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Abréviations

5-CSTT: 5-choice serial reaction time task

5-HT: sérotonine

5-HT14, 18, 20, 3, 4 59 6, 7 - F€CEpteurs de la sérotonine 1A, 1B, 2C, 3, 4,5, 6, 7
5-HTT/SERT: transporteur de la sérotonine

AC: adénylate cyclase

Ach: acétylcholine

ACTH: hormone corticotrope

AMPc: adénosine monophosphate cyclique
ARN/ARNm: acide ribonucléique/acide ribonucléique messager
B-CD: B-cyclodextrine

BM: Barnes maze

BDNF: brain derived neurotrophic factor

CA: Corne d’Ammon

CFC: contextual fear conditioning

CMS: stress chronique modéré

CORT: corticostérone

CRH: corticotropin released hormone, ou corticolibérine
CREB: c-AMP response element-binding protein

CpG: cytosine-phosphate-guanine

DA: dopamine

DCX: doublecortine

DLP: dépression a long terme

DSM: diagnostic and statistical manual of mental disorders
EDM: épisode dépressif majeur

EPM: labyrinthe en croix surélevé

FDA: food and drug administration

FST: test de la nage forcée

GD: gyrus dentelé

GPCR: récepteur couplé aux protéines G

GR: récepteur aux glucocorticoides

GRK: kinase des récepteurs couplés aux protéines G
HPA: hypothalamo-hypophyso-surrénalien

HRSD: échelle d’évaluation d’"Hamilton

IMAO: inhibiteur de la monoamine oxydase

IP: intrapéritonéale

ISRN: inhibiteur sélectif de recapture de la noradrénaline
ISRS: inhibiteur sélectif de recapture de la sérotonine
PLT: potentialisation a long terme

KO: knock out

MDD: major depressive disorders

MWM: Morris water maze

NA: noradrénaline
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NORL: novel object recognition location

NORT: novel object recognition test

NRI: inhibiteur de recapture de la noradrénaline

NSF: novelty suppressed feeding

OF: test du champ ouvert

OMS: organisation mondiale de la santé

PCR: réaction en chaine par polymérase

PFC: cortex préfrontal

SNC: systeme nerveux central

SRE: promoteur sélectif de la recapture de la sérotonine
TCA: antidépresseur tricyclique / tricyclic antidepressant
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Résumé

Souvent précurseurs d’épisodes dépressifs caractérisés, les troubles cognitifs (difficultés a se
concentrer, raisonnement déformé face aux stimuli normalement agréables, indécision, diminution
du temps de réaction et/ou pertes de mémoire) constituent des symptdmes quasi constants,
retrouvés parmi les patients souffrant de troubles de I'humeur. La persistance de certains
symptdémes cognitifs, méme aprés rémission complete des symptomes dépressifs et pendant les
épisodes récurrents de dépression, souligne I'importance d’une évolution dans la prise en charge
thérapeutique de ces patients. Une réelle évaluation aussi bien préclinique que clinique est
nécessaire afin de déterminer quel traitement pourrait le mieux bénéficier aux symptomes de la
dépression et autre signes de co-morbidité associés. L'efficacité modeste des antidépresseurs
conventionnels, tels que les Inhibiteurs Sélectifs de Recapture de la Sérotonine (ISRS), quant a la
correction du déficit cognitif appelle a de nouvelles approches thérapeutiques. De récentes études
indiquent que les troubles mentaux tels que I'anxiété et/ou la dépression pourraient bénéficier de la
modulation de la signalisation du récepteur sérotoninergique 5-HT,. Si les études précliniques
montrent un certain attrait pour 'utilisation des agonistes du récepteur 5-HT, dans le traitement des
épisodes dépressifs, la quasi majorité de ces travaux ont été réalisées chez des animaux naifs. Il est
donc nécessaire de procéder a une caractérisation complete des conséquences d’un traitement
chronique par un agoniste du récepteur 5-HT, aussi bien sur le plan émotionnel que cognitif pas
seulement chez des animaux naifs comme la plupart des études le font, mais bel et bien dans un
modeéle d’anxiété/dépression. Au laboratoire, nous avons développé un modéle animal
d’anxiété/dépression basé sur I'élévation des concentrations en corticostérone et mimant les effets

d’un stress chronique (modele CORT)

Les premieres questions posées dans ce travail sont donc les suivantes : L'application d’un
stress chronique a la corticostérone (CORT) peut-il induire-il des troubles cognitifs chez les animaux ?
Si oui, quelles stratégies thérapeutiques sont efficaces pour améliorer ces altérations cognitives ?
Dans ce but, aprés induction du phénotype anxio/dépressif chez la souris, nous avons caractérisé de
facon complete les performances d’apprentissage et de mémoire (mémoire de type épisodique,
mémoire spatiale, flexibilité mentale, mémoire associative) chez les animaux et tenté de les corriger
a l'aide de composés de différentes classes thérapeutiques. Nous avons démontré que
I"'administration chronique de corticostérone induit un déficit global de toutes les fonctions
cognitives testées en plus des symptdmes d’anxiété/dépression classiquement générés dans ce

modele (Article 1).
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J'ai ensuite participé a I’évaluation des propriétés antidépressives et anxiolytiques suite a une
administration infra-chronique ou chronique d'un agoniste du récepteur 5-HT, dans notre modeéle
d'anxiété / dépression, le modele CORT. Notre étude a montré que dans ce modele, un agoniste du
récepteur 5-HT,, le RS67333 (1,5 mg/kg/jour pendant 4 semaines), posséde des propriétés
anxiolytiques d’action rapide (Article 2).

Ensuite, toujours en utilisant ce modeéle, nous avons évalué si la correction du phénotype
anxio/dépressif par un traitement chronique de RS67333 (1,5 mg/kg/jour pendant 4 semaines)
comparé a un traitement a la fluoxetine (18 mg/kg/jour), s’accompagne aussi d’'une amélioration des
fonctions cognitives. Alors que le traitement chronique avec le RS67333 restaure l'intégralité des
déficits cognitifs induits par la corticostérone, le traitement avec la fluoxetine ne permet qu’une

amélioration partielle, dépendante du type de mémoire étudié (Article 3).

Des données de la littérature indiquent que la cascade de signalisation de B-arrestine 1
(impliquée également dans la désensibilisation et l'internalisation du récepteur 5-HT,) serait un
biomarqueur potentiel préclinique/clinique des états dépressifs et de la réponse au traitement
antidépresseur. Dans la mesure ou la neurogenése hippocampique adulte est un processus en partie
nécessaire a la réponse aux antidépresseurs, nous avons cherché a caractériser le phénotype
anxio/dépressif des souris tissus-spécifiques conditionnelles, dont I'expression de la protéine B-
arrestine 1 dans les cellules souches du gyrus dentelé a été supprimée (ARRB1). Puis, de fagon a
affiner plus précisément le role de la B-arrestine 1 dans les effets comportementaux et
neurogéniques des antidépresseurs ISRSs, nous avons administré un traitement chronique de
fluoxetine (18 mg/kg/jour) aux animaux dépourvus de B-arrestine 1 et procédé a une batterie
compléte de tests comportementaux anxiolytiques/antidépresseurs.

Si le phénotype anxio/dépressif semble dans I'ensemble peu altéré par la délétion spécifique et
conditionnelle de la B-arrestine 1, la réponse a la fluoxetine a été bloquée dans certains tests
comportementaux tels que le test des 4 plaques et le Novelty Suppressed Feeding. La protéine B-
arrestine 1 apparait donc comme un acteur clé dans certains effets antidépresseurs de la fluoxetine.
D’autre part, I’étude du phénomene de neurogenése hippocampique révele que I'expression de la
protéine B-arrestine 1 dans les cellules souches du gyrus dentelé de I’hippocampe est nécessaire a la
survie des jeunes neurones et essentielle pour obtenir des effets bénéfiques de la fluoxétine sur la
prolifération et la survie de ces jeunes neurones. En revanche, la protéine B-arrestine 1 ne semble

pas impliquée dans la réponse de la fluoxetine sur I'étape de maturation des jeunes neurones.

Enfin, afin de déterminer I'importance de la protéine B-arrestine 1 dans le phénotype cognitif

et dans la réponse aux traitements classiques et innovants, nous avons évalué les performances
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cognitives chez les animaux ARRB1” dont la B-arrestine 1 a été supprimée sélectivement dans les
cellules souches du gyrus dentelé. Nous avons ensuite examiné a nouveau les conséquences d’'un
traitement chronique avec un agoniste du récepteur 5-HT, (RS67333) comparé a un traitement a la
fluoxetine. Contrairement au phénotype anxio/dépressif, le phénotype cognitif est altéré chez les
animaux déficitaires en B-arrestine 1. De plus, les traitements chroniques au RS67333 et a la
fluoxetine ne sont pas capables de corriger ces déficits cognitifs chez les souris ARRB1”". Ces résultats
suggerent non seulement que la protéine B-arrestine 1 est nécessaire aux différents mécanismes de
mémoire, mais surtout que son expression dans les cellules souches du gyrus dentelé est nécessaire

pour que I'agoniste du récepteur 5-HT, puisse induire ses effets pro-cognitifs.

Ce travail de thése a mis en avant le role prépondérant du récepteur 5-HT, dans la réponse aux
antidépresseurs non seulement dans sa capacité a corriger les troubles d’anxiété/dépression, mais
aussi les troubles cognitifs associés a la dépression dans un modeéle d’anxiété/dépression. D’un point
de vue mécanistique, ces données confirment I'implication de la protéine B-arrestine 1 dans la
réponse a la fluoxetine au niveau comportemental et directement au sein du processus de
neurogenése hippocampique chez la souris adulte. Enfin, la protéine B-arrestine 1 se révele étre un
acteur déterminant dans les mécanismes cognitifs et indispensable dans la réponse aux traitements

étudiés.
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Introduction

1 Les épisodes dépressifs majeurs et leurs traitements

1.1 La pathologie de la dépression majeure

L'Organisation Mondiale de la Santé (OMS) prévoit que d'ici 2030 la dépression majeure sera
la deuxieme cause d'invalidité dans le monde. Les troubles de I'humeur touchent 7% (prévalence
annuelle) de la population mondiale, tandis que les formes séveres de dépression ont une incidence
sur 2-5% de la population américaine (Kessler et al., 2005). En outre, environ 32 a 35.000.000
d’adultes dans la population américaine (prévalence vie entiere: 16%) connaitront un épisode
dépressif majeur au cours de leur vie. En Europe, une méta-analyse fondée sur 27 études cliniques,
comprenant plus de 150.000 sujets de 16 pays européens, a estimé la prévalence de la dépression
entre 3 a 10 % au cours des 12 derniers mois (Kessler et al., 2005). Quant a la France, selon un
rapport de I'Institut de Veille Sanitaire, les épisodes dépressifs majeurs affecteraient 7,8% de la
population (Sapinho et al., 2008).

La dépression majeure se caractérise par plusieurs symptomes biologiques et psychologiques qui
affectent de nombreux aspects du quotidien. Selon le manuel diagnostique et statistique des
troubles mentaux (American Psychiatric Association. and American Psychiatric Association. DSM-5
Task Force., 2013), le trouble dépressif caractérisé se définit par une modification persistante de
I’'humeur pendant une longue période accompagnée d’une souffrance morale et d’un ralentissement

psychomoteur

Plus précisément, un épisode dépressif majeur (EDM) est caractérisé par une humeur ou une
perte d’intérét ou de plaisir généralisé pendant au moins deux semaines consécutives, et ce
pratiguement toute la journée et presque chaque jour. LEDM est avéré si, durant cette période,
apparaissent au moins 4 des symptomes suivants : fatigue, ralentissement psychomoteur, perte de
poids ou d’appétit, sommeil altéré, difficultés a se concentrer ou a prendre des décisions, idées de
dévalorisation ou de culpabilité et idées de mort récurrentes ou tentatives de suicide, et qu'ils
entrainent une perturbation des activités habituelles (Tableau 1). Sa classification est en perpétuelle
évolution de fagon a catégoriser au mieux chaque cas clinique et améliorer ensuite la prise en

charge.
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Tableau 1: Critéres diagnostics d’un épisode dépressif majeur d’aprés le DSM-5

Diagnostic criteria for Major Depressive Disorder :

A. Five (or more) of the following symptoms have been present during the same 2-week period and
represent a change from previous functioning; at least one of the symptoms is either (1) depressed mood

or (2) loss of interest or pleasure.

. Depressed mood most of the day, nearly every day

. Markedly diminished interest or pleasure in all, or almost all, activities most of the day, nearly every day

. Feelings of worthlessness or excessive or inappropriate guilt (which may be delusional)

. Significant weight loss or weight gain (> 5% of body weight in a month), or decrease or increase in appetite
. Insomnia or hypersomnia nearly every day.

. Psychomotor agitation or retardation

. Fatigue or loss of energy nearly every day.

. Diminished ability to think or concentrate, or indecisiveness

O 00 N O U B W N R

. Recurrent thoughts of death, recurrent suicidal ideation

B. The symptoms do not meet criteria for a mixed episode.

C. The symptoms cause clinically significant distress or impairment in social, occupational, or other
important areas of functioning.

D. The symptoms are not due to the direct physiological effects of a substance (e.g. a drug of abuse, a
medication) or a general medical condition (e.g.,hypothyroidism).

E. The symptoms are not better accounted for by bereavement, i.e., after the loss of a loved one, the
symptoms persist for longer than 2 months or are characterized by marked functional impairment, morbid

preoccupation with worthlessness, suicidal ideation, psychotic symptoms, or psychomotor retardation

La dépression majeure se caractérise également par la récurrence de ses épisodes. Les liens
sociaux, professionnels et personnels du patient sont altérés par ces symptomes. La dépression est
clairement un changement dans la biologie normale d'une personne. Afin de pouvoir quantifier la
sévérité du symptome dépressif ainsi que la réponse du patient au traitement, plusieurs échelles
d’évaluation clinique existent, dont I’échelle d’Hamilton qui reste I'un des outils les plus utilisés. Ce
questionnaire, dans sa version complete, regroupe 24 items évaluant quantitativement la sévérité
des symptomes et des atteintes somatiques associées (Hamilton, 1967). Une personne diagnostiquée
comme dépressive des que son score atteint «15». Le score d'un patient évolue

proportionnellement avec l'intensité de I'épisode dépressif et du nombre de symptomes présentés
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par le patient. Cet outil permet également |'évaluation de la réponse au traitement. Classiquement,
la réponse au traitement est définie par une diminution d’au moins 50% du score obtenu lors de la
premiere évaluation du patient. L'échelle de Montgomery et Asberg (MADRS) (Montgomery and
Asberg, 1979) est un outil également fréquemment utilisés en pratique par les psychiatres ainsi que

dans les études cliniques incluant des patients déprimés.

En complément des critéres diagnostics fondamentaux décrits dans le Tableau 1, le DSM-5 définit
au sein des épisodes dépressifs majeurs différents sous-types de dépression: la dépression
mélancolique, la dépression atypique. Celles-ci différent selon plusieurs parameétres cliniques et
biologiques identifiées grace aux études cliniques et permet une meilleure classification des la
premiere prise en charge des patients. Ainsi, la dépression mélancolique sera caractérisée par une
perte permanente d’intérét et de réactivité a des activités qui procuraient en temps normal du plaisir
et est accompagnée d’épisodes dépressifs plus intenses le matin, de réveils matinaux, de retards
moteurs et une prévalence accrue des idées suicidaires (DSM-5 ;(Caldieraro et al., 2013)). De plus, les
données neurochimiques abondent dans le sens d’une hyperactivité de I'axe hypothalamo-
hypophysaire adrénalien (HPA) di a un défaut de rétrocontrdle inhibiteur puisque 40 a 55 % des
patients seraient non-suppresseurs dans le test a la dexaméthasone suivi d’une injection de CRH
(Coryell, 2007). Cette hyperactivité de I'axe génere alors une augmentation des concentrations
d’hormone corticotrope (ACTH), de corticolibérine (CRH) et de cortisol et induit in fine une
hypercortisolémie (Antonijevic, 2008; Carroll et al., 2007; O'Keane et al., 2012). A l'inverse, la
dépression atypique est caractérisée par une hypofonctionnalité de I'axe HPA, avec une sécrétion de
CRH et de cortisol pouvant étre diminuées (Antonijevic, 2008). De plus, elle s’"accompagne des
symptomes suivants: une meilleure réactivité émotionnelle aux évenements positifs, une

hypersomnie et une augmentation du poids et de I'appétit (DSM-5).
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1.2 Les traitements antidépresseurs & leurs limitations

1.2.1 Prise en charge clinique des épisodes dépressifs caractérisés

La prise en charge des épisodes dépressifs a pour objectif principal la rémission des
symptomes dépressifs, tout en réduisant les possibles complications et les risques de rechutes
(Figure 1). Une médication par des antidépresseurs est classiquement initiée pour les formes
modérées a séveres d’'EDM. La prise en charge thérapeutique differe cependant selon I'intensité des
symptomes et le stade du patient (premier épisode, rechute ou récidive). De plus, le choix précis de
la stratégie thérapeutique sera orienté en fonction des antécédents du patient, I'efficacité et les
effets pharmacologiques recherchés, les effets indésirables connus, les possibles propriétés
complémentaires des composés (sédatives, stimulantes) et la présence de comorbidités

psychiatriques diagnostiquées.

REMISSION

SYMPTOMES

SYNDROME

Phase aigué Consolidation Entretien
(6-12 sem) (4-9 sem) (>1an)

Figure 1: Réponse, rémission, rechute et récidive pendant les phases de traitement antidépresseur (d’apres
Kupfer et al., 1991). La réponse au traitement s’observe pendant la phase aigué. Les rechutes peuvent survenir
avant la rémission pendant la phase aigué ou aprés rémission pendant la consolidation. La récidive se
manifeste pendant la phase d’entretien.

De plus, méme parmi les patients qui regoivent un traitement adéquat et étroitement
surveillé avec la psychothérapie ou des antidépresseurs, tous ne répondent pas complétement a ce
traitement. Dans le traitement de la dépression, une réponse compléte ou une rémission, est définie
comme la résolution complete des symptémes dépressifs et un retour complet de fonctionnement,

généralement définie comme la réalisation d'un score <8 sur I’échelle standardisée « Hamilton Rating
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Scale for Depression » (HRSD). Cependant, certains inconvénients sont encore observés: une
réponse thérapeutique se développant lentement (2 a 3 semaines) et un pourcentage significatif
(30%) de patients non répondeurs, résistants au traitement ou qui récidivent (Wong and Licinio,

2001).

