
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IV BCCBIRECEPTOGREDIATESHORTAND LONETERM SYNAPTIC PLESTY

The overall signaling cascade mediated by CB1 receptors under certain conditions can
lead to short or longterm changes in synaptic function. Depending the stimulation
conditionand the circuit studied, CB1 receptorediated plasticity can act as a powerfnéans
to modulate synaptic functionSeveral lines of researdmve shown thatactivation of CB1
receptors eitherendogenouslyi(e. by endocannabinoidg)Stella et al., 1997pr exogenouby
(i.e. by natural and syntheticannabinoidsYHoffman et al., 2007 different preparations and
paradigms can be involved both the modulation of shortand longterm form of synaptic
plasticity (Castillo et al., 2012)n the following section, | will describe currently known forms of
synaptic modulation mediated by CB1 receptors.

DSIANDDSE

The discovery of CB1 receptors in GABAergic presynaptic terminals closely associated
with the synaptic cleft raised questions regardingithfenction in the modulation of synaptic
activity. In 2001, several works demonstrated that Cteptors can mediate a retrograde
suppression of synaptic activilgstingfrom tens of secondsp to 1 min(Gerdeman, 2008)The
mechanism, first observed in inhibitory connectiortsetween hippocanpal neurons,
demonstrated a CBteceptordependent decrease of presynaptic GABA release and consequent
suppression of inhibitory curren{®amed e polarization induceduppression ofnhibition: DSI)
(Figure 11A) (OhnoShosaku et al., 2001, Wilson and Nicoll, 200d)erestingly not only
GABAergidransmissioncan be modulated by CBreceptors In 2001 Kreitzer and Regehr
describel a CBlreceptordependent decrease of presynaptigutamate releasein the
cerebellar neuronghat cause a suppression of postsynaptic excitatory curre(iseitzer and
Regehr, 2001a, Kreitzer and Regehr, 200Tlnis mechanisymamed depolarization induced
suppression ofexcitation (D&), was leer also obsewved in the hippocampal pyramidal cells
(OhneShosaku et al., 2002Besideshe cerebellum and the hippocampus, DSI and DSE have
been characterized ineseral other brain regions such #dse amygdala(Zhu and Lovinger,
2005) the neocortex(Bodor et al., 2005, Trettel et al., 200#)e striatum (Uchigashima et al.,
2007)and the hypothalamugHentges et al., 2005)
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LONGTERM FORMS OF ENDOIGIABINOIBMEDIATED PLASTICITY

Besides the role of presynaptic C&teptorsin the modulation of transient changes in
synaptic transmission, CBg&ceptor can also mediatdongterm forms of synaptic plasticity
(Figure 11B) (Castillo et al., 2012)irst evidence regarding endocannabinoid modulation of
long-term synaptic plasticity was reported in tlggutamatergic synapses nucleus acumbens
where endocannabinoids can induce a specific fornh TD(eCBLTD)(Gerdeman et al., 2002,
Robbe et al.,, 2002)Within this region eCBLTDrequired metabotropc glutamate receptor
activation, postsynaptic calcium increase arsh & 2 Y R S prodycBofi and release of
Anandamide (Gerdeman et al., 2002, Robbe et al., 200@FBLTDwas also described in
inhibitory synapses both in the amygddlzad et al., 2004, Marsicano et al., 2088y in the
hippocampus(Chevaleyre and Castillo, 2003)lore specifically, n the hippocampus 2-AG
besides inducing an e@HD in the presynaptic excitatagrminals has been shown tpromote
a heterosynaptic inhibitonL TD(I-LTD)(Chevaleyre and Castillo, 200®) these synapses, CB1
receptoractivation during the induction of the-LTD decreagsePKA agvity viadownregulation
of cCAMP and alcium sensitive pbsphatase calcineurin (CaNRIMZ and Rab3B in the active
zone were also identified asecessary for thé-LTD(Chevaleyre et al2007) More recently, it
has been found thakLTDis dependent on protein syhesis in the axons but not in the soma of
interneurons, a process that is enhanced by C&deptordependent mechanistic target of
rapamycin(imTORactivity (Younts et al., 2016)
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FIGURE1 ¢ ESTABLISHED MECHM83®F ENDOCANNABINGDIEDIATED SHORAND LONATERM SYNAP®

PLASTICITY
A. Brief bursts of activity or depolarization of the postsynaptic terminal lead to the produc

of endocannabinoids that travel to the presynaptic termir@lrthibit neurotransmitter release
B. Sustained pattern of activity can induce a lgegn depression (LTD) of excitatory «
inhibitory terminals via presynaptic CB1l receptors by postsynaptically prod
endocannabinoids. [(A, B) Adapted fr¢@astillo et al., 201P)

IVV.CC NON-CANONICAENDOCANNABINGNMEDIATEMMODULATION OFYNAPTIC ACTIVITY

Besides the clascal presynapic retrograde activity mediatedby CB1 receptorsanon-
retrograde CB1receptordependentpostsynaptic mechanisiasalsobeen describedAutaptic
transmission in the fast spiking inhibitory neurons of the neocortex has been shown to be an
important way to modulate neuronal selfactivity. Interestingly, in another class of inhibitory
neurons, the cholecystokinin or somatostatinexpressing low threshold spiking (LTS)
interneurons, the selmodulation wasnducedvia a CBteceptordependent mehanism(Bacci
et al., 2004) Slow self-inhibition (SSI), a hyperpolarizatioachieved by an increased
conductance viasomatodendritic potassium channelshat could last for mintes, was
dependent on intracellularcalcium increase in the extracellular space and C®teptor
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activation by 2-AG (Bacci et al., 2004, Marinelli et al., 2008)his mechanism of
endocannabinal-mediated selfmodulation was shown not to beexclusive to inhibitory
neurons and canwas alsofound in the layer 2/3 glutamatergicpyramidal neuronsof the
neocortex(Marinelli et al., 2009)

Another noncanonical, postsynaptic form @lasticity dependent on CB&ceptorshas
been recently describedn the hippocampusHyperpolarizabn-activated cyclic nucleotide
gated (HCN channelsare voltage-gated ion channels permeable to Na+ andtkat mediatea
neuronalhyperpolarizatioractivaed cationic depolarizing current (liv) distal synapses and in
the soma(Maroso et al., 2016)HCN receptors have been shown to modulate spike firing and
dendriticintegration by modulating membrane properties.§. membrane potential, membrane
resistance) and to modulatsynaptic plasticity and hippocampdépendent spial memory
(Voglis and Tavernarakis, 200B) 2016 Maroso and colleagues have shoanovelmechanism
of modulation of dendritic excitability mediated by CB1 recegt@N channels isuperficial
pyramidal neurons of ClAregion(Maroso et al., 2016)By stuging Ih currents mediated by
HCN channels, they reported that activation of the CB1 recepg@N pathway decreased
dendritic excitabilityimpairedLTP and lonrgerm memory formation(Maroso et al., 2016By
using specific viralapproachesthe authors have shown that postsynapti¢ rather than
presynaptic, CBZXeceptorsin the pyramidal neuronsvere responsible for this interaction.
Althoughit is not currently knownthe location of thesereceptors mitochondria can be a
possible candidate location fohis pool of these postsynaptic CB1 receptors.

VD¢ CB2RECEPTGBEPENDENT MODULATI@RNNEURONAL ACTIVITY

Although several groups reported the presence of @@2ptorsin the CNYGong et al.,
2006, Morgan et al., 2009, Onaivi et al., 2006 functional relevance of CB2 receptors in
neuronal rather than glial cellularpopulations remains largely unknow@uraishi and Paladini,
2016) In 2012 it has been reported thapostsynapticintracellular CB2 receptors contrtte
neuronal excitability of thdayer 2/3 pyramidal neurons in the mouse prefrontal cortéden
Boon et al., 2012)The activation of these receptoas an autocrinehas been shown to induce
selfinhibition of neuronal excitability (similarly b SSIthrough a mechanismbasedon IP3
dependent modulation oftalciumactivated chloride channed (den Boon et al., 2012More
recently, it has been shawthat CB2 receptors expressed CAZ3, but not CA1lpyramidal
neuronsof the hippocanpus were responsible foa seltinhibition of excitation(Stempel et al.,
2016) In this study, the authors repatl postsynaptic mechanism in which CBsfteptors
modulate a sodiunrbicarbonate cetransporter that underlies a hyperpolarization of the
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neuron.This efect, whichwasshown to be mediated bthe endocannabinoid-AG was absent
in mice lacking CB receptors The overall effect was aeduced spike mbability of CA3
pyramidal cellandanalteration ingamma oscillations vivo(Stempel et al., 2016)

IVEC TRPVL RECEPTGBEPENDENT MODULATIORNEURONAL ACTIVITY

TRPVL receptors being sensitive to the endocaahinoids, are potential playesin the
endocannalnoid modulation of synaptic transmissicand plasticity(Castillo et al., 2012, Di
Marzo and De Petrocellis, 201@)s previously disssed TRPM receptorsare fully activated by
the endocannabinoidAnandamideand they mediate a longerm form of synaptic plasticity
(TRPVATD. Initially described in the hippocampakurons this form of plasticitys induced by
the activation of TRRY receptors in interneuronshut not in neighbaing pyramidal neurons
by capsaicin (exogenous ligand) or endogensigesanoidl2-SHPETHEGibson et al., 2008)n
the dentate gyrs, synaptic TRRY are reported to induce a LTD mediated by the
endocannabinoidAnandamidewhichis independent of CB1 receptof€havez et al., 201@nd
requires internalization of AMPA receptofSrueter et al., 2010)

To concludeCBL1 receptors in the brain can modulatveral forms of synaptic plasticity
between different celtypes in different brain regiongurthermore ,exogenous cannabinoids or
dysfunctional endocannabinoidsignaling by acting on CB1 receptgrgan disrupt normal
synaptic function.Thus, wmderstandng how the modulation of CB1 receptors camontrol
synaptic transmission ikey to understand pathologicalconsequences resulting from
unbalanced CBteceptorfunction at the synapse.
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V ¢ Methodologiesto investigatesynapticfunction

The study of the endocannabinoid system in the biiaiproved withthe development
of advanced techniques to study neuronal circatghe micro-, mese and macrescales. One
of the most versatile approaches is the electrophysiological investigaifothe electrical
properties of neuronal networksHectrophysiologythus allows the investigatiorfrom single
cells to populations both in cellular cultures vitro slices andin vivo anesthetized, head
restrained or freely movinganimals. By understandinigow neurons communicate and how
different celltypes interact, important insights can be drawn regarding their functoml
dysfunctionin the patho-physiology of the brain.

Electrophysiologalinvegigations allow the measurememf diverse componentsf the
electrical activity in the braimy studying themovement ofions through cellular membranes
(Zhang et al., 2014)The major ions that madate membrane potential of neurons and are
involved in their communication are th@dium, potassium,chloride and calciumions (Accardi
et al., 2016)As the cellular membranes are lipid systems with a hydrophobic natueg, il
not allow the free flow of these ionsThroughactive and passive transport (mediated by
transporters and channels), these ions will be kept in different concentrations between the
outside and the inside of the neurons, creatingegativemembrane potatial which isaround
-60 to -70 mV(Accardi et al., 2016 Changes in the neuronal membrane potentigl certain
inputs (electrically or sensorgan promote depolarizdion and hyperpolarization eventdf a
certain input depolarizes the membrane potential above a certain threshold it can induce an
action potentialresponsible foneuronalcommunication(Booker et al., 2014from the several
methodologies available, the whoetell patch clamp and the extracellular field recordings are
the most used techniques to assess network function.

Intracellular recording from neurons are obtained by introducing a glass sharp
microelectrode &1 um tip) filled with a conductive intracellular solution in the inside of the cell
of interest. In the patchclamp technique, instead of impaling the cell, the tip of the glass
St SOGNRBRS gAff (2dzOK GKS YSYONIryS oGKdza alLd G
remove the membrane, will allow the creation of a continuum between the cytosol and the
solution nside the recording electroda.€. whole cell patch clampjAccardi et al., 2016)n
whole cell patch clamp it is possible to be in voltage clamp and current clamp mode. Voltage
clamp aims at measuring the changes in current s€rihe membranes. For this it is needed
that the amplifier used to record the signal holds the membrane voltage at a certain value. Itis a
feedback mechanism that measures the membrane potential and alters the current to maintain
the previously set valueOn the other hand, current clamp allows the study of the membrane

JoséFernando Oliveira da CrgdDoctoral Thesig University of Bordeauand University of Catania

58



potential when injecting current and give information about the ionic conductance of the
membrane. The use of whol=ll recordings in the endocannabinoid field proved very useful as
it allowed to identify intracellular mechanisms of CB1 receptadiated signaling and how the
CB1 receptors modulates shefe.g. DSI and DSE) and letggm forms of synaptic plasticity
(e.g.I-LTD or eCBTD)Castillo et al., 2012, Gerdeman, 2008)

Whereas the use of wholeell patch clamp can give precious insight of singlelcel
activity, the investigation ofextracellular field recordings allows the study of extracellular
changes in ion concentrations due to the activity of large populations of ne#reng et al.,
2014) For instance, the study of LTP can be done by recording the ionic extracellular potentials
(from a group ofneurong that are artificially induced by aistulation electrode in another
brain region €.g. Shaffer collateral to CA1 pathwafghang et al., 2014)n this case, what we
call potentiation is purely an increase in the extracellulaeld excitatory post synaptic
potentials (fEPSP) that is a correlation of synaptic changes induced by the stimuéagon (
increase in receptor concentration, among othe(ghang et al., 2014)ield recordings also
allow the identification of single action potentials in the surroundings of the recording
electrodes. By using analytmethods €.g.spke sorting) that check for the properties of these
action potentials, it is possible to identify specific populations of neurons that are firing in
certain conditions(Buzsaki, 2006)In the endocannabinoid field, the studly vitro or in vivo
extracellular field potentials have allowed the dissection of the role of CB1 receptors in brain
oscillations and spike activifRobbe and Buzsaki, 2009, Robbe et al., 2006(Stella et al.,
1997) LTD(Han et al., 2012)among several other forms of synaptic plasti¢dyaque et al.,
2017, Castillo et al., 2012)

Currently the electrophysiological techniques described above are beorgplemented
with new powerful approaches in order to answer more complex questions. One example is the
combination of eleabphysiology with advance imawgj techniques such aimulated emision
depletion (STEDhicroscopy. STED is a supesolutiontechnique that allows the imagingf
nanoscopic structures in the braire.g. single synapses, single recepoor intracellular
organelles)(Takasaki et al., 2013)This allows the imaging of single apses andsmall
astrocytic processes that am@therwisetoo small for normal imaging techniques. One of the
advantages of this technique is that it can be perfornmeglitro or in vivotissue,thus allowing
the exploration of electrical properties of theearons by electrophysiology at the same time.
This is particularly interesting for the study of the endocannabinoid systent is both very
dynamic andits function dependson the model usedirf vitro vsin vivg. Optogenetics is a
technique thatinvolvesthe expression and control of ligitducible proteins in specific cell
populations in the brain with very high temporal agplatial precisiorfBoyden et al., 2005)he
use of optogenetics can allow the dissection of speci&uronaland glial circuits withirertain
networksthat are recorded using classical electrophysiolddyws, advancedenetic techniques
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could allow the expression of optogenetic protethsit modulateGiGh or Ggproteinsin cells
with specific deletion of CBreceptors thus allowing the modulatiofpositive or negativedf
the effect of CBteceptors.

Overall, toolswith higher specificity, temporal and spatial resolution to assess the role of
the CB1 receptors in neuronal circuits will provide important imsigas they allow more
complex questions to be addressed, thus revealing the contribution of the ECS to brain

physiology.
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PART3 ¢ ASTROCYERIN THE BRAIN

Astrocytesare complex glial cells that are widely distributed in tBeSand Peripheral
Nervous System and are well conserved throughout evolutiofHaim and Rowitch, 2017)
Whereas snpler invertebrate animalgpossess simpler astrocytesjore complexmammals
have increasingly complex astrocytesot only in terms of morphologybut alsoin terms of
functions(Allen and Barres, 2009)strocytescan modulate a broad range of functions ranging
from the support of neurotansmissionthe homeostasis ofhe extracellularionic content orthe
metabolic support of neuronal networks,to the more recently investigated role in
synaptogenesis anth the bidirectional communication with their neuronal counterpsi(Allen
and Barres, 2009Astrocytic dysfunctiofis implicated in pathological conditions asactive glia
and neuronal inflammation are thougho underlie glial scar tissueand, in some caseghe
development of astrocytic tumors.€. gliomas)(Allen and Barres, 2009More recently it has
be argued that astrocytes caprompt pathology through dysregulation of the neurglial
signaling(Chung et al., 2015Lontrary to neurons, astrocytes are nglectrically excitable. This
property led wrongly to the conclusion that astrocytes were wety active and they would just
assistneuronal function rather than havingnaintrinsic role in the process of information
processindVerkhratsky et al., 2012a)

After briefly introducing the biology of astrocytesd their main functionsl will focus
on the synaptic role of astroglial cefind explainhow astrocytes can modulate neuronal and
glial activity in physiological conditions
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| ¢ Astrocytes morphology, distribution, physiology and
function

Astrocytes arghe most abundant class of glial cells in the br@plterra and Meldolesi,
2005) They derive from the same neuroepithelial cells that generate neurons and
oligodendrocytegEroglu and Barres, 2018nhd their developmentstarts soon after the initial
development of neuronsvhere they becomékey elementsof the developmentand maturation
of neuronal circuit§Eroglu and Barres, 2010)

Astrocytes in the mouse brain can be dividedto two main categories:the
protoplasmatic andhe fibrous astrocytes. Protoplasmatastrocytesare highly ramifiedform a
bridge between blood vessels and other astrocytes, are pathefblood-brain barrier are
capable olunsheathing thesynapsegErogu and Barres, 201@nd arefound in the gray matter
(Allen and Barres, 2009pn the other handthe fibrous astrocyteswhich have similar functions
as the protoplasmatic astrocyteare mainly presenin the white matter associated with axons
(Allen and Barres, 2009%uman astrocytes are known to be increasingly more compler tha
simpler mammaliarastrocytes(HerculaneHouzel, 2014)For instance, Wwen compared with
rodents human protoplasmatic astrocytes adarger, haveincreasel synaptic coverage and
increasel branching and process domai(@berheim et al., 2009)

Besides thé& morphological featuresastrocytesare characterized bgeveral molecular
markers the GFAP glutamate-aspartate transporter GLAS)I S100 calciuabinding proteini
(S100), glutamate transporter 1 (GEI), glutamine synthetase and thealdehyde
dehydrogenase Tamily member L1 Aldh1L)} (Khakh and Sofroniew, 2015, Srinivasan et al.,
2016) GFAP is a structural intermediate filament protein that is commonly usedhasrke of
astrocytes in the braifKhakh and Sofroniew, 2019) is expressed ahodest levels in the main
branches of the astrocytes but it is not detectable in the fine processes dimabund the
synapses. Although it @®@mmonly used aan astrocytic markersuchhas two main caveathat
must be kept inconsideration it is expressed imeuronal progenitor celland there are
astrocytes that do noexpress GFAMeverthelessGFARexpressing astrocytes are commonly
found in the hippocampusand are confirmed asuch by usingther astrocytic markers such as
S100 (Khakh and Sofroniew, 2015)

Astrocytescan beubiquitously found in the brainMajor regions where astrocytes can
be found include the cortex, the hippocampus, the striatum, the retina, the cerebellum and
olfactory bulb (Khakh and Sofroniew, 2015nterestingly circuit distribution of astrocytes
variesfrom region toregion(John Lin et al., 201 7¥or instanceboth in thehippocampusandin
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the striatum, astrocytes occupy single naverlapping domains with striatal astrocytes
displayinglarger territories coverage compared with the hippocampal astrocyBasshong et
al.,, 2002, Chai et al.,, 2017urthermore, hippocampal astrocytes target more excitatory
synapses while astrocytes in the striatum interact much more dir@atly the neuronal somta
(Chai et al., 2017)

Although commonly denominated as a single clakgells astrocytesare increasingly
viewed as diverse populationsBesides the two main classes of protoplasmatic and fibrous
astrocytes, there is increasing evidenpeinting to regionspecific astrocytes with possible
intra-region circuitspecificty (Ben Haim and Rowitch, 201 ®pecific astrocytic markers can
identify different astrocytesin the different brain regions. For instance, whergakFl can
identify astrocytes in le hippocampus,the lateral septum,the cerebral cortex, andhe
striatum, it is expressed at lower levels in tleerebellum(Lehre et al., 1995 Converselythe
specific astrocytic markers GLAEEntifies many more astrocytes in cerebelluhan in cortex
or hippocampus(Lehre et al., 1995)Furthermore, there are studies that demonstrate that
different astrocytes posseskinctional and morphological differences that further poitat
distinct populatiors within brain regions and most likelyithin close associated circui{€hai et
al., 2017) Arother issue that is important to keep in mingl that targeting astrocytewith a
specific markerse(g. GFAP)ight not yield the same results as targetwgh another specific
marker(e.g. GLAST asthesemarkers might representb some extenindependnt populations
of astrocytesFor instance, in a recent study where astrocytes from the dorsal lateral striatum
and the hippocampuswere characterized, it was shown that although thevgere many
similarities between the twaegions, astrocytes differ inetms of function, morphology and
molecular characterizatiofChai et al., 2017)Another important aspect is thaastrocytes
during development canhave differentlevels of proteins expressioror instance, mGh
receptorsare downregulagd throughout aging, witha peak expression in yog animals and
low expression in adult animalSun et al.2013)

Astrocytesare major determinants diomeostasis ithe CNSVerkhratsky et al., 2012a)
They are responsible for theetabolic supportto the brain by retreving nutrients from the
blood-brain barrie¢ (Verkhratsky et al., 2012a)They areregulabrs of neurogenesisand
synaptogenesisluring synaptic pruningEroglu and Barres, 201@strocytesalsocontrol axon
guidance during development, neurotransmitter clearance #mel removal ofother types of
ions from the extracellular spage.g.potassium,sodium). Theyprotect the brain against insults
that might damage the brain antiey regulake the synaptic function and plasticij/erkhratsky
et al., 2012b, Eroglu and Barres, 20Mreover, astrocytesontrol blood flow toaugmentthe
delivery of oxygen and nutrients regions undergoingigh activity(Giaume et al., 2010Also,
in response tobrain injury and dieaseastrocytes can transform therek/es into reactive
astrocytes in a process called astrogliogSofroniew, 2014) Reactive astrocytes are
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characterized bynodificationsin gene expresion coupled with cellular changéSofroniew and
Vinters, 2010) For instance, brain damage leads to the upregulation of the expression of GFAP
with hypertrophy of the cell body and processes.pBrding on the severity of the insult,
reactive astrocytes can increase proliferation, overlap with each other andl teadensely
packed cell agglomeratesalled glial scar¢Sofroniew and Vinters2010) Although reactive
astrocyte form in response to brain damage, the ext&aim which reactive astrocytes are
beneficial or prejudicial to brain recover is yet to be clarifiddthough some studies have
demonstrated that glial scar formed by rea@a astrocytes can support axon recover and
regeneration (Anderson et al., 2016)thers have described that they can inhibit neuronal
recovery (Silver and Miller, 2004)interestingly, in a recent study it has been shown that
different classes of reactive astrocytes are formed during brain damage. In 2017, Liddelow and
colleagues have shown that activated microglia (another gliatyge#f involved mainly imctive
immuneresponsesn the CNS) could induce a specific classattive astrocytes (named by the
authors Al reactive astrocytetf)at proved to be neurotoxic by losing their ability to control key
recoveryfunctions to supportneuronal survival, outgrowth, synaptogenesis and phagocytosis
(Liddelow et al., 2017Nevertheless, the role of reactive glia remains poorly studied and more
research is needed to clarify their influence in @8y and disease
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FIGURE2- ASTROCYTES IN THEIRR

A. Sketch representation of hrain protoplasmatic astrocyte drawn by Santiago Ramon
Cajal.B. Example of protoplasmatic astrocyte (green) in close associated with neurone
body and processes (red). Example of Fibrous astrocyteF. Representative pictures of i
protoplasmatc astrocyte from the mouse striatum and hippocampus, respectiv@ly.
Individual astrocytes in both striatum and hippocampus occupy specificoneriapping
domains. Presence of GFABsitive astrocytes is much lower in striatum as compared v
hippocampus. On the other side, presenceAiftDH1L-positive astrocytes is equally distribute
in both regions[(A) Adapted from(Navarrete and Araque, 2014B) A@pted from(Allen and
Barres, 2009) (C) Adapted rbm https://fhs.mcmaster.ca/fxar/astrocytes gallery.htmlast

access 20/10/2017; (D) Adapted frgekny and Pekna, 2014EG) Adapted fron{Chai et al.,
2017]
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Il ¢ Thetripartite synapseand theneuroglialinteractions

The nonrelectrically excitable nature of the astrocytes led to the incorrect idea that
astrocytes did not partipate inthe active maulation of neuronal functionBazargani and
Attwell, 2016) Howevera growing body of evidence hahown that astrocytes are responsive
to neuronal signaleind consequentlyelease molecule§.e. gliotransmitters)that can directly
impact neuronal functiorthus linking astrocytic activity and synaptianction (Araque et al.,
1999, Araque et al.,, 2014)This associatignnamed the tripartite synapse, reviews the
traditional model of a bcomponent synapsei.€. presynaptic and postsynaptioeuronal
elementsonly) and includes the astrocyte as a thirgharticipant (Figure13A, B)(Araque et al.,
1999) This configuration allows the modulation of synaptic activity by astrocytes both
indirectly, by clearing excess of neurotransmittersgmodeling of the extracellular space,
provisioring metabolic intermediatesand directly,by releasing synaptic active molecules
modulate neuronal activityAraque et al., 2014)

Asimcyls

Presynaptic
(Ve ]

Poat=ynaptic
PO

FIGURE3¢ THE TRIPARTITE SYSEP

A. Electronmicroscopyimage showing an astrocyte process (yellow) involving the(ipre) and
the postsynaptic (Post) terminaB. Schematic representation of the signalling mechanisn
the tripartite synapse. Neurotransmitter release from the presymaperminal can act in the
receptors or postsynaptic targets but also in the astrocytic process. This will lead
astrocytic intracellular calcium increase, triggering gliotransmission that in turn will mod
neuronal transmissiorj(A) Adapted fron (Halassa et al., 2007%gB) Adaptedrbm (Perea et al.,
2009)
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Il ¢ Network properties of astrocytes

Contrary topreviousbelief, brain &trocytes are not isolated cell types thanly carry
local supportive functionsindeed evidenceindicates that astrocytes can sense neuronal
activity localy to then modulate synapsesboth locally and globally (Fields et al., 2015)
Astrocytes are connected with other astrocytes in a syncytium that allowdheof molecules
through cellular comacts at processes calledap junctions (Figurel14A) (Giaume ¢€ al., 2010)
The junctions, formed of subunits of connexin, allow the flounoteculesthat can range from
gliotransmitters to metabolic intermediatesyhich are transferred from astrocyte to astrocyte
depending on the needs of theetwork (Figure14B) (Giaume et al., 2010)nterestingly, one
singleastrocyte can contact thousands of synapses in their-oxgrlapping domaingBushorm
et al., 2002, Halassa et al., 2007b, Ogata and Kosaka, 2002)

One form of communicationthat is quite well establisheetween astrocytesis
maintained through calcium signalingBazargai and Attwell, 2016) Calcium rises in the
astrocytes have been reported to produce local, regional and global changes in astrocytic
networksthat depending on thenechanism from whickhey aretriggered(Figurel4C)(Araque
et al., 2014)One example othis longrange modulation of astrocytic activity wasported in
the cerebellum. In @09 the group of Mark Schnitzehowed that Bergmann glial cells exhibited
calcium activity during locomotor behavior that could recruiindreds of Bergmann gliaells
to anextension of at least several hundred micrghsmmerjahn et al., 2009)

Calcium sourcem the mitochondriacan vary depending on the type of receptor that is
activated during astrocytic activity. Currenttile main source ointracellularcalciumis thought
to be provided bythe endoplasmiaeticulum (Bazargani and Attwell, 2016\nother less known
source of calcium in agicytes are mitochondria (Agarwal et al., 2017)Although it was
previously thought thatfine astrocytic processes did not contain aahondria (Khakh and
Sofroniew, 2015)it has beenrecently found that not only fine astrocytic processes have
functional mitochondriabut alsothat they can modulate synaptic activity vimitochondriat
dependentcalcium releae (Agarwal et al., 2017)t would be interesting to investigate whether
similarly to neurons, astrocytimitochondria have CBIreceptorsand if they could control
gliotransmission.Another interesting function regardingstrocytic calcium signalingis the
regulation of extracellular calciunit. has been recently reported that astrocytes can modulate
neuronalfiring pattern activityby providing calcium to the extracellular spadd&orquette et al.,
2015) It is well known that NMDA recepteallow the influx of calam into the postsynaptic
terminal as toinduce and modula longterm changes in synaptic activittlowever,whether
astrocytes can control NMDA receptonsot only by providing glutamate andther
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gliotransmitters but aso by increasing the availability etracellular calciunkevelsremains to
be addressed

Intracellular alcium rises irbrain astrocytes arepartially mediated by GPCR activity
(Araque et al.2014)and hae been observedn vitro (Araque and Navarrete, 2010, Gomez
Gonzalo et al., 2015ndin vivoin rodentsmodels(Kuga et al., 2011, Nimmerjahn et al., 2009)
and in vitro from human postmortem preparationgNavarrete et al., 20130ne of the main
drivers ofastrocytic calcium activity is glutamate acting on metabotropic glutamate receptors
coupled to GPCRg&Figurel4D). This activation of GPCBaneratedP3 which by acting in the
IP3 receptorsn the endoplasmiceticulum, induces the increase aftracellularcalcium in the
astrocytes(Santello et al., 2012Although there is controversy about the extetat which IP3
receptormediated gliotransmission modulates circuit activighgulhon et al., 2012)it is now
well established that the fine processes can also exhibitré@ptorindependent calcium
activity withfunctional relevancdor synaptic functionChai efal., 2017, Srinivasan et al., 2015,
Srinivasan et al., 2016)

PLC

Cal*

FIGURE4 ¢ NETWORK PROPERTIESBE ASTROCYTES
A. Astrocytes are connected among themselves by gap junctions allowing the flow of s

molecules between wide ranges of astrocytic netwofsThe occurrence of high intensit
neuronal activity (black circle) in certain parts of the astrocytic syncyéissociated with the
neuronal network will trigger the mobilization of molecules.g. metabolic substrates,
gliotransmitters) from the astrocytes close to the blood vessels to the astrocytes in co
within the active zoneC. The mechanical stimulatioof an individual astrocytes lead to th
increase of calcium in the same astrocytes and progressively in the astrocytes
associated with it.D. Schematic representation of the main intracellular mechani
responsible for the intracellular increasesastrocytes](A, B) Adapted fronfGiaume et al.,
2010) (C, D) Adpted from(Haydon, 2001)
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IV ¢ Gliotransmission

The process of gliotransmission invaviiae release of neuroactive molecules from
astrocyteswhich, by actingpn neuronscan modulateeither positively or negativelyhe transfer
and processing ofnformation (Araque et al., 2001)This concept of gliotransmission is a
keystone of the tripartite synapse as it provides a feedbamchanismfrom astrocytes to
neurons (and viceersa) that modulates overall synaptic activigllen and Barres, 2009,
Araque et al., 2014)Gliotransmittes are a wide category that include excitatory ain¢ibitory
amino acids ATP and related nucleotides, lipidic molecu(@xluding endocannabinoids
neurotrophicfactorsandcytokines, among otherSantello et al., 2012)

Gliotransmittes can bereleaseal by multiple wayssuch asby ion channel(Woo et al.,
2012) reverse reuptake transpters (Grewer et al., 2008nd by secretoryvesiclesn calcium
dependent andindependent waygSantello et al., 2012)Although functionabnd anatomical
evidence of vesie-dependentgliotransmissions present(Lee et al., 2014, Navarrete et al.,
2013, Zorec et al., 2012)t remans controversial as several groupsare unable to find
appropriate machinery to support such a mechani¢Bazargani and Attwell, 2016}or
instance, Chai and colleagues have found no evidence of glutamate release from astrocytes to
astrocytes or to neuronfChai et al., 2017)As lack of evidence is not evidence déek, more
research into thisiéld is neededto address these issuegnother interesting mechanisrof
gliotransmission recently described relies thie mitochondrialcalcium buffering propertieBy
using 2photon microscopyn vitro andin vivqg Agarwé and colleagues (2017) have shown that
mitochondriain fine astrocytic processeagere responsible for spontaneous calcium activitys
occurringin an 1IR3 independentway (Agarwal et al., 2017Fven after inhibition ofthe main
intracellular calcium sourcegi.e. endoplasmic ratulum), there was still calcium activity that
coud be blocked by intracellulampplication of calcium chelatorsThe discovery that
mitochondriaare possible calcium soursen these conditionsnight explainhow metabotropic
receptors (also potentially B1 receptors) can induce Bndependent calcium changes
(Agarwal et al., 2017, Srinivasan et al., 2015)

As previously describedne of the most determinant functions of the tripartite synapse
is the bidirectional communication between neurons and astrocytes. The discovery of
gliotransmission and calcium excitabilitglpedto understand how astrocytes regulate synaptic
activity. Astrocytes can modulate both shetérm (Navarrete and Araque, 2008, Navarrete and
Araque, 2010)and longterm synaptic plasticity (Henneberger et al., 2010Yhrough
gliotransmissionDe Pitta et al., 2016Hippocampal NMDA receptatependentLTPhas been
classically describeth respect to anexclusive interaction between preand postsynaptic
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activities(Nicoll, 2017) Howevera landmark studydemonstrated that astrocytes could control
the induction of LTPby releaing, in a calciurddependent mannerthe major endogenous
NMDA eceptor co-agonist D-serine at hippocampal synapsefHenneberger et al., 2010)
Another way asbcytes can influence the synaptic plasticig/ through the availability of

metabolic molecules that arshuttled from astrocytes to neurons. For instandagctate has

been shown to be relased from astrocyte to neurons to suppafPand memory(Suzuki et al.,

2011)

Oveall, evidence from the past two decades pinpoints the importance of the release of
active signding molecules and metabolites by astrocytes to control synaptic function,
expression of longerm synaptic plasticity and hencbkehavior (Oliveira et al., 2015)As
gliotransmissions important for brain functionunderstandinghe functional crosstalk between
astrocytes ad the ECS3s necessaryto understand how CB1 receptor activitymodulates
behavior.
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V ¢ Astrocytes CBlreceptors and gliotransmission

Besides thecharacterizationof CB1 receptors in the neurontdrminals it has been
shownin the past fewyearsthat CBL receptors arealsopresentin astrocytes(Metna-Laurent
and Marsicano, 2015, Oliveira da Cruz et al., 2016, Scheller and Kirchhoff, 20 pé@viously
described, astrocytes plag broad role in regulatingsynagic physblogy and high brain
functions functionsmostoften associated with endocannabinoid modulation

The presence of CB#&ceptorson astrocyteshas been controversiatiue to the inability
to visualizeboth the protein andits mMRNA(Kano et al., 2009, Metaaurent and Marsicano,
2015, Stella, 2010)Nevertheless,functional and anatomical studiese.§. CB1 receptor
immunolabelingcoupled with electron microscopy) haegidencedCBl receptorson astrocytes
in the hippocampugHan et al., 2012, Navarrete and Araque, 2088 hypothalamus(Bosier
et al., 2013)the striatum & | N/ Si |- {@Hvp>WeRBHE S| f®Hm) the neocortex(Min and
Nevian,2012) the amygdala(Moldrich and Wenger, 200@nd the spinal cord (Salio et al.,
2002) Further evidenceeinforcing the crosstalk betwee@Bl1receptors and astrocytesomes
from evidence suggestinthat astrocytes carparticipate in the full metabolism athe main
endocannabinoids: -AG andAnandamide(Metna-Laurent and Marsicano, 2013jor instance
the use of KO mouse models lacking CBdceptors in astrocytes ad specific neuronal
populations has indicatedthat astroglial CB1 receptorare involved in the turnoverof
endocannabinoidsin the brain (Belluomo et al., 2015)Another interesting aspecis the
intracellular signaling machinery useby astroglial CB1 receptors (Metna-Laurent and
Marsicano, 2015)In neurons, as previously discussg@desynapticCBlreceptor activation
recruits mainly G/o proteins that negatively modulate cAMP levels and inhib&uronal
transmission(Piomelli, 2003)However, i has been reported that CBieceptor activationin
astrocytesrecruits Gq proteins insteaof Gi/othat mediate anintracelular calcium increase via
IP3receptormodulaton (Navarrete and Araque, 2008)
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V.AC MODULATION OF SYNAPPLASTICITY BBIRECEPTORS$SASTROCYTES

The close association between fine astrocytic processes and neuronal syaapsbs
evidencesupportingthe tripartite synapseconfer tothe astroglial CB1 receptosspotential key
role in the regulation o$ynaptic activityOliveira da Cruz et al., 2016)

The frst evidencefor the astroglial CBIeceptor modulation of synaptic activityames
from a functional studysuggestingthat a CBlreceptordependentmechanism in astroytes,
rather than in neurons, was responsible for the modulatiai specific forms of synaptic
transmissionin the hippocampugNavarrete and Araque, 2008)n this study, Navae and
Araque (2008) reported thahe activity-dependent postsynaptic release ehdocannabinoids
by pyramidal neurons could induce a calcium increase in astrocytes that was mediated by a CB1
receptordependent mechanisnfNavarrete and Aaque, 2008) Asa consequence, astrocytes
release the gliotransmitter glutamate thaby stimulating postsynaptic NMDAreceptors
modulatesslow inward currents in neuron@Navarrete and Araque, 2008)s tis effect was
dependent on PLC inhibitipit suggestedhat astrocytesact via a Gglependent mechanism
instead of classicgbertusss toxinsensitive Gi/o proteia (Navarrete and Araque, 2008
another study from the same group, the authaeported that astrocytescould also modulate
synaptic activity bothat the homosynaptic and heterosynaptic le(®lavarrete and Araque,
2010) To reach this conclusion the authors exploré the anatomical feature of the
independent, noroverlapped astrocytic domains (Bushong et al.,, 2002Using an elegant
approach,they observed that activitydependentendocannabinoidgproduction, presumably by
the possynaptic neuron,besides inducinga classicaketrograde DSE, could alssnduce a
heterosynaptic shorterm facilitation of synaptic transmission vastrocytic calcium activity
(Navarrete and Araque, 2010)heauthorsshowed that endocannabinoid by acting through a
CBL1 receptors iastrocyteselicit a somatic calcium increadigat potentiates the release ahe
putative gliotransmiter glutamate. Then, by acting on the presynaptic mGlul receptors
glutamate inducesa shortterm facilitation of synaptic transmissiofNavarrete and Araque,
2010) In another study from the same grouthye authors demonstrated thah addition tothe
lateral heterosynaptic facilitationastroglial CBleceptor activation couldalsoinduce aLTPin
single neurongGomezGonzalo et al., 2014)

The modulation of synaptic plasticity Bndo- and exogenous cannabinaidhas been
widely describedHoffman and Lupica, 2013, Stella et al., 19¥8&t, in most of the cases, it is
not currently known which specific neuronal or glial population of @&#&ptorpositive cells
mediates such effectThe modulation of CBZXeceptordependent synaptic plasticity by
exogenous agonists such as THC is thotmy underlie the behavioral effects of cannabinoids
(Castillo et al., 2012)n 2012, Han and colleagyéy usinga novel genetic mouse model lacking
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CBlreceptors in astrocytes reported that this receptoris responsibldor a cannabinoid{HG-
induced LTOXCBLTD)in the hippocampugHan et al., 2012)The authors demonstratethat
following THC administration, CBdceptoractivation in astrocyte;duced the putativerelease
of glutamatewhich, byacting on postgnaptic NMDA receptorsnduced a CBmediatedLTDvia
the internalization of AMPA receptorfHan et al.,, 2012)Furthermore byusing electron
microscopy the authors wereable to demonstrateanatomically for the first time that
astrocytes in the hippcampus expressed functional GBdeptors(Han et al., 2012)

Another example of astroglial CB&ceptor modulation of synaptic plasticity was
described in the somatosensory neocortdr this regionastroglial CB1 receptor has been
shown tomodulate spiketiming-dependentLTD(t-LTD)(Min and Nevian, 2012)n this study,
the authors report that 4. TD in the excitatory synapses from the L4 to L2/3 synagsegnds
on astroglial CB1 receptactivation Theintracdlular calcium increasenduced by astroglial
CBl1receptor activationleads to the release of glutamatehich, by acting on neuronaNMDA
receptors induces &-LTD(Min and Nevian, 2012)

Anotherinterestingexample of astroglial CB&ceptor modulation of synaptic function
was described in the striatunlhis rgion, composedof the caudate and the putamens
involved in severalmportant functions like critical motivation, adaptive motor control and
procedural learningKreitzr and Malenka, 2008By receiving direcexcitatoryafferent inputs
from the cortex and thalamushese regions modulatenotor control via twodistinct pathways:
the direct and indirect pathwas The striatum is composed mosthf GABAergienedium spiny
neurons (MSNs) which can be divided in two main clageestriatonigral MSNs that have high
expression of dopamine D1 receptors and project directly to the basal gamgéenal globus
pallidus and substantia nigra pars raticulata athe@ striatopallidal MSNs which have high
expression of dopamine D2 receptors and project to the external globus palkatagzer and
Malenka, 2008) Although functionaly and molecularly dierent, MSNsoccupy the same
entangled and highly packed spaseiggestinghat astrocytes might be responsible for how
specific circuits are modulated in such as restdcspace. In 2015, Martin andolleagues
demonstrated that dighct astrocytesfunctionally modulatespecifially homotypic (D1-D1 or
D2D2 MSNs)ut not heterotypic MSNgD1-D2 MSNs)Martin et al., 2015) Furthermore
astroglial CB1receptor modulation of intracellular astrocytic calcium was necessary for
glutamate releasdo the synapse. Glutamatthen led to the activation ofNMDAreceptorsin
the same, but not oppositeglass of MSNMartin et al., 2015)The suggestion that anatomically
different astrocytic domains allow different functiormsises the questiorof the meansto
identify these specific populations and whether similar populations can be found in other brain
regions such as the cortex and the hippocampus.

JoséFernando Oliveira da CrgdDoctoral Thesig University of Bordeauand University of Catania

73



PART4 ¢ MEMORY

Memory is oftendefined as the ability to retain and recall on demand previously
encounteed experiences based on processd learning, retention and retrievalSquire et al.,
2007) Learning and memory provide one of the most important biologfoactionsthat allow
the survivaland adaptatiorof organisms

Memory can bealividedinto main bioad categoriesthe declarative anchon-declarative
(often referred as procedural) memias (Cohen and Squire, 198@eclarative memory has
been defined as the capacit to remember past experiencg$Squire and Zola, 1996Non-
declarativememory, which ca be divided into motor, perceptual and cognitiveemory is
acquiredby trial and error experienceSquire and Zola, 1996¥or instance, the learning of
procedural tasks that requires repetition to increase experiesoeh aghe learningto play an
instrument or playing darts.

Declarative memory can kdividedinto two main sub-categoriessemanticmemoryand
episodic memoy (Tulving, 1972)Whereas semantic memory refers to general knowledge that
an individual acquired duringis life (e.g. history, science, geography), the episodic memory
refers tothe capacity tolearn and recollect memories that are seffenerated(e.g. places we
visit, specific evets that happenegi(Tulving, 1972)

Memory formation is a complex task that involves mamyronal circuits within several
brain regions. Due to its complexity, untangling specific contributions to gbeeral
components of individual memoriegquires the examination ahe role ofeach of these brain
regionsin relation with specific components of the task studi€idhe hippocampuss a key brain
region thathas beenshown to be important forepisodic memory, spatial navigation, time
perception (Howard and EEhenbaum, 2015, Squire et al., 200Together withits adjacent
cortical regions i(e. entorhinal, perirhinal and parahippocampal corticesit, constitutes the
medial temporal lobewhich isinvolved in the formatiorof declarativememory (Eichenbaum,
2017)

Episodic memory formation has been described as a series of events that resé in
stabilization of a previously acquired expemen(Tulving, 1972) At the beginning of the
process there is an evenieading to the acquisition ahe informationand its encodingvithin
specific brain circuits. In order to maintain this memory for the lemgn, a consolidation phase
takes place in which the experiences are stabilized and the mematored from days to years
(Dudai, 2012)In the past decades another phase called reconsoliddtasbeen proposedn
which the retrieval of a previously stored memory renders it unstablé prone for a process
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called reconsolidatior{Dudai, 2012) This process of reconsolidation will disrupt the original
memory with small details producing a memory that is not the samehasone originally
generated. For instance, if we learn a story and wdetethe same story over the years, at
some point we will add aridr exclude detailsThe storywill end up to béng modified, even if
we do not intend to do so andve are unaware of thechanges.Because different types of
memories can be sted in independent brain regions, | will considenly hippocampal
dependent episodic memories as their study falls in the scope of this thesis.
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| ¢ Plasticity andmemory: cellular andmolecular mebanisns
of memory formation

How memories are stored, preserved and retrie¥esim the brain is a complex question
that fascinates scientists. One of the most interesting theories behind the formation of memory
was introduced by Richard Semothe theory d memory traces(Semon, 1921)Semon
introduced the concept of an engram which is a group of neurons that besactere during
the acquisition of a new memory. The connectivity between these tfieeserved most likely
by the means of synaptic plasticitthereby allowing the memory to be physialktored in
specific circuit{Dudai, 2012)The hypothesis of synaptic plasticigingthe key cellular and
molecular mechanism underlying memory formation came from the Canadian psychologist
Donatl Hebb (Hebb, 1949) In a landmark workHebb proposed that when two cells are
connected, upon the activation of the first ce#.g. presynaptic terminal) the second gets
activated (postsynaptic terminals), and the connewt between both will bestrengthened
(Hebb, 1949)However it took 20 years tdemonstratell KS SEA &GSy 0SS 2F G KA A
plasticii & The discovery of LT@liss and Lomo, 1972)nd the further identification of its
molecular pathways, lead to demonstration how connecsidpetween neurons an be
reinforced or weakenedfor days or yeargBliss and Collingridge, 1993iterestingly, NMDA
receptor dependemLTRis biological phenomenon thatonfirms thehypothesis of Hebb. Thus,
in glutamatergic synapses neurotransmitter release from the presynaptic terminal tdvitice
postsynaptic AMPA receptors that will act as coincident detectors and allow the activation of
NMDA receptorg(Collingridge et al., 1983)The latter produces anLTP or LTD of synaptic
transmission thatstrengthens or weakenghe connection respectively(Nicoll, 2017) It has
been widely describedhat LTP an lead to spine growthThis postulate has not onlybeen
observed under artificial stimulationonditions but alsan vivoduring certain behaviors. For
instance learning can control synapse formation and eliminat{dfang et al., 2009)ndeed,
spine dynamics can correlate the improvement after learning further demonstrating that events
can be stored in synapsefrang et al., 20090n the other handaccordingto the synaptic
theory of memory storage, ablation of synapses that were fechduring the acquisition phase
of a certainbehavior decreasethe performance of that specific behavi@ilayashilTakagi et al.,
2015) As for the cell assemblietje way they interact andhey are established is currently a
hot topic in neuroscience. The developmeatt joint sophisticated genetic taggirtg modulate
active neuronguring specific tasksoptogenetics(Govindarajan et al., 2006, Kim et al., 2017)
and chemogenetE (Armbruster et al.,, 2007, Gomez et al., 20alpwed the demonstration
that certain memories @an be stored in engramsvhich can eventually benanipulated and
eventually artificiallygenerated(Nabavi et al., 2014, Ramirez et al., 2013)
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The biology of memory formation is far from being understood. There are several levels
of comgexity from the molecular, cellulaand systens that ultimatelyimpact onthe behavioral
expression of memory. | will focuis the further sections on how to study episodic memory in
rodent modelsand how CB1 receptors impact the formatiortlos type ofmemory.
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Il ¢ Novelobjectrecognition memory

The cellular and molecular basis of episodic memory can be studied using specific
behavioral paradigms in animal models that allow the manipulation of specific components of
memory formation, storage anektrieval.