Dans la dépression caractérisée, le traitement de consolidation a privilégier est le
médicament qui a permis d’obtenir la rémission symptomatique tout en maintenant les mémes
posologies. Le traitement de maintien a pour but d’éviter les récidives (ou rechutes). Lors d’un
épisode de rechute, il est recommandé de choisir un antidépresseur qui s’est avéré efficace et bien
toléré dans le passé par le patient (Recommandations AFSSAPS — 2006). Une uniformisation des
stratégies de diagnostic, de prise en charge thérapeutique et de suivi de la dépression a été proposée
récemment sous la forme d’un algorithme universel de fagon a optimiser la prise en charge des

patients (Figure 2) (Nutt et al., 2010).

Diagnose major depression

¥

= Assess the patient for depression severity, comorbidities, and suicidality®

« Establish a therapeutic alllance with the patient and the family

= Educate the patient and the family about the disorder

= When selecting an antidepressant, review the possible adverse effects of the medication
with the patient and stress the importance of taking the medication as indicated

= Consider psychotherapy as monatherapy for patients with milder depression and as
adjunctive therapy for patients with moderate or severe depression

Prescribe an S5R1, SMRI, or NDRI
E Assess efficacy after 2-4 weeks® !
C Efficacy attained -) Partial efficacyd | | Lack of efficacyd
If remission ks achleved, continue the l Increase the dose ]
antidepressant (and any other medications) and |
actively monitor for § months to prevent relapse® \Continue and monitor for 4 weeks, then reassess efficacy® |
& . teemememess—ssoo-----o-- 'l """""""""""
—( Efficacy attained :I | Partial efficacy® | | Lack of efficacy™ or medication intolerability |
: !
| Augment with another medication! l | Increase the dose | | Switch to another antidepressant |
[ I |
v v B
—( Efficacy attained -_:I | Partlal efficacy™ | | Lack of efficacyd |
I
v ¥ ¥ B
| Augment with another medication' | | Switch to another antidepressant | | Electroconvulsive therapy (ECT) |

Assess efficacy” and proceed with care as necessary

Figure 2: Proposition d’un algorithme universel des décisions thérapeutiques utilisées par les médecins
dans la prise en charge des patients dépressifs (Nutt et al., 2010).
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1.2.2 Traitements historiques

Différentes classes d’antidépresseurs ont été développées selon leur sélectivité vis-a-vis des
transporteurs de recapture monoaminergiques. Les antidépresseurs tricycliques (par exemple,
I'imipramine), qui inhibent la recapture de la sérotonine et de la noradrénaline, et les Inhibiteurs de
la MonoAmine Oxydase (exemple I'iproniazide, IMAO,;s non sélectif irréversible), apparaissent dans
les années 1950 a 1960 et sont les premiers médicaments utilisés en clinique pour traiter la
dépression (Nestler et al., 2002) (Tableau 2). Ces médicaments ont été depuis remplacés par de
nouveaux antidépresseurs ayant une efficacité comparable, mais une tolérance supérieure et un

meilleur profil de sécurité.

La découverte de ces effets antidépresseurs et de leurs cibles moléculaires a conduit a la
conception de médicaments de deuxiéme et troisieme génération, tels que les Inhibiteurs Sélectifs
du Recapture de la Sérotonine (ISRS) et les Inhibiteurs Sélectif du Recapture de la noradrénaline
(ISRN). Depuis cette découverte, I‘hypotheése monoaminergique de la dépression a été émise. La
dépression serait une atteinte de la neurotransmission sérotoninergique, noradrénergique et, dans
une moindre mesure, dopaminergique centrale. Aujourd'hui, la plupart des médicaments utilisés
dans le traitement de la dépression, et notamment les ISRS (comme par exemple, la fluoxetine), sont
efficaces pour traiter a la fois I'anxiété et la dépression (Samuels et al., 2011; Schatzberg and
Nemeroff, 2009). Néanmoins, les derniers éléments de recherche montrent que cette hypothése
monoaminergique ne peut expliquer a elle seule la physiopathologie de la dépression (Chaudhury et
al.,, 2015). Cest pourquoi I'hypothése neuroendrocrinienne avec une perturbation de I'axe

hypothalamo-hypophysaire (HPA) et la théorie de la plasticité ont été énoncées.
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Tableau 2: Classification des antidépresseurs actuels

Classe pharmacologique des antidépresseurs Molécules Mécanisme d’action Ref
Inhibiteurs Inhibiteurs des Monoamine Oxidase tra:hl(i‘anIrz(;r::i’ne neurotr:re;z;'\gtAthrin;p:rTQ:;ﬁ:\i?eigLaedsaiflz dj: la 5-HT (Tollefson, 1983)
d’enzymes (IMAOs) vicyp 4 giques, q ,

moclobemide, selegiline

etla NA

Inhibiteurs de
recapture

Antidépresseurs tricycliques (TCAs)

imipramine, desipramine, trimipramine,
clomipramine, amytriptyline, nortriptyline,
protriptyline, doxépine, amoxapine ,
maprotiline

Les TCAs inhibent le transporteur de la NA et de la 5-HT,
respectivement

(Gillman, 2007)

Inhibiteurs Sélectifs de la Recapture
de la Sérotonine (ISRSs)

fluoxetine, paroxétine, citalopram,
escitalopram, sertraline, fluvoxamine

Les ISRSs inhibent sélectivement le transporteur de la
sérotonine

(Vaswani et al.,
2003)

Inhibiteur Sélectif de la recapture de
la Noradrénaline et de la Dopamine
(ISND)

bupropion

Les ISNDs bloquent I’action du transporteur de la NA et
de la DA

(Kinney, 1985;
Preskorn and
Othmer, 1984)

Inhibiteur Mixte de la recapture de la
Noradrénaline et de la Sérotonine
(ISRNSs)

venlafaxine, desvenlafaxine,
levominalcipran, duloxétine

Les ISRNSs inhibent le transporteur de la NA et de la 5-HT

(Gorman and Kent,
1999)

Inhibiteur de recapture de la
Noradrénaline (IRNs)

lofepramine; reboxétine

Les IRNs inhibent sélectivement le transporteur de la NA

(Brunello et al.,
2002)

Antagoniste des récepteurs
adrénergiques a2 et des récepteurs
sérotoninergiques

mirtazapine

La mirtazapine bloque les autorécepteurs et
hétérorécepteurs a2 adrénergiques et bloque les
récepteurs postsynaptiques 5-HT, et 5-HT;

(Stimmel et al.,
1997)

Antidépresseurs
innovants

Antidépresseurs a action
multimodale

vortioxetine, vilazodone, trazodone

La vortioxetine est un antagoniste des récepteurs 5-HT;,
5-HT; et 5-HT,p, un agoniste partiel du 5-HT45, un
agoniste du 5-HTy, et un inhibiteur de SERT.

La trazodone est un antagoniste des récepteurs 5-HT, et
un agoniste partiel des récepteurs 5-HTa.

La vilazodone est un ISRS ainsi qu’un agoniste partiel du
récepteur 5-HTq,.

(Nemeroff, 1994,
Stahl et al., 2013)

Antidépresseurs a action multicible

Agomelatine

L’agomelatine est un agoniste des récepteurs MT; and
MT, de lamélatonine et un antagoniste des récepteurs 5-

(Le Strat and
Gorwood, 2008)

Promoteur Sélectif de la Recapture . . La tianeptine augmente sélectivement la recapture de la (McEwen et al.,
, . Tianeptine
de la Sérotonine 5-HT 2010)
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Introduction

En plus de I'approche pharmacologique, d’autres stratégies thérapeutiques qui n’impliquent
pas les antidépresseurs sont disponibles et ont prouvés leur efficacité dans le traitement de la
dépression. Par exemple, la thérapie par électrochocs (électro-convulsivo thérapie ou ECT), la
stimulation électrique du nerf vague, la stimulation cérébrale profonde et certains types de
psychothérapie ciblée comme la thérapie cognitivo-comportementale et interpersonnelle (Guidi et
al., 2016) peuvent étre mises en place pour soulager les symptomes de la dépression mais sont
encore en cours d’évaluation clinique. D’autres interventions telles que la stimulation chronique de
la région cingulaire subgénuale (aire 25 de Brodmann) ont également montré des effets prometteurs
lors d'essais cliniques (Mayberg et al.,, 2005). Ces stratégies non pharmacologiques sont
généralement envisagées en cas de dépressions séveres résistantes a toutes autres stratégies

thérapeutiques.

1.2.3 Limites actuels des traitements

Malgré les progrés évidents apportés par les antidépresseurs actuellement disponibles
(sélectivité d’effet, rapport bénéfices/risques), 30 a 60 % des patients ne répondent toujours pas de
maniere adéquate et souffrent toujours de symptomes résiduels incapacitants (Trivedi et al., 2006).
Au cours des derniéres décennies, des milliards de dollars ont été dépensés pour cibler de nouveaux
médicaments plus sélectifs que les récepteurs de la sérotonine ou de la noradrénaline, agonistes ou
antagonistes ayant des effets semblables aux médicaments antidépresseurs déja sur le marché, mais
avec une réponse plus rapide et présentant moins d’effets indésirables. Malheureusement, en dépit
de la recherche et des connaissances acquises sur le mécanisme d'action des antidépresseurs
classiques et de leurs propriétés thérapeutiques, le traitement pharmacologique de la dépression
reste peu satisfaisant. En effet, bien que les antidépresseurs actuellement disponibles aient une
réelle efficacité curative (démontrée par des études cliniques « contre placebo » ou en comparaison
a la thérapie de référence, 'ECT) dans le traitement de cette pathologie, il faut i- attendre plusieurs
semaines pour qu’ils démontrent une pleine efficacité, ii- de nombreux patients répondent peu au
traitement, iii- les symptOmes concomitants sont souvent peu contrélés et iv- certains
antidépresseurs peuvent engendrer des problemes de tolérance ou de dépendance (pour
revue,(Martinowich et al., 2013)). Environ 60% des patients souffrant de dépression ne répondent
pas de fagcon adéquate aux antidépresseurs ou sont résistantes a ces médicaments. Moins de 50 %
des patients souffrant de dépression montrent une compléte amélioration (Trivedi et al., 2006). Les
effets indésirables des ISRS sont fréquemment décrits lors d’un traitement chronique, notamment

I'insomnie, somnolence, sensation vertigineuse, akathisie et dysfonction sexuelle a long terme (par
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exemple, diminution de la libido, I'éjaculation retardée, etc..). Comme les antidépresseurs de
premiere génération, les ISRS nécessitent au moins 2 a 4 semaines d'administration avant I'obtention
de bénéfices thérapeutiques (Wong and Licinio, 2001). Le fait que la réponse au traitement
antidépresseur soit si imprévisible chez un individu et qu’il soit souvent nécessaire d'essayer
plusieurs antidépresseurs pour obtenir un effet optimal, peut causer de la frustration chez le patient,
favoriser une mauvaise observance de ce traitement, ce qui en limitera son efficacité et
involontairement servira a renforcer les symptomes de la dépression (Fava, 2000; Trivedi et al.,
2006). L'écart entre les effets aigus des ISRS (in vitro, le blocage des transporteurs SERT et/ou NET est
rapide) et l'apparition tardive de leurs effets in vivo aprés administration chronique chez I'animal et
chez 'Homme suggérent un mécanisme d'action plus complexe que prévu. Cette distinction
apparente entre les effets aigus et chroniques des ISRS a fait émerger I'hypothése de la nécessaire
activation de plusieurs mécanismes pharmacologiques dans le cerveau lors d'un traitement
chronique avec des ISRS. L'efficacité modeste des antidépresseurs conventionnels, et notamment des
ISRSs, appelle a de nouvelles approches pour traiter les différentes formes légeres, modérée ou
séveres des épisodes dépressifs associés ou non a des troubles anxieux. Des études cliniques mettant
en ceuvre des thérapies pharmacologiques combinées, telles que le blocage de certains récepteurs
monoaminergiques centraux (antagoniste de l'autorécepteurs 5-HT;,, par exemple) en plus de
I'inhibition d’un des transporteurs des monoamines, ont déja été proposées afin de raccourcir le

délai d’apparition de I'effet antidépresseur et/ou d'augmenter I'efficacité de ces médicaments.

1.2.4 Nouveaux traitements innovants

Les efforts actuels de développement de médicaments visent a découvrir de nouvelles cibles
et de nouvelles classes d'antidépresseurs dans I'espoir d’identifier de nouveaux composés ayant une
efficacité plus large et / ou d’apparition des effets plus rapide avec un meilleur profil d'effets
indésirables (Tableau 2). Pour exemples, les inhibiteurs de recapture doubles ou triples des
monoamines sont des molécules nouvelles capables d'agir sur plusieurs systemes de
neurotransmetteurs a la fois (Roose et al., 1994). Autre exemple, la vortioxetine (Lu AA21004; 1-[2-
(2,4-diméthyl-phénylsulfanyl)-phényl]- pipérazine) est un nouvel antidépresseur ayant une activité
antidépressive « multimodale » développé par des Laboratoires Lundbeck. Fin Septembre 2013, la «
Food and Drug Administration » (FDA) américaine et fin octobre 2013, I’Agence Européenne du
Médicament (EMA) ont approuvé la mise sur le marché de la vortioxetine (BRINTELLIX®) avec pour

indication le traitement des adultes souffrant de troubles dépressifs majeurs. En 2015, 'EMA et la
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FDA ont reconnu les propriétés bénéfiques de la vortioxetine sur la correction des déficits cognitifs
lors d‘EDM.

Autre exemple, le développement de I'agomelatine (520098, N-[2 - (7- méthoxynaphthalén-
1-yl) éthyl] acétamide), médicament antidépresseur ayant a la fois des propriétés agoniste
mélatoninergique et antagoniste du récepteur 5-HT,¢, est prometteur car les troubles affectifs sont
caractérisés par des rythmes circadiens anormaux (pour revue, voir (de Bodinat et al., 2010)).
L’agomelatine (Valdoxan®/ Thymanax® développé par les Laboratoires IRIS) a obtenu I'autorisation
de commercialisation en 2009 pour le traitement des épisodes dépressifs majeurs en Europe,
devenant ainsi un des premiers antidépresseurs approuvés avec un mécanisme d’action non
exclusivement monoaminergique.

Enfin, les antagonistes du récepteur ionotropique glutamatergique NMDA, en particulier la
(x)-kétamine sont comme des candidats a la prochaine génération d'antidépresseurs d’action rapide
(pour revue, voir (Maeng et al., 2008; Martinowich et al., 2013). De facon étonnante, il semble que
les effets d’'un anesthésique, la (+)-kétamine sur le comportement reposent sur l'activation du
récepteur AMPA, un autre type de récepteur canal ionique du L-glutamate (I'isomére S- est en cours
d’évaluation car il aurait moins d’effets indésirables « psychomimétiques ») et, par conséquent, des
médicaments capables d'activer directement le récepteur AMPA ou un de ses sites modulateurs
allostériques (Ex : essais cliniques en cours du GLYX-13 ou rapastinel, un agoniste partiel du site
glycine du récepteur NMDA) pourraient produire des actions antidépressives rapides et de longue
durée.

Enfin, malgré les énormes progrés réalisés en recherche avec l'utilisation de traitements
physiques ou somatiques comme la psychothérapie, la thérapie par électrochocs (ECT) ou la
pharmacologie des antidépresseurs visant a élucider la physiopathologie des troubles
anxio/dépressifs, de nombreuses questions restent en suspens concernant le mécanisme d’action

des antidépresseurs et leur lien avec la dépression (Nestler et al., 2002).
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2 Les troubles cognitifs dans la dépression majeure

Bien que seule la « difficulté de concentration » apparaisse clairement dans la liste des
criteres de diagnostic de la dépression majeure définie par le DSM-5, de nombreux autres troubles
cognitifs associés aux symptémes dépressifs sont reportés par les patients souffrant de troubles de
I'humeur. Parmi eux, des altérations dans |'attention, la mémoire de travail, les performances
d’apprentissage et de mémoire et les fonctions exécutives alourdissent significativement le poids de

la maladie chez ces patients.

La Revue “Cognitive dysfunction in major depressive disorder : A translational review in
Animal models of the disease » qui suit, présente dans un premier temps les déficits cognitifs
observés chez les patients déprimés, en fonction de leur age et la nature de dépression. Les
différents outils cliniques permettant de déceler ces troubles cognitifs sont également évoqués. Dans
un second temps, les troubles d’apprentissage et de mémoire associés a différents modeles animaux
d’anxiété/dépression sont détaillés. Pour chagque domaine cognitif étudié, nous avons déterminé si
les troubles cognitifs observés sont communs aux différents modeles animaux ou si d’autres facteurs
non-spécifiques (tels que I'espece animale, le sexe ou I’dge) pouvaient dessiner des altérations
communes a travers les différents modeles. Enfin, le réle de la neurogenése hippocampique chez les

Rongeurs adulte dans les déficits cognitifs a également été développé dans cet article.
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Abstract: Major Depressive Disorder (MDD) is the most common psychiatric disease, affecting
millions of people worldwide. In addition to the well-defined depressive symptoms, patients
suffering from MDD consistently complain about cognitive disturbances, significantly exacerbating
the burden of this illness. Among cognitive symptoms, impairments in attention, working memory,
learning and memory or executive functions are often reported. However, available data about the
heterogeneity of MDD patients and magnitude of cognitive symptoms through the different phases
of MDD remain difficult to summarize. Thus, the first part of this review briefly overviewed clinical
studies, focusing on the cognitive dysfunctions depending on the MDD type. As animal models
are essential translational tools for underpinning the mechanisms of cognitive deficits in MDD, the
second part of this review synthetized preclinical studies observing cognitive deficits in different
rodent models of anxiety/depression. For each cognitive domain, we determined whether deficits
could be shared across models. Particularly, we established whether specific stress-related procedures
or unspecific criteria (such as species, sex or age) could segregate common cognitive alteration across
models. Finally, the role of adult hippocampal neurogenesis in rodents in cognitive dysfunctions
during MDD state was also discussed.