One of the most welstudied forms of episodic memory is recognition memory which
can be investigated in humans, monkeys and rodef8quire et al., 2007)Novel object
recognition memory is an experimentastrategy aimed at studying learning and memory
functions (Ennaceur, 2010)'he mainpostulatebehind thistest is that, in the presence of novel
and familiarobject, rodents increase their exploration towardthe novel one (Ennaceur and
Delacour, 1988) The increasg exploration of the novelobject is interpreted asindirect
evidencethat animals acquired a memory of tHamiliar objed. It is important toverify that
mice, when presented witltwo different objects for the first time, do not show an intrinsic
preference for any of them. Oneariation ofnovelobjectrecognition tasKNORT)s performed
in an L-maze (Figure 15). This test has been extensively used to access shod longterm
dependent memoryperformancein rodents Several components of noveltyevsus familiarity
preference are encoded in regions such ashimocampugde Lima et al., 2006, Puighermanal
et al., 2009, Puighermanal et al., 201@)efrontal cortex(Banks et al., 2012)r hippocamps
adjacentcortices(e.g.perirhinal cortex)Albasser et al., 2010, Wan et al., 1999)

Several studies repodd that the hippocampus is involved in the object recognition
memory while aher studies reporéd that hippocampalmanipulatiors (e.g. lesions) donot
impair this type of memorylt is important to note that several properties of thtask might
explain such results. For instance, the shape of the maze gn open mazehas anxiogenic
properties), the duration of thegosureor the animalmodel. Neverthelesscurrent evidence
suggestghat depending on the experimental design proposBf)R might recruit or not the
hippocamgl region(Brown et al., 2010, Brown and Aggleton, 200h) addition novelty as
assessed bexploration might also include severather factors that can contribute to #n
overall expression of memaryor instance, attention and motivation to explore are important
for novel detection and exploratio(Ennaceur, 2010)Another possible explanation is thdte
hippocampal contribution might occur in distinct temporal domains, meaning that
manipulationsperformed outside this window(e.g. immediately after acquisition vs 4 hours
post acquisitionynight wrongly suggest thef lack of necessity of the hippocamp{ge Lima et
al., 2006)

Forthe aim of thisthesis, we usedt NORTversion in an imaze becaus& has been
shown to allow the study of hippocampdépendent object recognition memory and because it
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hasseveraltechnicaladvantagesompared tobehavioral tests for memory functiorfBusquets
Garcia et al., 2011, Hebe@hatelain et al.,, 2016, Puighermaretl al., 2009) First, as the
acquisitionin NOR happens in a single session, it allows to study diféerent phases of
memory formation.Pre- or posttraining pharmacological treatment( even pharmacogenetic
manipulations such aBesigner Receptor Exclusively Activated by Designer Drugs (DREADD)
(Urban and Roth, 201pallow acute manipulation of the acquisition and consolidatmrase
respectively. Furthermore, pharmacologicaanipulationsduringthe pre-test session, allow the
study of retrievalOverall, NORT providésgh reproducibility and low variability the study of
episodic memory formation.

abituation .Training 'Te::m-:
1 1 . | N
40 = -8 o-m

FIGURES5¢ NOVEL OBJECT RECOEN MEMORY TKS

Thenovel object recognitiotiask consistin 3 sequentiabaily trials of 9 minutes each. Durin
the habituation session (day, Habituatior), miceare placed in the center of the maze an
allowed to freely explore the arms in the absence of any objects. The acquisition session
Training consisted in placing the mice again in the corner of the maze in the presence ¢
identical objects positioed at the extremities of each arm and left to freely explore the m.
and the objectsFor longterm memory evaluationtest phase occur24 hours later (day ,3
testing).
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lI1¢ Memory and CB1 Recepwr

The presence of CB&ceptorsin brain regiors that modulate memory functionand
their role in the modulation of shortand longterm forms of synaptic plasticity, provida solid
framework supporting the role of the ECS in the modulation of learning and memén2 NA | 1
Gomez et al., 2017)

Cannabinoid intoxication has been shownitducelearning and memorympairments
in both rodents and humang¢Broyd et al., 2016)Also, 1 leads todeficits in attention, poorer
cognitive performances, impairment in working memory and impairmerbngterm memory
formation (Broyd et al., 2016)Interestingy, the majority of these effecteavebeen shown to
be mediated by direct activatio of CB1 receptors in the CN&nongseveral brain regions
modulatingmemory, the hippocampus plays an important role ambwshighlevels ofthe CB1
receptor proténd a | NBEA Ol y2 | YR Ydzy SNE H Bycgnbinifgydhitic, tD2 Y S
targeted pharmacological and electrophysiological approaches, successive studies have shown
that CB1 receptor modulation in specific cell populations withie hippocampus can modulate
synaptic plasticity and consequently learning and men{Bysquets Garcia et al., 2016)

Cannabinoids and endocannabinoids, @1 receptorscan modulate both shorterm
(BusquetsGarcia et al.,, 2017b, Han et al., 20138phd longterm memory formation
(Puighermanal et al., 2009For instane, local hippocampal treatmentwith CB1receptor
agonistshas been shown tonpair hippocampal memory whereas CBceptorantagonists can
block those effect¢Barna et al., 2007, Wise et al., 2008)though in the past decadetudies
have demonstrated that CB&ceptors mediatehe memory-disruptive efects of cannabinoids
only recently with the generation of conditional K@&odek lacking CBlreceptorsin specific
brain cells did we be@n to understand how specific neuroriglial populations are involveth
these effects.lt has been demonstrated that cannabinoids can disrupt {targh episodic
memory, as assessal by NORTPuighermanal et al., 2009This effectis dependent on CB1
receptorsexpressed in GABAergic but notglutamatergicneurons(Puighermanal et al., 2009)
suggesting thait could be due to th&HGinduced stimulation of CB1 receptors in hippocampal
GABAergic terminald_aaris et al., 2010)nterestingly, the authas of this studywere able to
rescue the remory impaiment by local application of an NMDA receptors antagonist
suggesting that excess of excitatianpst likelydue to suppression of GABAergic inhibition,
impairedthe neuronal network(Puighermanal et al., 2009Besidedongterm memory, acute
THC administration has been reported to immhortterm working memory in micéHan et al.,
2012) This impairment ould be reversed by application ofnaNMDA receptor antagonist,
suggeting that alsoin the shortterm level,glutamate exess @an be responsible for memory
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impairmens (Han et al., 2012)An indirect finding from Puighermanal and colleague0£30
showed that genetic ablation of CBfeceptorsin glutamatergic or GABAergic cellgl chot
impair NORT, suggesting that these cells do not contribute to object recognition memory
(Puighermanal et al., 2009%imilarly, in the study from Han and colleagues (2012) genetic
deletion of CBlreceptorsin glutamatergicand GABAergic neurons did not impair working
memory, suggesting that they aedsonot required for this kind of memorfHan et al., 2012)

The modulation of memory function by CB1 receptaossoften correlated with
impairmentsin synaptic transmission and plasticity. Consistently, CB1 receptor activation by
exogenous cannabinoids has been shown to modulate-teng forms of synaptic plasticityt
has been shown that acute applicationtbe endocannabinoi@-AG in brain slices impaithe
induction of LTRn vitro in hippocampal circuit¢Stella et al., 1997)Later on, it has also been
shown that WIN442122, a potent CBZXeceptor agonist, can block the induction of LTP in a
dosedependentmanner(Paton et al., 1998)ChronicTHC administratiofi1l0 mg/kg) as well as
of other synthetic cannabinoid$rave been shown to impair the inductiomf LTPin the
hippocampusa time-dependent effect relying on CB1 receptdrsoffman et al., 2007, Fan et
al., 2010) Chronic treatmens for 3and 7 days reduce or blunt LTP, respectiyeigffman et al.,
2007) It has been shown thaflHCwithdrawal canrescue the impairment of LTP but not to
vehicle levels, suggesting some kind of synaptic memory prangtite full recovery of the
synapses(Hoffman ¢ al., 2007) Furthermore, chronic treatmentsvith cannabinoids down
regulated NDMA receptor activity and content in hippocampal synafisas et al., 2010)his
observationsupport the aforementionedlack of impaired capacity to induce LTR.another
recentstudy, repeated THE@eatments impaied the induction of LTP in the same hippocampal
circuits (Chen et al., 2013)The authors describd a novel mechanism in which ThHi@uced
impairments in memory and synaptic plasticity the induction ofcyclooxygenas@ (COX2),
doing sothrough a CBlreceptormediated mechanismThis modulation coulth turn lead to
the conversion of arachidonic acid to prostano{@hen et al., 2013Dn the otker hand THC
administration in vivo can induce an LTD viathe activation of NMDA receptors anthe
internalization of AMPA receptoi@$ian et al., 2012)The modulation of neuronal networks by
CB1 receptor agoniss might not exclusively depeh on their suppressive action on
neurotransmissionT he recentlyidentified presence ofCB1 receptors in the inner mitochondrial
membranes(mtCB1)could play a role in thaeguation of neuronal metabolisn{Benard et al.,
2012) Moreover, DSI which was previously attributed to presynaptic membraner&®@ptors
has been shown to bpartially dependent on mtCBieceptor activation(Benard et al., 2012)
Interestingly, it has been recently shown that hippocampal mtG81lresponsible for
cannabinoidinduced longterm memory impairments doing soby changinghe mitochondial
capacity tomodulate energy and metabolisnfHebertChatelain et al., 2016MtCB1receptors
seemnot to be required for normal longerm memory formation as the absence of mtCB1
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receptors did not impair memory functiongHebertChatelain et al., 2016%till, it remains to be
addressed what is the endogenous role of mt@&Eptorsin memory functions.

Although the contribution of specific CB#&ceptor populations is yet to be properly
understood, how the modulation of inhibitory and excitatory drive modulatesmoryremains
an important line of research. Indeedermporal coordination between excitaty and inhibitory
neuronsin the hippocampuss responsibledr proper network activity that supports memory
formation (Buzsaki, 2006 Natural and synthetic CB1 receptor agonists have been shown to
decrease hippocampal locakliil potential oscillation§Robbe et al., 2006)They d@srupt the
temporal neuronal synchrony that is responsible for the modulation of memory functions
suggesting that CBdeceptorsin those cell types can modulate their function in the network
(Robbe et al., 2006, Robbe and Buzsaki, 2008hsistentwith this idea, by using conditional
genetic deletion of CBieceptorsin GABAergic ardr glutamatergic neurons, Monory and
colleagues (2015) proposed that CB1 receptoas calibrate excitatory synapticdbance in
hippocampal circuitdMonory et al.,, 2015) By studyingL TP, the authors shaud that the
absence of CBteceptorsin GABAergiaoeuronsdecreasd the amount of LTP induced whereas
its lack in glutamatergic neurons indudea stronger potentiation(Monory et al., 2015)
Furthermore, hey shoved that dendritic harbors of pyramidal neuromgere consstently larger
in mice lacking CBteceptorsin glutamatergic neurons as comparéa mice lackinghem in
GABAergic neurons. However, it is important to note that this differendenat translate into
better or worse memory performances in lotgrm (Puighermanal et al., 2009y shortterm
memory(Han et al., 2012)

Overall, it is important to further underle that exagenous cannabinoid activiah
within a circuit might notbe the sameas the one endogenously activatest is known that
different agonists can impact differently CB1 receptor function and that CB1 resejotor
specific populations can modulate several aspects of brain physioldgys dissecthg the
endogenous functiorper seremains a very importanaspectof CBlreceptor researchwhich
will providein the future important insights on how CBreceptor function or dysfunction is
involved inthe pathophysiology of brain function.
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IV ¢ Memory and astrocytes

The a&trocyticmodulation of neuronal circuits hdseen shown to play a role in learning
and memory sensory processing, locomotor activity and emotional proceggwdgmsky and
Goshen, 2017, Araque et al., 2014, Oliveira et al., 20Mk¢reare an increasig number of
studies that linkkhe activity at the tripartite synapseith behavior(Oliveira et al., 2015)n the
following paragraphs will describe some key studies thaddressthe significance of this
relation andwhichestablishpossible links with the endocannabinoid system.

The modulation of learninggnd memory by astrocytes cabe promoted at several
levels, such as by the availability of metabolic support or by direct impaittrough
gliotransmissionOliveira et al., 205). For instance, strocytes can modulatérain activity by
metabolially supporting neuronal activitypy increasingextracellular lactate levels during
learningand memory(Steinman et al., 2016)actateis shuttled to neurons where iallowsthe
formation of longterm memory and synaptic plasticifNewman et al., 2011, Suzuki et al.,
2011) A further analysis concluded that laatasynthetized from astrocytic glycogen and
specifically transported to neurons,able to modulate intracellular signaling caseadhat lead
to gene expression . TP andmemory formation(Suzuki et al., 2011, Yang et al.12pD To
confirm the role of astrocytes in the this gradient of lactate availability to neurons, Machler and
colleagues (2016) have showmrough 2-photon in vivoimaging that astrocytes preferentially
accumulate lactatethat is thenshuttledto neurons durig periods ohecessity(Machler et al.,
2016) Although these effectpoint to a metabolic role in support of synaptic activity, it has
been argued that4{Lactate can also act as an actiMiigpendent signaling molecule releabseia
gliotransmission and acting directly on intracellular targéissienko et al., 2015)

Sleep is believed to be portant for learning and memoryTononi and Cirelli, 2014)
Thus, sleep deprivation &n lead to cognitive impairments such dscreasedattention and
working memory,impaired longterm memory and decisicmaking (Alhola and Pold&antola,
2007) Interestingly, astrocytes have been shown to modulleep homeostasiby controlling
adenosine availably at the synap@dorian et al., 2011, Halassa et al., 206®)ythermore,LTP
and memoryimpairments induced bysleep deprivation could be reversed bylecreasing
adenosine receptor activity and vesicugdiotransmissior{Florian et al., 2011)

Astrocyteto-astrocyte interconnectivitys crucial for proper network activit{previously
discussed in Part 8 Ill). By impaiing gap junction connectivitghrough genetically deleting
Connexin 30 and 4 astrocytes, thegroup of Huston haseported thatit could modulate
mouse exploratory activityganxiety levels, efficiencgf signaling molecule®(g.dopamine) and
memory functions(Dere et al., 2003, Frisch et al., 2003pnsistently, the decreaad calcium
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activity in astrocytic hippocampal networkmpaired spatial memory and contextual fear
memory (Tanaka et al., 2013Yhese results demonstrate that dynamic changes in astrocyte
communication are crucial for normal functional of neuronal networks that underlie behavior.

Recognition memory has also been shown to be modulated by astrocytic activity. Lee
and colleagues (2014) report that the inhibition of vesicular gliotransmission from astrocytes
impaired the generation of gamma oscillations in the cortard novel object ecognition
memory(Lee et al., 2014 Burprisinglyther studies haveeported thatthe ablation ofputative
vesicular release does not impair sptia function such as LTRgulhon et al., 2010, Agulhon et
al., 2012) Howeverit has been showihat LTPis dependent on astrocytic calcitaependent
release of Bserine (Henneberger et al., 2010 mechanismthought to be mediated by
vesicular releas@Martineau et al., 2013, Mothetteal., 2005) Guld thissuggesthe existence
of other main mechanism® support calciurddependent exocytosis of signaling moleculés?
previouslymentioned D-serne is tre main agonist of NMDA receptarsdifferent brain regions
and its functionhas beenlinked to severalbehavioralphenotypes(Henneberger et al., 2012,
Oliveira et al., 2015 Consistently it has been shown that modulation of-$2rine levels in the
brain can modulate behavioe.g.increagd brain levels of E5erinecan improveseveralmood
disorders(Otte et al., 2013)In arother recent study, it has been shown thatsBrine levels can
fluctuate during wakeful states in freely moving ranesthetized mic€Papouin et al., 2017a)
Furthermore,D-serine dynamics were shown to be dewent on astrocytic activity driven by
the activation ofacetylcholine and theycan modify NMDA receptor activity (Papouin et al.,
2017a) Their data suggest that f3erine isan important regulator of brain function with a
potentialrole in many pathophysiological conditions.
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IVAC MODULATION OF MEMORY ASTROGLIQBI1RECEPTORS

Mainly due to their lowprotein levels, the first evidence for the presence of CB1
receptors protein in astrocytes came from functional studipgetna-Laurent and Marsicano,
2015) With the generation of conditiodamutagenesis, it has become possiblguire about
the role of CBlreceptorsin specific neuronahnd glialcell typesunderlying complex behaviors
(BusquetsGarcia et al., 2015, Marsicarand Kuner, 2008)With the currem knowledge that
astrocytes can express CBiceptors(Han et al., 2012)questions arise regarding tieole in
astrocye-mediated brain functiongMetna-Laurent and Marsicano, 2015)

Exogenous annabinoidsand endocannabinoglcan modulate memory bynfluencing
the activity of several cell typda the brain(Busquets Garcia et al., 2018)orris water maze is
a robust behavioral paradigm that allows the study of hippocampal sthatiemory in roderg
(Morris et al., 1986) One of thebestknown effects of cannabinoid intoxication is the €B1
dependent impairment of spatial working memai@arlini, 2004)However, the location of CB1
receptorsand the identity of the specific cell tyf® involved inthis effectwere not disclosed
until recently. By using conditional deletion of CB1 receptors in Gieaidve cellsi(e. mainly
astrocytes GFARCB1KO micg, Han and colleagues (2012) demonstrated thstrocyte CB1
receptorsare responsible fola cannabinoidinduced impairmenof shat-term working memory
(Han et al., 2012)Furthermore, CBteceptor deletion in both glutamatergic and GABAergic
cells didnot prevent the impairment of working memory caused by THrestingly,Han and
cdleagues (2012khowed that GFARCB1KO mice (although unresponsive to the effect of
cannabinaidls) in working memory did nohave any endogenous phenotype regarding wogki
memory, suggesting thatBldependent control of physiologicalstrocytic gliotransmissiors
not requiredfor this type of memoryHowever, atrocytes have been reported to be wived in
the modulation of longerm synaptic plasticitfAraque et al., 2014and longterm memory
formation (Oliveira et al., 2015)

Giventhat CB1lreceptors modulatelong-term memoryand synaptic plasticityBusquets
Garcia et al., 2016}heir presence in astrocytesuggests that they might participaia these
functions Howeverthe physiological roles of astroglial CB1 receptors in synaptic plasticity and
memory processes armostly unknown, and thus they are one of the main subjects ahy
doctoralthesis.
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PART5 ¢ DOPAMINERGISYSTEM ANDHEECS

The endogenous cannabinoid systesrpresent in cell types that belong to important
modulatory systems in the brain. One interesting case of this interaction regards the
dopaminergic systemwith evidenceshowing thatCB1 receptorsre presentin neurons that
express Ppaminergic typel (D1)receptorsin several brain region®onory et al., 2007)

In the next section, | wilhtroducethe dopaminergic system and how D1 receptors can
functionally interact with CB1 receptors Then | will mention how dopamine and
endocannabinoid system can modulate memory formation and how plausiblenteraction
between both systemss.
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| ¢ The dopaminergic system

The dopaminergic system (DS) is a major modulatory system involveahyimportant
brain functions such as the control of movemergmotion, reward, seeking behavior,
motivation and learning and memofchetzand Sibley, 2007)The DS comprisegurons able
to produce and releaselopaming enzymatic machinery responsible for the metabolism of
dopamine,and cells expressing its targélPCRs of the Blike (D1AD and D5) and Dlike (D3,
D4, and Dj family The DSmodulates neuronal function by stimulation or inhibition of
adenylate cyclaserespectively(Schetz and Sibley, 200D 1-receptor and D2receptor family
showshigher expression in thetriatal structures(i.e. caudate nucleus, putamen and nucleus
accumbeny and in the prefrontal corteXAriasCarrion and Poppel, 20Q7Jhe presence of
severaldopaminergic receptors in the brain, as well asithexpressionin different neuronal
populations intermingled in packed space €.g. striatal MSNSs) makes the study of the
dopaminergic system a complex challe{& manelli et al., 2010Anather level of complexity
Is the interaction of the dopaminergic system with other modulatory systems, includingGise
Interestingly, D@ssociated functionand distributionare often overlapped byhose of theECS,
suggesting that in several domains, themgéight be a functional crosstalk that modulates
synaptic plasticity and behavior

From the several receptors that are currently kmgw will focus on the DZXeceptors
because, dgether with the ECSheéy hae been shown to have an important role in the
modulation of learning and memonand part ofthe experimentspresent in this thesisvere
based on the deletion of the CBdceptor in Dipositive cells.
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Il ¢ Dopamine typel (D1)receptors

D1 receptorsare heptahelical transmembrane spanning G proteoupled receptors
Theybelong to the Ddike familythat mainlybind to Gs proteingRomanelli et al., 2010 hey
are the most abndant DZlike receptos and kesides being mainly present in tis¢riatum, D1
receptors can balsofound inother brain regions such as ttariatum, the cortexthe olfactory
tubercle, the basolateral amygdala, the hypothalamus and the hippocanm({@egson et al.,
1995, Fremeau et al., 1991, Romanelli et al., 2010)

Activation of D1 receptors by dopamine will initiate a Gs proteirdependent
intracellular signaling cascad€hou et al., 1990)This leads tahe production of cCAMP via
activation ofadenylate cyclasewith consequent activation of PKRomanelli et al., 2@). PKA
activation induce cAMP responsive element binding protei(CRERBdependent gene
transcription, activation of voltageand ligandgated ion channels thahan promote neuronal
excitability(Romanelli et al., 20101 receptorscan also modulate lonterm effects at cellular
level by the modulation of MAPK activity. Among thiferent pathways that can be activated
by D1lreceptors the ERK pathway, which is known to ingolved in neuronal plasticity and
memory, is one of the most importaiGangarossa and Valjent, 2012)

At the cellular level, D1 receptors can fmind in both glutamatergicand GABAergic
neuronsand astrocytegMiyazaki et al., 2004, Nagatomo et al., 2017} receptors hee been
characterized in neuronal cell bodies, in dendrgpinesin axon terminalgBergson et al., 1995,
Mansour et al., 1991and also irfine astrocytic processg®dagatomo et al., 2017P1 receptors
in the prefrontal cortex have been identified both at distal dendrites and spines of the
glutamatergic pyramidal celig&SoldmanRakic et aJ.2000) D1 receptors are developmentally
regulated and show higher densities during adolescemben compared with adulthoodPuig
et al., 2014)

In the hippocampusDI-positive cells havdeen described in the subiculumn the
granule cells of the dentate gyru$&remeau et al., 1991)n glutamatergic pyramidal cells
(Bergson et al., 199%)nd very recently in th€&ABAergic interneurons in the stratum radiatum
area(Puighermanal et al., 201 )ntil recently, there was no evidenceegarding D1 presenda
this sub region of the hippocamp&angarossa et al., 2012, Puighermanal et al., 200y
illustrates how difficult it is to detect low amounts of Pbsitive cells in certain brain regions.
This is especially relevant for the fine astrocytic processeently, it has been described that
hippocampal astrocytes oaincrease intracellulacalcium in response tdopamine depending
on D1/D2 receptors(Jennings et al., 2017)his raises the questioon whether there are
functional D1/D2 receptors in the hippocampzatrocytesor if there is a secondary mechanism,
dependent of the activation of these receptatsewhere
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D1 receptors caralso be present in intracellular compartments.d. endosomes}hat
are transportedto the plasma membrane both constitutively ard an activitydependent
mechanismBrismar et al., 1998)nterestingly, it has been reported that in striatal neurons, D1
and NMDA receptors can be assembled intracellularly in heteromers ready to be delivered to
the synapseqFiorentini et al., 2003)However the functional relevance of such interaction
remains poorly explored.
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lI1 ¢ The role of DXeceptorsin LTP

Synaptic plasticity can also be modedtby the dopaminergic system. As synaptic
plasticity is believed to be the cellular mf memoryformation, understanding how D1
receptorsmodulate synaptic plasticity might provide a working model to understand behavioral
consequences of dopamine transmission in physiology and pathology. Dopaminergic
transmission via D1 receptors have been associat#d the modulation of LTP, LTD anith
depotentiation (Hansen and Manahavaughan, 2014) 1 will focus on the effect of
dopaminergic transmission on LTP as it has been extepsiharacterized in the hippocampal
CA3CA1 synapses and it has been correlated with behavioral expression of learning and
memory.