Keywords: major depressive disorder; cognitive dysfunctions; animal models of anxiety/depression;
neurogenesis

1. Introduction

Cognitive dysfunction is a common feature of major depressive disorder (MDD), contributing
to the serious decline in patients’ quality of life. Described in the 5th edition of the Diagnostic
and Statistical Manual of Mental Disorders (DSM-V, [1]) as “significantly affecting the individual’s
capacity to function”, these cognitive changes are associated with the set of emotional and behavioral
alterations (including persistent depressed mood and loss of pleasure) that characterizes MDD
pathology. Many clinical studies have focused their work on the nature and the magnitude of cognitive
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alterations during the clinical course of MDD [2-6]. During clinical observation, patients mostly
report their difficulty to concentrate, to make decisions, the feeling that their brain is slowed down
or the fact that “they forget everything” (tasks, meetings, etc.) [7]. These subjective complaints relate
to a broad range of cognitive impairments reported during depressive episodes, from executive
functions (attention, processing speed, cognitive flexibility) to working and visual learning and
memory. However, contradictory findings from neuropsychological tests have encouraged clinicians to
examine whether the heterogeneity of the MDD population would prevent from identifying a specific
neurocognitive profile in depressed individuals.

The DSM-V clearly defines subtypes in major depression such as melancholic and atypical
subtypes of MDD. Comparing different cognitive functions across MDD subtypes may help in the
identification of neurocognitive patterns according to the specificity of MDD markers. Additionally,
few studies aimed at delineating between trait- and state-like cognitive alterations, i.e., the deficits
observed exclusively during depressed episodes and those occurring prior, between and after MDD
episodes [7]. One meta-analysis performed across first-episode MDD subjects, and including 13 studies,
segregated state-dependent cognitive alterations in MDD subjects (psychomotor speed and memory
functioning) from trait-markers (attention and executive functioning). However, the large clinical
heterogeneity of MDD subjects may dampen this report.

In order for basic research to provide potential advances in this field, it is essential to use animal
models that present behavioral, neurochemical and brain morphological phenotype reminiscent of
some symptoms of MDD. Indeed, animal models exhibiting deficits in one or more of the relevant
domains of cognition are useful to investigate mechanisms underlying impaired cognitive processes
observed in MDD and their dependence on mood pathology. In rodents, many anxiety-depression
models, including chronic early-life stress and adulthood models, have been validated for the study of
anhedonic behaviors, modeling the negative mood symptomatology of MDD. It has been reported that
adverse experiences during pregnancy or early stress life events in childhood could lead to an increased
sensitivity to the effects of stress in adulthood life, directly enhancing vulnerability to depression [8,9].
Rodent models such as prenatal stress (chronic stress exposure during gestational period), early
post-natal handling and maternal separation (chronic pups-dams separation during weaning period),
have been validated to produce depression-like behavior in adulthood [10,11]. However, in most
clinical cases, the apparition of MDD pathology occurs during adulthood and is typically caused
by a succession of adverse stress episodes in life, leading progressively to the core of the pathology.
Several adult animal models have been validated as anxiety-depression models such as social defeat
model (SD) [12], learned helplessness (LH) [13], unpredictable chronic mild stress (UCMS) [14] and
chronic corticosterone administration (CORT) [15]. Among these models, UCMS procedure, based
on a chronic exposure of unpredictable stressors, has been reported as one of the most robust animal
models of depression thanks to good predictive, face and construct validities [16,17].

In this review, the first part will be focus on clinical cognitive dysfunctions depending on the type
and stage of the MDD illness. The second part of this work will gather preclinical studies observing
cognitive deficits in different rodent models of anxiety /depression. For each cognitive domain, we will
highlight which deficits can be shared, across models, and, whether specific stress-related procedures
or non-specific criteria (species, sex, type of cognitive parameter measured) can segregate common
cognitive alteration. Finally, the role of adult hippocampal neurogenesis in rodents in cognitive
dysfunctions during MDD state will be discussed.

2. Cognition in Patients Suffering from MDD

2.1. Cognitive Performances in MDD through Different Ages

Cognitive abnormalities in many various cognitive domains have been reported among patients
suffering from MDD [4,18-22]. Specifically, cognitive alterations in attentional processes [23-25],
executive functioning [6,26-28], working memory [27,29,30], verbal or visual learning and
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memory [29,31] and emotional processing [31,32] were noted in MDD patients. While early-onset
depression is associated with higher disease severity and with higher levels of recurrence [33], limited
data are available regarding children, adolescents or young adults cognitive performances during
MDD episodes. Deficit in attention, memory and problem solving could have a serious impact in these
populations on daily activities, especially when individuals are involved in education or academics
programs, during which their achievement depends on these skills [34]. Among the few studies
examining cognitive performances in pediatric, adolescent or young adults depressed subjects, all of
them agreed on a general cognitive degradation but none managed to extract specific impairments
related to the early-onset of depression [33,35,36]. It remains currently unclear whether or not cognitive
impairments should be considered as vulnerability markers of depression, potentially preceding the
development of depressive symptoms or, whether cognitive symptoms develop only after the onset of
a major depressive episode [33].

Further studies involving larger, homogenous cohorts of patients are needed to provide new
understanding regarding this issue. Cognitive dysfunctions in elderly depressed people have
been widely investigated, but no specific cognitive impairments have been observed due to the
physiological decline of cognitive process with age and to potential neurodegenerative disorders
appearing in late-life. However, late-life depression has been particularly associated with a slower
speed in information processing, executive functions difficulties and working memory deficits [37-39].
Alternative treatments strategies including cognitive training, psychotherapy, assistive devices,
interventional procedures, physical/speed therapy and others emerging therapies are employed
to treat cognitive dysfunctions in elderly depressed patients, in addition to a classical pharmacological
therapy [40].

2.2. Cognitive Neuropsychological Assessments Instruments Used for MDD Patients

The Hamilton Depression Rating Scale (HAM-D) and the Montgomery-Asberg Depression Rating
Scale (MADRS) are clinician-administered assessments of depressive symptoms that are the most
frequently used methods in depression clinical trials. However, neither of these scales evaluates
cognition in any depth and both rely on a clinician’s subjective opinion based upon a patient’s report.
In the HAM-D, a single item assesses psychomotor functioning, whereas a single item on the 10-item
MADRS assesses concentration [41].

The number of studies investigating cognition performances in depressive disorder has grown
during the last decade, reflecting the interest in cognition as a therapeutic target [42]. Given the extent
and the magnitude of cognitive dysfunctions in MDD, a greater assessment of cognitive performances
may help in MDD evaluation. However, little is known about current clinical routine practice and
specific available assessment tools to assess cognitive symptoms in a depression context. A recent
cross-sectional survey interrogating psychiatrists from different countries investigated the strategy
and routine methods facing cognitive evaluation in MDD patients [43]. When psychiatrists were asked
to share their assessment method to explore cognitive function in MDD, 61% of them exclusively relied
on patient history interview, 32% of them used solely cognitive instruments and only 7% of them used
both methods. Most of the psychiatrists who reported using instruments specifically cited the Mini
Mental Status Examination (MMSE, preferentially used in dementia disorder such as Alzheimer’s
disease) or instruments assessing depression severity rather than cognitive assessments tools (HAM-D,
MADRS, Beck Depression Inventory or Geriatric Depression Scale). Only six appropriate cognitive
assessment tools were mentioned, including the Trail Making Test, the Stroop test or the Digit span
task. While this study showed psychiatrists’ awareness of cognitive dysfunction in MDD patients, few
were actually using appropriate instruments and most of instruments cited were inappropriate for the
intended population and disease state, evoking a general misuse and confusion regarding instruments
for assessing cognitive dysfunction in MDD.

Through a review highlighting the nature of cognitive assessment instruments used in MDD trial,
the California Verbal Learning task (CVLT), the Trail Making Test (TMT-A), the Wechsler Memory-Scale
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(WMS) and the Wechsler Adult Intelligence Scale (WAIS) were listed as the most frequently used in
clinical studies [44]. Among cognitive existing batteries that assess several cognitive domains rather
that one domain represented by a single task, the CANTAB battery (Cambridge Neuropsychological
Test Automated Battery) is the most widely used in MDD trials.

Classified by cognitive domains, some of the most familiar used tests in the MDD context are as
follows [41,45]:

e Attention processing monitoring: the Digit Span test and the Continuous Performance test,

e  Processing speed: the Trail Making Test-Part A, the Digit symbol test and the Finger Tapping test,

e  Executive functions and verbal memory: the Stroop Color Word test, the Trail Making Test-Part B
and the Wisconsin Card Sorting Test,

¢  Memory functions: the Rey Auditory Verbal Learning Test, the Wechsler Memory Scale and the
California Verbal Learning task

Despite the variety of accessible methods, there is still a lack of harmony regarding the
practical use of appropriate instruments or batteries to assess cognitive functions in major depression.
The development of a validated and standardized cognitive battery to use in a specific manner in
MDD clinical trials is necessary to improve both assessments and treatments of MDD patients.

2.3. Progression of Cognitive Symptoms along the Course of MMD

The course of MDD pathology is characterized by a first-episode of major depression either
followed by a complete remission or break periods without any mood-related symptoms and recurrent
episodes separated by short time periods between relapse. In order to better visualize the progression
of cognitive symptoms associated with depressive symptoms, Figure 1 simultaneously describes the
course of depressive symptoms and the potential course of cognitive symptoms through different
steps of the illness.

)
S %
% %,
9 %
% % 2
Normal state < -
A
Magnitude of: :
- depressive symptoms I \\ ,f
! |94 o
1
W

Figure 1. Schematic representation of a common trajectory towards chronic recurrent depression.
Blue full and dotted lines represent various forms of progressions of depressive symptoms during
the course of MDD. The red dotted line represents the magnitude of cognitive symptoms associated
to MDD pathology according to MDD state. An early onset of cognitive symptoms depression has
been reported before the clinical diagnosis. Those cognitive signs can persist even after remission or
recovery of MDD symptoms.

Although many studies found that a wide range of antidepressant treatments were able to
improve both mood and cognitive-related symptoms in MDD [46-48], others failed to find an
association between antidepressant treatment and improvement in cognitive functions in depressed
patients [49-51]. Interestingly, the speed of remission of MDD seems related to an improvement in the
patients’ cognitive functioning after a successful treatment. Indeed, unlike slow-remitters, the subjects
with a rapid remission pattern presented specific cognitive benefits, with significant improvements in
speed of information processing, working memory, and executive functions [52].
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Although description of cognitive alterations in the context of mood disorders has been extensively
analyzed in the literature [6,18,19,24,28,31,53], understanding why some cognitive dysfunctions are
still present in remitted or recurrent state of MDD and how specifically progress these deficits remains
unanswered. Indeed, recent reviews, focused on cognitive functioning in the remitted state of
depression, confirmed that cognitive deficits persist in depressed patients despite the stabilization
of mood-related symptoms [5,54]. These deficits seem to reside more within the cognitive domains
of attention and executive functions (mental flexibility, decision-speed) than within other domains,
although studies in additional patient cohorts are needed to strengthen this statement. The involvement
of many factors associated to the progression of MDD pathology (number, duration and severity
of MDD episodes) and other clinical features (age of onset, time elapsed since the last episode of
depression, treatment interventions, sex or co-morbid psychiatric disorders) make the identification of
a specific neurocognitive profile in remitted patients even more complex [5].

Although many studies found that a wide range of antidepressant treatments were able to
improve both mood and cognitive-related symptoms in MDD [46-48], others failed to found an
association between antidepressant treatment and improvement in cognitive functions in depressed
patients [49-51].

The proportion of MDD patients that encountered recurrence episodes is estimated at
50%-60% [55]. Cognitive symptoms in recurrent depressive disorder (rDD) represent the largest range
of cognitive impairments during the MDD pathology with decrements in memory, learning, attention,
spatial visualization, visual-motor coordination, verbal fluency and memory, psychomotor retardation
and most of the executive functions (planning, problem solving, behavioral inhibition, mental
flexibility) [56-58]. A way to examine the degree of cognitive deficits in recurrent depressive disorders
is to gather studies that compare first-MDD episode cognitive symptoms to recurrent depressive
cognitive symptoms. A recent study evaluated the following cognitive functions: information
processing speed (Digit Symbol from WAIS-R), executive functions and working memory (TMT, Stroop
test), verbal memory (immediate and delayed memory) and learning ability (CVLT), and verbal fluency
(VFT) in first-MDD episode and in recurrent episode patients [58]. Although no difference was found
in the severity of the depressive symptoms between first-episode and rDD individuals, the patients
from the latter group recorded significantly lower scores in all the cognitive tests. These findings
are in line with a previous report, in which recurrent patients exhibited worse performances in
all the tests (executive functions and perseverative tendency) compared to controls subjects [59].
Moreover, the number of recurrent episodes seems correlated with the severity of perseverative
behavior. The cumulative duration of depressive episodes and their repetition have a detrimental
effect on the severity of the associated-cognitive deficits.

Otherwise, evidence suggesting that rDD was associated with negative biases and increased
sensitivity to negative events. While first-episode MDD patients can show an impairment in emotional
cognitive function [31,32], rDD subjects displayed a deficit in identifying facial expression at a more
severe degree, even demonstrating excitation and exaggeration for sad emotions [60]. Thus, neural
mechanisms involved in the perception of negative or happy/neutral faces may differ, confirming
the abnormal neural processing of emotional stimuli in depressed patients all along the course of
the disease.

Taken together, rDD are characterized by a proportional aggravation of cognitive disturbances
compared to first-episode MDD (Figure 1). This progressive decline of cognitive functioning through
MDD illness may contribute to the failure to reach a full recovery in patients and considerably widens
their risks of developing over time dementia and neurodegenerative disorders.

Many questions about cognitive deficits associated with MDD pathology remain unanswered:
could cognitive impairments be a premature behavioral marker of susceptibility to depression and be
used as a prevention tool? Are residual cognitive dysfunctions in remitted patients a risk factor for
relapse? New discoveries in this field could significantly improve therapeutic care in MDD patients.
Relieving cognitive dysfunctions may be a necessarily step to treat major depression.
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2.4. Cognitive Dysfunctions According to the MDD Subtypes

Most of clinical studies investigating cognitive dysfunctions in MDD patients did not detail
the heterogeneous condition of depression symptomatology. Melancholia and atypical disorders
are the main subtypes in depression. Specifically, melancholic depression can be distinguish from
non-melancholia by a set of physical symptoms occurring during clinical depressive episodes such
as anhedonia and/or lack of reactivity to usually pleasurable stimuli, observable psychomotor
retardation, weight loss, worsening of symptoms in the morning hours and early morning awaking
(DSM-V, [1,61,62]). On the other hand, atypical subtype is rather characterized by mood reactivity
and positivity, a younger onset of age, less severe and fewer depressive episodes, longer duration of
episodes, hypersomnia, weight gain and more co-morbidity with anxiety and substance abuse [1,63].
In addition to the DSM-V definition, distinct biological correlates differentiate melancholic subtype
from others subtypes of depression. Melancholic depression is associated with HPA-axis hyperactivity
(hypercortisolemia) and specific sleep patterns (reduced REM latency, increased REM time and reduced
deep sleep) [64,65].

After two decades of research, increasing evidence suggests that melancholic patients exhibit
greater cognitive dysfunctions than non-melancholic patients but no qualitative review focusing on
cognitive impairments in melancholic subtype has been written yet. Table 1 summarizes clinical studies
evaluating cognitive functions within melancholic patients through various neuropsychological tests.
Classical clinical assessments to identify melancholic patients in these studies were determined by
DSM-IV or DSM-V criteria for melancholic features Checklist (DSM-1V) and the CORE index for
melancholia by behavioral observation. The CORE index was developed in 2007 when observable
psychomotor disturbance was judged as the most relevant clinical markers of melancholic depression
and psychomotor retardation was announced as the “core” behavioral pattern defining melancholic
MDD [61,66]. This assessment was preceded by a 17-item HAM-D evaluation and, occasionally, the
Mini Mental State Examination (MMSE) was employed as a screening tool to exclude potential subjects
with early onset dementia.
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Table 1. Differential cognitive impairments in melancholic and non-melancholic patients.
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MDD Type Sex M(‘;:;r‘:)ge Cognitive Domains Tested Assessment Methods Main Results Reference
MEL (1 = 20) - . . . . .
Non-MEL (1 = 18) /9 39 Psychomotor tasks Fitt’s task Flgure—C(.)py}ng task Symbol digit MEL patients were slower performlng all the tasks [67]
substitution task compared to non-MEL and CTRL patients.
CTRL (1 = 38)
- MEL patients were significantly slower than
Noff\&]g (:n7—) 8) /9 10 Response selection Attention Executive Choice reaction task (T1) Spatial Stroop task non-MEL patients in T2, T3, and T4.MEL patients [68]
= function SRC task Spatial Stroop + SRC task were slower than CTRL in all tasksNo difference
CTRL (1 =8) between non-MEL and CTRL in all tasks
- MEL patients showed deficit in executive
N 1:1/[_%]5(5 (:711_1_121(1)20) o 50 Executive function Memor CANTAB battery: ID/ED set shifting task, function in thg ID/ED sgt shifting compared to [69.70]
0] = ecutive function Memory SOC Spatial Recognition Memory, PAL non-MEL patients;No difference between groups ,
CTRL (n = 11-20) in SOC, PAL, SRC
- - No difference between MEL and
MEL (1 = 26) Explicit episodic memory Implicit ific implici i
Non-MEL (1 = 9) o) 34 P ( rgcedural) learn?n P WMS-R SRTT non—MELSequence—speaﬁc implicit learning was [71]
CTRL (1 = 26) P & lower in MEL compared to non-MEL
Baseline MDD: MEL patients showed deficits in
memory tasks (CVLT trial 1, CVLT total trials) and
1Q Executive function Attention/working prospective memory (delayed free recall). MEL group
memory Learrur.lg/ long-term verbe.ﬂ NART Donders Simple Reaction Time Digit recalled fewer words overall; MEL .patlents Performed
MEL (n =17) memory Prospective memory Attention, R more poorly than non-MEL group in executive
/9 41 S . Span test CVLT Prospective memory task . - [72]
Non-MEL (n = 17) response inhibition Set shifting, feedback SCWT Shortened WCST COWAT SET functions tests: digit span backwards, SCWT
use Semantic memory/ verbal fluency interference score, WCST categories completed, WCST
Planning, self-monitoring, multi-tasking perseverative errors and modified Six Elements Test;
Remitted MDD: Same cognitive impairments in MEL
patients were observed.
MEL (n = 20) Working memory Emotion classification MEL patients showed better memory for sad faces
Non-MEL (1 = 20) F/? 47 5 Y . Emotion face paradigms pater ¥ [73]
Arousal and valence rating (sad benefit).
CTRL (n = 20)
Memory recall Attention Short-term Verbal recall, recognition task Time
MEL (n = 65) working memory Executive functioning estimation task Reverse digit span task MEL patients showed poorer performances in spatial
Non-MEL (1 = 59) F/? 39 Semantic knowledge, language Spatial Executive maze task Word Generation test ~ visual memory and attention task compared to [74])