The involvement oflopamine in the modulation oETPwas primarily observed in the
CA1 region of the hippocampqisrey et al., 1990, Otmakhova and Lisman, 198g)modulatig
dopaminereceptors in slices, it was shown that although dopamine was not required for the
induction of LTP, it was important for the maintenance.(ate phase) of the potentiation of
synaptictransmission(Frey et al., 1990)urthermore, it has been the established tllaé late
phase of CASCAL1LTP, but not the induction, requires D1, but not D5, receptor function
(Granado et al., 2008Viatthies et al., 1997)Interestingly, & the ultrastructural level, D1
receptors have been found to bmostly presentn the exdatory dendritic spines whereabe
D5 where abundant in thanhibitory GABAergic shafts. This could be an indication thadethe
different classes could be specifigalnvolved in the modulation of excitatioar inhibition,
respectively(Hansen and Manahaviaughan, 2014)

A direct proteinprotein interaction between NMDA receptors and D1 retoep which
can modulate NMD#Aeceptordependent glutamatergic currentsas been describeflee et al.,
2002) D1receptoractivity can modulate gene expression associated with normal &fHies
using constitutive deletion of D1 receptors in the bra@ve shown thain the absence of D1
receptas the expression of immediate early genes zif268 and arc that signal for protein
synthesis in the hippocampus were impair@@ranado et al., 2008)The transition between
early LTP and late LWRsshown to be dependentn newly synthetized protein@valenka and
Bear, 2004)Large evidencéndicatesthat D1like receptors cold modulate protein synthesis
For instancethe stimulation of Ddlike receptors in the hippocampusmninduce the synthesis
and incorporation of the GluR1 of AMPA receptors at the synépssth et al., 2005and the
D1-like dependent protein synthesisinvolved the modulation of ERK ¥z of the MAPK pathway
known to be necessary for the establishment of late (diBman et al., 2011)n anelegant
study, Li and colleague@003)demonstrated that the exposure to spatial redty (.e. novel

JoséFernando Oliveira da CrgdDoctoral Thesig University of Bordeauand University of Catania

90



environment) ould induce a facilitation oL TPin the hippocampal CAGB1 synapse4i et al.,
2003) Interestingly, this facilitation auld be blocked bythe DZlike antagonist SCH23390,
demonstrating that dopamine release amdost likelyD1 receptor activity might modulaten
vivo LTP in the hippocampufi et al., 2003)Furthermore, the authors shosd that by
administratinga D1-like agonist, they could facilitate the induction of LpRyviding evidence
that noveltyinduced dopamine levels in the hippocampugger cellular mechanis that
lower the threshold necessaryfor LTP facilitation(Li et al., 2003) Consistent with this
observation, Takeuchiand colleagues (2016) shew that optogenetic stimulation of locus
coeruleus fibers thiaproject to dorsal hippocampusduced a D1-like dependentfacilitation of
LTRTakeuchi et al., 2016)

Dopaminergic transmission via ke famil is involved in the modulation ahemory
(Hansen and Manahavaughan, 2014) Dopamine levels in the prefrontacortex and
hippocampus can increase after exposure to novéltyalainen et al., 1999%tressingthe
possible role of dopamine in suppory the conslidation of novel experience@d.isman et al.,
2011)

Working memory is the capacity to retaimnd elaborateinformation for shortterm
periods of time providing an intéace between perception, lontgrm memory and actiorfMa
et al., 2014)In the prefrontal cortex,lte importance of dopaminergic signaling via D1 receptors
for working memory has been demonstratedhbath in non-human (Vijayraghavan et al., 2007,
Xing et al., 2012and in human studis (McNab et al., 2009)For instance,in non-human
primates prefrontal D1 receptors are involved in tlaequisitionand not in theretention phase
of the memoryformation, suggsting that during aging oin pathological conditions, lower
memory performance might be du® lower learning capacitiesaused byweak D1 receptor
activity (Puig and Miller, 2012)n humansthe density of D1 receptoris prefrontal and parietal
cortex (measured as binding potentiah)creasedwith training of working memory, a feature
correlated with improved working memoperformance(McNab et al., 2009)

Besides the known involvement of Pdceptorsin the processingf short-term memory,
it has also beershownthat D1 receptors are involved in théosage and persistence of long
term memoriesin the hippocampugda Silva et al.,, 2012, Xing et al., 2018though it is
established that dopamine modulation is not required for mairgece and retrieval of
previously established memories, dopaminergic transmission seems to be crucial for the
establishment and stabilization of lostigrm memories(Lisman etl., 2011)

In a key study Rossato and colleagu¢2009) demonstratedthat the pharmacological
blockade of D1 receptorén the hippocampuby the specific antagonist SK383@®roved the
stability of an aversivenemory (Rossato et al., 2009The mechanism proposezliggestghat
dopamine postraining is important for late posacquisition stabilization of memories. The
authors further demonstrated that dopame released from VTA projections to the
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hippocampus,possiby through the hippocampaV/TA loop(Lisman and Grace, 2005kere
involved in this mechanism of losigrm memory (Rossato et al., 2009)

Hippocampal D1 receptorsan also modulate spatiahemory(da Silva et al., 2012, Xing
et al., 2010)Constitutive genetic deletion of D1 receptors impairs spatial menotie Morris
water maze taskGranado et al., 2008, Xing et al., 20a0y localadministration ofantagonis
and agonist of D1/D5 receptors in thaorsal hippocampus cannhibit longterm memory
formation or enhance longerm memory retention, respectivelyda Silva et al., 2012)
Recognition memory can also be modulated by mBdeptor activity. The administration of
selective D1 receptor agonist SKF38393 has been shown to enhance recognition nj@enory
Limaetal., 2011)

Another interesting aspect of dopaminergic signaling in hippocampal memory is the
origin of thefibers that project to the dorsal hippocampuBhe dopaminergic system has been
shown to be consistently involved in the modulation of spatial memory, which is greatly
modulated by place cell agity in the dorsal hippocampudisman et al., 2011Although few
fibers from the VTAnnervatethe dorsal hippocampuén contrast with ventral hippocampus)
recent evidencédiasshown that noradrenergicdcus coeruleusibers canalso releaselopamine
in the dorsal hippocampu@empadoo et al., 2016, Takeuchi et al., 20¥8hereas it s been
shown that dopamine releaseom neurons projecting from the VTA promatspatial memory
in the context of reward locatior(McNamara et al.,, 2014dopamine from locus coeruleus
improved spatial memory in the absence afreward(Kempadoo et al., 2016furthermore by
using a different behawral paradigmto assessnovelty, Takeuchi and colleagues (2016)
demonstrated that dopamine release in the dorsal hippocampus immltovemory persistence
in a Dlike familyspecificmanner(Takeuchet al., 2016)Socialearning can also be modulated
by DZXreceptors in the hippocampus. In a recent study, Matta and colleagueseshihat local
dorsal hippocampal injecti@of the D1 receptor antagonist SCH23390 impawcial learning in
both males and females, without impacting on the capacity énse food ordisrupting meal
patterns(Matta et al., 2017)

Altogether, this evidence shows that dopaminergic transmission via D1 receptors in the
hippocampus can modulateshort and longterm memory functions with important
consequences for proper brain function.
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IV ¢ D1 and CBteceptorsc A potential crosslinko modulate
memory functions

The endocannabinoid system and the dopaminergic system are actively involved in the
modulation of synaptic plasticityand memory functions. Whereathis functional relation in
reward has been already establishé@loomfield et al., 2016and is subject to scrutinyits
importancein cognition, more specifically in learning and memory, rempowly explored.

CB1 receptor presence in fpbsitive cells was anatomically characterized usmgitu
hybridization (ISH) analysis of Cigteptor mMRNA ceexpression with D1 receptors in several
brain regions(Hermann et al., 2002CB1receptors exhibitcoexpression with Dieceptorsin
the caudate putamenthe nucleus accumbens, arttle olfactory tuoercle the piriform cortex
andthe endopiriform nucleugHermann et al., 2002More recently by the use of a constitutive
mouse linelacking CB1 receptors in Pbsitive cell{D1-CB1KO mice) Monory and colleagues
(2007) showd that this deletion lead to reduction of CBIeceptor mMRNA contat in both
principal glutamatergic neurons the layer VI of the neocorteand in GABAergitMSNsin the
striatum (Monory et al., 2007) The extent of deletion was much higher in the GABAergic
medium spiny neurons in the striatum &m compared with the lower deléon of glutamatergic
neurons(Monory et al., 2007)Functioral interaction between the CBand the D1 receptors
have been widely studied in the striatufiartin et al., 2008)

The modulation of memory functioby the intercross betweethe dopaminergic system
and the endocannabinoid system has been recefftigctionally assessed in the prefrontal
cortex.ln 2017 Scheggia and colleagues hal®wn that dysregulation dhe catabolic enzyme
involved in the dopmine degradationcatecholO-methyltransferase (COMTyvhichdecreases
in dopamine availability in the prefrontal cortex, leads to trenhancenent aversive remote
memories by dysregulation of the endocanbmoid system in a CB1l recepidependent
manner (Scheggia et al., 2017k is known that the prefrontal cortex neurons express D1
receptors(Paspalas and Goldmd®akic, 2005, Sawagudd GoldmarRakic, 1991and CB1
receptors (Marscano and Kuner, 2008However,it is not currently known if they are €o
expressed in the same c#lpesor if the results shown by Scheggia a colleagues are dependent
on D1 receptors in that particular brain regidfurther research will address thessues.

The hippocampus is another key brain region thalthough it has been shown to
express D1 and CB1 receptors, the functional relation between them is not currently kiown.
aversive learning, micearrying a deletion of D1 receptors hapeolonged retention and
delayed extinction in conditioned fear responggdGhundi et al., 2001)Novelty can induce
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dopamine release and action in the hippocamiflialainen et al., 1999, Menezesait, 2015)
Remarkablyit has been reportedhat novelty could facilitate the extinction of fear memories,
an effect specifically mediated by D1 receptors in the hippocanmMenezes et al., 2015CB1
receptors have beenh®wn to modulate fear memoriegMarsicano et al., 2002and nice
lacking CB1 receptors in D1 positive cells disglayimpairment in extinction of aversive
memories(Terzian et al., 2011Jurthermore it has been shown thatxtinction of avoidance
memories depends on CBéceptorsin DXpositive cells and local hippocampal inhibition of CB1
receptors inwild-type WT) mice impairs this behaviqiMicale et al., 2017)Although there is
currently no anatomical evidenaemonstratingthe presence of CBreceptorsin hippocampal
Dl-positive cells, functional data support a potential crosslink between the two systems.
Understanding and furthredemonstrating where and how this functional crosstalk occurs will
provide novel information that will help to understand how dopamine via D1 receptors can
modulate learning and memory via CB1 receptors.
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CBl1receptors in neuronal and glial populations are important modulators of learning
and memory(BusquetsGarcia et al.,, 2017a)n the hippocampus, activation ofearonal CB1
receptorshasbeen associated witldlecreasen neurotransmissionwhereas activation of CB1
receptors in fine processes of astrocyt®gh the induction ofgliotransmission(Araque et al.,
2017) Past studieshave addressedthe exogenous and endogenous contribution of CB1
receptors in specific cell typesg. GABAergic, glutamatergic neurons)tite modulation of
synagiic plasticity and transmission and learning and memory. However, CB1 receptoase
been recently identified in previously unknown locationse.§. astrocytic processes and
intracellular compartments)lt is, therefore necessary tanvestigate the roleof these novel
subpopulations of CB1 receptarscellular and molecular mechanismsderlying behaviarFor
instance,whereasastroglial CB1 receptors can actively modulate synaptic transmission and
plasticityand mediatethe memorydisruptive effects of cannabinoidson workingmemory (Han
et al.,, 2012) their role in the endogenous modulation of memory functiaescurrently no
known Moreover, many studies showthat neurons and astrocytedbelong to different
subpopulations, many of which are still to be identifi@hai et al., 2017, Haim and Rowitch,
2017) For instanceCB1 receptors hee been shown to be present in cells expressing a major
receptor from another important modulatory systeme( D1 receptors from the dopaminergic
system). Because the number of these cells is reduced, it is very ditficidentify them
anatomically Nevertheless functional evidence points to the existence of these cells within the
hippocampal structurewith a likely impact in hippocampal mediated function§hus
understandinghe role of CB1 receptors in these cellsvil provide noveinsightsregardingthe
modulation of memory functions by specific cells types expressing CB1 rece@lotzmlly
dissectingthe role of CB1 receptors in different cellular populations in tpaysiological
modulation of learning and memoig important to understard brain functions and will help to
understand how dysregulations can lead to pathology.

The main objective of the thesis is to identify theellular and moleculamechanisns
by whichspecificCB1 receptors imliscretebrain neuronal and gliapopulations contribute to
the physiological modulatiorof learning and memory.

To address the main objective of this thesi® used a combination of genetics
(constitutive and conditional mutagenesis of CB1 receptors in yrdoepled with behavioral,
pharmacologicabnd in vitro and in vivo electrophysiological approackaiming at dissecting
the contribution of CB1 receptors the mechanisms memorformation.
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First, we studied thecellular mechanisms involved in th@hysiologicalmodulation of
long-term memory by astroglial CB1 receptorsDuring this work we addressed several
guestions regarding: 1) the role of astroglial CB1 receptotie modulation of longand short-
term memory formation, 2) the role of astroglial CB1 receptors in the modulation of LTP, 3) how
CB1 receptors control astroglial funct®to support gliotransmission and 4) we characterized
the mechanism that underlie the astroglial CB1 contraheinory functions.

To address these questions we used behavioral and vitro and in vivo
electrophysiological approaches in mice lacking CB1 receptors in brain astréaytiermore,
we complemented our study with the use gkeneral andlocal pharmacolgy, amino acid
guantification and local genetic approaches to dissect the cellular and molecular mechanism
involved in the astroglial CB1 modulation of memory functiortss first part of this thesis
resumed in the manuscript:

(Submitted
Astroglial ®1 receptors determine synapticderine availability to enable recognition memory

Laurie M. Robin*Jose F. Oliveira da Ctua/alentin C. Langlais*, Mario Martifernandez,
Mathilde MetnalLaurent, Arnau BusquetSarcia, Luigi Bellocchio, Edgar S@@ne, Thomas
Papouin, llaria Belluomo, Isabel Matias, Barbara Bosier, Filippo Drago, Ann Van Eeckhaut, llse
Smolders, Francois Georges, Alfonso Araque, Aude Panatier, Stéphane H' Rn@I&bvanni
Marsicand

*. equal contribution#. equal supervision

My main contributionto this work was to set up and germ in vivoelectrophysiology in
anesthetized mice and to analyze the datequired | addition, | performed experiments in
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Second, we studiedhe contribution of CB1 receptors in DBfostive cells in the
physiological modulationof memory formation. During this workwe aimed at exploring the
role of 1) CB1 receptors in fpbsitive cells in the modulating of shernd longterm object
recognition memory functions and to 2) investigate the role of these receptors in the
modulation ofLTP

To address these questions, we used a combination of behayvprtatmacologicahnd
in vivoelectrophysiologcal approaches in mice laitlg CB1 receptors in Bdositive cells (D1
CB1KO).The results obtained from this second amne presented ina manuscript that is
currentlyin preparation

Deletion of CB1 receptors in hippocampalukitive cells impairs object recognition memory
andassociated synaptic plasticity

Jose F. Oliveira da CruArnau Busquet$arcia, Luigi BellocchioZhe Zha, Filippo Drago,
Marijorie Varih, Giovanni MarsicaripEdgar Sori&gomeZ

*: equal contribution#. equal supervision

My main contribution to thisvork was to perform and analyze data collected fram
vivorecordings in anesthetized mickalso perforned experiments imovel object recognition
taskand participated to the analysis of theehavioraldata. | participated in the writing of the
manuscript.
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Abstract

Bidirectional communication between neurons and astrocytes shapes synaptic plasticity
and behavior. Dserine is a necessary emgonist of synaptic Nnethyl-D-aspartate receptors
(NMDAR), but thephysiological factors regulating its impact on memory processes are not
known. This study shows that astroglial €Beceptors are key determinants of object
recognition by determining the synaptic availability of-Berine in the hippocampus. Mutant
mice lacking CBreceptors from astroglial cells (GFAEB-KO) displayed impaired object
recognition memory and decreaseith vivo and in vitro long-term potentiation (LTP) at CA3
CA1 hippocampal synapses. Activation of;G8ceptors increased intracellular astroglial €a
levels and extracellular levels of -Berine in hippocampal slices. Accordingly, GFAR-KO
displayed lover occupancy of the c@agonist bindingsite of synaptic hippocampal NMDARS.
Finally, elevation of Bserine levels fully rescued LTP and memory impairments of GEBP
KO mice. These data reveal a novel mechanismnofivo astroglial control of memory and
synaptic plasticityvia the D-serine-dependent control of NMDARS.

Introduction

The endocannabinoid system is an important modulator of physiological functions. It is
composed of cannabinoid receptors, their endogenous ligands (the endocannabinoids)eand th
enzymatic machinerjor synthesis and degradation of endocannabingj@gmelli, 2003) The
presence of typel cannabinoid receptors (@Band the activitydependent mobilization of
endocannabinoids in many different brain regions, including the hipppcesmare particularly
involved in the modulation of several types of memory and associated cellular pro¢&sses
et al., 2009; Marsicano and Lafenetre, 200@preover, CBreceptors are expressed in different
neuronal types in the brain, including ibitory GABAergic and excitatory glutamatergic
neurons, where their stimulation negatively regulates the release of neurotransm{t&so et
al., 2009)

In addition to their localization on neurons, {JBceptors are also expressed in glial cells,
particularly astrocytegAndradeTalavera et al., 2016; Han et al., 2012; Min and Nevian, 2012;
Navarrete and Araque, 2008; Rasdwéjad et al., 2014)Astrocytes are the most abundant glial
cells in the central nervous systgMerkhratsky and Butt, 20138nd, based on the fact that they
are not able to generate action potentials, they were thought for more than a century to play an
important supportive and nutritive role for neurons, without actively participating in brain
information processingAllamanet al., 2011; Araque et al., 2014)lowever, it is now known
that astrocytes are much more complex and active cells and their functions overcome mere
passive support and nutrition of neurons. For instance, -pgniaptic astroglial processes
surrounding pre and postsynaptic neuronal elements form the€bl £ £ SR & i NR LI NI A @
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which is now considered an important unitary element underlying active brain plasticity where
astrocytes actively contribute to information process{#gaque et al., 2014; Peaeet al., 2009)

In vivo and in vitro studies showed that astroglial €Beceptor signaling indirectly
stimulates glutamatergic transmission onto hippocampal pyramidal neufdas et al., 2012;
Metna-Laurent and Marsicano, 2015; Navarrete and AraqueP2Qliveira da Cruz et al., 2016)

For instance, the amnesic effect of exogenous cannabinoids on spatial working memory is
mediated by astroglial GBreceptors through a NMDA&ependent mechanism in the
hippocampus(Han et al., 2012)Yet, the role olstroglial CBreceptorsin longterm memory
processes under physiological conditions and the precise mechanisms involved are still
unknown(Metna-Laurent and Marsicano, 2015)

D-serine is the ceagonist of synaptic NMDARs and its action is required to induce
different forms of synaptic plasticityHenneberger et al., 2010; Panatier and Oliet, 2006;
Papouin et al., 2012; Shigetomi et al., 2013; Sultan et al., 2@&1though the direct source of
the aminoacid is still under debatfAraque et al., 2014; Woloskeet al., 2016) there is
convergent consensus that its release within synapses requirésd€gendent astrocyte
activity (Araque et al., 2014; Wolosker et al., 201Blpwever, the physiological mechanisms
underlying the synaptic availability ofd2rineare not known.

Using a combination of genetic, behavioral, electrophysiological and biochemical
experimental approaches, in this study we asked whether the physiological activity of astroglial
CB receptors is involved in loagrm object recognition memagrand whether the mechanisms
involved imply the regulation of gligeuronal interactions. The results show that physiological
activation of astroglial GBreceptors in the hippocampus is necessary for Kergn object
recognition memory consolidatioma a mechanism involving the supply ofsBrine to synaptic
NMDARs and, consequently, the regulation of hippocampal synaptic plasticity. Thus, astroglial
CBreceptors determine the timeand spacespecific synaptic actions of astrocytes to promote
memory formation.
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Results

Hippocampal astroglial CBreceptors deletion impairs object recognition memory and in
vivo NMDARdependent LTP

To study the physiologat role of astroglial GBreceptors in memory, we tested
conditional mutant mice lacking €B=ceptors in glial fibrillary acidic protein (GFA®}itive
cells (GFAEB-KO mice)fHan et al., 2012n a longterm novel object recognition memory task
in anL-maze (NOR)BusquetsGarcia et al., 2011; Puighermanal et al., 2013; Puighermanal et
al.,, 2009) GFAFRCB-KO mice displayed a significant memory deficit as compared to their
control littermates Figure 1A see alsoFigure S1A with no alteration intotal object
exploration time Figure S1B Hippocampal NMDARs are involved in many forms of memory
(Kandel, 2002; Puighermanal et al.,, 2009; Warburton et al., 2048)the involvement of
hippocampal NMDARs on NOR memory is still under debate and seetepdad on specific
experimental conditiongBalderas et al., 2015; Warburton and Brown, 201%9 investigated
the role of these receptors in our task. Infngppocampal injectionKigure S1¥of the NMDAR
antagonist DAP5 (15 pg/side) immediately afteacquisition fully abolished memory
performance in wiledype mice Figure 1B see alsoFigure S1[} with no alteration in total
exploration time Figure S1E Thus, longerm object recognition memory in the NOR task
specifically requires astroglial Ofceptors and hippocampal NMDARSs signaling.

Activity-dependent plastic changes of synaptic strength, such astkmng potentiation
(LTP), are considered cellular correlates of memory formaikandel, 2002; Whitlock et al.,
2006) We recordedin vivo evokel field excitatory postsynaptic potentials (fEPSPsS) in the
hippocampal CAEA1 pathway of anesthetized wilgpe and mutant mice. Higfrequency
stimulation (HFS) induced LTP in wiyde C57BL/8N mice Figure 1C,Ppthat was fully blocked
by systemic tretment with the NMDAR antagonist MK801 (3 mg/kg, ipBigure 1C,
confirming its NMDAR dependency. Notably, this form of LTP was abolished irCGH&®
mice Figure 1E,F)showing that CBreceptors expressed in GFfBsitive cells are necessary
for hippocampal NMDARependent LTP inductioim viva Altogether, these data demonstrate
that astroglial CB receptors are essential for hippocampal NMDddpendent object
recognition memory and LTP.

Activation of CBreceptors increases astroglial €devels and Bserine release

Increase of astroglial intracellular €amodulates synaptic glutamatergic activity and
plasticity via the release of gliotransmitters, whose identity likely depend on the brain region
and the type of plasticity involvedAraqle et al., 2014; Sherwood et al., 201 Because
activation of CBreceptors generate Gasignals in astrocytefAraque et al., 2014; Metna
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Laurent and Marsicano, 2015; Oliveira da Cruz et al., 2@i®)mpaired memory and synaptic
plasticity inGFAFCB-KO mice might result from alterations of astrogliaf‘Gagulation and
signaling of specific hippocampal gliotransmitters.

First, we tested whether the GBeceptordependent modulation of intracellular &a
levels(GomezGonzalo et al., 2015; Min andeMan, 2012; Navarrete and Araque, 2008, 2010)
depends on direct activation of astroglial &8ceptors.Local pressure application of the CB
receptor agonist WIN55,212 (WIN) induced a reliable increase offOavels in somas and
principal processes of hippocampal astrocytes in slices from -GBART mice Figure 2AE).

As expectedGomezGonzalo et al., 2015; Min and Nevian, 2012; Navarrete and Araque, 2008,
2010) this effect was fully blocked by the QBceptor antagonist AM251 (2 pMgigure 2BB).
Notably, WIN had no effect in slices from GFXMRKO littermates Kigure 2BE), clearly
indicating the direct impact of astroglial OBceptor activation on intracellular €devels.