CTRL (n = 124)

visual memory Cognitive flexibility,
selective attention

Span of visual memory task Verbal
Interference test Switching of attention task

non-MEL group.
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MDD Type Sex M&:;r‘:)ge Cognitive Domains Tested Assessment Methods Main Results Reference
MDD state: In the domains of processing speed
MEL (n = 142) TMT-A, Digit symbol coding subtest Digit ~ (TMT-A and Digital Symbol Coding of WAIS-RC) and
Atypical (n = 76) Processing speed Attention Shifting Span Forward of the WAIS-RC Modified verbal fluency (animal naming), MEL patients
Undifferentiated J/Q 34 Planning Verbal fluency Visual spatial WCST, TMT-BTower of Hanoi (TOH) performed significantly worse than atypical patients; [63]
(n=91) CTRL memory Verbal working memory Animal naming WMR-RC Digit span Remitted state : MEL patients performed worse than
(n =200) backward subtest of the WAIS-RC controls in processing speed, shifting and
verbal fluency.
Baseline: MEL patients performed worse than
Attention Information processing non-MEL patients in most of neuropsychological tests
MEL (1 = 25) speed /Mental flexibility Psychomot TMT A-B; WAIS-ITMT A-B ; SCWT (TMT-B; WAIS I/1I, SCWT, TOL and in the Finger
J/Q 48 pee enta’ Pexidr ity Fsycnomotor I/1lFinger Tapping test SCWT IIl Tower of =~ Tapping Test); [62]
Non-MEL (n = 63) speed Response inhibition Planning . . ’ .
Working memory Semantic verbal fluency London WAIS-1/WAIS-IINaming Remitted state: Overall, MEL patients performed worse
than non-MEL patients. Significant differences were
found in the TMT-B and the semantic verbal fluency.
Motor coordination Response inhibition Finger tapping Go-NoGo Continuous MEL patients performed worse at switching attention,
_ Sustained attention Decision speed performance task Choice reaction time task  decision speed and verbal interference compared to
MEL (n =279) Information processing Verbal memor Switching attention M 1l and -MEL patients;
Non-MEL (1 = 544) /9 37 p g y ching attention Memory recall an non: patients; 75]

CTRL (n = 247)

Working memory Executive function
Cognitive flexibility Explicit emotion
identification Implicit emotion identification

cognition Digit span task Maze task Verbal
interference Identification
accuracy /RTPriming RT

MEL patients were significantly slower than non-MEL
patients to identify happy faces in explicit and implicit
emotion identification.

Abbreviations: MEL: melancholic; non-MEL: non-melancholic; CTRL: Controls; SCR: Stimulus-Response Compatibility; CANTAB: Cambridge Neuropsychological Test Automated
Battery; SOC: stocking of Cambridge task; ID/ED: intradimensional /extradimensional attention set shifting task; SRM: spatial recognition memory; PAL: paired associated learning
task; WMS-R: Wechsler Memory Scale-Revised; SRTT: Serial Reaction Time Task; NART: National Adult Reading test; CVLT: California Verbal Learning task; PM: Prospective Memory
task; SCWT: Stroop Color Word Test; WCST: Wisconsin Card Sorting Test; COWAT: Controlled Oral Word Association Test; SET: Modified Six Elements Test; TMT (A or B): Trail

Making Test; WAIS-RC: Wechsler Adult Intelligence Scale—Revised by China; TOH: Tower of Hanoi; WMR-RC: Wechsler Memory Scale-Revised by China; RT: reaction time.
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Conducted in small cohorts of patients, the oldest studies mainly focused on psychomotor and
motor coordination performances such as Finger tapping task, fast walk, finger-thumb apposition,
hands movements, foot tapping, finger-copying task or reaction time tasks. In accordance to the
CORE concept, psychomotor performances were diminished in melancholic patients compared to
non-melancholic patients [67,68,76].

The major finding emerging from the variety of cognitive domains tested is that all
studies assessing attentional processes and more globally executive functions invariably showed
deficits in one or several associated tasks in melancholic patients compared to non-melancholic
patients [62,63,68,70-72,74,75]. These specific impairments are already a key component in melancholic
profile. It also appears that the differentiation between melancholic and non-melancholic groups relies
on increased task difficulty. Indeed, simple reaction task [68], spatial recognition memory [69,70],
explicit episodic memory [71], semantic memory [72], memory recall or working memory [74,75] were
similar across depression subtypes. In contrast, complex tasks that required set-shifting [62,69,70],
attentional processes [62,68,71,72,74], cognitive flexibility [72,75], planning [62], decision-speed [63,75]
distinguish melancholic and non-melancholic MDD patients.

As mentioned previously, cognitive abnormalities in MDD patients can persist even after
clinical remission [5,54,77,78]. So far, only two studies compared cognitive performances of MDD
patients with or without melancholic features longitudinally, from admission to recovery [62,72].
At baseline, both investigations agreed that cognitive performances in melancholic were impaired in
most of the cognitive domains tested (attentional processes, information processing, psychomotor
speed, mental flexibility, learning verbal memory, planning) compared to non-melancholic subtype.
Interestingly, these memory and executive dysfunctions in melancholic patients were maintained
despite the remitted state of patients. In contrast, some of cognitive disturbances observed in
non-melancholic patients were improved after remission [62,72]. The persistence of some cognitive
dysfunctions, mostly reported in melancholic patients, could represent a marker of a distinct depressive
subtype instead of being secondary to the severity of depression. Further investigations are needed to
determine why melancholic patients require a longer period of recovery in order for their cognitive
functions to be restored to control levels. Only one study investigated cognitive deficit in the three
different MDD subtypes defined by DSM-V: melancholic, atypical and undifferentiated patients.
Major depressive subtypes displayed similar cognitive deficits in most of the tested domains but
differed in some cognitive tasks. Melancholic patients performed significantly worse in domains
such as processing speed (TMT-A, Digit symbol coding subtest) and verbal fluency (animal naming)
compared to atypical and undifferentiated patients [63]. After remission from depression, while all the
subtypes could recover their visual spatial memory and verbal working memory, clinically remitted
melancholic patients exhibited specific deficits in processing speed, set-shifting measures and verbal
fluency, in line with previously discussed results [62,72], suggesting once again a distinct profile in
neurocognitive performance in baseline and remitted MDD, depending on the subtype.

There is substantial evidence showing that perception in patients with MDD is characterized
by blunted responsiveness to emotionally positive information as well as an increased tendency to
perceive emotionally neutral visual information as negative [79]. However, relatively few studies
have used neurobehavioral measures to examine emotional disturbances and loss of positive affect
in melancholic MDD population. When melancholic subjects were asked to classify emotional faces
previously encountered, they showed either a better memory for sad faces [73] or significantly more
time at explicitly identifying happy faces [75] compared to non-melancholic patients. These findings
support that melancholic patients display a hypersensitivity to sad stimuli, reflected in a greater
tendency to recall or identify sad expressions. Perceptual emotion biases appear to be specific in
melancholic patients and could open up the debate about a possible primary neurocognitive feature
of melancholic depression instead of a consequence of symptomatic mood. Further longitudinal
neuroimaging studies combined with cognitive measures in melancholic patients could provide new
insights in this field.
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Taken together, the majority of studies agreed on both generalized and specific cognitive
impairments in the melancholic subtype, characterized by a greater degree of these alterations
compared to non-melancholic patients. Specifically, melancholic patients were distinguished by
specific impairments in decision speed and positive emotion processing [63,73-75]. Moreover, given
that most of cognitive deficits persist in remitted state in melancholic patients, the debate about the
rehabilitation process of this type of depressive patients warrants an important focus.

Although subtyping depressive patients can be a useful tool in identifying specific profiles in
depressive symptomatology, its clinical utility regarding predictive antidepressant drug efficacy must
be hampered by recent exploratory [80] or translational research [81] investigations.

Even though, anhedonia and dysfunctional reward processing are unspecific to MDD, and
may be observable in other psychiatric disorders [82], this is one of two required symptoms for
a diagnosis of MDD [1]. This decrease in engagement in rewarding activities may be related to
the complex disturbances in the emotional, motivational and cognitive domains that are associated
with depression. Changes in reward-motivated learning in depression may exacerbate the clinical
symptoms, or delay recovery. MDD and especially MDD-anhedonic subjects can display deficits
in motivational processing and dysregulation of the brain's reward system [83]. Studies in MDD
subjects showed a deficit in establishing a reward bias [84], and in reward-related decision-making [85].
If the assessment of “motivational anhedonia” is improved, it could help patient making behavioral
choices that are likely to increase exposure to positively reinforcing experiences. Indeed, alterations in
reward-related learning failed to appropriately guide or motivate subsequent behavior. These forms
of incentive learning depend on several factors, including reward processing, motivation and the
neuroplasticity underlying formation of new or strengthened memories. However, anhedonia is a
particularly difficult symptom to treat, especially with current first-line pharmacotherapies (e.g., SSRIs),
that do not adequately address motivational anhedonia in depression ([86] for review). If little is
known about reward-motivated learning in animal models, a recent study using chronic exposure to
corticosterone-induced depression-like behavior in Rat produced lasting deficits in the acquisition
of reward-related learning tested on a food-motivated instrumental task [87]. Interestingly, in
the same study, authors showed that amitriptyline increased instrumental performance compared
in corticosterone-exposed rats. This may suggest that chronic exposure to amitriptyline per se
facilitates this form of reward-related learning. The interrelationship between specific components of
motivational dysfunction and specific cognitive systems in the context of depression remains to be
studied in order to allow for a greater understanding of mood disorders [88].

3. Cognitive Behavioral Paradigms Used to Assess Learning and Memory Performances in
Rodent Models of MDD

Cognition is a complex brain function that involves processes including attention, processing
speed, learning and memory, working memory, verbal fluency and executive functions. However, some
of these cognitive domains cannot be modeled in Rodents because of the higher cognitive
demands specific to Humans, particularly in executive functions such as planning, problem solving,
multi-tasking or decision-making and verbal fluency.

Collective efforts from preclinical researchers and clinicians are currently in progress to improve
the translation of fundamental research tools into clinical application in Psychiatry. For example,
the Cognitive Neuroscience Treatment Research to Improve Cognition in Schizophrenia (CNTRICS)
initiative was introduced to identify tasks with construct validity across species to improve the
“translational-ity” of behavioral tests from rodents to non-human primates and humans [89,90].
More recently, the Research Domain Criteria (RDoC) project, established by the National Institute
of Mental Health, propose a biologically-valid framework for the understanding mental disorders.
This latter project relies on functional dimension of behavior based on genes, molecules, cells, circuits,
physiology, behavior and self-reports, like the “Cognitive Systems” domain, and will allow a better
crosstalk between clinical and preclinical studies [81,91]. In preclinical research, the development of
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visual touchscreen-based memory procedures to assess cognitive functions in animal models will
improve standardization of testing approaches, stimuli and conditions and will minimize experimenter
involvement and potential bias. These types of behavioral tasks already exist to assess working
memory in Rodents [92] but they are not used yet in animal models of anxiety/depression.

Despite this growing awareness for translational research across species, classical learning and
memory behavioral paradigms remain widely used in fundamental research and in the context of
anxiety-depression. Table 2 summarizes typical behavioral paradigms used in Rodents to assess
cognition in anxiety/depression models of animals.

Table 2. Behavioral paradigms in rodents used to assess cognitive functions in anxiety/depression models.

Cognitive Domains and Functions Behavioral Paradigms in Rodents

Attention 5-choice serial reaction time task (5-CSRTT)

Executive function
Attentional set-shifting task (ASST)

o ) Reversal Morris water maze
- inhibitory learning Prepulse inhibition (PPI)

- cognitive flexibility

Learning and memory

Delayed alternation Y-maze
Delayed alternation T-maze
Delayed match-to-sample with odors, subjects
Modified MWM, BM, RAWM, RAM

Working memory

Novel object recognition test
Object location recognition
Passive avoidance place
Social discrimination procedure

Morris water maze (MWM)
Barnes maze (BM)
Radial arm water maze (RAWM)
Object location recognition/ Object-in-place

Episodic memory

Reference spatial memory

Contextual/cued fear conditioning
Associative memory Extinction fear conditioning
Passive/active avoidance place

Among them, few have a strong translational value from rat to non-human primates to humans
(5-choice serial reaction time task to assess attentional process). In addition, fear extinction conditioning
is the only task that presents a direct translational assessment from rodents to humans. Except these
paradigms, the vast majority of preclinical assessment tools does not exhibit particular translational
features. In exchange, they offer the advantage to be very well-validated through literature history,
thus allowing relevant comparisons between studies using the same cognitive task.

Finally, some of the behavioral tests appear several times in different cognitive domains (i.e., object
location recognition, passive avoidance), confirming that a unique categorization of a cognitive task
into a specific domain of memory is not always appropriate.

4. Episodic Memory in Rodent Models of Anxiety/Depression

In humans, episodic or autobiographical memory refers to the recollection of personally
experienced past events and facts, which can be ranged from specific and general memories.
Specific memories occur on a particular day at a specific place and time, whereas general memories
recall events that occurred repeatedly or events that lasted more than a day. Overgeneral memory,
characterized by subjects recalling fewer specific episodic details and prioritizing general schematic
events has been observed in individuals with depression [93,94]. Thus, impairment in episodic
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autobiographical memory has become a consistent feature in MDD patients. In addition, overgeneral
autobiographical memory was found to be a predictor of the course of depression in a meta-analysis [95]
and to be persistent in remitted or recurrent phases of MDD [96,97]. Finally, a recent work found that
children of mothers with a history of MDD during their child’s life, recalled less-specific memories,
pointed out overgeneral memory as a cognitive vulnerability for depression [98]. However, the majority
of neuropsychological tests used to evaluate cognitive functions in depressed patients do not include
episodic memory assessment.

Considering the conscious approach of episodic memory assessment in Humans, translational
research in Rodents required an adaptation in terminology, finally using “episodic-like” memory
to designate animal’s performances. Recognition memory tasks are widely used tools to assess
episodic-like memory in rodents. These behavioral paradigms rely on animal’s ability to determine
whether or not a stimulus has been previously encountered. The type of stimulus (nature of objects,
location of objects, order of presentation) can vary to evaluate the various components of episodic-like
memory (What? Where? When?). The spontaneous nature of this task, exploiting the curiosity
of rodents and their propensity for novelty seeking, confers to recognition tests many advantages,
especially in an anxiety-depression context. Unlike many others learning or memory paradigms, no
positive (food reward) or negative (punishment, water) reinforcements are needed, minimizing other
psychological parameters that could influence performances during the task [99]. However, modeling
MDD conditions in rodents induces some modifications in parameters such as anxiety, motivation
and motor activity [15,100,101] that cannot be excluded for the interpretation of the performance in
recognition tasks. The involvement of these parameters is systematically corrected with a measure of
motor activity either during the test itself (total ambulatory distance, number of crossings in the arena)
or in other behavioral paradigms applied before memory assessment (rotarod, Open Field) [99,102].
When the anxious state overly restricts exploration behavior, adaptations in the protocol test must
be set up to re-establish a sufficient amount of exploration. For example, introducing one or several
habituation periods (animals exploring the arena empty without objects) preceding the acquisition
and the retention period of the test can fix this issue [99].

4.1. WHAT?

Many preclinical studies have investigated the performances of anxiety-depression models on
object recognition memory (Table 3). The novel object recognition test (NORT), initially described by
Ennaceur and Delacour [103] usually comprises an acquisition session with two identical objects and
a retention session during which animals have to discriminate between a familiar object previously
faced and a recently introduced new object (different in size, shape, texture, colors). Overall, findings
differ strongly across and inside animal models [104]. Antenatal and early post-natal chronic stress
procedures (PNS, MS, MD) present the most conflicting findings when compared to chronic adult
stress procedure (SD, UCMS and CORT models). Independently of the model, the main source of
heterogeneity in discrimination tasks arises from protocol variations across laboratories, such as the
nature of objects (size, shape, color, texture), the discriminability of the stimulus (low, moderate or
high degree), the time and episodes of familiarization, sessions/inter-trial interval durations and
environmental conditions (light, noise, cage size, sawdust). Additional inevitable variables like species,
strain or sex add even more variability across findings and differences inside each depression models,
especially in prenatal stress and maternal separation/deprivation procedures.

Studies using prenatal stress or early-life stress procedures showed either impairing [105-113], or
improving [114,115] or no effects [105,106,108-110,114,116-118] on object recognition test. Despite a
thorough analysis of all the parameters characterizing studies presented in Table 3, no common features
in pre/perinatal manipulations were observed.
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Table 3. Episodic-like memory performances in rodent models of anxiety/depression.

Behavioral Test Animal Model Species Sex Age When Tested Interval Intertrial  Effect on Discrimination Index (DI) Reference
a/Q Juvenile (PN23) No effect
Mouse d 4h No effect [105]
. Adult (PN45) Tmpairment
a/Q Juvenile (PN23) No competent for the task
J 2h Impairment [106]
o Adult (PN56) No effect
o Juvenile (PN28) 1h No competent for the task (107]
Adult (PND90) 1h Impairment
PNS 7 Adult (°PND8O0) o Impalrment [108]
Q 1h No effect
Rat J 40 min Improvement
o Adult (PND60) 40 min No effect [114]
g/Q 15 min No effect
J 1h No effect
? Adult (PND63) Impairment [109]
WHAT? g Impairment
3h P
Q Impairment
a/? Adult (PND63) 24h Impairment [110]
Q Adult (PNDB85) 6h Impairment [111]
Mouse
a/? Adult (PND60) 24h Impairment [112]
J Adult (PND60) 1h,4h Impairment [113]
d Adult (PND70) 1h No effect [116]
Ms @ Adult (PND75) th No effect [117]
24 h
Rat & Adult (PND90) 2h No effect [118]
9 Adult (PND55) th Improvement [115]
24 h
J 1h No effect
MD ° Juvenile (PND35) Impairment [119]
J/? Adult (PND60) 4h Impairment [120]
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Behavioral Test Animal Model Species Sex Age When Tested Interval Intertrial  Effect on Discrimination Index (DI) Reference
Early stress life Mouse a/Q Adult (PND > 90) 24h Impairment [121]
1h I i
Social defeat Mouse g mpairment [122]
24h Impairment
Adult 1h,2h Impairment [123-125]
UCMS Mouse g .
24 h Impairment [126]
WHAT? -
Rat d 1h Impairment [125,127,128]
5 min Impairment [102]
Mouse g 1h Impairment
CORT 24h Impairment [129,130]
Rat F/Q 1h No effect [118]
PNS Rat il Adult (PNDS0) th Impairment [108]
Q 1h No effect
. J 24h Impairment
Early stress life Mouse
o Adult (PND > 90) 24h No effect [121]
WHERE?
s 1h No effect
MS Rat Adult (PND75) 24h Improvement [117]
Mouse d 24 h Impairment [126]
UCMs Rat d Adult 4h Impairment [127]
PNS Juvenile (PND30-40) 1h No effect [131]
WHEN? Rat I Adult (PND75) 1h,3h Improvement [117]
a
Ms Adult (PND60) 3h Impairment [132]
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On the contrary, object recognition memory is predominantly impaired in chronic stress
procedures applied during adulthood, such as social defeat, UCMS or the CORT model. This alteration
is indicated by a diminution of the discrimination index (DI) [102,122-125,129,130], regardless of
the duration of the inter-trial delay. One of these studies assessing long-lasting effects of UCMS
procedure showed that anxio-depressed animals still displayed a discrimination deficit one month
after the end of the stress treatment [125], suggesting that episodic-like alterations persist even after the
cessation of the stress. These findings are in line with episodic memory deficits remaining in remitted
or recurrent MDD patients [96,97]. A single study performed in rats disproves this impairment in the
CORT model observing no effect in anxio-depressed animals [118]. Besides a likely species-dependent
performance, the 2-week corticosterone protocol used in this study compared to a 4-week one in others
studies [102,129,130] could explain in this case the lack of effect on recognition memory.

4.2. Where and When?

Although the novel object recognition test is widely used in laboratories, place recognition
(the “Where” component) and temporal ordering (the “When” component) tasks can help to refine
the degree of evaluation of episodic-like memory. The place recognition task examines the animal’s
ability to discriminate between an object that was moved during the delay between the acquisition
and the retention phase and an object that remained stationary, adding a spatial component to the task.
On the other hand, temporal ordering task consists in presenting a set of two identical objects during a
first acquisition session. After a defined interval, another set of two new identical objects is presented
to animals for exploration. During the retention session, animals have to discriminate between the
“old object” from the first acquisition session and the “recent” object from the 2nd session. An intact
temporal order memory is observed when an animal has spent more time with the “old” object [99].

The same pattern emerges from place recognition memory compared to object recognition with
conflicting pre/peri-natal findings (impaired: [108,121]; improved: [117]; no effect: [108,117,121]) versus
adult chronic stress procedures (impaired: [126,127]). In this type of recognition, female animals across
models seem to be less vulnerable than male animals [108,121].

Very few studies evaluated the “when?” component of episodic-like memory via the temporal
ordering task. Only works in maternal separation were performed, once again presenting discrepancies
in the results. One study showed no effect of MS procedure on temporal order memory [133], while
another one found an impairment [132]. At this time, there is not enough information available in the
study of place recognition and temporal ordering tasks to clarify the impact of anxiety-depression
models on these episodic-related tests.

Independently of the nature of task, antenatal and early post-natal procedures were the
only models in which an improvement in episodic-like performances was observed [114,115,117].
For example, Makena et al. [117] showed that object location and temporal ordering task performances
were enhanced in maternally separated rats, suggesting that perinatal manipulations can positively
modulate brain development and neuro-adaptative responses to a stimulus, influencing the animal
behavior reactivity as adults. Furthermore, post-natal manipulations have been reported to increase
the intensity of maternal care (during reunion after a given period of dams-pups separation) of
maternally-separated pups after a brief separation [134,135], and to provide greater skills to adapt to
psychological and physiological stressors in adulthood [115,136].

Taken together, except an overall impairment in all discrimination tasks observed in adult chronic
stress procedures, results are too inconsistent in pre/perinatal manipulations to extract relevant
advances in the area of episodic-like memory. Further investigations focusing on place and temporal
recognition may contribute to progress in the discovery of fundamental mechanisms underlying
episodic-like memory in rodents in a pathological context. Finally, efforts should be intended to
integrate episodic memory in clinical neuropsychological tests performed in MDD patients to fully
assess cognitive functions.
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5. Working Memory Deficits in Rodent Models of Anxiety/Depression

In humans, the concept of working memory refers to the ability to get and temporarily store
specific information during a variable delay in which the stimulus is absent, and to return the message
when requested by the context. Clinically, the majority of neuropsychological tests assessing working
memory relies on verbal tasks such as the Digit Span task (typically remembering a phone number or a
list of word items and repeating them back after a defined delay) [72,75]. In rodents, working memory
can be defined as a “short-term memory for an object, stimulus or location used within a testing
session, but not typically between sessions” [137]. Unlike reference memory (long-term association
between the stimulus-response pairing), working memory is characterized by its transience because
it needs to function on a particular trial and then must be forgotten and ignored in following trials.
Although using language as a parameter is not achievable in rodents, many behavior paradigms have
been created to model this type of memory. The most widely used preclinical tools to assess working
memory are maze type tasks which require spatial working memory to be solved. Some of the common
variants of these tasks used in MDD context are T-maze and Y-maze alternation tasks, which rely on the
natural exploratory behavior of rodents and exploit animals’ inherent tendency to choose an alternative
arm over an arm that has been previously explored on consecutive trials [11,137]. Moreover, protocol
adaptations in spatial learning tasks such as the radial arm maze (RAM) or Morris water maze (MWM)
are often used to assess working memory in chronically stressed animals [137,138]. For example,
whereas the spatial version of MWM evaluates reference memory (the location of the hidden platform
remains the same across all the trials), the cued version of MWM enables the assessment of working
memory (the location of the hidden platform is switched between each session), forcing animals to
recruit different neuronal pathways and mechanisms to succeed the task.

As illustrated in Table 4, working memory performances in rodents in various anxiety-depression
contexts appear to be model-dependent. Indeed, cognitive performances vary according to the nature
of the chronic stress procedures. While prenatal stress and unpredictable chronic mild stress procedures
both induce global impairment in working memory, maternal separation and chronic corticosterone
methods seem to have no impact on this type of memory. Interestingly, impairment or absence of
effect in working memory is consistent in each different preclinical model whether alternation tasks or
adapted RAM or MWM were used, suggesting that working memory stress-induced effects are not
task-dependent.

Table 4. Working memory performances in different models of anxiety /depression.

Cognitive Domain Model Species Gender Effect on Working Memory Reference
PNS Rat J/Q | alternation [139-141]
Rat No effect [118,119,142-144]
MS - s/e
No effect [112]
Mouse
ot Strain-specific effects [145]
Working Mouse J | alternation [146]
alternation task: Social defeat .
T-maze or Y-maze octal detea Rat d Delay-specific effects [147]
J/Q No effect [148]
CMS Rat o | alternation [149-152]
Mouse | alternation [153]
J ff 11
CORT Rat /2 No effect [118]
J No effect [118,142,144,154,155]
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Table 4. Cont.

Cognitive Domain Model Species Gender Effect on Working Memory Reference
No effect 109
PNS Rat 3/9 o (109
Learning impairment [140]
J/Q No effect [156]
MS Rat - -
Working spatial a 0 No effect in learning [115]
memory: cued Enhancement in retention
MWM/BM/RAW - —
Social defeat Rat d Delay-specific effects [157,158]
CMS Rat s Learning impairment [159]
Retention impairment [160]
CORT Rat J No effect [161,162]

Bidirectional findings are observed when analyzing early chronic stress life procedures effects
on working memory. Indeed, while prenatal stress mostly impaired alternation tasks and spatial
working memory [139-141], these cognitive performances are unchanged in most maternal separation
studies [112,115,118,119,142,143,145,156]. Specifically, working memory following maternal separation
performed in mice was found to be strain-specific. In the delayed alternation T-maze, Balb/c]
mice displayed a spatial working memory deficit whereas C57Bl/6] mice were not affected [145].
In prenatal stress, all studies describing an alteration in working memory were performed in juvenile
rats (approximately 1 month of age, from PND 26 to PND 36) [139-141]. The only study performed
in PNS-young adult rats failed to demonstrate any behavioral changes in the radial-arm maze [109],
suggesting that cognitive working functioning may be more sensitive to PNS procedure in juvenile than
in adult rats. In addition, Markham et al. provided a full characterization of cognitive consequences in
PNS-rats [106] in which working memory tools were based on discrimination processes. In this study,
all the learning and retention parameters of visual/spatial discrimination or visual discrimination
alone were negatively impacted by chronic gestational stress, suggesting in this case as a perseverative
behavior as a consequence of prenatal stress.

Regardless of the nature of the task, a robust altered effect in unpredictable chronic mild
stress animals was found on working memory. Indeed, all of the preclinical studies demonstrated
either a decrease in alternation behavior [149-153] or a decrease in learning and retention
abilities in spatial working memory after a chronic unpredictable environmental stress [159,160].
On the opposite, working memory was not affected in rats submitted to a chronic corticosterone
administration [118,142,144,154,155,161,162]. This could be explained by the cessation of the chronic
CORT exposure before behavioral testing, as found in a recent study examining prior effects of chronic
CORT stress in the cued version of MWM [162]. Moreover, working memory may be sensitive to the
duration of chronic CORT, as a longer duration of CORT regimen (56-days CORT treatment instead of
a usual 21 to 28 days treatment duration) can induce a spatial working memory impairment in the
Y-maze in rats [154].

Interestingly, several studies initially focused their attention on neonatal maternal separation and
chronic CORT procedures independently before combining these two methods (MS + CORT) to assess
their behavioral effects in delayed alternation tasks [118,142,144]. While all of these works agreed on
the absence of working cognitive effects of these procedures separately, it seems that results concerning
the combined MS + CORT procedures are task- and delay-dependent. Following the combined MS
+ CORT procedure, working memory assessment via the Y-maze demonstrated a decrease in the
percentage of time spent in the novel arm after a 2 h-delay [118,142], whereas no cognitive effect in
alternation rate was found in any of the tested delays (30 and 60 s) in the T-maze [144].

Finally, working memory performances in social defeated animals varied, in delay- and
species-dependent manners. In the T-maze alternation task, mice displayed a decrease in alternation
rate as soon as the 5-seconds delay [146] whereas the alternation rate was not affected in rats, neither at
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10 or 30 or 60 s delays [147,148]. The delay must rise to 90 s to induce a deficit in working memory in
adult defeated-rats compared to controls [147]. This observation supports that: (1) the longer the delay
between sessions, the better the probability to forget the information; and (2) chronic social stressed
mice are more vulnerable than defeated-rats in working memory tasks.

Taken together, chronic environmental stress procedures lead to a decline in working memory
whether it was applied during gestational or adulthood periods. On the contrary, early maternal
separation or chronic corticosterone regimen do not cause any damaging effects separately,
but demonstrated conflicting delay-dependent effects when associated. Socially-defeated animals
displayed species and delayed-dependent behaviors in working memory. Other non-spatial behavioral
paradigms evaluating working memory with operant tools are currently in development such as
Delayed Match to Sample, Delayed non-Match to Sample Delayed [137], but so far, no reports were
found in an anxiety-depression context.

6. Attention and Executive Functions in Rodent Models of Anxiety/Depression

Attention deficits are referenced as a diagnostic criterion in DSM-V [1] and are often
reported in patients suffering from MDD, increasing the need to better understand mechanisms
underlying this cognitive process through rodent models. Attention processes can be divided
in three sub-domains including: the ability to sustain attention on a specific task over a long
period of time (sustained attention), the ability to respond simultaneously to multiple tasks
(divided attention) and the ability to focus on selective environmental information while ignoring
distractions (selective attention) [163]. However, a small amount of studies examined attentional
abilities in animal models of anxiety /depression (Table 5). In preclinical studies, one of the most
widely used tasks measuring attention is the 5-choice serial reaction time task (5-CSRTT). Variations in
this protocol can be arranged in order to assess the three subtypes of attention in a single behavior
paradigm [163]. Briefly, this task consists in presenting five spatial different apertures to animals in an
operant chamber, with a food cup located on the opposite wall of the five location holes. The animal
initiates a trial by opening the food cup door. After a short delay, a visual signal consisting of a brief
illumination of one of the five apertures is presented. If the animal nose pokes in the corresponding
hole, a food pellet is delivered into the food cup and this action is counted as a correct response to
the test. Conducted through several trials, attention performance is usually measured by examining
when the animal responds to a correct or incorrect hole where the light appears (accuracy versus
omissions) and the speed with which the animal responds (time reaction). Complexity in the task
can be increased by varying the stimulus light or inter-trial interval duration for example, assessing
in this case parameters such as premature or perseverative responses (nose poke that occurs prior
to light presentation or repeated nose pokes in a previously lit aperture), giving further information
on impulsive behavior (see [164-166] for details in methodology). Among few available reports
presented in Table 5, all of them agreed about some deleterious effects of anxiety-depression on
attention performances in the 5-CSRTT [167-170], increasing accordingly as cognitive challenges in
the task are getting more complex. For example, under standard 5-CSRTT conditions (fixed inter-trial
interval (ITI) and stimulus durations (SD)), there were few differences in performances between rats
submitted to prenatal stress procedure and controls. However, when ITI and SD vary across trials,
there was a decrease in accuracy and an increase in number of premature and timeout responses,
respectively, indicating an impairment in sustained attention, increased impulsivity and cognitive
inflexibility in prenatal stressed rats [168,171].

Accumulating evidence suggests that unrestrained secretion of corticotropin-releasing
hormone (CRH) can contribute to the apparition of depressive symptoms as well as cognitive
deficits ([172] for review). Interestingly, attentional abilities have been evaluated with the 5-CSRTT in a
genetic mouse model based on overexpression of CRH throughout development. Disrupted attention
processes were observed once the task was acquired, as CRH transgenic mice showed a decrease in the
percentage of correct responses, a longer correct response latency and an increase in omitted responses
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compared to wild-type animals [167]. In line with this work, others studies using pharmacological
cerebral CRH administration in mice demonstrated attention alterations [173,174].

Table 5. Attention and executive functions performances in different rodent models of

anxiety /depression.
Executive Function Task Model Species Gender Behavioral Effect Reference
CRH-KO Mouse d Impairment [167]
Attention/Impulsivity 5-CSRTT PiNS g/e Impairment [168]
CMS Rat J Impairment [169]
CORT d Bidirectional effects [170]
Strain-specific
MS Mouse g/e impairment [145]
Attentional Impairment [132]
set-shifting task ASST £
8 UCMS Rat - Impairment [175,176]
- a
CRS Impairment [177]
CORT Impairment [178]
@ Reversal learning
Mouse impairment [11]
? No effect
MS Reyersa% learning [179]
impairment
Rat g/e Reversal learning
[180]
enhancement
g Reversal learning
. . t
. Social defeat Mouse impawrmen [181]
Reversal learning MWM Q No effect
Mouse @ Reversal. learning [182]
Impairment
UCMS -
Rat g Re\./ersa% learning [183,184]
impairment
Reversal
Mouse d learning/retention [102]
CORT impairment
Rat g Reversal learning [161]

impairment

A recent study further investigated impulsive behavior in adolescent CORT-treated rats in
the 5-CSRTT and others attentional /impulsive tasks derived from multiple-choice serial reaction
tasks [170]. Intriguingly, adolescent chronic exposure to corticosterone induced in bidirectional
effects on impulsivity behavior. CORT-treated rats were slightly less impulsive on measures of
impulsive action, but also markedly displayed an increased impulsive choice, selecting the immediate
small reward faster and more frequently instead of waiting for the larger reward after a longer
delay. This suggests that chronic CORT treatment in adolescent rats enhances impulsive choice
while simultaneously decreases impulsive action [170]. Collectively, these findings showed that an
anxio-depressed state in rodents can alter attentional processes across models.

Executive functions refer to higher cognitive processes in mental functioning such as: cognitive
flexibility, planning, decision-making, reasoning, multi-tasking, concept formation or response
inhibition and represent by far the most complex and challenging domain to model cognitive deficits
in rodents. Similarly to attentional deficits, executive dysfunctions are commonly listed as cognitive
difficulties in MDD patients and are progressively pointed out as specific neurocognitive abnormalities
observed in remitted, recurrent or melancholic subtype of depression. Table 5 gathers available
literature about executive functions performances across different anxiety-depression rodent models.
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Among all the aspects of executive functioning, cognitive flexibility remains the most widely used
task and can be modeled in preclinical studies in different ways. Particularly, the most described task
used to assess cognitive flexibility in rodents in anxiety-depression models is reversal learning in spatial
learning and memory tests. Classically, animals learn, during an acquisition phase, the specific location
of an escape platform, which is then switched to the opposite location during the reversal phase, asking
them to adapt and change their behavior to succeed in the task. Overall, the majority of studies showed
impairments in cognitive flexibility in reversal learning and memory [102,111,161,179,181-184], evoked
by the incapacity for stressed animals to decrease the time to find the platform along reversal trials
and to spend more time in the new target quadrant instead of the previous target quadrant during
the retention trial. These findings suggest that anxio-depressed animals lost their ability to unlearn
a previously acquired rule and to adapt their behavior to the new instruction, in accordance with
clinical observations.

Interestingly, some of these studies reported that chronic stress procedures, independently
from their nature, induced deficits in spatial learning reversal without affecting acquisition
learning [161,182-184]. It is assumed that chronic stress can induce a perseverative behavior in
MWM, preventing animals from re-learning a new location. This possibility was supported by
the measurement of a decrease in escape latency during acquisition (confirming that a correct learning
occurs) followed by an increase in the percent of time spent in the initial training quadrant during
reversal learning [184]. Other authors suggest that dissociation between acquisition and reversal
cognitive performances could be due to the involvement of specific brain regions. Indeed, whereas
the hippocampus is primarily involved in spatial learning tasks, the prefrontal cortex, implicated in
reversal learning, reveals a greater vulnerability to the deleterious effects of chronic environmental
stress [182,183,185].