Astrocytes can release weral gliotransmittersiia C£™-dependent mechanisms, including
glutamate and Bserine that would directly impact NMDAR activiggxraque et al., 2014)
Therefore, we asked whether activation of @Bceptors might modulate the release of these
amino acidsApplication of WIN (5uM) to hippocampal slices did not alter intracellular tissue
levels of several potential gliotransmittergigure S2A)). However, the same treatment
slightly, but specifically increased the extracellular levels-8ebne Figure 2R), indicating that
activation of astroglial CB1 receptors can control the release of the gliotransmitter, which
depends on intracellular €5signalingBohmbach et al., 2017; Henneberger et al., 2010)

Hippocampal LTP requires control of synaptic levels D-serine by astroglial CB
receptors

D-serine is the ceagonist of hippocampal synaptic NMDARs and its presence is necessary
for LTP inductiorfBohmbach et al., 2017; Henneberger et al., 2010; Papouin et al.,. 2013,
astroglial CBreceptors mightcontrol the activity of NMDARs and the hippocampal LTP by
regulating the synaptic levels of-42rine. To test this hypothesis, we assessed theeiihe
occupancy of the NMDAR -egonist binding sites in CA1 hippocampal synapses, by measuring
the impact ofexogenous applications of the aminoacid on NMBbAd&liated fEPSPs in acute
hippocampal slicegPapouin et al., 2012)Bath application ofD-serine (50 uM)increased
NMDARdependent fEPSPs in both GFBR-WT and GFAEBB-KO mice Kigure 3A,B
Strikingly, however, the effect ofD-serine was twice more pronounced in the absence of
astroglial CBreceptors Figure 3A,B indicating that astroglial GBeceptors are necessary to
maintain appropriate concentrations of-§erine within the synaptic cleft and catuently
ensuring a proper level of occupancy of NMDARgonist binding site.
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Next, we asked whether astroglial CB1 receptors control synaptic plasticity by regulating
NMDAR signalingia D-serine.In vitro electrophysiological recordings revealed tHaFAFCB-
WT and GFABB-KO have comparable inpout relationships, indicating that the deletion of
astroglial CBreceptors does not alter intrinsic dynamic excitability of hippocampal circuits
(Figure SR Similarly toin vivo electrophysiologicalresults, however, HF8duced LTP in
hippocampal slices was significantly reduced in GEBHKO mice as compared to GFBB-
WT Figure 3¢ The exogenous application ofserine (50 uM) had no effect in slices from
GFAFRCB-WT mice, but it fully rescueth vitro LTP in GFAGB-KO littermates Figure 3D,E
Similarly, the lack oin vivoLTP observed in GFREB-KO was fully restored by thgystemic
administration of Bserine (50 mg/kg, i.pKigure 3FH). These results show that astroglial,CB
receptorsregulate the synaptic levels of the NMDARagmwmnist Bserine necessary for NMDAR
dependentin vitroandin vivoLTP.

Astroglial CBreceptors determine NOR memowa D-Serine

If, as shown above, astroglial Oféceptors determine the activity of NMDARE the
control of synaptic Berine levels, this mechanism might underlie the processing of NOR
memory. Strikingly, a suéffective dose of Eserine (i.e. having no effect on memory
performanceper se 50 mg/kg, i.p.Figure S4Areverted the memory impanent of GFARCB-

KO miceFKigure 4Asee alsd-igure S4B )CThis effect of Berine in GFAERB-KO mice was not
present when the injection occurredtour after acquisition or immediately before testigure
S4D, [ indicating that only the initial phasef NOR memory consolidation is altered in the
mutant mice. Notably, administration of a sefffective dose Kigure S4fof the inhibitor of D
aminoacidoxidase AS05278 (50 mg/kg, i.p.), which increases endogensesri2 levelsn vivo
(Adage et al., 2008 also rescued the phenotype of GFEB-KO mice Figure 4B see also
Figure S4GH Moreover, postacquisition intrahippocampal injections of Berine (sub
effective dose of 25 ug/sidésigure Slalso restored NOR memory performance in GERP
KOmice Figure 4Csee alsarigure S4J) This suggests that the hippocampus is the brain
region where astroglial GBeceptors control NMDA#ependent memory formatiorvia D-
serine signaling. GFAFB-KO mice, however, carry a deletion of t8& gene in GAPRpositive
cells in different brain region@osier et al., 2013; Han et al., 201@aving the possibility that
D-serine signaling in the hippocampus is remotely altered by deletion of astrogliaé€zptors
elsewhere. To specifically delete tkd gene in hippocampal astrocytes, we injected an adeno
associated virus expressing the CRE recombinase under the control of the GFAP prometer (AAV
GFARCRE/mCherry) or a control AMFAFGFP into the hippocampi of mice carrying the
G Tt 2 EBSécéptor gene(Marsicano et al., 2003Figure 4D). Mice injected with the CRE
recombinase were impaired in NOR memory performarféigure 4k see alsaFigure S4L,M
and, notably, the systemic injection otderine (50 mg/kg, i.p.) fully reversed this phenotype
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(Figure 1E see alsd-igure S4L,M Thus, hippocampal astroglial GBceptors are required for
NOR memory performance/ja the control of Dserine signaling during the initial phases of
memory consolidation.

Discussion

These results show that astroglial CBlegors are key determinants of physiological
consolidation of object recogniton memory in the hippocampuga C&*-dependent
mechanisms, they provide the synaptiesBrine levels required to functionally activate NMDARS
and to induce LTP in thkippocampal CA1 region. In turn, this process is necessary upon
learning to consolidate lonterm object recognition memoryHgure Sh By causally linking the
functions of a specific subpopulation of @Bceptors, astroglial control of NMDAR actiwig
the gliotransmitter Bserine and synaptic plasticity, these data provide an unforeseen
physiological mechanism underlying memory formation.

These data might shed light onto the pathway underpinningebne availability at
synapses. Indeed, whereas sdbecome increasingly clear that astrocytes control the activity
of NMDARs at synapses througks&ine (Henneberger et al., 2010; Panatier and Oliet, 2006;
Papouin et al., 2012; Shigetomi et al., 2013; Sultan et al., 26i&physiological determinants
that regulate Dserine availability at synapses have remained unknown. Our data clearly link the
activity of astroglial GBeceptors to the activation of NMDAR& the modulation of Bserine
occupancy of their cagonist bindingsite. Astrocytes occupgon-overlapping domains of the
neuropil where they survey the activity of thousands of synapd&sshong et al., 2002;
Pannasch and Rouach, 2013; Papouin et al., 2@d)the other hand, endocannabinoids are
locally mobilized at synapses in an acthdgpendent manner and their actions are rather
limited in space and timéCastillo et al., 2012; Kano et al., 2009; Piomelli, 2008refore,
astroglial CBreceptors may act as sensors integrating the overall intensity of local synaptic
activity within theterritory of specific astrocytes and this information may then be used to
adjust the availability of 8erine and the activity of NMDARSs. In this context, we propose that
the astroglial CBdependent regulation of Berine supply is a major mechanism deténing
how much DBserine each astrocyte contributes to make available to NMDARs as a function of
neuronal activity within its territory.

The direct release of-Berine by astrocytes has been recently questioned, suggesting that
astrocytes release-¢ering which, in turn, shuttles to neurons to fuel the neuronal synthesis of
D-serine(Wolosker et al., 2016)0ur data do not directly address this issue, but they support
the idea that astrocyte functions and synaptis€&rine actions are required for hippaopal LTP
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(Henneberger et al., 2010; Sherwood et al., 2017; Wolosker et al., .ZD@3, independently of
their direct source, synaptic-Berine levels are under the control of {QBceptors specifically
expressed in astrocytes, whose activation increasstsoglial C#' levels and promotes Berine
occupancy of synaptic NMDARs, eventually controlling specific forinsvofoandin vitro LTP
and object recognition memory.

Generalized activation or inhibition of CEceptors does not reliably reflect theighly
temporally and spatiallyspecific physiological functions of the endocannabinoid system
(Busquets Garcia et al., 2016; Busqe@trcia et al., 2015)ndeed, previous data showed that
deletion of astroglial CB1 receptors abolishes the impairmérigpocampal working memory
by cannabinoid agonists, but it does not alter this form of shenn memoryper se(Han et al.,
2012) thereby leaving open the question of the physiological roles of astrogliaeCé&ptors in
the hippocampus(Metna-Laurentand Marsicano, 2015; Oliveira da Cruz et al., 20I8)s
guestion could not be addressed using global genetic or pharmacological inactivation of CB
receptors, because it is known that {Bceptors expressed in different cellular subpopulations
have ofen very diverse and even opposite impact on brain functi@Bisquets Garcia et al.,
2016; Busquetssarcia et al., 2015pnd this is particularly true between neurons and astroglial
cells (Metna-Laurent and Marsicano, 2015; Oliveira da Cruz et al., 20h6ged, global
pharmacological activation, blockade and genetic deletion qfr&@®ptors are not able to catch
subtle but important effects of endocannabinoid signaling. For instance, recent data show that
deletion of theCB gene in hippocampal GABAergic or glutamatergic neurons induces opposite
alterations ofin vitro LTP(Monory et al., 2015) suggesting that results obtained by global
receptor manipulation might be confounded by contrary physiological functions of call typ
specific subpopulations of CRceptors. Thus, the present results determine an unforeseen link
between endogenous activation of astroglial ;GBceptor signaling and loAgrm memory
consolidation. Moreover, by showing the involvement ofs&ine and WIDAR in these
processes, our data provide an unexpected synaptic mechanism for this physiological function.

The deletion of theCB gene in our study is induced by tamoxifen treatment of GE&P
KO mice or local injection of AAMe under the control of eEGFAP promoter into the
hippocampus ofCB-flox mice. These procedures occur few weeks before testing, excluding
potential compensatory confounding events during prand postnatal development.
Moreover, the phenotypes of GFATB-KO mice in NOR and LTie aescued by increasing-D
serinedependent NMDAR signaling at the moment of memory consolidation or
electrophysiological analysis. Therefore, we can conclude that the control of synaptic NMDAR
plasticity and of NOR memory by astroglial; @8ceptors is da to acute alterations of
hippocampal circuitries during memory formation and LTP induction. An additional potential
confounding factor is the role played by bothsBrine (Sultan et al., 2015nd CB receptors
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(GalveRoperh et al., 2007n adult neurogeesis. Due to the expression of GFAP in precursor
neurons, we cannot fully exclude that neurogenesis might play a role in the mechanisms
described. However, GBeceptors expressed in GFfBsitive cells are necessary for LTP at
CA3CAL hippocampal synapséhat are likely not influenced by neurogenesis events, which are
known to specifically impact dentate gyrus circiiMassa et al., 2011)

The role of CBreceptors expressed in GFfiBsitive cells in NOR appears to be limited to
the early phases of mmory consolidation. Indeed, whereas the injection ofsdine
immediately after memory acquisition fully rescues the phenotype of GFRAKO mice in
NOR, the same treatment as soon as 1 hour after or just before memory retrieval has no effect.
This is nadble, because it indicates a very early engagement of astrocyte signaling in memory
processing, underlying the importance of gh@uronal interactions at crucial phases of
cognitive processes.

In conclusion, our data provide a novel neurobiological amhere the tight interaction
between astrocytes and neurons required for the formation of object recognition memory is
under the control of astroglial GBeceptors. Thus, by determining the physiological availability
of D-serine at NMDARSs, astroglial;@G8ceptors are key causal elements of spatial and temporal
regulation of glianeuron interactions underlying synaptic plasticity and cognitive processes in
the brain.
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Figure 1.Hippocampal astroglial GBeceptors are necessary for NMDARpendent
object recognition memory anéh vivoLTP (A) Memory performance of GFAEB-WT mice
(n=10) and GFAEB-KO littermates (n=11) in the NOR tasR) Effects of intréhippocampal
infusions of vehicle (n=10) or-AP5 (15 pg/side; n=8) on NOR performan(@,D High
frequency stimulation in the CA3 area of hippocampus induces NMi2pénhdent LTP i€AL
stratum radiatum (©Q Summary plots of normalize@&PSPs in anesthetized mice under vehicle
(n=6) or MK 801 treatment (3 mg/kg; i.p.; n=3)) Bar histograms of normalized fEPSPs from
experiment O, 40 minutes after HFSE,§ In vivoLTP is absent in GRAB-KO mice. K)
Summary plots of normalized fEPs in GFABB-WT (n=9) and GFAPB-KO littermates (n=6).
(P Bar histograms of normalized fEPSPs from experingnin 40 minutes after HFS. Data,
mean = SEM. *, P<0.05, **, P<0.01, ***, P<0.001. Bd#es S1 and S@r detailed statistics.
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Figure 2.Activation of astroglial GBreceptors enhances intracellular €devels in
astrocytes and extracellular-gerine. A) Representative image of a hippocampal astrocyte
stained with SR101 and Fluo4, and pseudocolor images representing fluoresotansties
before and after WIN 515,212 (WIN) application, with the correspondent’Caaces (numbers
refer to different subcellular locations on the astrocytedB) Somatic calcium event probability
before and after WIN (at time=0) in GFEB-WT incontrol conditions (white) and in the
presence of AM 251 (2 uM; grey), and in GIARKO mice (black) Somatic calcium event
probability before and after WIN in GFARB-WT in control conditions (white; n=9 slices and 79
somas) and in the presence AM 251 (grey; n=12 slices and 159 somas), and in GBARO
mice (black; n=16 slices and 145 somab)). Galcium event probability in the processes before
and after WIN (at time=0) in GFARB-WT in control conditions (white) and in the presence of
AM 2581 (2 uM; grey), and in GFARB-KO mice (black)E( Calcium event probability in the
processes before and after WIN in GFAB-WT in control conditions (white; n=8 slices and 171
processes) and in the presence of AM 251 (grey; n=8 slices and 140 ps)casdan GFACB-

KO mice (black; n=10 slices and 189 processEs).Qetermination of Bserine, Glycine, -L

glutamate and GABA as measured by capillary electrophoresis in extracellular solutions of acute

hippocampal slicePata, mean + SEM. *, P<0.05,P<0.01, ***, P<0.001. Sekables S1 and S2
for detailed statistics.
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Figure 3.Astroglial CBreceptors control LTP induction throudhserine. £) Summary
plots showing the effect of Berine application on NMDAR-agonist binding site occupanay
slices from GFABB-WT mice and GFAPB-KO littermates. Traces represent 60 superimposed
NMDARfEPSPs before (1, black) and after (2, gBeggrine application.§) Bar histograms of
normalized NMDAREPSPs from experimem)(measured 2810 min afer D-serine application.
(© In vitroLTP is impaired in GFAB-KO mice. Summary plots of normalized fEPSPs in slices
from GFARCB-WT (n=16) and GFAFB-KO mice (n=12) before (1) and after (2) high frequency
stimulation (HFS).) D-serine applicationrescues LTP in slices from GEMRKO mice.
Summary plots of fEPSPs showing the effect-séiihe (50 uM) on LTP in slices from GE&P
WT (8) and GFABB-KO mice (n=7). InQ( and D), traces represent 30 superimposed
successive fEPSPs before (1cklaand after (2, grey) the HFS stimulation (arro\k). Bar
histograms of fEPSPs from experimer@s) measured 340 min after HFSF(Q Summary
plots of normalized fEPSPs in GFARWT §) and GFARCB-KO littermates @) treated with
vehicle (GFAEB-WT, n=4; GFAEBB-KO, n=7) or Berine (GFAEB-WT, n=6; GFAEBB-KO,
n=5). {) Bar histograms of normalized fEPSPs from experinkaand G), 40 minutes after HFS.
Topof each summary plot, representative traces of each recording before (1, black®en(Z
grey) HFS stimulation (arrow)Data, mean + SEM. *, P<0.05. $ables S1 and S2r detailed
statistics.
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Figure 4.Hippocampal astroglial GBeceptors are necessary for object recognition
memory through Dserine (A) Memory performanceof GFAFCB-WT and GFARB-KO mice
injected with vehicle (n=5 both groups) orserine (50 mg/kg; i.p; GFAFB-WT, n=4; GFAP
CB-KO, n=5).8) Memory performance of GFAEB-WT and GFARB-KO mice injected with
vehicle (GFAERB-WT, n=8; GFAEBB-KO, n8) or AS05278 (50 mg/kg; i.p; GFBR-WT, n=9;
GFARCB-KO, n=8). @ Memory performance of GFAPB-WT and GFAEBRB-KO mice intra
hippocampally injected with vehicle (GFEB-WT, n=5; GFABRB-KO, n=7) or Berine (25
ug/side; GFAREB-WT, n=5; GFARB-KO, n=7).)L YYdzy 2 Ff dz2 NS A OSy OS F2NJ &
NeuN (white) in the hippocampus of mice injected with ABIVARCREMCherry (red)Filled
arrows, cells ceexpressing s100and Cre. Empty arrows, cells expressing only Scale bar:
50uM. Bottom right, quantification of eexpression indicating the percentage of neurons
(NeuNpositive) and astrocytes (S1008 positive) containing Cre recombinase over the total Cre-
positive cells (left superposed bars) and the percentagerefpGsitive cells over the whole
population of neurons and astrocytes (right superposed bars). Data are ff8rae2tions per
animal from 8 mice injected with AASFARCRE.H) Memory performance ofCB-flox mice
intrahippocampally injected with either ahAVVGFAFGFP or a AABGFAFCRE and treated with
vehicle (AAVGFAFGFP, n=6; AABFAFCRE, n=8) or-Berine (50 mg/kg; i.p; AABFAFGFP,
n=7; AAYVGFAFCRE, n=8)~HH) Dserine (50 mg/kg; i.p.) rescué@s vivoLTP in GFABGB-KO
mice.Data, meant SEM. **, P<0.001SeeTables S1 and S@r detailed statistics.
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SUPPLEMENTARY ONLINE METHODS
Animals

All  experiments were conducted in strict compliance with the European Union
recommendations (2010/63/EU) and were approved by the French Ministry of Agriculture and
Fisheries (authorization number 3306369) and the local ethical committee (authorization
number A50120118). Twa three monthsold naive male C57BL/6N (JANVIER, Francelip€B
(YAOS OF NNE A gBgené K" dand mhate SEARS-KO mutant mice and GFATB-

WT littermates were used. Animals were housed in groups under standard conditions in a
day/nightcycle of 12/12 hours (light on at 7 am). Experiments were conducted between 2 and 5
pm. Mice undergoing surgery were housed individually after the operation.

GFARCB-KO mice were generated using the Cre/loxP system as previously desd¢Fiaedet
al., 202 airOS OF NNEGB/gaEne CK'S (Mardidarb tetSaR, £2003)ere crossed
with GFARCreERT2 micgHirrlinger et al., 2006)using a threestep backcrossing procedure to
obtain CRB"CFAFCERT2 ang CB" littermates, called GFABB-KO and GFARB-WT,
respectively. As CreERT2 protein is inactive in the absence of tamoxifen tredtimneimger et
al., 2006) deletion of theCB gene was obtained in adult mice-@7weeksold) by daily i.p.
injections of tamoxifen (1 mg dissolved at 1@/ml in 90% sesame oil, 10% ethanol, Sigma
Aldrich, St Quentin, France) for 8 days. Mice were us&dwieks after the last tamoxifen
injection(Han et al., 2012)

Drug preparation and administration

For behavioral experiments-gerine (Ascent Scientific, United Kingdom) was dissolved either in
0.9% saline for systemic injections in order to inject 10 ml/kg of body weight in each mouse. For
intra-hippocampal infusions, -Berine was dissolved in artifal cerebrespinal fluid (aCSF).
AS05278 (Sigmaldrich Francg was dissolved in 0.9 % saline added with 2% DMSO, 10%
ethanol. DAP5 (Sigm&ldrich Francg was dissolved in artificial cerebrospinal fluid (aCSF). All
vehicles contained the same amountt smlvents. All drugs were prepared freshly before the
experiments. All drugs were injected either intraperitoneally (i.p.) or Hhipgpocampally
immediately after the acquisition phase of the NOR task (see below), except for AS05278, which
was injected zhours before, based on published data indicating the peak of endogeneus D
serine at this time poinfAdage et al., 2008)-serine was also intraperitoneally injected 1 hour
after the acquisition and right before the test session.

Intra-hippocampal drug ifusions (see below) were performed with the aid of@fuge injectors
protruding 1.0 mm from the end of the cannulae. The volume infused was: 0.3 ul at a rate of 0.3
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ul/min. After infusion, injectors were kept in place for 60s to prevent outflow of ingkcte
solutions.

Intra-hippocampal drugs and virus delivery

Mice (812 weeks of age) were anesthetized by intraperitoneal injection of a mixture of
ketamine (100mg/kg, Imalgene 500®, Merial) and Xylazine (10mg/kg, Rompun, Bayer) and
placed into a stereotaxicpgparatus (David Kopf Instruments, CA, USA) with mouse adapter and
lateral ear bars. For intrhippocampal infusions of drugs, mice were bilaterally implanted with
23-gauge stainless steel guide cannulae (Bilaney, Germany) following stereotaxic coordinates
(Paxinos and Franklin, 2001) aiming at the dorsal hippocampug (AR L £ 1, DV1.3 mm),

Guide cannulae were secured with cement anchored to the skull by screws. Mice were allowed
to recover for at least one week in individual cages before the beginafrthe experiments.
During the recovery period, mice were handled daily.

For viral intraHPC AAV delivery, mice were submitted to stereotaxic surgery (as above) and AAV
vectors were injected with the help of a microsyringe (0.25 ml Hamilton syringeavid@rgauge

beveled needle) attached to a pump (UMB3World Precision Instruments, FL, USA). Mice

were injected directly into the hippocampus (HPC) (0.5 pl per injection site at a rate of 0.5 ul per
min), with the following coordinates: dorsal HPC,-AB; ML +1; DV2.0 and-1.5; ventral HPC:

AP-3.5; ML x2.7; DV4 and-3. Following virus delivery, the syringe was left in place for 1
minute before being slowly withdrawn from the brain. CB1flox/flox mice were injected with
AAVGFAFGFP (control) or AABFARCRE (fused to mCherry, serotype 9, UNC Vector Core,

USA) to induce deletion of the CB1 gene in hippocampal astroglial cells. Animals were used for
experiments 45 weeks after injections. Mice were weighed daily and individuals that failed to

regain thepre-surgery body weight were excluded from the following experiments. To verify the
correct pattern of CRE expression and localization, mice were transcardially perfused with
paraformaldeyde and their brains were sliced with a vibratome. 40pm hippocasguions

incubated with primary antibody directed against S100@ (Rabbit polyclonal, Sigma Aldrich,

France) and NeuN (Mouse monoclonal, Millipore, France). Secondary antibodies incubation was
performed in order to detect S100ERwith Alexa488 (Thermo Scientific, France) and NeuN with
Alexa647 (Thermo Scientific, France). Single plane confocal images were acquired with an SP8
confocal microscope (Leica, France) and minimally processed with ImageJ software. Automatic
quantification of mCherry (CRE positive),510 | YR kb Sdzb SELINB&aaAy3a OS¢
ImageJ software as previously described (REF Bolte S et al., Journal of Microscopy 224 (3)
December 2006). Briefly, after threshold subtraction and crosstalk correction, the number of

cells ceexpressingMCGBNNE k { mann 2NJ Y/ KSNNEKkbSdzb 61+ a Fdzi2Yl
Fylrfearaeg G22f 2F (GKS &a-kxpréssing 2efisivete Nlpessed /inkK S NINE
percentage of CRE positive cells as well as percentage of total S100 cells. On the other hand,
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mCherryNeuN ceexpressing cells were reported as percentage of CRE positive cells as well as
percentage of total NeuN cells.

Novel objectrecognition memory task

We used the novel object recognition memory task inradze (NOR(BusquetsGarcia et al.,
2013; BusquetsGarcia et al., 2011; Puighermanal et al., 2013; Puighermanal et al.,. 209)
compared to other hippocampalependent memory tasks, this test presents several
advantages for the aims of the present study: (i) the acquisition of NOR occurs stepnand
previous studies revealed that the consolidation of this type of memory is deeply altered by
acute immediate postraining administration of cannabinoids via hippocampal €&8eptors
(Puighermanal et al., 2013; Puighermanal et al., 200Q)the NOR test performed in arhaze
decrease variability and give strong and replicable resulik;tlfis test allows repeated
independent measurements of memory performance in individual anifralgghermanal et al.,
2013) thereby allowing withirsubject comparisons, eventually excluding potential individual
differences in viral infection.

The task took place in adhaped maze made of dark grey polyvinyl chloride shaped by two
identical perpendicular arms (35 cm and 30 cm long respectively for exterdaingernal L

walls, 4.5cm wide and 15 cm high wafidaced on a white backgroun@usquetsGarcia et al.,

2011; Puighermanal et al., 2009he task occurred in a room adjacent to the animal house with

a light intensity fixed at 50 lux. The maze wasrhung by a video camera allowing the
RSGSOGA2Yy YR a02NAy3 2FFtAYyS 2F [yAYlIfQa 0SK
The task consisted in 3 sequential daily trials of 9 minutes each. During the habituation session
(day 1), mice were placed in the center of the maze alholved tofreely explore the arms in

the absence of any object¥he acquisition session (day 2) consisted in placing the mice again in
the corner of the maze in the presence of two identical objgaisitioned at the extremities of

each armand left to freely exmire the maze and the objects. The memory test occurred 24
hours later (day 3): one of the familiar objects was replaced by a novel object different in its
shape, color and texture and mice were left to explore both objects.

The position of the novel objeeind the associations of novel and familiar were randomized. All
objects were previously tested to avoid biased preference.

The apparatus as well as objects were cleaned with EtOH (70 %) before experimental use and
between each animal testing.