Sex-specific differences have been observed in studies performed in mice, showing that female
animals were resilient to cognitive alterations effects observed in male animals [111,181]. While some
expected elements, based on sexual differences such as gonadal hormones modulation, could explain
the male vulnerability to cognitive effects of stress, other causes directly inherent to the nature of
the chronic stress procedure or the cognitive task itself might are open to discussion. For example,
supporting the brain region-specific hypothesis previously evoked, spatial acquisition was unaffected
in socially defeated mice in both sexes, but only males failed to succeed in the reversal learning phase,
suggesting that neuronal circuits involved in cognitive flexibility are differently impacted in male and
female mice by chronic social stress [181]. On the other hand, in a chronic early-life stress context,
differences in dams’ interaction towards male or female offspring [186] may explain why female
offspring are less vulnerable to the effects of MS than males [111]. Further investigations are required
to identify mechanisms underlying sex-specific effects of anxiety-depression context on cognitive
reversal performances.

As well as episodic-like memory, maternal separation was the only model in which an
enhancement of cognitive flexibility was found. In the only study showing improved reversal learning
effects, authors tested cognitive performances in maternally-separated rats at three different ages of
development: PND21 (after weaning), PND35 (juvenile) and PND56 (young adult). Their results
highlighted that enhanced behavioral effects generated by MS procedure do not emerge until
adolescence [180].

The attentional set-shifting task (ASST) is a paradigm used to assess cognitive flexibility in
anxiety-depression models. Probably less employed than reversal tests because of its complexity to set
up, this task refers to animal’s ability to recognize and to adapt their behavior to various changing
rules or environmental circumstances. In the most common version of rodent ASST, rodents are trained
to dig for a food reward and make a simple discrimination based on both odor and digging medium.
During the test, at each stage, rats are required to attend to one of two perceptual dimensions (odor or
digging medium), and to shift between stimuli dimensions in order to learn the rule to successfully
retrieve the food reward. The ability to extract knowledge from different stimuli dimensions suggests
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that animals are capable of using some aspects of higher-order cognitive functions present in human
executive functioning [187,188].

Although the nature of parameters varies according to the study (discrimination, compound
discrimination, reversal or extra-dimensional phases), an alteration in cognitive flexibility has been
observed across anxiety-depression models [132,145,175,178]. A study performed in mice revealed a
strain-specific impairment, where an increase in days to reach the criterion in the extra-dimensional
stage was observed in maternally-separated Balb/c but not in C57Bl/6 mice [145]. This strain-specific
performance could be explained by differences in maternal care (more nursing, licking and grooming
in C57Bl/6 mice than Balb/c) and genetic susceptibility to stress.

Studies performed in rats highlighted interesting differences in performance between chronic
stress procedures. The first work studying the consequences of MS on cognitive flexibility showed that
maternally-separated rats displayed weaker overall performances in the ASST compared to control
animals, as indicated by significant deficits in compound discrimination (SD), reversal 1 (REV1) and
extra-dimensional set-shifting (ED) [132]. These three stages are characterized by the appearance of
a new level of complexity never encountered before by the rat, illustrating their reduced ability to
adapt to the introduction of new complex rules and perform strategy changes. Animals exposed to a
chronic environmental stress procedure during adulthood (UCMS or chronic restraint stress) displayed
a constant deficit in extra-dimensional shift (ED) in ASST [175-177]. To evaluate the persistence of this
cognitive deficit, the performance of separate groups of rats was assessed on the 4th, 7th, 14th and
21st day following the cessation of chronic restraint stress [177]. Stressed rats exhibited long-lasting
ED set-shifting impairments, since these deficits were observed at all the time points, even three
weeks following stress termination. Finally, CORT-treated rats were less efficient in all the reversal
learning stages of the ASST (REV1, REV2, and REV3) than vehicle-treated animals, due to a failure to
learn the new rule or to unlearn the old rule. Moreover, CORT-treated rats required more trials at the
intradimensional shift stage (ID) suggesting that they treated each set of cues independently and did
not use their prior experience as an indicator of which dimension was the salient one [178].

Despite the complexity of assessment instruments and interpretation, cognitive deficits in attention
and executive functions are shared across all anxiety-depression existing rodent models, strengthening
clinical findings in MDD patients. Developing further preclinical behavioral tools to explore other
aspects of executive functions than cognitive flexibility is obviously the next challenge in the field.

7. Spatial Learning and Memory Deficits in Rodent Models of Anxiety/Depression

Spatial memory is one of the most documented types of memory in laboratories, thanks to
the development of various spatial behavioral paradigms through decades (i.e. Morris water maze,
8-radial arm (water) maze, Barnes maze, Y-maze, novel object recognition location). This particular
form of reference memory has already been the target of a bibliographic review focusing on the
consequences to chronic stress effects on spatial learning and memory performances, but mostly
limited to chronic restraint stress or social exposures in several species [189]. To our knowledge, no
synthesis gathering data about spatial memory performances in anxiety-depression rodent models
was constituted. One of the main interests of studying spatial memory in rodents lies into the intimate
relationship between hippocampus, chronic stress and spatial skills, allowing investigators to dissect
mechanisms underlying spatial learning and memory processes via rodent models. It is now well
known that long-term exposure to a chronic stress can induce deleterious changes in hippocampal
structure, including in the neurogenesis process, thus deteriorating some aspects of spatial behavioral
experience [121,190].

Historically, the three main mazes, mentioned in Table 6 used in preclinical studies in
anxiety-depression models, were created between the late 1970s and early 1980s. The Morris water
maze (MWM), certainly the most widely used spatial memory paradigms, relies on distal extra cues
surrounding the pool to guide animals to navigate from start locations to locate a hidden escape
platform [138,191]. The Barnes maze (BM), a dry-land version of the MWM, requests animals to escape
from a brightly lit exposed circular open platform surface to a small dark recessed chamber located
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under one of the 20 holes around the perimeter of the platform [192]. Finally, the radial arm maze
(RAM) consists in eight equidistantly spaced arms radiating from a circular central platform. Reference
spatial memory is assessed when the rodent only traverses goal arms of the maze containing a food
reward [193]. Common features in spatial tasks rely on a spatial learning phase (acquisition phase) and
a reference memory probe (retention phase). Spatial learning is usually assessed across repeated trials
along several days of training and reference memory is determined by preference for the platform
quadrant/hole when these ones are removed. These spatial tests distinguish from each other by the
nature of the motivation to perform the requested task: either aversively motivated task (water in
MWM, RAWM or high open arena in BM), or appetitive motivated tasks with reward (RAM) [189,191].

Table 6. Visuo-spatial learning and retention performances in different rodent models of

anxiety /depression.
Model Test Species Gender Age When Tested  Learning Retention Reference
d Juvenile Impairment Impairment (141]
? No effect No effect
g/ Impairment Impairment [106,194,195]
J No effect Impairment 195
MWM Rat P [195]
No effect Impairment [196]
PNS
3/ No effect Improvement [109]
Adult
No effect NA [197]
Mouse J/? No effect Impairment [198]
No effect @
BM Mouse g Noeffect ot [199]
Improvement @
Juvenile No effect No effect [180]
3/9 Impairment Impairment
No effect No effect [200]
MS MWM Rat No effect No effect [132,179]
Adult
Ies No effect Impairment [201,202]
No effect Improvement [203]
? No effect Improvement [115]
i d I i I i
Ck11-rfon1c early MWM Mouse Adult mpairment mpairment (121]
ife stress Q No effect No effect
MWM Mouse J No effect No effect [122,146]
J No effect NA
Social defeat BM Mouse Adult [181]
? No effect NA
RAWM Rat Jd NA Impairment [157]
Learned MWM Mouse d Adult Impairment Impairment [190]
helplessness
UCMS MWM Mouse . Adult Impairment Impairment [123,182,190,204]
Rat Impairment Impairment [128,159,205]
No effect Impairment °
g Noeffect ~ Improvement® (2061
CUR RAWM Rat Adult
Impairment No effect
Q No effect No effect P (2071
BM Mouse Impairment Impairment
MWM Mouse Impairment Impairment (102]
Rat d Impairment ~ Impairment [208]
CORT _ Adult
RAM Rat Impairment ~ Impairment [209]
BM Rat Impairment Impairment [154,160,209]
No effect Improvement [162]

2: depending on the presence of a recovery period between chronic stress cessation and behavioral testing;
b: depending on the presence of a recovery period between chronic stress cessation and behavioral testing.
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The vast majority of studies uses latency to reach the platform in MWM and BM tasks as a
parameter to measure learning across training days. However, latency is sensitive to motor and
motivational factors that are likely to be modified by chronic stress procedures, leading to possible
critical issues for the interpretation of data. Consequently, it is essential to control distance and
speed performances, to confirm that the observed reduction in latencies across trials or days is
correlated to a spatial learning alteration and not to motor, exploratory or motivational factors
related to an anxiety-depression phenotype. Table 6 summarizes spatial learning and memory
performances in different anxiety-depression models. A first clear dissociation emerges in learning
abilities across models depending on the period during which chronic stress models were applied.
Most spatial studies report that chronic stress procedures performed in early-life (PNS, MS) do
not compromise spatial acquisition abilities [109,115,121,132,141,179,180,195-201,203], whereas other
adulthood anxiety-depressive phenotype inductions (LH, UCMS, CORT) result in an impairment of
spatial learning [102,123,128,154,159,160,182,190,204,205,207-209].

Two hypotheses can be proposed concerning the lack of spatial learning detrimental effects
following early-life stress. It is likely that specific spatial learning neuronal networks and pathways
may not be influenced by these chronic stress procedures at this young age, inducing no damaging
effects in adulthood either. However, spatial learning performances being tested at the adult age, brain
maturation occurring during adolescent and young adult periods, during which stress procedures are
no longer applied, could be sufficient to compensate cognitive learning dysfunctions that might have
been induced during previous prenatal or perinatal period.

It is also remarkable that impairment in spatial learning phase after adulthood anxiety-depression
procedures is almost systematically associated by impairment in retention performances, suggesting
that all the spatial abilities were impacted here [102,123,128,154,159,160,182,190,204,205,208,209].
Increasing evidence has showed that stress-induced depressive and cognitive phenotypes in adulthood
are associated with a reduction of hippocampal neuronal plasticity and neurogenesis, supporting
harmful effects of UCMS and CORT methods in learning and memory performances [15,210].

Among studies that assessed spatial retention memory, consequences of anxiety-depression
phenotypes are more ambiguous, so that categorization according to the type and the nature of stress
models appears inconceivable. According to the Table 6, chronic stress procedures modeling MDD
in rodents:

e Impaired probe trial performances in twenty-two studies [102,106,121,123,128,141,154,157,159,
160,182,190,194-196,198,201,204,205,208,209,211],

e Had no effect in nine studies [121,122,132,141,146,179,199,200,211],

e Enhanced retention performances in five studies [109,115,162,199,203].

Overall, almost 2/3 of cited studies displayed impairment in spatial reference memory,
highlighting the vulnerability of retention ability in a low mood pathological context, independently
from the anxiety-depression model. In early-stress life procedures (PNS and MS), factors that contribute
to the high variability in results are multiple and rather easy to identify. For example, in PNS studies,
the period and duration of stress procedure can affect the behavioural performance. One study
examined the effects of three separate prenatal stress periods on spatial learning and memory retention
in male rats: (1) before pregnancy stress during 10 days, (2) early pregnancy stress (Gestational day 0
(GD) to GD10) and (3) late pregnancy stress (GD11-GD21) [195]. Preconception and early pregnancy
stress manipulations strongly impaired learning and memory performances, whereas late pregnancy
stress only altered retention memory in adult offsprings, suggesting that the intensity of detrimental
effects are linked to the time point of stress application. The hypothesis that the nature of stressors
(physical or psychological stressors) might induce different responses on spatial performances in
PNS-animals has also been recently tested [196]. Obviously, many other factors, including the nature
of the task (MWM/BM/RAWM), the age of animals at the time of the test, species-, strains- and
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sex-specificity, contribute to the difficulty to find a distinct profile in cognitive spatial deficits in
early-life stress protocols.

Interestingly, some of the studies in which spatial learning was not affected in anxio-depressed
animals revealed impairments in retention trial [195,196,198,201]. Even though retention performances
are intimately linked to learning processes, two distinct functioning circuits involving different brain
structures and neuronal pathways may exist [212,213]. In these particular cases, it appears that learning
process is more resistant to pre/perinatal chronic procedures than retention functioning.

Studies using chronic unpredictable restraint (CUR) stress provide other pieces of information.
A recent study investigated whether a recovery period between chronic stress application and spatial
tests may impact behavioral responses. For that purpose, one group of rats received behavioral testing
immediately after a 21 days-CUR procedure, whereas another group of animals was given 21 days to
recover from chronic stress before assessing spatial performances. Immediately-stressed rats displayed
a learning spatial impairment, while there was no impact on spatial learning in rats that benefited
from a recovery period [207]. Focusing on retention parameters, the same pattern of results with an
improvement in spatial reference memory after a recovery period was found in rats [206], confirming
the reversibility of CUR-induced deficits in this hippocampal-dependent spatial learning and reference
memory task.

Interestingly, administration of CUR in female rodents failed to alter spatial learning and memory
performances, whether they had a recovery period or not. This comment is in line with all the other
studies that have been conducted in female mouse or rat, because they did not report any changes in
spatial learning and retention behaviors following different chronic stress procedures [115,121,141,207].
The female resilience to cognitive spatial alterations observed in males in an anxiety-depression context
is not an isolated phenomenon and was also apparent in other types of memory such as episodic-like
memory [106,108,121] and reversal learning tasks [111,181]. Further studies are required to clearly
differentiate sex-specificities of cognitive performances in a MDD context.

8. Associative Memory in Rodent Models of Anxiety/Depression

Up to now, the vast majority of clinical studies using neuropsychological tests in MDD focused
on cognitive deficits such as executive functions, attention, processing speed, working memory, verbal
and visual learning and memory or psychomotor performances. Clinical emotional assessment
remains paradoxically one of the less documented type of memory studied in MDD. Only few
reports concentrate their research specifically on cognitive biases associated with mood disorders [73].
However, anhedonia, one of the core symptoms in the DSM-V, is defined as the loss of interest in
originally rewarding and enjoyable activities. Precisely, cognitive biases in depressed patients refer
to dysfunctions in emotional memory including distorted information processing and cognitive bias
favoring sad information and lower responsiveness to positive outcomes [20,214,215].

Emotional memory (associative memory in rodents) refers to a non-declarative type of memory,
implicit memory, characterized by the impossibility to reach the memory through a conscious process.
Emotional memory is necessary for individuals to learn to predict a danger and adapt their behavior
accordingly. In their natural environment, rodents respond to danger in a species-specific manner by a
typical freezing behavior triggered to avoid detection from possible predators. Freezing is defined as a
cessation of all movements, except breathing. This instinctive behavioral response is used in preclinical
studies to assess associative learning and memory. In anxiety-depression models, this type of memory
is evaluated using classical conditioning tasks (contextual or cued fear conditioning; passive avoidance
test), based on negative reinforcers, and being dependent on the hippocampal brain structure [216,217].
Basically, animals learn to associate a conditioned stimulus (context, light, tone) with an aversive
and inescapable unconditioned stimulus (mild foot shock applied through the grid floor) during an
acquisition session. During the test session, animals are re-introduced in the conditioned chamber and
are submitted to either a cued fear conditioning (tone or light presentation in a modified context) or
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a contextual fear conditioning (similar context without footshock) [91]. This situation theoretically
increases the freezing behavior in animals with an intact associative memory.

Findings presented in Table 7 about fear conditioning and fear extinction behaviors in anxiety-
depression models are conflicting. We separated pre/perinatal models from adulthood-induced
models. Early-life chronic stress and perinatal manipulations induced either fear conditioning
impairments [106,111,112,218] or no effects on associative memory [105,219,220], whereas chronic
stress procedures performed in adulthood (social defeat, learned helplessness, unpredictable chronic
mild stress or chronic corticosterone administration) improved in associative memory in comparison to
control animals [146,149,221-227]. These latter results may actually be in line with the observation that
patients suffering from MDD display a better memory for negative stimuli than neutral or positive ones.

Table 7. Associative memory performances through conditioning tasks in different models of

anxiety /depression.
. Age When Fear Fear
Type of Task Model Species Tested Sex Conditioning Extinction Reference
Weaning No effect No effect
Mouse [ [105]
Juvenile No effect No effect
PNS g/?
- I i t 208
Rat Adult mpatrien [208]
Impairment No effect [106]
Mouse Adult Impairment - [111,112]
Juvenile F/9 Impairment No effect
MS Rat Impairment Impairment [218]
a
Adult 0 No effect No effect [219]
Contextual/cued No effect - [220]
associative task
Social defeat Mouse Improvement - [146,221,227]
Learned .
Helplessness Rat Improvement Impairment [222]
UCMS Rat Adult g Improvement - [149,223]
Mouse Impairment - [102]
No effect Impairment [228]
CORT Rat
a No effect No effect [155]
Improvement - [224-226]

A recent study published in Nature showed that the activation of positive memory could reverse
depression-like behavior. Optogenetic reactivation of dentate gyrus cells previously active during a
positive experience can rescue stress-induced depression-related behaviors [229]. This work identified
glutamatergic activity in the hippocampus-amygdala-nucleus-accumbens pathway as a candidate
circuit supporting positive memory. Studies revealing a decrease in freezing duration compared to
controls are also in accordance with an associative memory alteration since animals are unable to
associate and distinguish an unsafe context from a safe one [230]. Here, opposite effects in the same
task can be associated with behavioral associative impairment: an increase in freezing behavior may be
interpreted as an enhancement in memory for negative stimuli, while a decrease in freezing behavior
may be translated as a difficulty to associate a specific context with an aversive stimulus.

When the conditioned stimulus is repeatedly presented without the presence of the unconditioned
stimulus, it corresponds to the extinction phase. Consequently, freezing behavior decreases over time
because the context is no longer associated with the danger. In anxiety-depression models, assessment
of extinction fear remains less investigated than fear conditioning. Among studies evaluating this
aspect of associative memory, no consistent findings were described, suggesting in stressed-animals
either conserved fear extinction performances [105,106,155,218,219] or the incapacity to adjust their
behavioral response to a neutral stimulus [218,222,228]. Deficits in fear extinction are rather often
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reported in post-traumatic stress disorders (PTSD) models in rodents, consistent with the incapacity of
PTSD patients to distinguish the real traumatic situation they lived in the past from a neutral context
situation in which an unconditioned stimulus related to the traumatic memory has been inserted.
Although PTSD confers specific significant psychiatric disturbances and functional impairments,
depression and PTSD are commonly co-morbid diseases. Research suggests that significant depressive
symptomatology affects 30% to 50% of subjects diagnosed with PTSD [231]. Impairment in fear
extinction could also be interpreted as a perseverative behavior [232]. Further studies are needed to
identify the distinct role of fear extinction in MDD context.

The step-through passive avoidance test is a hippocampus-dependent memory task conducted in
two sessions. The apparatus is divided in two chambers separated with a guillotine door: one
illuminated, transparent “safe” compartment and one darkened, opaque “shock” compartment.
During the first testing day, animals are put into the lighted compartment, in which they are expected
to enter freely into the dark compartment. Once the animal has entered into the dark compartment,
one inescapable foot shock is delivered. 24 h later, the animals are placed in the light compartment
again for a retention test, with free access to the dark compartment without any shock. The latency
for the subject to enter into the dark chamber is recorded [233]. The passive avoidance task offers a
compelling complementarity to classical conditioned tasks previously presented. Instead of “simply
recognizing the environment in which they were previously shocked, animals need to inhibit their
natural tendency to enter the dark chamber. This particular demand in avoidance behavior indicates
the different neuronal pathways that regulate behavioral responses in this test compared to classical
conditioned tasks. Involvement between the amygdala and other areas of the prefrontal cortex that
mediate behavioral control are requested in avoidance mechanisms, whereas associative learning tasks

”

is mediated by a hippocampus-amygdala circuitry [223].

Almost all the preclinical studies in the passive avoidance test found a significant decrease in
latency to enter into the dark compartment in chronically-stressed animals compared to controls
(Table 8), highlighting an overall deficit in associative memory conserved across anxiety-depression
models [116,139,140,196,197,208,223,233-237]. This confirms, once again, the difficulty for depressed
animals to associate the aversive stimuli with the context they met the day before and their incapacity
to restrain their instinct. Similarly to classical conditioned tasks, passive avoidance measures can lead
to a double-interpretation. According to studies, lower latencies to enter into the dark chamber can be
interpreted as either a failure to associate the context with the aversive stimulus and the incapacity to
inhibit their natural tendency to escape in a safer place, or an increase in an impulsive behavior [223].

Table 8. Associative memory performances in passive avoidance task in different rodent models of

anxiety /depression.
. Latency to Enter into the Dark
Type of Task Model Species Gender Compartment Compared to Controls Reference
d D d 139,197
PNS Rat ecrease [139,197]
J/? Decreased [140,196,233,234]
) MS Rat d Decreased [116,235]
Passive
avoidance task Social defeat Mouse Jd No effect [238]
Decreased [223,236]
CMS Rat g No effect [149]
CORT d Decreased [208,237]

To conclude, despite some conflicting results across chronic stress models, preclinical studies
appear to replicate some of the associative deficits observed in MDD patients, underlining a propensity
for stressed-animals to remember negative stimuli and difficulties to associate aversive events to a
specific context. Moreover, alterations in fear extinction remind symptoms observed in PTSD patients.
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Further efforts are needed to identify measurable relevant parameters in associative memory behavioral
paradigms that can lead to a greater interpretation.

9. Cognitive and Emotional Deficits in Rodent Models of Anxiety/Depression and Their
Relationship with Hippocampus Function

9.1. Hippocampal Formation and Its Role in Cognitive/Emotional Deficits

Interestingly, some recent studies revealed that dorsal and ventral poles of the dentate gyrus
of the hippocampus were functionally distinct [239,240]. A lesion study supported that the dorsal
hippocampus was involved in learning and spatial memory, whereas the ventral hippocampal
may regulate emotional and motivated behaviors [239]. Specifically, by using an optogenetic
approach, another recent study demonstrated that dorsal granule cells might contribute to spatial and
contextual learning (not memory retrieval), while ventral DG cells exert a major effect on anxiety-like
behavior [240].

In humans, magnetic resonance imaging (MRI) studies revealed that first-episode MDD
patients had smaller hippocampi than healthy subjects and these data correlated to neurocognitive
alterations [53]. In addition, hippocampal volume reductions were associated to persistent multiple
cognitive impairments at six months in MDD patients [241]. Moreover, MDD patients showed
impaired spatial memory during a navigation task [242,243], a task previously shown to reflect
hippocampal activation and particularly the neurogenesis process. Further investigations using
specialized neuroimaging methods and studies are needed to better understand the crucial role of
adult hippocampal neurogenesis in cognitive deficits of MDD context.

9.2. Impact of Neurogenesis on Cognitive and Emotional Function

Adult neurogenesis occurs in two regions of the mammalian brain: the subgranular zone
of the dentate gyrus (DG) and the subventricular zone (SVZ). It is now well established that
adult neurogenesis process is intimately involved in mood and cognition regulations as well as
in antidepressant drug response. Although adult hippocampal neurogenesis was shown to be
necessary for antidepressant action in chronic-stress animal models [15,244], altered neurogenesis
integrity is not an etiological factor in the apparition of MDD pathology. On the contrary,
reduction of adult neurogenesis in rodents can directly affect learning and memory functions.
Many recent reviews focused on the role of adult neurogenesis in cognition [245] and particularly in
hippocampus-dependent memory formation [246-249]. Despite the availability of a large amount of
data, findings about the involvement of neurogenesis in learning and memory processes remain
contradictory. For example, some studies demonstrated that adult hippocampal neurogenesis
process was required in rodents to perform contextual fear memory [216,217,250,251], fear memory
extinction [252] or spatial learning and memory tasks [253-256]. However, other evidences do not
support this role of adult neurogenesis in contextual fear conditioning [252,253,257], spatial navigation
tasks [216,258-260] or working memory [250]. One possibility to explain such conflicting results
could rely on differences in experimental designs impacting the level of difficulty of the training tasks.
In other words, adult neurogenesis appears to be specifically required in more challenging and complex
learning and memory tasks, such as in the pattern separation process [257,261,262]. Likewise, a study
demonstrated that increasing adult hippocampal neurogenesis by enhancing survival of adult-born
cells in the DG was sufficient to improve pattern separation performances in naive mice without
displaying any anxiolytic or antidepressant-like effects [263]. However, increasing neurogenesis by
deleting the pro-apoptotic gene Bax from neural stem cells and their progeny was able to rescue the
higher emotionality in CORT-treated mice [264].

More specifically, various approaches have allowed studying the role of the DG-CAS3 circuit in
pattern separation. Recently, a study showed that in animal models where neurogenesis is altered
(social defeat model) or ablated (x-irradiation), a decrease in reactivation of CA3 but not of DG neurons
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priory activated by fear exposure was observed in a time dependent manner [265]. These results are
consistent with the proposal that adult-born dentate granule cells are responsible for reactivation of
memory traces in CA3, and how mal-adaptive neurogenesis state may participate in fear-generalization
and stress response [266]. Overall, these preclinical observation correlates with the impaired pattern
separation observed in MDD subjects [267]. Hippocampal neurogenesis inducement in adulthood,
by modifying DG-CAS3 circuits, may also participate in forgetting and memory clearance, depending
on the strength of the initial memory [268], potentially participating to the clinical remission of
MDD subjects.

The presence of cognitive alterations in mood disorders, including MDD, strongly suggests that
brain structures implicated in emotional and cognitive functions are linked. However, questions of how
cognitive and depressive symptoms are related to each other and how to distinguish specific biological
mechanisms attributable to cognitive or emotional functions in a MDD context remain opened.
Moreover, the fact that most of antidepressant drug treatments failed to treat the cognitive dysfunctions
observed in MDD, despite the remission of mood-related symptoms, confirms that independent neural
circuitry underlying cognitive functions and depressive symptoms may be engaged.

10. Conclusions

It is now well accepted that patients with depression suffer from associated cognitive dysfunctions,
such as negative or distorted thinking, difficulty concentrating, indecisiveness, reduced reaction time
or memory loss. However, whether these cognitive deficits are specific to a clinical subtype of MDD
in Humans (melancholic or atypical) or to a specific chronic stress procedure in animal models
of the disease (pre/peri natal, adulthood or social chronic stress methods) remains to be further
determined. The use of translational anxiety /depression animal models will substantially improve
our understanding about these cognitive alterations.

In this review, we provided an overview of clinical findings regarding the nature of cognitive
dysfunctions in depressed patients from the first episode to recurrence according to the subtype of
MDD. Then, we have summarized available data indicating the type of cognitive functions (including
attention, executive functions, working memory, spatial memory, episodic-like memory and associative
memory) affected in different anxiety/depression animal models.

Clinical evidence indicates an overall cognitive decline in MDD patients persisting even after
remission and during recurrent episodes. Among MDD subtypes, melancholic patients were
identified to experience more pronounced cognitive deficits, suggesting a different pattern of cognitive
impairment from those found in non-melancholic patients. Among all the cognitive alterations,
executive and attentional functions deficits seem to be a constant hallmark in MDD patients, since
it is present in all stages of the MDD course and in melancholic patients. Through the study of
different anxiety /depression animal models, it appears that these executive and attentional deficits
are conserved in rodents regardless of the chronic stress procedure. About the other types of memory,
results are more heterogeneous according to the chronic stress methods used. This review points out the
limit of rodent models, since heterogeneity in the results was observable within models and/or within
a same type of memory. Numerous factors such as sex, protocol details, species, strain, environmental
conditions, and the nature of the test promote this variability. Besides, animal models cannot fully
replicate all of the cognitive deficits observed in human MDD, but rather only reflects different
etiologies or aspects of the disease. Overall, among all the suggested models, adulthood-induced
chronic stress models (the UCMS and the CORT model for example) seems to show greater similarities
with the cognitive symptoms observed in MDD patients, key advantages compared to pre or perinatal
chronic stress procedures.

Unfortunately, cognitive condition in MDD patients tends to receive less attention than other
depressive-related symptoms, particularly when it comes to consider the therapeutic strategy.
Indeed, finding therapeutic strategies that treat both depressive and cognitive-related symptoms
remains one of the main challenges in this field. Up to now, clinical reports about the efficacy of
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classical antidepressant drugs are relatively inconsistent [46,47,50,51,185]. Recent preclinical results
are in line with clinical disparate findings using antidepressant drug therapies, specifically with
selective serotonin reuptake inhibitors (see [192] for review). Further investigations, including
non-antidepressant and innovative drugs strategies, are needed to determine which treatment could
benefit to depression and comorbidities-associated signs.
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Introduction

3 Lerécepteur 5-HT, et son implication dans la dépression et les troubles
cognitifs

L'action physiologique de la sérotonine est portée par une quinzaine de récepteurs
sérotoninergiques regroupés en 7 familles (famille des récepteurs 5-HT,, 5-HT,, 5-HT3, 5-HT,, 5-HTs,
5-HTs, 5-HT;) (Barnes and Sharp, 1999) Ce travail de thése se concentre sur le récepteur
sérotoninergique de type 4 (5-HT,). Avec les récepteurs 5-HT; et 5-HT;, ce sont les seuls récepteurs
métabotropiques couplés positivement a I'adénylate cyclase et stimulant donc la production de

second messager, ’AMPc (Gerald et al., 1995).

3.1 Généralités sur le récepteur 5-HT,

3.1.1 Découverte du récepteur sérotoninergique de type 4

Découvert en 1985 parmi tous les sous-types de récepteurs sérotoninergiques connus, le
récepteur sérotoninergique de type 4 (5-HT,) a été initialement apparenté au récepteur
sérotoninergique de type 3 (5-HT3). En effet, ces deux récepteurs présentaient un profil
pharmacologique similaire, avec une forte affinité pour des ligands communs, notamment pour le
tropisetron (Bockaert et al., 2004). En outre, les premiers ligands découverts pour le récepteur 5-HT,
présentent une forte affinité pour le récepteur 5-HT; (Bockaert et al., 2004; Dumuis et al., 1988;
Eglen et al., 1995). En 1992, le récepteur 5-HT, a été finalement classé comme un nouveau sous-type
de récepteur sérotoninergique puisqu’insensible aux antagonistes connus des récepteurs
sérotoninergiques de la famille des 5-HT,, 5-HT, et 5-HT; (Dumuis et al., 1988), mais aussi grace a la
découverte de puissants agonistes sélectifs pour le récepteur 5-HT,, comme le cisapride et le
metoclopramide (Ki=29,0 et 1080 nM, respectivement ; (Yoshikawa et al., 1998)). Ces molécules
prokinétiques ont également permis de mettre en évidence chez la souris I'expression du récepteur
5-HT, a la périphérie, insensible aux antagonistes du récepteur 5-HTs.

Par la suite, la caractérisation du gene codant pour le récepteur 5-HT, humain,
exceptionnellement long (700 kb, 38 exons) a permis de confirmer que le récepteur 5-HT, pouvait
étre classé comme un nouveau type de récepteur sérotoninergique (Claeysen et al., 1999; Van den
Wyngaert et al., 1997). Ce géne complexe, cloné dans deux espéces différentes, le Rat et la Souris
(Claeysen et al., 1996; Gerald et al., 1995) conduit aprés épissage alternatif a plusieurs isoformes
différentes aux propriétés fonctionnelles bien distinctes (Bockaert et al., 2004). Dans le cerveau et les

tissus périphériques, les Humains expriment six variants du récepteur 5-HT, (a, b, c, g, i et n), contre
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quatre chez la souris (a, b, e et f) (Claeysen et al., 1999). Ces isoformes peuvent différer dans leur
activité constitutive, leur sensibilité face a un agoniste pour induire les phénomeénes de
désensibilisation ou d’internalisation ou encore dans leur affinité avec les ligands. Ces variants ne se
distinguent qu’au niveau de la partie C-terminale, pourtant leur localisation et leurs propriétés
fonctionnelles spécifiques impactent I’ensemble du couplage et de la régulation du récepteur 5-HT,.

et donc le potentiel du récepteur 5-HT, a étre une cible thérapeutique (Marin et al., 2012).

3.1.2 Structure du récepteur sérotoninergique de type 4

Le récepteur sérotoninergique de type 4 (5-HT,) est un récepteur a 7 domaines
transmembranaires possédant trois boucles intracellulaires et trois boucles extracellulaires. Le
domaine N-terminal est orienté vers le milieu extracellulaire tandis que le domaine C-terminal,

couplé a une protéine Gs est orienté vers le cytoplasme (Figure 3).

Cytoplasmic sideside

Figure 3: Représentation bidimensionnelle du récepteur 5-HT, (Samuels et al., 2016). Le récepteur 5-HT, est
un récepteur métabotropique a 7 domaines transmembranaires de 3 boucles intracellulaires et 3 boucles
extracellulaires dont le domaine N-terminal est intracellulaire et le domaine C-terminal extracellulaire

Son activation sélective, par un agoniste, entraine le recrutement de la protéine Gs qui stimule
I’adénylate cyclase (AC), responsable de la production d’adénosine monophosphate cyclique (AMPc)
(Dumuis et al., 1988). La protéine kinase A (PKA) ainsi activée par 'AMPc module différents courants
ioniques et en particulier les courants potassiques dont l'inhibition génere une hyperexcitabilité
neuronale (Ansanay et al., 1995). La PKA est également capable de phosphoryler la protéine liant

I’élément de réponse de 'AMPc (CREB, cAMP response element binding protein), ce qui a pour
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conséquence d’augmenter la transcription des génes du facteur neurotrophique cérébral BDNF
(brain-derived neurotrophic factor), impliqué dans la cognition, '"humeur et la survie cellulaire

(Ahmad and Nirogi, 2011)(Figure 4).
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Target Genes,

Figure 4: Activation du récepteur 5-HT4 menant a de nombreux effets cellulaires et moléculaires (adapté et
modifié de Ahmad et Nirogi, 2011). L’activation du récepteur 5-HT4 méne a une libération d’acétylcholine,
couplée a la libération de BDNF, facteur favorisant la mémoire et ’lhumeur, mais aussi le processus de
neurogenese chez I'adulte.

3.2 Localisations et fonctionnalités du récepteur 5-HT,

Le récepteur 5-HT, est exprimé aussi bien dans le SNC qu’a la périphérie chez les vertébrés.

3.2.1 Localisations et fonctionnalités du récepteur 5-HT, au niveau périphérique

A la périphérie, ce récepteur sérotoninergique est retrouvé dans I'cesophage, I'iléon, le colon,
les cellules adréno-corticales, la vessie et le cceur (Eglen et al.,, 1995) (Figure 5). L’activation du
récepteur 5-HT, au niveau des oreillettes induit une tachycardie et une augmentation de la
contractilité du myocarde (effet inotrope positif observé chez plusieurs especes, notamment chez
I'Homme et le cochon) (Hegde and Eglen, 1996). Dans le tractus gastro-intestinal, I'activation du
récepteur 5-HT, facilite la motilité intestinale induite par I'acétylcholine (Eglen et al., 1990; Kilbinger
and Wolf, 1992), stimule le péristaltisme et la sécrétion d’électrolytes chez le cobaye (Craig and

Clarke, 1991) et favorise les nausées et vomissements (Hegde and Eglen, 1996). Les récepteurs 5-HT,
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stimulent également les contractions des muscles lisses de la vessie induites par I'acétylcholine
(Hegde and Eglen, 1996). Enfin, dans les surrénales, la sécrétion des corticostéroides et la régulation
de la production d’aldostérone et de cortisol sont favorisées par I'activation du récepteur 5-HT,

(Lefebvre et al., 1992).

Actions périphériques des récepteurs 5-HT,

Tractus digestif Cortex rénal Vessie

* Modulation de la neurotransmission
« Stimulation de la sécrétion de cortisol, cholinergique et purinergique
corticostérone et aldostérone

« Contraction ou relaxation des muscles lisses
(dépendant de I'espéce et de la région
étudiée)

«  Facilitation de la transmission cholinergique
dans les neurones mésentériques

«  Facilitation du réflexe péristaltique

«  Stimulation de la vidange gastrique

«  Stimulation de la sécrétion d’électrolytes Coeur Vascularisation

* Tachycardie * Relaxation des veines pulmonaires
*  Effetinotrope positif sur atrium *+  Relaxation des ganglions lymphatiques
mésentériques

Figure 5 : Localisation et effets principaux du récepteur 5-HT, au niveau des organes périphériques (adapté
de Hedge et Eglen, 1996)

3.2.2 Localisations et fonctionnalités du récepteur 5-HT,dans le SNC

Le développement en 1993 de deux nouveaux ligands radio-spécifiques du récepteur 5-HT,, les
antagonistes le [3H]-GR 113808 et le [1251]-SB 207710, a permis une détermination précise de la
distribution régionale du récepteur 5-HT, dans le cerveau (Grossman et al., 1993). La grande majorité
des récepteurs 5-HT, exprimée dans le cerveau chez 'Homme ou le rongeur, I’est dans I'hippocampe,
I'hypothalamus, le noyau accumbens, le pallidum ventral, I'amygdale, les noyaux gris centraux, les
bulbes olfactifs, le cortex frontal et la substance noire (Bockaert et al., 2004; Eglen et al., 1995; Vilaro
et al., 1996; Vilaro et al., 2005; Waeber et al., 1993). La localisation de ces récepteurs dans le systeme

limbique suggere donc un réle dans le controle des émotions et de la cognition (Figure 6).
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Figure 6: Localisation cérébrale du récepteur 5-HT, chez ’Humain (A) et chez le rongeur (B) (d’apres Samuels
et al., 2014 et Bockart et al., 2004). Le récepteur 5-HT, est principalement exprimé dans I’hippocampe, le
cortex, le globus pallidus et le noyau caudé.