Memory perfamance was assessed by the discrimination index (DI). The DI was calculated as
the difference between the time spent exploring the novel (TN) and the familiar object (TF)
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divided by the total exploration time (TN+TF): DI=[TRY[TN+TF]. Memory was alsoatvated
by directly comparing the exploration time of novel and familiar objects, respectively.

Object exploration was defined as the orientation of the nose to the object at a distance of less
than 2 cm. Experienced investigators evaluating the explaratiere blind of treatment and/or
genotype of the animals.

In vivoelectrophysiology

GFARCB-KO and WT littermate mice were anesthetized in a box containing 5% Isoflurane
(VIRBAC, Francdéjefore being placed in a stereotaxic frammaddel SFEM-HT, Narishige
International, London, UKn which 1.0% to 1,5% of Isoflurane was continuously supplied via an
anestheticmask during the complete duration of the experiment. The body temperature was
maintained at 37°C using a homeothermic system (model@¥-F, Harvard Apparatus, MA,
USA)and the complete state of anesthesia was assured through a mild tail pinch. Before
surgery, 100 pl of the local anesthetic Luroc&if\etoquinol, Lure, France) was injected in the
scalp region. Surgical procedure startedhna longitudinal incision of 1.5 cm in length aimed to
expose Bregma and Lambda. After ensuring correct alignment of the head, two holes were
drilled in the skull to place: a glass recording electrode, inserted in thes@#tum radiatum

and one concentc bipolar electrode (ModeNE100, KOPF Instruments, Tujunga, CA, WSA)

the CAS3 region using the following coordinates: 1) €fdtum radiatum A/P-1.5 mm, M/L-1.0

mm, DV 1.20 mm; CA3: AR.5 mm, M/L-2.8, D/V-2.0 mm. The recording electrode (tip
diameter=tH >¥< am0 ¢+ a FAffSR GAGK | w2 LRY(GFYAYS
acetate. At first the recording electrode was placed by hand until it reached the surface of the
brain and then to the final depth using an automatic micropositiofMIM1002, M2E, France).

The stimulation electrode was placed in the correct area using a micromanipulateZ (WNIE,
France). Both electrodes were adjusted to find the area with maximum respdnseivo
recordings of evoked field excitatory postsytiappotentials (fEPSPs) were amplified 10 times

by Axoclamp 900Aamplifier (Molecular Devices, Sunnyvale, CA, USA) bdfeirg further
amplified 100 times and filtered (low pass at 1 Hz and-piggs at 5000Hz)a a differential AC
amplifier (model 1700A-M Systems, Sequim, WA, USA). fEPSPs were digitized and collected on
line using a laboratory interface and software (CED 1401, SPIKE 2; Cambridge Electronic Design,
Cambridge, UK). Test pulses were generated through an Isolated Constant Current Stimulato
(DS3, Digitimer, Hertfordshire, UK) triggered by the SPIKE 2 output sequencer via CED 1401 and
collected every 2 s at a 10 kHz sampling frequency and then averaged every 300 sec. Test pulse
intensities were typically between 860 pA with a duration 0600 ps. Basal stimulation
intensity was adjusted to 380% of the current intensity that evoked a maximum field
response. All responses were expressed as percent from the average respesweed during

the 10 min before high frequency stimulation (HFHS was induced by applying 3 trains of 100
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Hz (1 sec each), separated by 20 seconds interval. fEPSP were then recorded for a period of 40
minutes. In the specific group of mice the following treatments were applied: 1) MK 801
(Abcam, Cambridge, UK; 3 rkg/ i.p., dissolved in saline, approx. 60 min before HFS) or vehicle
(saline, i.p., approx. 60 min before HFS) Xebne (Abcam, Cambridge, UK; 50 mg/kg, i.p.,
dissolved in saline) approx. 2 hours before HFS or vehicle (saline, i.p.). At the end of each
experiment, the position of the electrodes was marked by iontophoretic infusion of the
recording solution during 180s a0 pA and continuous current discharge over 20 seconds at
+20 A for recording and stimulation areas, respectively. Histologicalkegioh was performed

ex Vvivo

In vitro Electrophysiology

Coronal hippocampal slices (350 um) were prepared from adult @BAWT or GFARB-KO

mice as described previouslPPapouin et al., 2012)Briefly, mice were anesthetized with
isoflurane and therdecapitated. The brain was quickly extracted and placed in aCSF saturated
with 95% Qand 5% C@® ACSF contained (in mM): 125 NacCl, 2.5 KCI;HR@ 1.2 MgCl, 0.6

Cadl, 26 NaHC®and 11 mM glucose (pH 7.4; 300 mosmol/kg). Coronal slices were cutafrom
block of tissue containing the hippocampus using a vibratome (Microm HM 650V). Slices were
hemisected and maintained at 33°C during 30 min in ACSF containing this time, 2 miridgCl

1 mM CaGl Then, they were allowed to recover at room temperaturedbleast 1h.

Slices were transferred into a recording chamber perfused with ACSF (2.8 ml/min) containing

1.3 mM MgGland 2.5 mM Cagland maintained at 30°C. Field excitatory postsynaptic
potentials (fFEPSPs) slope were recorded with a Multiclamp 700@lifeer (Axon Instruments,

Inc.) using pipettes @ am0 FAf f SR ¢ A ( K stratun{ rédiaturnyoRCALKrédaO S R A
{8yl LWAO NBalLlRyaSa oSNB S@21SR |4 nonp 11 oe
Schaffer collaterals using a concentricbip  NJ G dzy3aiSy St SOGNRBRS LJ I O
recording electrodes. For LTP experiments, stimulation intensity was set to 35% of that
triggering population spikes. After a stable baseline of at least 10 minutes, LTP was induced by
applying a higHrequency stimulation (HFS) protocol consisting of a 100 Hz train of stimuli for 1

s repeated three times at 20 s intervals. NMB¥ERSPs were recorded in low M&CSF (0.2

mM) with 2,3dihydroxy6-nitro-7-sulfamoyibenzo[flquinoxaline2,3-dione (NBQX; 10M) to

block AMPA/kainate receptors. At the end of each experimem\PB (50 uM), was applied to

isolate the remaining GABAergic component which was then subtracted from the responses to
obtain pure NMDAREPSPs. Average fEPSP and NMERRP traces corigand to 10 min and

20 min of stable recording, respectively. For clarity the stimulation artifact was deleted.

Signals were filtered at 2 kHz and digitized at 10 kHz. Data were collected and analyzed using
pClamp9 software (Axon Instruments, Inc.).
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Ca* Imaging

Cd" levels in astrocytes located in the stratum radiatum of the CA1 region of the hippocampus
were monitored by fluorescence microscopy using thé*@adicator flue4 AM (Molecular
Probes, Eugene, OR). Slices were incubated with4flad (2 pl o2 mM dye were dropped

over the hippocampus, attaining a final concentration of 2 uM and 0.01 % of pluronic -8fr 20

min at room temperature. In these conditions, most of the cells loaded were astrocytes, as
confirmed by their electrophysiological propess and SR101 staining. Astrocytes were imaged
using a Leica SP5 multiphoton microscope and images were acquired at 1 to 2 Hz. Intracellular
Cd* signals were monitored from astrocytic somas and processes and the signal was measured
as fluorescence ovdraseline [ (Fluorescenge Background fluorescencg - (Fluorescenceg-
Background fluorescencg)]/ (Fluorescence - Background fluorescencgy and cells were
considered to display a €aevent when the calcium signal increased three times the standard
deviation of the baseline.

The astrocyte Gasignal was quantified as the probability of occurrence of d €aent (calcium
event probability). The Ghevent probability was calculated afe number of somas or
processes starting a calcium event per time bin in a field of view, divided by the number of
somas or processes in that field of viewl@ somas and 130 processes in each field of view).
Events were grouped in 10 s time bins. Tihee of occurrence of an event was considered to be
at the onset of the Cd event. The calcium event probability during 20 seconds before the WIN
515,2122 (WIN) application (200 uM, 3 s , 10 psi) was compared with the calcium event
probability in the tme bin after the WIN application. WIN was dissolved in DMSO and then 36 pl
of the DMSGWIN solution was diluted in 1 ml of ACSF, obtaining a final concentration of 200
UM used in the pressurpulse pipette. We estimate, based on quantifications of Alex4 59
fluorescence, that the WIN concentration becomes further diluted after being pressure ejected
in the bath ACSF to approximateld@ uM around the recorded cel(®avarrete and Araque,
2008) In some cases, experiments were performed in the presencéh@fGB antagonist
AM251 (2 uM). Mean values were obtained from at least 5 slices and 2 mice in each condition.

Measurement of aminoacids in hippocampal slices.

For the simultaneous measurement ofsBrine, glutamate, glycine and GABA, a capillary
electrophoresislaser induced fluorescence detection method was used.

Five hippocampi from adult C57&N mice (1612 weeks old) were isolated from 350 um slices
and incubated in 350 pl oxygenated ACSF containing 0.5 pM TTX with either vehicle (1/4000
DMSO) or WN 55,2122 (5 pM in DMSO) during 30 min at 31°C. Extracellular medium was
quickly extracted, frozen using liquid nitrogen and stored-8a°C. Extracellular levels BF

serine, glutamate, glycine and GABA were then determined. Briefly, pooled slices were
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deproteinized by addition of cold trichloroacetic acid (TCA) to a 4% final concentration. The
suspension was centrifuged at 16,800 g for 10 min, the TCA was extracted from the supernatant
with water-saturated diethyl ether and stored at80°C. Samples weranalyzed with a
commercial lasemduced fluorescence capillary electrophoresis-l@f (CE: Beckman Coulter
(Brea, California, US), P/ACE MDQ; LIF: Picometrics (Labége, Fratbéd2, l#10 nm 20 mW)

as following: samples were processed for micellBiLE and were fluorescently derivatized at

RT for 60 min with napthaler2,3-dicarboxaldehyde (NDA) before being analyzed by CE using a
hydroxypropy -cyclodextrin (H®-CD) based chiral separation buffer. All electropherograms
data were collected and afyzed using Karat 32 software v8.0 (Beckman Coulter, France). The
extracellular amounts ob-serine, glutamate, glycine and GABA were normalized to the protein
content determined from pooled hippocampal slices by the Lowry method using the BCA
protein Pigce (ThermoScientific, CA) assay with bovine serum albumin (BSA) as standards. The
quantity of D-serine, glutamate, glycine and GABA in the samples was determined from a
standardized curve while peak identification was made by spiking the fraction withrtieo

acid.

Statistical analyses

Data were expressed as mean £ SEM or single data points and were analyzed with Prism 6.0
(Graphpad Software), usingest (paired, unpaired or-§ample), Mann Whitney test or ANOVA

(One or TwoWay), where appropriate. BUY SG Q& F dhy&h+! 0 2N WAy FSNNR
ANOVA)posthoc tests were used. Statistical details for each quantitative experiment are
illustrated inTable S1for main figures) andable SZfor supplemental figures).
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Figure S1. Related to Figure 1)) @xploration time of the familiar (F) and the novel object (N) of
GFARCB-WT mice and GFAPB-KO littermates. B) Total exploration time of GFAPB-WT
mice and GFAEBB-KO littermates. @ Schematic drawing of local hippocampal injection (left)
and representative image of injection sites (righf)) Exploration time of the familiar (F) and
the novel object (N) of GBL/6N and GFAEB-WT mice intrahippocampally injected with
vehicle or DAP5 (15 pg/side) in the NOR task) Total exploration time of C57BLIM and
GFAFCB-WT mice intrahippocampally injected with vehicle orAP5 (15 pg/side). Data, mean
+ SEM. ** P<0.001, NS, not significaeeTable SZor detailed statistics.
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Robin et al. Figure S2

44 5
o o,
E 5 E T
: [ °
g £ 34
= c
—2 —
o )
< e,
= <
® 14 >
o O 11
0 0
control control
307 15
o
E o
2 £ I
20 — 104
: T :
n c
© <
glo- 2 54
2 1<)
1<)
0 0
control control W IN

Figure S2. Related to Figure Petermination of Bserine A), Glycine B), L-glutamate C)and
GABA D) as measured by capillary electrophoresis in mouse hippocampal slices treated with
vehicle or WINData, meart SEM. *, P<0.0SeeTable SZor detailed statistics.

JoséFernando Oliveira da CrgdDoctoral Thesig University of Bordeauand University of Catania

133



Robin et al.Figure S3
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Figure S3. Related to Figure Biput-output curves of fEPSPs in GFEB-WT (8) and GFACE-
KO mice (n=7Pata, meart SEMSeeTable SZor detailed statistics.
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Robin et al. Figure S4
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Figure S4. Related to Figure Effects of Bserine and AS05278 on NOR tagk. Effect of
vehicle or differentdoses of Bserine (25, 50 or 100 mg/kg, i.p.) on memory performance in
wild-type mice. Grey bar, subffective dose used in following experiment8) Total exploration
time of GFARCB-WT mice and GFAPB-KO littermates injected with vehicle or-4&rine (50
mg/kg, i.p.). © Exploration time of the familiar and the novel objects of GEBPWT mice and
GFARCB-KO littermates injected with vehicle or-$2rine (50 mg/kg, i.p.) immediately after
acquisition. D,B Exploration time of the familiar and the wel objects of GFABB-WT mice
and GFARCB-KO littermates injected with {3erine (50 mg/kg, i.p.)-thour after acquisition)
and immediately before tes. (F) Effect of vehicle or different doses of AS05278 (1, 3, 10, 30,
50 or 100 mg/kg i.p.) on nmeory performance of wildype mice. Grey bar, subffective dose
used in following experimentsG| Total exploration time of GFAEB-WT mice and GFAPB-
KO littermates injected with vehicle or AS05278 (50 mg/kg, id))Ekploration time of the
familiar and the novel object of GFATB-WT mice and GFAPB-KO littermates injected with
vehicle or AS05278 (50 mg/kg, i.pl).Effect of intrahippocampal vehicle or different doses of
D-serine (5, 25 or 50 pg/side) on memory performances of -tyiige mice Grey bar, sub
effective dose used in following experiments]) Total exploration time of GFAEB-WT mice
and GFARCB-KO littermates injected with intraippocampal vehicle or -Berine (25 pg/side).
(K) Exploration time of the familiar and the novddject of GFARZB-WT mice and GFAPB-KO
littermates injected with intrahippocampal vehicle or Berine (25 pg/side). I Total
exploration time of both objects of mice treated with vehicle es@&ine (50 mg/kg, i.p.;)M)
Object exploration time of tb familiar and the novel object oCB-flox mice intra
hippocampally injected with either a AAMFARGFP or a AABGFAFCRE, and treated with
vehicle or Bserine (50 mg/kg, i.p.). Data, mearSEM. *, P<0.05, **, P<0.01, ***, P<0.001, NS,
not significantSeeTable SZor detailed statistics.
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Robin et al. Figure S5

Object recognition Memory

Figure S5.Schematic summary of the results. In adult mice, at the hippocampaiGC2A3
synapse, astroglial CB1 receptors regulate cellulaf I€eels, synaptic Berine availability and

thus Dserinedependent synaptic NMDAR gating. By this means, astroglial CB1 receptors
control synaptic NMDARependent longerm potentiation (LTP) and object recognition
memory. eCB; endocannabinoid.
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Robin et al. Table S1

Analysis (post-hoc
Figure Conditions "n" (per group) test reported in Factors analyzed F-ratios P values
figures
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Genotype F(1,15) = 88.27 P <0.0001

A GFAP—CBlTWT Vs GFAF’—CB 1-KO 45 2-WAY ANOYA Genotype x Treatment F(1,15) = 63.23 P <0.0001
Vehicle vs D-serine (Bonferroni) Treatment

Interaction F(1,15) = 49.07 P <0.0001

Genotype F(1,30) = 3.62 P = 0.0668

GFAP-CB ;-WT vs GFAP-CB ;-KO 2-WAY ANOVA Genotype x _ _

4B Vehicle vs AS05278 8-9 (Bonferroni) Treatment Treatment F(1,30) = 4.39 P =0.0447

Interaction F(1,30) = 15.37 P =0.0005

Genotype F(1,20) = 2.48 P =0.1311

ac GFAP—CBlTWT Vs GFAI_?’—CB 1-KO 5.7 2-WAY ANOYA Genotype x Treatment F(1,20) = 14.12 P =0.0012
Vehicle vs D-serine (Bonferroni) Treatment

Interaction F(1,20) = 19.80 P =0.0002

Cell type F(1,60) = 444,4 P < 0.0001

Quantification of CRE/S110b and 2-WAY ANOVA _

4D CRE/NeuN co-expression 16 (Bonferron) Cell type x CRE CRE F(1,60) = 175,3 P < 0.0001

Interaction F(1,60) = 148,7 P <0.0001

Virus F(1,25) =8.74 P =0.0067

4p AAV-GFAP-GEP vs AAV-GFAP-CRE 6-8 ZWAY ANOVA \ 5 s x Treatment | Treatment F(1,25)=11.70 | P =0.0022

Vehicle vs D-serine (Bonferroni)
Interaction F(1,25) = 2.34 P =0.1384
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Robin et al. Table S2

IFZE Conditions 'n" (per group) Arﬁ';iﬁ; dpigsfi;zjor:s)tes{ Factor analyzed F ratios | P values
Exploration Novel object vs familiar
S1A GFAP-CB,-WT ’ 10 paired t-test P =0.0005
GFAP-CB ;-KO ’ 11 paired t-test P =0.2466
S1B GFAP-CB;-WT vs GFAP-CB;-KO 10-11 Unpaired t-test P=10.2306
Exploration Novel object vs familiar
S1D Vehicle ' 11 paired t-test P =0.0005
AP5 ’ 8 paired t-test P =0.1284
Exploration Novel object vs familiar
S1E
Vehicle vs AP5 8-11 unpaired t-test P =0.2637
S2A Control vs WIN 8 Mann-Whitney test P =0.1975
S2B Control vs WIN 7 Mann-Whitney test P =0.5350
52 Control vs WIN ' 5! Mann-Whitney test P =0.4206
S2D Control vs WIN 7 Mann-Whitney test P=1
Genotype F(1,24) = 2.63 P =0.1063
s GESP-CB r‘?lgéspi::)?:'/cf\;_ 11-16 2-WAY ANOVA (Bonferroni) Ge:fﬂ‘éﬁﬁ dxeFV Fv amp"“ﬁ;ga’zy) = | p<o0.0001
amplitude Interaction F(7,237) = 0.69 P =0.6809
S4A Dose of D-serine 5 1-way ANOVA (Dunnett's) F(3,16) = 2.194 P =0,0128
Genotype F(1,15) = 1.50 P =0.2394
S4B Sl SR NDER e 45 2-WAY ANOVA (Bonferroni) Genoype x| o iment F(1,15)= 0.46 | P = 0.5092
KO Vehicle vs D-serine Treatment
Interaction F(1,15) = 0.22 P =0.6455
Exploration Novel object vs familiar
GFAP-CB-WT / Vehicle ’ 5 paired t-test P =0.0002
S4C GFAP-CB;-WT / D-serine ’ 4 paired t-test P =0.0062
GFAP-CB ;-KO / Vehicle ’ 5 paired t-test P =0.2666
GFAP-CB ;-KO / D-serine ’ 5 paired t-test P =0.0034
Exploration Novel object vs familiar
S4AD GFAP-CB,;-WT ’ 4 paired t-test P =0.0308
GFAP-CB,-KO ’ 6 paired t-test P =0.5701
Exploration Novel object vs familiar
GFAP-CB;-WT / Vehicle ’ 7 paired t-test P =0.0032
S4E GFAP-CB;-WT / D-serine ' 10 paired t-test P <0.0001
GFAP-CB;-KO / Vehicle ’ 7 paired t-test P =0.2375
GFAP-CB;-KO / D-serine ’ 7 paired t-test P =0.5468
S4F Dose of AS05278 5-7 1-way ANOVA (Dunnett's) F(6,37) = 2.117 P =0.0744
Genotype F(1,32) =5.10 P =0.0309
s4G GF/:(F;%E;:I\;TV‘;S A(';E/;Z;EB - 89 2-WAY ANOVA (Bonferroni) ifggmiif Treatment F(1,32) =0.00 | P =0.9878
Interaction F(1,32) = 0.18 P=0.6771
Exploration Novel object vs familiar
GFAP-CB;-WT / Vehicle ’ 8 paired t-test P =0.001
S4H GFAP-CB;-WT/ AS05278 ’ 9 paired t-test P =0.0031
GFAP-CB;-KO / Vehicle ’ 9 paired t-test P =0.5975
GFAP-CB-KO / AS05278 9 paired t-test P =0.0392
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sS4l Dose of D-serine (hipp.) 4-10 1-way ANOVA (Dunnett's) F(3,23) = 5.043 P =0.0079
Genotype F(1,22) = 0.77 P =0.0.3887
s43 igx;i ;'\C'ST; ZeGnFn QP(;]?;?)' 5.7 2-WAY ANOVA (Bonferroni) ﬁf;g:ﬁp;:‘ Treatment F(1,22) =2.68 | P =0.01159
Interaction F(1,22) = 0.23 P =0.6336
Exploration Novel object vs familiar
GFAP-CB ;-WT / Vehicle ’ 5 paired t-test P =0.0002
S4K GFAP-CB,-WT / D-serine 5 paired t-test P =0.0018
GFAP-CB ;-KO / Vehicle ’ 7 paired t-test P =0.3847
GFAP-CB;-KO / D-serine ’ 7 paired t-test P =0.0017
Virus F(1,25) = 0.01 P =0.9419
S4L AAV—GFAP_G.FP e 6-8 2-WAY ANOVA (Bonferroni)  Virus x Treatment| Treatment F(1,25) =0.05 | P =0.8325
CRE: Vehicle vs D-serine
Interaction F(1,25) = 0.55 P =0.4649
Exploration Novel object vs familiar
AAV-GFAP-GFP / Vehicle ’ 6 paired t-test P =0.0036
S4aMm AAV-GFAP-GFP / D-serine ’ 7 paired t-test P =0.0019
AAV-GFAP-CRE / Vehicle ’ 8 paired t-test P =0.6639
AAV-GFAP-CRE / D-serine ’ 8 paired t-test P =0.0013
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PART2 ¢ DELETION OEB1RECEPTORS IN HIPRO™®M D1-POSITIVE
CELLS IMPAIRS OBJEETOGNITION MEMORYDAASSOCIATED SYNBPT
PLASTICITY
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Deletion of CB1 receptors in hippocampal pbsitive cells impairs object
recogntion memory and associated synaptic plasticity
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The endocannabinoid system is a major brain modulatory system controlling a plethora
of different functions such as memory and learning maingthe cannabinoid typel (CB1)
receptordependent modulation of neuronal and glial activityietna-Laurent and Marsicano,
HAMpI tA2YSEfAZ HnAnoI Higpachdiphl Dopahié typel JD1)like f & =
receptormediated transmission has been shown to underlie the consolidation of learning and
enhancenent of longterm potentiation (LTPJLisman et al., 2011, Li et al., 2003)though
functional crosgalk between CB1 and Bike receptors has been reported in other brain
regions(Bloomfield et al., 2016, Hermann et al., 2002, Terzian et al., 201k} is currently no
evidence of the expression of CB1 receptors irpDditive cells in the hippocampus and their
physiological role in the modulation of hippocampal functions remains largely unknown.

To addresghis issue we tested mutant mice lacking CB1 receptors Hpd3itive cells
(D2-CB1IKO mice)XMonory et al., 2007)n a hippocampal lonterm novel object recognition
memory task (NORT) using themaze (Fig. 1A). BAB1KO mice showed strong memory
impairment in longterm memory performance as compared to their wilgbe littermates (Fig.
1B), with no changein the overall total exploration time (Fig. 1C). Furthermore;CBEKO
mice displayed no impairment in the shderm memory version of NORT (Fig 1D, E, F),
indicating a specific role of CB1 receptors expressed ipd3itive cells in longerm memory
formation.
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CB1 receptors are abundant in fasitive medium spiny neurons of the striatum
(Monory et al., 2007)a region that can indirectly modulate memory by the regulation of
attentional and notivational states(Goldfarb et al., 2016, Tort et al., 2008)owever,
endogenous modulation of novel object recognition memdgpends on CB1 receptors in the
hippocampus (Robin et.alsubmitted). To address the specific contributioreathbrainregion
to the consolation of longerm memory, weinfused a viral vector leading to the Gilependent
expression of the CB1 receptatAA\FCAGDIGCB) or control (rAAMCAGDIO)in either the
hippocampus or the striatum of BABIKO mice. Thanks to the Gdependency of the viral
expression vector, this manipulation should lead to the selectivexgression of CB1 in cells
where its gee is deleted in the mutant mice. Anatomical studies are currently being performed
to confirm this directly. The infusion oARAVCAGDIGCBL1in the striatum of DACB1IKO mice
was not able to rescue the memory performance of the mutant mice (FAg.B2 Stikingly,
however, the same manipulation in the hippocampus fully rescued the NORT memory
phenotype of DICB1IKO mice Kig. A, B, indicating that hippocampal CB1 receptors in D1
positive neurons are necessary for the consolidation of f@mm memory.

Adivity-dependent plasticity of synaptic transmission is thought to be one of the cellular
mechanisms of hippocampal losgrm memory formation(Nicoll, 2017, Whitlock et al., 2006)
CB1 receptors in the hippocampus have been shown to be necessary for the induction of LTP
(Robin et al., submitted)To address the role of CB1 receptors in-d&tive cells in the
modulation of synaptic plasticity, we recorded vivo evoked field excitatory postsynaptic
potentials (fEPSPs) in the hippocampal €A1 pathway of anesthetizedutant mice (Fig. 3 A,
E). High Frequency Stimulation §JRvas able to induce a LTP of synaptic fEPSPs in both D1
CB1KO and wiletype littermates (Fig. 3 B, C, D), suggesting that CB1 receptors expressed in D1
positive cells are not necessary for LTP induction or maintenance in basal conditions. Exposure
to novelty has been shown to enhance letegm memory and hippocampal LTP by modulating
dopamine activity through hippocampal Hike receptors(Lemon and ManahaWaughan,
2006, Li et al., 2003suggesting that learning itself induce molecular chanteat influence
plasticity. To test the impact of learning on LTP, we trained animals in NORT and immediately
after we checked for the induction and maintenance of LTP (Fig. 3F). Interestingly, exposition to
training before HFS induced an LTP inajftk control animals (Fig. 3 G, H) that is impaired in
D1-CB1KO littermates (Fig. 3 G, H). Thus, physiological activation of CB1 receptors in D1
positive cells is not involved in basal conditions. pomecage), but it is required for learning
induced modul&on of LTP.

This study provides novel functional evidence that CB1 receptors expressed- in D1
positive cells control recognition memory and learrinduced modulation of LTP. The
modulation ofin vivoLTP and memory functions through D1 receptors in bgaopus has been
consistently showifFrey et al., 1990, Granado et al., 2008, Li et al., 2003, Lemon and Manahan
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Vaughan, 2006)owever the mechanism is not currently known. The presence of CB1 receptors
in cells expressing D1 receptors in the hippocampus has been sugdgk®kiadry et al., 2007)
and functional behavioral evidence connects its function with the modulation of aversive
memories(Micale et al., 2017)Although there is currently no definitive anatomical evidence
showing CB1 receptor in Eibsitive cells in théhippocampus, it has been recently reported
that they celocalize with Dipositive CCKand VGluT3ositive cellSGABAergic interneurons in
the hippocampus(Puighermanal et al., 2017Previous results show that CB1 receptors in
astrocytes are necessary for object recognition memory formation and (BRbBin et al.,
submitted). D1positive astrocytes have been recently described in the bffdegatomo et al.,
2017)and although it has never been reportélde presence of D1 receptors mppocampal
astrocytes, it has been recently shown thhis cell typerespond to Diagonistg(Jennings et al.,
2017) Thus, our data suggests that -Bapressing cells in the hippocampus might also be a
subclass of astrocytes.

Overall,these results provide further functional evidenoéthe role of CB1 reqxors in
the complex cell typelependent regulation of longerm recognition memory and synaptic
plasticity.
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Figure 1¢ CB1 receptors in Dpositive cells modulate the consolidation of lorgrm memory

formation.

(A, D Schematic representation of the Novel Object Recognition Task (NORT)-Maae Ito
evaluate long and shortterm memory, respectively.Bf Memory performance of BCBIWT
mice (n=9) and DCB1KO (n=8) littermates in the NOR task for ld@gn memory E) Memory

performance of DACBIWT mice (n=9) and BAB1IKO (n=7) littermates in the NOR task for
short-term memory. C, i Total object exploration during the testing phase forCBIWT and
D1-CB1KOin long and shortterm memory, respectively. Data mean + SEM. ***, P<0.001. ns,
not significant (DACBIWT vs DACB1KO)
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(A) Effects of viral rexpression of CB1 receptofidAAVCAGDIGCB1)in the hippocampal (n =
8) and striatal (n = 6) neurons of {&B1.KO mice and control virfldAVCAGDIO)(CTR) in the
D1-CBIWT mice (n = 14)BJ Total exploration during testing. ** P<0.01; ns, not significant
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Figure 3- CB1 receptors in Dpositive cells modulaten vivoLTP after learning

(A, B Schematic representation of the experimental desigmnofivoelectrophysiology. Mouse
hippocampus wasmplanted with a stimulation electrode (Stim.) at the CA3 Shaffer collateral
(Schaff.) fibers and a recording electrode (Rext.the CAlstratum radiatum. (B, G High
frequency stimulation (HFS) in the CA3 aredippocampus from DLBIKO (n=5) andavild-

type littermates (n=7) after homecage induces LTP inGAdstratum radiatum (F, G HFS in

the CA3 area of hippocampus fmoDXCB1IKO (n=8) and wiltype littermates (n=7) after
training induces LTP in tl@Alstratum radiatum (D, H Summary plots of normalized fEPSPs 60
min after HFS in anesthetized mice after homecage and after training. Traces represent 90
superimposed evked fEPSP. Data mean + SEM. *, P<0.05. ns, not significaDB@NT vs D4
CB1KO, 60 min after HFS).
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SUPPLEMENTARY ONLINE METHODS

Animals

Two to three monthsold naive male DCB1KO mutant mice and DTBIWT
littermates were usedMonory et al., 2007)Animals were housed in groups under standard
conditions in a day/night cycle of 12/12 hours (light on at 7 am).

Novel objectrecognition memory task

We used the novel object recognition memory task mLanaze (NORBusquetsGarcia
et al., 2013, BusquetSarcia et al., 2011, Puighermanal et al., 2009, Puighermanal et al., 2013)
As compared to other hippocampdépendent memory tasks, this test presents several
advantages for the aims of the pragestudy: (i) the acquisition of NOR occurs in one step and
previous studies revealed that the consolidation of this type of memory is deeply altered by
acute immediate postraining administration of cannabinoids via hippocampal @&Beptors
(Puighermanal et al., 2009, Puighermanal et al., 20{i3)the NOR test performed in antaze
decrease variability and give strong and replicable resulik;tlfis test allows repeated
independent measurements of memory performance in individual anifralgyhermanal et al.,
2013) thereby allowing withirsubject comparisons, eventually excluding potential individual
differences in viral infection.
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The task took place in ashaped maze made of dark grey polyvinyl chloride shaped by two
identical perpendicular arms (35 cm and 30 cm long respectively for exterdainéernal L

walls, 4.5cm wide and 15 cm high walidaced on a white backgrou(BusquetsGarcia et al.,

2011, Puighermanal et al., 2009)he task occurred in a room adjacent to the animal house with

a light intensity fixed at 50 lux. The maze smvaverhung by a video camera allowing the
RSGSOUGA2Y YR &a02NAYy3 2FFEAYS 2F [yAYlIfQa o0SK
The task consisted in 3 sequential daily trials of 9 minutes each. During the habituation session
(day 1), mice were placed in the center of the maze alhwlvedto freely explore the arms in

the absence of any object¥he acquisition session (day 2) consisted in placing the mice again in
the corner of the maze in the presence of two identical objgaisitioned at the extremities of

each armand left to freely explore the maze and the objects. The memory test occurred 24
hours later (day 3): one of the familiar objects was replaced by a novel object different in its
shape, color and texture and mice were left to explore both objects.

Theposition of the novel object and the associations of novel and familiar were randomized. All
objects were previously tested to avoid biased preference.

The apparatus as well as objects were cleaned with EtOH (70 %) before experimental use and
between eachanimal testing.

Memory performance was assessed by the discrimination index (DI). The DI was calculated as
the difference between the time spent exploring the novel (TN) and the familiar object (TF)
divided by the total exploration time (TN+TF): DI=T[TN+TF]. Memory was also evaluated

by directly comparing the exploration time of novel and familiar objects, respectively.

Object exploration was defined as the orientation of the nose to the object at a distance of less
than 2 cm. Experienced investigeseevaluating the exploration were blind of treatment and/or
genotype of the animals.
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In vivoelectrophysiology

GFAFRCB-KO and WT littermate mice were anesthetized in a box containing 5%
Isoflurane YIRBAC, Francd)efore being placed in a stereotaxic frameadel SFEM-HT,
Narishige International, London, Yk which 1.0% to 1,5% of Isoflurane was continuously
supplied via an anesthetimask during the complete duration of the experiment. The body
temperature wasmaintained at 37°C using a homeothermic system (model®¥-F, Harvard
Apparatus, MA, USAnd the complete state of anesthesia was assured through a mild tail
pinch. Before surgery, 100 pl of the local anesthetic Luro&gMetoquinol, Lure, France) wa
injected in the scalp region. Surgical procedure started with a longitudinal incision of 1.5 cm in
length aimed to expose Bregma and Lambda. After ensuring correct alignment of the head, two
holes were drilled in the skull to place: a glass recordingtedde, inserted in the CAdtratum
radiatum, and one concentric bipolar electrode (ModéE100, KOPF Instruments, Tujunga, CA,
USA)n the CA3 region using the following coordinates: 1) &Adtum radiatum A/P-1.5 mm,

M/L -1.0 mm, DV 1.20 mm; CA3: AR5 mm, M/L-2.8, D/V-2.0 mm. The recording electrode

(tip diameter = tH >Y¥& amL gl & FAEESR 6AGK | w32 LRYyQ4dl Y
sodium acetate. At first the recording electrode was placed by hand until it reached the surface
of the brainand then to the final depth using an automatic micropositioner (MIM20M/12E,
France). The stimulation electrode was placed in the correct area using a micromanipulator
(UNFZ, M2E, France). Both electrodes were adjusted to find the area with maximuionsesp

In vivorecordings of evoked field excitatory postsynaptic potentials (fEPSPs) were amplified 10
times by Axoclamp 900amplifier (Molecular Devices, Sunnyvale, CA, USA) bbéng further
amplified 100 times and filtered (low pass at 1 Hz and-piggs at 5000Hz)ia a differential AC
amplifier (model 1700; M Systems, Sequim, WA, USA). fEPSPs were digitized and collected on
line using a laboratory interface and software (CED 1401, SPIKE 2; Cambridge Electronic Design,
Cambridge, UK). Test pulsesre generated through an Isolated Constant Current Stimulator
(DS3, Digitimer, Hertfordshire, UK) triggered by the SPIKE 2 output sequencer via CED 1401 and
collected every 2 s at a 10 kHz sampling frequency and then averaged every 300 sec. Test pulse
intensities were typically between 550 pA with a duration of 500 ps. Basal stimulation
intensity was adjusted to 380% of the current intensity that evoked a maximum field
response. All responses were expressed as percent from the average respsrwesd during

the 10 min before high frequency stimulation (HFS). HFS was induced by applying 3 trains of 100
Hz (1 sec each), separated by 20 seconds interval. fEPSP were then recorded for a period of 40
minutes. At the end of each experiment, the position tbe electrodes was marked by
iontophoretic infusion of the recording solution during 180s-2( YA and continuous current
discharge over 20 seconds at +20 pA for recording and stimulation areas, respectively.
Histological verification was performex vivo.
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Intra-hippocampal virus delivery

Mice (812 weeks of age) were anesthetized by intraperitoneal injection of a mixture of
ketamine (100mg/kg, Imalgene 500®, Merial) and Xylazine (10mg/kg, Rompun, Bayer) and
placed into a stereotaxic apparatus (DavapKInstruments, CA, USA) with mouse adapter and
lateral ear bars. For viral iniidPC AAV delivery, mice were submitted to stereotaxic surgery (as
above) and AAV vectors were injected with the help of a microsyringe (0.25 ml Hamilton syringe
with a 30gauwge beveled needle) attached to a pump (UMB3Norld Precision Instruments, FL,
USA). Mice were injected directly into the hippocampus (Hi*Gitriatum (STRY0.5 pl per
injection site at a rate of 0.5 pl per min), with the following coordinates: HPEL.8AVIL +1; DV

-2.0 and-1.5; Striatum: AR1.34; ML £2.8DV-1.84 Following virus delivery, the syringe was left

in place for 1 minute before being slowlyithdrawn from the brain. CB1flox/flox mice were
injected with rAAVCAGDIO (empty vector ascontrol) or AAWCAGDIOCB1 to induce
repressionof the CB1 gene in hippocampai striatal D1-positive cellsCB1 coding sequence
was cloning in rAACAGDIO vetor using standard molecular cloning technology. The coding
sequence was cloned inverted in orientation to allow @Rpfendent expression of CB1
receptors (Atasoy et al., 2008 Animals were used for experimentsbdweeks after injections.

Mice were weighed daily and individuals thatléd to regain the preurgery body weight were
excluded from the following experiments.

Statistical analyses

Data were expressed as mean = SEM or single data points and were analyzed with Prism 6.0
(Graphpad Software), usinigest (unpaired)r oneway ANOVA (poshoc dunnett's test)
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FCTIONV ¢ GENERADISCUSSION
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PART1 ¢ ASTROGLIACB1RECEPTORS DETERMINEAPTI®-SERINE
AVAILABILITY TO ENEBRECOGNITION MEMOR

The first objective of this thesis was to investigate pisiologicatole of astroglial CB1
receptors in the modulation of memory functiortdere we show that astroglial CB1 receptors in
the hippocampus are necessary for the formatwinobject recognition memory via astrocyte
mediated gliotransmissionThe results presened in this thesissuggest that he activity
dependentcalcium increase via astroglial CB1 receptors releasssride into the synapse,
leads to the activation of NMD#eceptors and allows thanduction of LTP in CA1 regiohthe
hippocampusThus, this wrk provides a novel physiological mechanism involved in the control
of memoryprocessedy coupling astroglial CB&ceptors and memory formation.

It has been reportedhat astrocytes modulate memory and synaptiplasticity (reviewed
in (Araque et al., 2014, Oliveira et al., 2013Jowever, the question @ how physiological
activation ofthe ECS viastroglial CB1 receptors could contgllotransmission to modulate
synaptic plasticity andehavior has not beemaddressed until nowThe first result obtained
during this workare that conditional deletion of astroglial CB1 receptors can impair the
formation of object recognition memorthus demonstratingor the first timethat endogenous
astroglial CB1 receptors participate important brain functions Previousresults have shown
that constitutive deletion of CB1 receptors doe®t alter novel object recognition memory
(HebertChatelain et al., 2016, Puighermanal et al., 20B@wever,globaldeletion of receptors
can yield different resulteompared withprecisemanipulations of CB1 receptors in eglpe
specific populationsFor irstance, whereas CBEceptor deletion in both glutamatergic and
GABAergic neurons does not impabject recognition memory specific deletion of CB1
receptors in GABAergic cells but not glutamatergicotected mice against the memory
disruptive efécts of cannabinoids(Puighermanal et al., 2009 this line it is important to
address severalssies in order to understand how CBfeceptors can be involved in the
modulation of memory by exogenous or endogenous cannabinoids and also how the
experimental modele.g.the use of genetic modified mice or different behavioral paradigms)
might impact on tle function of CB1 receptorfndeed previous datashowed that constitutive
genetic deletionand reexpressionof proteinsin genetic KOmodelsto access necessity and
sufficiency respectivelypf any specific functiomight not provide straightforward answerdt
is possible that irronstitutive KOmodels,due to the lack ofthe gene of interest in all cells and
at all developmental stageshe organism develapcompensatorymechanismanvolvedin a
given functionthus biasing theconclusios. One way to bypass the developmental problems of
constitutive deletion of CB1 receptors in brain cellth&suse of conditional mutagenesis by the
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CRELoxP systemiIn the present work, we adopted this strategy to target astagiCB1
receptors. This approach offers two main advantages: the first is that it allows temporal
recombinationand deletion of CBleceptorsin only adult population of GFA#Xpressing cells
(i.e. mainly astrocytesland, second,it avoids compensatory meahismsthat might occur
during developmen{Hirrlinger et al., 2006)t is known that atrocytes and CB1 receptors are
key in developmen{Clarke and Barres, 2013, FernanéRsz et al., 2000)However, whether
specificastroglial CBteceptors playa role in such processesnot known

Functional evidence regarding the study of CB1 recepiorastrocytesin synaptic
transmission and plasticity in the brain rely mosthythe study of the developmental brain
[reviewed in(Oliveira da Cruz et al., 20]8Recentlyit has been shown that another important
receptor for astroglial functiog) the mGIb receptor, can be differentiallgxpressedrom early
stages ofdevelopment to adulthood(Sun et al., 2013)The levelsof mGIb recepor in
adolescent mice aresubstantially higher as comparedto adults. Because m@@ureceptor
activity have been shown to be important for adult astrocytic netwarksivo (Araque et al.,
2014, Wang et al., 2006dhis differential expression throughout ddepment levelsaisedkey
guestionsregardingtheir functional role(Grosche and Reichenbach, 2013pwever, agolden
NHz S 2 F 0 NJ AgOanityhinbty@habty, Witk prafieis expredsed at very low levels
exerting important functiongBusquetsGarcia et al., 2015)Thus, whereafigh amounts of
MGILb receptor proteincould be important to proper circuit function durirtevelopment adult
low levels of expression could be involved in tlige tuning of synaptic physiologwith
important behavioral consequencefGrosche and Reichenbach, 2013jurrent evidence
suggestghat astrogial CB1 receptors are expressatvery low quantity in the fine astrocytic
processeghat unsheathethe synapsegHan et al., 2012, Metrhaurent and Marsicano, 2015)
Consistently CB1 receptor expression in the brain is considerably higher dwrarty
developmental periods thain adulthood (Laprairie et al., 2(®). Because astrocytes are key to
proper circuit maintenance and wiring durirtge critical developmentalperiod (Clarke and
Barres, P13) it is tempting to imagine a potential functional role of astroglial CB1 in the
modulation of these circuitduringdevelopment

To reduce the component of developmental compensatiorour study, we achieved
deletion of astrocytic CB1 receptorni® adulthood by using the inducible version of the Cre
recombinase (CreERT&)d alsdby local injection of AAZREInto the hippocampus of CBflox
mice. These procedures were abledearlyshowthat CBIreceptors inhippocampakstrocytes
mediatenove object recognition memory and LTARIsq acute treatment of Bserine aiming at
restoring D-serinedependent NMDA  receptor signaling during behavioral or
electrophysiologicabroceduresreinforces the idea that the phenotyp®bservedin GFARCB1
KO miceare due to acute alterations of hippocammacuits.
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NMDA receptordependent LTP in the hippocampus is a key process for learninghanobry
which is controlled by astrocytic activitfHenneberger et al., 2010, Whitlock et al., 2008)e
results presented in this thesfsrther demonstrate that astrocytes; vivo modulate synaptic
plasticity via astroglial CB1 receptord-urthermore, theseresults indicate that astrocyic
regulation of D-serine availability in the synapses a key determinant in the modulation of
NMDA receptoidependent LTPAlthough it is currently accepted thatgrine is a major player
in modulating synaptic plasticity and menyo the origin of Bserine at the synapse remains
controversial. While some groups report that impacting astrocytic gliotransmission can impair
D-Serine synthesis and relea@eapouin et al., 2017ppther groupsreported that D-serine is
not synthetizedor released byastrocytes but by neurons(Wolosker et al., 2016Part of the
controversy regards the localizati@i SRin the brain(Wolosker et al., 2017While it was first
proposed to be present in astrocytes, it has latter been shown that it is mostly expressed in
neurons (Wolosker et al., 2017)One hypothesighat is currently upholdsuggeststhat
astrocytes are not responsible for thdirect releaseof D-Serinebut by the production of L
serine, which isthen shuttle to neurons in ordeto be convertedby SR into Bserine and
released in the synapge modulate NMDA receptor activityWolosker et al., 2016Although
our evidene supports the model in which-8erine is release from astrocytes, our results can
also be explained by the other astyge-to-neuron Lserine hypothesis as astroglial CB1
receptorscould potentiallycontrol this shuttle activity. Nevertheless, odiatademonstrate that
D-serine iskey for NMDAreceptor activity and that astrocytega astroglial CB1 receptors are
important for D-Serineavailabilityat the synapse

Besides the& role in the modulation of LTPastrocyteshave been implied in the
modulation of several other fans of plasticity such as Spikme Dependent plasticityr LTD
(De Pita et al., 2016) The latteris a formof plasticity that has been related with the modulation
of object recognition memoryormation (Kemp and ManahaWaughan, 2004)interestingly,
exogenous cannabinoidctingat astroglial CBieceptorscan induce aLTD in the hippocampus
(Han et al., 2012)Therefore, this kind of plasticity might be also actively modulated by
endogenows astroglial CBYeceptors Although both LTP and LTD have bsaggestedo be
involved in the modulatedof recognition memory their physiological role is yet to be
determinedas well as the role of astrocytéand astroglial CB1 receptors) these forns of
plasticity. It is known thatfollowing LTP or LTOnduction the synapses are not uniformly
potentiated or depressedsome synapses get potentiatedsome depressedwhile others
unaltered Several groups have long questioned the nature of such modulagor instance,
according to thesynaptic tagging hypothegmwoposedby Morris and-rey (1997), persistence of
longterm forms of plasticityi(e. LTP or LTD) will depend on thwlecular underpinningthat
prepare a synaps@nRNA traffickinglocal prdein synthesis, cytoskeleton dynamjesc) prior
to the stimulus, so that its primed forthe persistence forms of plasticity achieve(Frey and
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Morris, 1997) Astrocytes have been shown to suppartd modulateneurons during times of
high demand(e.g. high network activity. It is tempting to speculate that astrocytes might by
responsible for the tagging of certain synapses for potentiatiodepression depending on the
requirement of their activityWe know that individual astrocytes have the capacity to modulate
synaptic activity adifferent domains(i.e. local synapti¢ regionalbranchesand globalwhole-
astrocyte changes)Araque et al., 2014and that astroglial CBfeceptors regulateastrocytic
activity (Martin et al.,, 205, Min and Nevian, 2012, Navarrete and Araque, 2088&) CB1
receptors are known to be an effective feedback mechanism duinegst of synaptic activity, it
IS tempting to suggest that astroglial CB1 receptonight control which synapses are
potentiated or depressed during synaptic plasticijhough ourresults suggest that at least LTP
is controlled by astrocytesia astroglial CB1 receptor activjtyurther studies will address
whether also LTD is modulated by similar mechanism.

Although our evidence supportsg2rine transmissiofrom the astrocyte to the synaptic
cleft asresponsible for the impairment in LTP amé&mory shown in the mickackingastroglial
CB1 receptorsglobal CB1 deletion in the hippocampus does not impair object recognition
memory. Above | gave some possible explanations.g( compensatory developmental
mechanisns) for the apparent contradicton with our current results. However, one possible
reason might bea deregulationof neuronal CB1 receptor signalindg?otentially deletion of
astroglial CB1 receptors might impact endocannabinoid signaling to the point that it could act
on other CB1 recdprs (for instance, GABAergamdor glutamatergiccells) and this would be
the responsible for the phenotype. For instance, in the hippocampus, CB1 receptors are mostly
expressed in the GABAergic basket cells in both the pyramidal layer and stratunumaeiad
also in glutamatergic pyramidal ce{l8larsicano and Lutz, 1999%lthough we did not account
for this possibility, one possible way aoldress this issuis by acute inhibition of CB1 receptors
by RimonabantHowever, based on evidence thatS@rine transmission is the main mechanism
of impairmentof LTP andmemory, we predict that this manipulation will not restore the
phenotype as most likelyt is not an issue oheuronal sipply of neurotransmitters but rather a
lack of theD-serine gliotransmissioffom astrocytes.

Besides the role ddstroglial CB1 receptors in the modulation of recognition meniory
would be important to investigate whether otheforms of longterm memory are also
impacted. For instance, it has been shown that learning in the hippocampus produces a LTP in
the CABCAL synapses(Whitlock et al., 2006)The authors usd the inhibitory avoidance
behavioral paradigm in which mice have to use hippocamglated information(i.e. contextual
cues)to avoid receiving an electrical shockey observed thatthis learning procedre could
produce an LTPin a subset of synaps€®vhitlock et al., 2006)n this context, as CB1 receptors
modulate aversive lonterm memory formation(Marsicanoet al., 2002)and astrocytes are
important to memory and LT@liveira et al., 2015)t would be important to address whether
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astroglial CB1 receptors might play a role in tigge of memay. Neverthelessit is important
to keep in mind that aversive memoriebesides the involvement of hippocampusavi a
strong influential drive of the limbic regions amidht could recruit different circuits than the
ones used in nof@versive longerm memories.

Another speculative aspect regarding astroglial modulation of synaptic transmission and
plasticity is the mechanism of gliotransmissioer se Our resultsindicate that astroglial CB1
receptoractivation is responsible fdhe intracellularcalcium increase in astrocytddowever it
is not well understood how gliotransmission and calcium activityght affect Dserine
availability at the synapselhere is currently a huge debate around the calcilependent
gliotransmission with some group®porting calcium increases dependent on specific-PLC
dependent mechanisgiand othess reporting that calcium activity in astrocytes does not have
any physiological role in synaptic functiGhgulhon et al., 2012, Bazargani and Attwell, 2016,
Henneberger et al., 2010pne waythat CBlreceptor activitymight help untanglinghis issue
comesfrom the observation thaCBlreceptors arepresent inneuronalmitochondria(Hebert
Chatelain et al., 2016As many receptor expressed in neurons have been reported in gligl cells
it is tempting to speculate about a possilgepression of mtCBL1 in astrocytic mitoched One
of the mechanismby which astroglial CBfeceptors modulate synaptic function is by a Gq
dependentmechanism(Navarrete and Araque, 20Q8yhich is known to inducePLCactivity
with generation of IP3 and DA®e Pitta et al., 2009)Vhereas it has been describétht IP3
receptorsactivationin the endoplasmiceticulum indu@ an increase inntracellularcalcium in
the astrocyte, subsequent studies have demonstrated tkabckng outthe main type othese
receptors(i.e. IP3R2 do not impair symaptic plasticity(Agulhon et al., 201Qput see(Sherwood
et al., 2017). However, subsequent studieshowedthat there are IP3ndependent calcium
rises in the astrocytes, especially at the fine processes that are ylassbciated with the
synapses(Srinivasan et al., 2015)nterestingly, mitochondria were found in thastrocytic
processegAgarwal et al., 2007nd besides theirmainrole in the production of ATRhey can
also act as calcium buffer(Nicholls, P09). Notably, it has beenalso demonstrated that
mitochondrid calcium is involved in the release of gliotransmitters bothviro and in vivo
(Agarwal et al., 2017)The functional consequences of these findings are great and can be the
missing link btween astroglial CBieceptor activation and the release of gliotransmitters.
Indeed,astrocytes are competent producers of endocannabinoids (reviewéil@ina-Laurent
and Marsicano, @15)) andone of the two molecules generated by Gq activation of PLC is DAG
a precursor of the endocannabinoid-AG (Hu and Mackie, 2015)Thus it islikely that
membraneastroglial CB1lreceptors via the @ mechanismtrigger a molecular cascade that
control largeglobal calcium waves via IP3 to IP3R activillyis pathway could on one hand
increase local calciurAanduced gliotransmissignbut on the other hand, it could induce
production of 2AG which mighact atmitochondrial CB1 receptorideed, unpublished results
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from our laboratory show that astroglial mtCB1 induces calcium rise in mitochondria, which
might then contribute to gliotransmission

Interestingly, also 4Serine to DBserine conversion has been recently linked with
mitochondrial activityin astrocytes(Suzuki et al., 2015)n this particular study the authors
show that changes in the way astiytes process thelgrolysis (anaerobic production of energy
at the cytoplasn) or oxidative phosphorylation(aerobic production of energy by mitochondria)
can modulate Bserine availability at the synapsaltogether,astroglialCB1receptors(both at
mitochondria and plasmanembrane)might be potential contributos to the modulation of
gliotransmission by modulating intracellular astrocytic calcium signaling.

Astrocytes possess very mobilepartite synapseassociatedfine processes that are
dynamically modulated bysynaptt transmission(Panatier et al., 2006)Interestingly, CB1
receptoragonists have been shown thangeneuronalmorphology and growtlby interacting
with cytoskeleton proteingRoland et al., 2014As CBleceptors arealso present in astrocytes,
one might suggest that Berine availability is not only controlled by gliotransmisshut also
by the decreased coverage of the synapse by the astrocytic prexdamctionamorphological
analysisof astrocytesin vitro andin vivoremain mostlyunknownand further studies aiming at
imaging theastroglialprocessesinder the control of 81 receptorswill provide moreevidence
on such a possible scenario.

Endocannabinoids aroughtto be produced and deliveredon demand. However, it
is not known how differenendocannabinoidsnight act on closky located CB1 receptorse(g.
neuronal vs astrocytic).One possibility is thatspecificendocannabinoids are involved in the
modulation ofeither neuronal CB1 or astroglial CB1 recept@urrent evidence indicates that
CB1 receptors, probably between different neuronal populations, under icertanditions
might have different affinities for specific endocannabinofdsiru and Hunyady, 20103Iso,
the G proteirsthat arerecruited by a certain ligand mhgdiffer depending on the ligand3uru
and Hunyady, 2010)Furthermore,other potential intracellular pools of CBteceptors {.e.
endosomes or mitochondrigdnd dher complementary signaling proteimaight also have a
role in thisprocess Thus,mobility of the astrocytic processes during synaptic activity might
impact on the binthg of endocannabinoids to CB1 receptors. For instance, if the astrocytic
process retract during synaptic activity (which produces endocannabinoids), binding of
endocannabinoids woulte reduced and this could impact on the activation of the receptors in
astrocytes Further studies wilklarifythis problematic

Astrocytes hae been shown to modulate independent nowerlapping territory
domains(Bushong et al., 2002, Chai et al., 20THusunderstandinghow sirgle astrocytes can
modulate thousands of glutamatergic synapses and how different astrocytes coordinate the
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activity among themselves is a challenging question both technically and theoretically. Recently,
it has been shown in the striatum that differensteocytes were closely associated to specific
synapses from different classes of neuramslthat cdomainspecifi€ astroglial network activity

was dependenton astroglial CB1 receptor@Martin et al., 2015) This suggests that similar
domainspecific astrocytesnight exist in the hippocampus and astroglial CB1 receptors might
be involved in the modulation of their functionshe formation of hippocampal memory trances

(i.e. engrams) relies on the establishment of specific cell assemblies during the acquisition of a
memory (Liu et al., 2014)Because astrocytes can participate in circuit specific modulation of
neuronal networks in the striaim, it is tempting to suggest that a similar mechanism in the
hippocampus plays a role in the formation of hippocampal engrams, ultimately controlling
memory formation.

One of the disadvantages oh vivo electrophysiologicalinvestigationsof synaptic
plasticity isA 0&a aF NOAFAOALFE &£ yI GdzNEX F2N) gKAOK aiNZ
neuronal circuits Thiscreatesa strong limitation irsearching causal relationshipsetween what
we observe and what is indeed relevant in normal brain physiolaggther way to investigate
the endogenous role of astroglial CB1 receptor funciould beto investigatetheir putative
role in the study of hippocampal oscillation&s previously discussed in the introduction, brain
oscillations are thought to be drivers of cognitiby the coordination of neuronal networkst
has been shown that impairing astrocytic interconnectivity can impact the generation of certain
rhythms ofthe local field potential{Lee et al.,, 2014)As astrocytesvia astroglial CB1 can
modulate homoe and heterosynapse@Navarrete and Araque, 201@)would be important to
investigate their role in the modulation of the brain rhythms.

Sharp wave ripples (SPWRs) in the hippocampusrepresent a highly synchnoous
population patternin the brain thatis present dumg consummatory behaviors amglknown to
be affected by several neuromodulators, endocannabinoids inclu@dsaki, 2015)Among
several other functions, SPRshave beensuggestedo support memory consolidation. Since
astroglial CBlreceptors mediate memory consolidation in the ippocampusand aute
cannabinoids treatment impair the generation of SIR& in the hippocampugRobbe et al.,
2006, Robbe and Buzsaki, 20099ssible functionatrosstalkbetween thesetwo phenomena
might exist Besides SPWR, the hippocampus possess other rhythmic activity such as theta and
gamma oscillations that arékely involved in several behaviordunctions (Buzsaki, 2006)
Recently, vesictenediated gliotransmission has been shown to modulate gamma oscillations in
the hippocampus, wlth the authors correlated with memory impairment ian object
recognition task(Lee et al., 2014)As we report that astroglial CB1 receptors control the
formation of recognition memory, it would be important to investigate whethgamma
oscillations could baffected Direct evidace shoving causal relations between botactivities
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would provide anovel framework demonstrating that astroglial CB1 receptors modulate
behavior by the modulation afmportant circuit functions that underlie memory formation.

One of the biggest technical challengesemdocannabinoid research glial cellsis that
the experimental procedureasedcan biaghe conclusions obtained. For instanestrocytes in
cell culturesareless complex than thein vitro slicesor in vivocounterparts with differences in
the content shape (e. less complety with fewer ramifications and fine procesgeand
receptor expressiorfVerkhratsky et al., 2012b)n vitro electrophysiology(both cultured and
acute slices)s a powerful technique to investigate neuronal circuits. Howewtels an artificial
condition in which the preparations are subject to unavoidable insults suctslasng of the
brain, extensive washingnd temperaturechanges thatcan have important impact on the
interpretation of results.Overall, the current technical diversity of conditions used initheitro
electrophysiology studiepose problems in theeplication of results and must be taken in
consideration during direct comparisons betweanvivo and in vitro results. Astrocytes are
interconnectedin a far-reaching syncytiumthat allows the global and local modulation of
astrocytic networkgAraque et al., 2014-icing the bain to producein vitro preparationsor
dissociated cultures profoundbjisrupt this network and impair global communicatiamongst
astrocytesandtheir ability to modulate finetuned synaptic processs Furthermore, it is known
that astrocytic processesre very mobilea feature shown to be important in the modulation of
synaptic plasticitfPanatier et al., 2006 Because mbility of biological membranedepends on
the temperature of the brainit is important to keep in mind that this importaféature might
be also severely compromised im vitro models where temperature iswell below the
physiological rangeAstrocytes are important modulators of metabolism in the brain by
providing metabolites locally and globally by the astrocytic syncytiBazargani and Attwell,
2016, Harris et al., 2012If the network duringn vitro preparationis compromised, there is an
important supportive function performed by astrocyteshat is impaired. Alsothe chemical
concentration and content in thaCSF will also affect the astrocytic network and the neuronal
capacity to sustain similar patterns of actioim the stuldy of hippocampalglutamatergic
transmission GABAergic transmissianoften blocked by specific inhibitoys condition that is
not doable in vivo due to practical reasoasd that can alter the physiological properties of
cells, including astrocyteé&nother issue that might arise from ECS study initheitro model
regards the circulating levels of endocannabinoids that might have a role in the tonic, rather
than phasic, modulation of CB1 receptgfdger and Kim, 2011)nin vitro electrophysiology,
extensive washing of the slices durirglice recoveing and nonphysiological recording
temperatures (.e. below 37 degrees) due to experimentabnstraintsin keeping slices viable,
can have a profouhimpacton the endocannabinoidone. Endocannabinoidsre lipid signaling
moleculesthat are regulatedby temperatureand cellular ativity (Hajos et al., 2004, Piomelli,
2003) Another problem ofin vitro electrophysiology is that studies often use juvenile animals
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because of the much better longevity of brain cells andiegossibility to performlongterm
experiments which dramatally decreases in older slic€$ing et al., 2014)As the ECS is
developmentally regulatedLaprairie et al., 2012§lirect comparisons between juveniie vitro
recordingsand adult behaviors should be done carefi{Bliveira da Cruz et al., 2018he use

of in vivo models allowsthe study of the brain during longterm recordings(days or weeks
depending on theapproach), and avoids most of thén vitro technical limitations described
above Overall, these are aspects that are avoided byiuo preparations and might explain
why LTRn vitro in GFARCB1KO mice that we repoiis only mildly impaired whereas vivoit is
completely abolishedlt further reinforces the idea that highly dynamic systems must be
studied in preparatioathat preserve the best their original conditions.

Some variants of In vivo electrophysiologicalmethodologies have also important
drawbacks, such athe use ofgeneral anesthesidsofluraneis ageneralvolatile anesthetic
which can be administered in combination with air and oxygen to induce and maintam de
anesthesiaand induce bothmuscular relaxation and decreased pain sensiti@@@ampagna et
al., 2003) Although the mechanism of action is yet to be identified, it has been reported that
isoflurane caninduce anesthsia by decreasing tissue excitability by diminishing gap junction
mediated celto-cell coupling and by modulating channels that control action potential
propagation(Campagna et al., 2003) is currently known thatnhaled anestheticsan impair
learning and memory by unknown mechanis(Bsab et al., 2010)-or instance, im vitro and
in vivomodelsit has been showithat anesthesiacan acutely modulate the activity of GABA
receptors(Saab et al., 2010)mpair longterm synaptic plasticitySimon et al., 2001, Uchimoto
et al., 2014) and induce intracellular apoptotic cascadéshang et al., 2008However, it has
been also described that isoflurane could improve learning and memory and synaptic plasticity
(Rammes et al., 2009sofluranecanalso impact astrocytic physiology. Whereas some studies
reported that some features of astrocytic morphology are changieought withoutimpact on
viability, proliferation, motility,and ability to support synaps€€ulley et al., 2013pthers have
reported that astrocytes exposed to isoflurane have decreasagacity tosupport neuronal
development(Ryu et al., 2014Because the experimental conditions are differegg(time of
exposition andtype of animal model used), it is difficult to make a full comparison between
different studies.

In humans it has been shown that general anesthesia induced by isoflurane during
cardiac surgery reduces plasrAmandamideconcentrations(Weis et al., 2010)Although such
effects were not yet reported in rodent modeld,is not possible to exclude that isoflurane
might affect the endocannabinoid systemOveral, it is important to acknowledge that
isoflurane is not a neutral drug and has important side effects in brain physiology that must be
properly experimentallycontrolled. In our case, isoflurane did not impair the induction of ibTP
WTmicebut we cannot exclude that might havean effect in the overall brain physiology.
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In conclusion, our data provide a novel neurobiological frame, where the tight
interaction between astrocytes and neurons determine physiological cognitive procedses
control of Dserine gliotransmission bastroglial CBXeceptors andthe modulation of NMDA
receptordependent LTP constitute the cellular mecharsdm which astroglial CB1 receptors
modulates neuro-glia interactiongo control learning and memory.
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PART2 ¢ DELETION OEB1RECEPTORS IN HIPRO™®M D1-POSITIVE
CELLS IMPAIRS OBJEETOGNITION MEMORYDAASSOCIATED SYNBPT
PLASTICITY

The results obtained in the second part of this thesis show that CB1 receptors in
hippocampaD 1-positive cells are necessaand sufficientfor the modulation ofin vivoLTP and
object recognition memory consolidation. These results provide novel evidenae gotential
functional crosstalk between the endocannabinoid and the dopaminergic sgstenthe
modulation of memory functions.

We show that specific deletion of CB1 receptors from-f@dkitive cells impairs lorg
term, but not shortterm, object recognition memoryormation. The formation of longerm
memories depends on several factors thatt during different time scales to stabilize a
previously acquired experience. Our results indicate that-DBKO mice have impaired
consolidation of memory but normal acquisitiomopamine is thought to mediate the
modulation of memory stabilization andconsolidation but not the acquisition of new
memoriesby a mechanism dependent on ke receptorg(Lisman et al., 2011Although it is
quite well established the relof dopamine in these important functions, the mechanism of this
modulation remains poorly explored. Thus, my thesis dsit@w that shortterm memory
formation is not impaired while the mechanism for stabilization of lgrgn memories
depends on CB1 reptors in D1positive cells.

Memory formation does not rely solely on hippocampal functionitt®consolidation but
it requires alscother components in ordeto successflly preserve thememories.Attention to
the task andbér motivation to execute thedsk are two key factors for memory formation that
are modulated by dopaminoceptive cells in the striatgRalmiter, 2008) Althoughthere are
not currently knowndirect connections between striatal structures and the hippocampus, it is
known that striatum can indirectly modulate several parameters of hippocampal activity
(Goldfarb et al., 2016, Sak€arbonell et al., 2013, Tort et al., 20@8)d that striatal Dipositive
MSNs express functional CB1 receptvonory et al, 2007) In line with this evidence, it is
possible to speculate that CB1 receptors in-fgositive cells in thestriatum can modulate
memory formation by indirectly modulatg attentional and motivationalstates required for
learning Howeve, local reexpression of CBleceptorsin the hippocampus but not the
striatum of DXCB1KO mice is able to reverse the memory impairment displayed by these
animals. Thuswe provide evidence that hippocampal CB1 receptors ifp@xitive cells are
necessary and sufficient for the consolidation of object recognition memory.
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Dopaminergic transmission via D1 receptors has been implicated in the modulation of
other types of menory (.e.spatial and aversivgl.emon and ManahaWaughan, 2006)Thusjt
would be nterestingto assessf CB1 in D1 positive cebdsoparticipates in these mechanisms
It has already been reported thatice lacking CB1 receptorsif-positive cells have impaired
extinction of freezing in fear conditioning taskMicale et al., 2017)suggesting that this
crosstalk $ importantalsoin aversive memory. On the other hand,-BDdpendent transmission
in the hippocampus has been shown to modulate spatial lear(iigg et al., 2010)As CB1
receptors in the hippocampus are imiant for spatial memory formatior{Riedel and Davies,
2005) one can speculate that CB1 receptors ind@sitive cells might be also involved in this
function.

Dopaminetransmissiorin the hippocampus falitatesthe induction of LTkh vitroandin
vivo by the modulation of Ddike receptors(Lisman et al., 2011)Our results shows that
deletion of CB1 from Dfositive cells in homecage conditions do not altewivoLTPHowevet
when the animals are exposed to the objettishe training phase oNORTLTP is impaired in
D1-CB1IKO mice as compared with théiT littermates. These results demonstrate that the
presentation of a novel stimulus enhances the LTP, which cannot be done in the absence of CB1
receptors in the DYositive cells. Literature suggests that learning indubggocampal
dopaminereleasethat modulates consolidation of memory and LTP by acting on D1 receptors in
the hippocampugKempadoo et al., 2016, Takeuchi et al., 20G8)r results could indicate that
a CBidependent mechanism downstream to D1 receptor activation could be responsible for
the consolidation of memoryHowever, it remains to be test in our protocol whether
pharmacological blockage of D1 receptors in the hippocampus can hibekafter object
exposition ofif indeed dopamine levels are increase in the hippocampus following NORT.
Nevertheless, this indicates that CB1 receptors ifpbditive cells modulate LTP enhancement,
which ultimately will allow the stabilization of new experiences allowing -tlengn memory
formation.

It has been shown that Ddositive cells carbe glutamatergic neuronsGABAergic
neurons andastrocytes Although it has been extensively described that dopamine in the
hippocampuscan modulate memory and synaptic plasticity, the nature ceisponding to
dopamineand the mechanisnsupporting such functions remains mostly unknov@ne of the
challenges in assessitite presence or absence of these cells in the hippocampus resides on the
low level of expression of these receptors and #pecificity of the tools available to proceed
with the identification.In the hippocampusCB1receptorshave beenidentified in the vicinities
of cell bodies to D1 positive cells labeled as-@GDH Vglu3positive cell§Puighermanal et al.,
2017) Because CBileceptors aremostly present in the termira, the authors could not
quantify with precision the presence of CB1 in these cells. However, it seems clear that D1
positive interneurons can express CB1 protéfPuighermanal et al.,, 20170ne of the
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observations from this work is that, althoug@B1lreceptors aremainly expressed in GABAic

cells of the hippocampu@Marsicano and Lutz, 1999, Marsicano and Kuner, 20883e CB1
receptors inD1-positive cellgepresentmost likelya subclass withitABAergiexpressing CB1
interneurons This raises questions regarding the functional role of such small population and
their impactduring the modulatiorof memory and synaptic plasticit®n the dher hand, it has
been previously described that deletion of CB1 receptors from GABAergic cells (achieved using
the DIx5/6 promote) does not impair object recognition memogiPuighermanal et al., 2009)
However, one might argue that complete obliteration of CB1 from all inhibitory cells expyessi
CB1 is not the same as fine tune specific changethenmodulationa sub population of
GABAergic interneurong-urther investigations will addres$ise identification of the nature of
these cells.

Another possibility is that CB1 in Ipbsitive cells might bepresent in astrocytes.
Interestingly, it has &en reported that astrocytes in hippocampal slices can induce intracellular
calcium responses that are dependent on D1 recep{desinings et al., 2017)urthermore,
astrocytes expressing D1 receptors have been recently identified in the stibstaigra
(Nagatomo et al., 2017)suggesting that possibility they could also be expressed in the
hippocampus.Furthermae, evidence from the first part of this thesis showed that CB1
receptors in astrocytes are necessaryiforivoLTP and object recognitionemory formation.
However, we do nbcurrently knowl) if sole CB1 receptaxpressiorin astrocytess sufficient
to modulateobject recognition memory2) if there is the participation afther celltype in such
process(for instance, CB1 receptors in Ppasitive cellyor 3)the existence and involvement of
a specific subclass of astrocytes in the hippocampus ezprg D1 and CBé&ceptors

Neverthelesscurrent evidence does not support the identity of-BB1 positive cells as
astrocytes, at least, in the hippocampus. First, D1 receptors mRNAot detectablein
hippocampal astrocytessontrasing with astrocyes from the striatum and the cortefChai et
al., 2017) Seond, our results show that deletion of astroglial CB1 impairsivo LTP while
deletion of CB1 in Dfositive cells does not impair LT#er se but rather prevent the
enhancement induced by learning. Third, deletion of astroglial ©@Bdptorsalso impais the
formation of shortterm memory whereag is conserved in BCB1KO mice.

In conclusion, the results presented in the second part of this thesis, provide a novel link
between CB1 receptemediated activity in the Dpositive cells in the facilitatio of
hippocampal LTP and in the consolidation of object recognition memory. Thus, CB1 receptors in
Dl-positive cells act as gateway to thensolidationof memory function.
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Abstract—The endocannabinoid system is an important
regulator of physiological functions. In the brain, this control
is mainly exerted through the type-1-cannabinoid (CB,)
receptors. CB4 receptors are abundant at neuron terminals
where their stimulation inhibits neurotransmitter release.
However, CB, receptors are also expressed in astrocytes and
recent studies showed that astroglial cannabinoid signaling
is a key element of the tripartite synapse. In this review we
discuss the different mechanisms by which astroglial CB,
receptors control synaptic transmission and plasticity. The
recent involvement of astroglial CB4 receptors in the effects
of cannabinoids on memory highlights their key roles in
cognitive processes and further indicates that astrocytes
are central active elements of high-order brain functions.
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INTRODUCTION

The discovery of the endocannabinoid system (ECS) as
the endogenous target of the main active compound of
the plant cannabis sativa (Marjuana), A°-tetrahydro-
cannabinol (THC), revealed a complex and multimodal
system involved in the regulation of many physiological
processes (Piomelli, 2003; Kano et al., 2009).

The ECS is broadly present in the body (Piomelli,
2003; Pacher et al., 2008) and is composed of cannabi-
noid receptors (mainly CB, and CB,), their endogenous
lipophilic ligands called endocannabinoids (eCBs), includ-
ing 2-arachidonoylglycerol (2-AG) and anandamide
(AEA), and the enzymatic machinery responsible for
eCBs production and degradation (Piomelli, 2003). Both
CB,; and CB. receptors are present in the central nervous
system (CNS) and their activity directly affects glial func-
tions (Stella, 2010). However, CB, receptors are the most
important responsible elements of (endo)cannabinoid
effects and functions in the CNS. Thus, for the sake of
brevity, this review will focus on the astroglial roles of
CB; receptors and we refer the reader to recent reviews
describing the role of CB; receptors and other elements
of the ECS in glial cells (Walter and Stella, 2004; Stella,
2009, 2010).

CB+ receptors have been extensively described at the
membrane of neuronal presynaptic terminals, where they
are responsible for intracellular mechanisms leading to
retrograde inhibition of neurotransmitter release
(Piomelli, 2003; Kano et al., 2009; Castillo et al., 2012).
Yet, during the last decade, an increasing number of stud-
ies reported the presence of CB; receptors at other loca-
tions such as postsynaptic terminals (Bacci et al., 2004;
Marinelli et al., 2009), intracellular organelles such as
mitochondria (Benard et al., 2012) and also on astrocytes
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