Grace a des approches méthodologiques variées telles que I'étude de liaison du récepteur 5-
HT, ou d’autoradiographie, il est possible de connaitre aujourd’hui la localisation cellulaire et
subcellulaire du récepteur 5-HT, dans le cerveau (Bockaert et al., 2008; Bonaventure et al., 2000;
Compan et al., 1996; Lucas, 2009; Waeber et al., 1993; Waeber et al., 1994). Le récepteur 5-HT, est
en fait un hétérorécepteur, situé au niveau somatodendritique et au niveau des terminaisons
axonales des neurones épineux efférents GABAergiques du striatum (Cai et al., 2002; Compan et al.,
1996; King et al., 2008). lls sont également exprimés dans les neurones pyramidaux glutamatergiques
dans le cortex median préfrontal, des cornes d’Ammon de I'hippocampe (CA1, CA3) et dans les
cellules granulaires du gyrus dentelé (Bockaert et al., 2004; King et al., 2008; Roychowdhury et al.,
1994; Vilaro et al., 2005). Dans le cortex, I’hippocampe et I'amygdale, les récepteurs 5-HT, sont aussi
localisés sur les neurones cholinergiques et glutamatergiques (pour revue : (Bockaert et al., 2004)).

Par ailleurs, lorsque nous nous intéressons aux différentes isoformes du récepteur 5-HT,, il apparait
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que les isoformes a et b sont exprimées de facon importante dans les régions du systeme limbique et
notamment des structures qui sont responsables du contréle des réponses de motivation et de
plaisir et sont affectées dans la dépression comme le noyau accumbens, I’hippocampe et le striatum,
(Bockaert et al., 2008; Marin et al., 2012; Ponimaskin et al., 2002; Qanbar and Bouvier, 2003; Vilaro
et al.,, 2002). Ces isoformes ont fait I'objet de recherches comme cibles potentielles pour le
développement d’un nouveau traitement antidépresseur d’action rapide (Lucas et al., 2007; Pascual-
Brazo et al.,, 2012). Cependant, en raison du manque d’anticorps et de ligands spécifiques des
isoformes, la distinction et la caractérisation des propriétés de chacune dans les fonctions de

signalisation et de régulation restent difficiles.

Une revue de la littérature montre que le récepteur 5-HT, est une cible de choix dans la
régulation des fonctions cérébrales telles que la mémoire et la cognition, les troubles de I'humeur et
les désordres de la prise alimentaire (Ahmad and Nirogi, 2011; Bockaert et al., 2004, 2008; King et al.,
2008; Lucas, 2009; Lucas et al., 2007; Pascual-Brazo et al., 2012). Le role du récepteur 5-HT, dans le
contrdle de la prise alimentaire ne sera pas développé dans le cadre de ce travail. Une attention plus
particuliére sera donnée aux implications du récepteur 5-HT, dans les fonctions émotionnelles et

cognitives.

3.1 Implication du récepteur 5-HT, et de ses ligands dans I’anxiété /dépression

3.1.1 Implication du récepteur 5-HT,chez ’lHomme dans la dépression

Chez 'Homme, quatre études cliniques supportent le réle du récepteur 5-HT, dans la dépression.
L'une d’entre elle mentionne des polymorphismes sur la région variant d’épissage du géne codant
pour le récepteur 5-HT,, associés a la dépression unipolaire (Ohtsuki et al., 2002). Cette étude
d’association menée sur un panel d’hommes et de femmes japonais agés de 27 a 77 ans, souffrant de
dépression majeure récurrente, a rapporté l'existence d’'un lien entre les polymorphismes des
variants issus de I'épissage alternatif du géne codant pour le récepteur 5-HT, et les dépressions
unipolaires (83097C/T, 83159G/A, 83164(T)9-10 et 83198A/G) (Ohtsuki et al., 2002). En revanche,
I'influence du polymorphisme du récepteur 5-HT, sur la réponse au traitement antidépresseur ou
anxiolytique n’a pas enocore été étudiée a ce jour. D’autre part, I'association entre les génotypes du
5-HTTLPR (allele S et/ou alléle L) et la liaison du récepteur 5-HT, a été mesurée en utilisant un

radioligand ([*'C]SB207145) et une technique de tomographie par émission de positron in vivo (Fisher
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et al.,, 2012). Il a ainsi été montré que la liaison de ce radioligand au récepteur 5-HT, dans le
néocortex était plus faible chez les homozygotes pour l'allele S de 5-HTT ou SERT ou les
hétérozygotes que chez les homozygotes pour I'allele L. Cette donnée est cohérente avec le fait que
I'alléle S conduit a une diminution de la transcription du transporteur de la sérotonine (SERT) menant
a une diminution de I'expression du récepteur 5-HT,. Une autre étude récente, utilisant la méme
technique d’imagerie cérébrale, s’est quant a elle intéressée au lien entre le risque familial de
développer un épisode dépressif majeur et I’'expression du récepteur 5-HT, (Madsen et al., 2015). Ce
travail montre qu’un individu dont un ou plusieurs parents au premier degré ont été traités pour un
épisode dépressif présente une diminution de la liaison du radioligand ([*'C]SB207145) au récepteur
5-HT, dans le striatum ainsi que dans d’autres régions limbiques. Ces données confirment ainsi
I'implication du récepteur 5-HT, dans le mécanisme neurobiologique qui sous-tend le risque familial
de dépression et suggerent qu’une densité plus faible du récepteur 5-HT, dans le striatum est
associée a un risque accru de développer un épisode dépressif majeur. Enfin, une autre étude révéle
des altérations des sites de liaison du récepteur 5-HT, et des concentrations d’AMPc dans plusieurs
régions cérébrales (cortex frontal, hippocampe, noyau caudé et amygdale) chez des patients
déprimés ayant commis un acte de suicide violent (Rosel et al., 2004). Enfin, le nombre de récepteurs
5-HT, et les taux d’AMPc sont augmentés dans le cortex frontal et le noyau caudé de patients suicidés

sans changement d’affinité de liaison pour le récepteur 5-HT, (Haahr et al., 2013).

L'expression importante du récepteur 5-HT, dans le systeme limbique suggére un role
prépondérant de ce récepteur dans la régulation de I'humeur. Dans le domaine préclinique, de
récents travaux indiquent que les désordres psychologiques tels que I'anxiété et/ou la dépression
majeure pourraient bénéficier d’'une modulation de la signalisation du récepteur 5-HT, (Lucas, 2009;

Lucas et al., 2007; Pascual-Brazo et al., 2012).

3.1.2 Implication du récepteur 5-HT, chez 'animal dans I'anxiété/dépression

Les premieres observations impliquant le récepteur 5-HT, dans la régulation de la réponse
anxiolytique/antidépressive reposent sur des données d’électrophysiologie. En effet, il semble
gu’une administration unique par certains agonistes de ce récepteur (cisapride, prucalopride) chez le
Rat augmente la fréquence de décharge des neurones sérotoninergiques des noyaux du raphé dorsal
(Lucas and Debonnel, 2002). En revanche, lorsque les souris sont privées du récepteur 5-HT, (souris
KO constitutive R.5-HT,), cette fréquence moyenne de décharge est diminuée de moitié par rapport
aux souris sauvages (Conductier et al., 2006). Par ailleurs, une étude de microdialyse intracérébrale a

montré que I'activation du récepteur 5-HT, (RS67333, 1,5 mg/kg, i.v.) potentialisait les effets d’une
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administration aigué de paroxetine (0,5 mg/kg, i.v.), un ISRS, sur les taux de sérotonine

extracellulaire dans I’'hippocampe ventral de rat (Licht et al., 2010).

3.1.2.1 Implication du récepteur 5-HT, et de ses ligands au niveau phénotypique

La caractérisation phénotypique comportementale suite a I'administration unique ou
chronique d’un ligand du récepteur 5-HT, a permis d’en préciser son réle. Par exemple, dans
le test de la double enceinte éclairée, un paradigme permettant de mesurer I'activité
anxiolytique d’un ligand, les effets de type anxiolytiques induits par une administration
unique de diazépam (0,16 mg/kg) chez la souris naive « non-stressée » sont bloqués par des
antagonistes du récepteur 5-HT, (GR 113808, SB 204070 et SDZ 205-557) et cela de facon
dose-dépendante (Costall and Naylor, 1997). Ces données suggéerent de facon tres
surprenante que le récepteur 5-HT, est impliqué dans I'effet anxiolytique du diazépam.
D’autres études montrent en revanche un effet anxiolytique propre de certains antagonistes
du récepteur 5-HT, tels que le SB 204070, GR 113808 (Silvestre et al., 1996) et SB 207266A
(Kennett et al., 1997; Silvestre et al., 1996) chez le rat dans le labyrinthe en croix surélevée
(Tableau 3). Les rats traités avec le SB 204070 et le GR 113808 ont montré une augmentation
du pourcentage de temps total passé dans les bras ouverts du labyrinthe. Cependant, il est
difficile de conclure formellement que les antagonistes du récepteur 5-HT, présentent des
effets de type anxiolytiques, puisque ces exemples issus de la littérature qui indiquent soit
une absence d’effet dans la double enceinte éclairée, soit une réduction des effets anxieux

dans le labyrinthe en croix surélevée, ont été réalisés chez des animaux naifs.

De maniere plus convaincante, il a été montré que chez le rat, I'administration d’agoniste
du récepteur 5-HT, (RS67333) induit des effets similaires a ceux des ISRSs dans certains tests
prédictifs d’'une activité antidépressive, notamment dans le test de la nage forcée chez le Rat
aprés 3 jours de traitement (Lucas et al., 2007). Ainsi, des agonistes des récepteur du 5-HTy,,
tel que le RS67333 (1,5 mg/kg, i.p.) ou le prucalopride (2,5 mg/kg, i.p.) réduisent
significativement le temps d’'immobilité d’environ 50% comparé aux animaux contréles,
tandis que le citalopram (10 mg/kg, i.p.) ne le réduit que de 23% (Lucas et al., 2007)

(Tableau 3 et 4). Dans cette méme étude, Lucas et al., ont montré que les réponses
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cellulaires et comportementales qui nécessitent 2 a 3 semaines de traitement
antidépresseur chez le rongeur pourraient apparaitre apres seulement 1 a 3 jours de
traitement avec un agoniste sélectif des récepteur du 5-HT, comme le RS67333. Les mémes
auteurs ont montré en 2010, a nouveau grace a des techniques d’électrophysiologie, que la
co-administration d’un ISRSs avec un agoniste du récepteur 5-HT, potentialise I'effet de type
antidépresseur rapide chez le Rat (Lucas et al., 2010). Trés récemment, il a été mis en
évidence qu’un traitement de 7 jours par le RS67333 induit un effet de type antidépresseur
et augmente I'étape de prolifération cellulaire de la neurogenése hippocampique ainsi que
certains facteurs liés a la neuroplasticité (BDNF, CREB) (Pascual-Brazo et al., 2012). Ces effets
sont d’autant plus remarquables gu’ils sont de méme intensité qu’un traitement de 2 a 3

semaines avec des antidépresseurs classiques.
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Tableau 3: Effets des ligands du récepteur 5-HT, sur I'anxiété/dépression — Partie 1

Référence Nom Propriété Dose Espece Test Effet
SB204070, 8-amino-7-chloro-(N-butyl-4-
piperidyl)-methylbenzo-1,4-dioxan-5- Antagoniste ) . . .
carboxylate hydrochloride 0,3-3 mg/ke, s.c, aigu Anxiolytique
Silvestre et al., Rat Labyrinthe en
1996 GR 113808, 1-[2 methylsulphonylamino)ethyl]- Croix surélevée
4-piperidinyllmethyl-1-methyl-1Hindole- Antagoniste i . . .
3-carboxylate maleate 0,3-3 mg/kg, s.c, aigu Anxiolytique
SB204070, 8-amino-7-chloro-(N-butyl-4- 0,01 et 10 mg/kg, p.o I.nteractlor.\
piperidyl)-methylbenzo-1,4-dioxan-5- Antagoniste 0,01 et 1 mg/kg sociale/Labyrinth Augmente le temps d’interaction
carboxylate hydrochloride s.C, aigu e en Croix sociale
Kennet et al., Rat surélevée
1997 SB 207266A, 2H-(1,3)Oxazino(3,2-
i -10- i -((1- -4- . 0,01 et 10 k . ,e .
a)lnd.ole 10-carboxamide, N _((1 butyl-4 Antagoniste et 10 mg/kg Interaction Augmente le temps d’interaction
piperidinyl)methyl)-3,4-dihydro-, p.o; 0,01 et 1 mg/kg, . .
. . sociale/x-maze sociale
monohydrochloride S.C, aigu
- ; _4-amino-5- 1-100 kg/k
hls?zioi 5_57' ?d";e(tdhoﬁ ‘Il ?nmr:no 5t ) Antagoniste 0,00i 2? ug/ & Pas d’effet par lui-méme, réduit
chioro-benzoic act iethylamino ester P, alg I'effet désinhibiteur du diazépam
GR113808, 1-[2-methylsulphonylamino)ethyl]- 0.001-100 ke/k )
Costall et 4-piperidinyllmethyl-1-methyl-1Hindole- Antagoniste e ug/ & Souris | Double Enceinte Pas d’effet par lui-méme, réduit
Naylor, 1997 3-carboxylate maleate b ale éclairée I'effet désinhibiteur du diazépam
SBZ.04(.)70, 8-amino-7-ch|oro-(!\l-buty|-4- . 0,001-100 kg/kg, , o o
piperidyl)-methylbenzo-1,4-dioxan-5- Antagoniste i o aieu Pas d’effet par lui-méme, réduit
carboxylate hydrochloride b ale I'effet désinhibiteur du diazépam
(Schreiber et GR 125487, [1-[2-
[(Methylsulfonyl)amino]ethyl]-4- Antagoniste 3 mg/kg, s.c., Rat Vocalisation Pas d'effet
al., 1998) piperidinyl]methyl 5-fluoro-2-methoxy1Hindole- aigu ultrasonique

3-carboxylate
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Tableau 4: Effets des ligands du récepteur 5-HT, sur I'anxiété/dépression — Partie 2

" Nom Propriété Dose Espece Test Effet
Référence
) SB204070, 8-amino-7-chloro-(N-butyl-4- 3 me/ke. s.c
Cryan et Lucki, piperidyl)-methylbenzo-1,4-dioxan-5- Antagoniste ga{i gu, o Rat EST Pas d’effet
2000 carboxylate hydrochloride J
1 kg, i.p.
Agoniste /> mg/ g,_ P Rat Diminue la durée d’'immobilité et
pendant 3 jours FST o,
augmente la durée d’escalade
RS67333, (1-[4-Amino-5-chloro-2- 1,5 mg/kg, i.p. L
Lucas et al., methoxyphenyl]-3-[1-butyl-4-piperidinyl]-1- Agoniste e’ndant 3 ;et 14 Rat OBX Activite Corrige la hausse de Iactivité induite
2007 propanone) P jours locomotrice par OBX apres 14 jours
1,5 mg/kg, i.p. , Corrige la diminution de la
i ’ ’ Consommation g
Agoniste pendant 3 et 14 Rat CMS consommation de sucrose induite par
] sucrose . .
jours le CMS apres 14 jours
1,5 mg/kg, i.p.
. pendant 3/7 jours Diminue le temps d’'immobilité a 3/7
Agoniste 1,5 mg/kg, i.p. Rat FST/NSF jours dans le FST et diminue la latence
RS67333, (1-[4-Amino-5-chloro- pendant 3/7 jours a se nourrir a 7 jours
Pascual-Brazo 2-methoxyphenyl]-3-[1-butyl-4-
etal., 2012 iperidinyl]-1-propanone 1,5 kg, i.p. o
Pperimprope ) endar::g?{ﬁg'(l)lfrs Rat traite
Agoniste P I° Consommation Augmente la consommation de
1,5 me/ke, i.p. CORT sucrose sucrose
pendant 3/7 jours
RS67333, (1-[4-Amino-5-chloro- 15 me/ke. i R
. , ,i.p. at avec
Gomez-lazaro 2-methoxyphenyl]-3-[1-butyl-4- Agoniste 8/ & P
o pendant 5 jours stress FST Augmente le temps de nage
etal.,, 2012 piperidinyl]-1-propanone) social
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De plus, des molécules de signalisation qui interagissent avec le récepteur 5-HT, comme la
protéine pll (S100A10) (Egeland et al., 2011; Warner-Schmidt et al., 2009) pourraient représenter
de nouvelles cibles pour des traitements anxiolytique et/ou antidépresseur a action rapide. De
nombreux éléments récents montrent que les neurones corticaux qui co-expriment pll et les
récepteurs du 5-HT, impliqués dans les effets comportementaux des IRSSs (Schmidt et al., 2012) et
gu’un traitement chronique par la fluoxetine induit une augmentation de I'expression des récepteur
du 5-HT, dans les neurones corticaux. Enfin, dans des tests comportementaux tels que le FST ou le
test de suspension caudale, I'activité antidépressive du RS67333 est absente chez les souris privées

du géne codant pour p11 comparées a leur contréles WT (Warner-Schmidt et al., 2009).

3.1.2.2 Implication des ligands du récepteur 5-HT, sur la plasticité cérébrale et la neurogenése

hippocampique chez I'adulte

En plus des données comportementales, de nombreux changements au niveau de la
plasticité neuronale et notamment au niveau de la neurogenese hippocampique interviennent avec
I’'administration chronique d’antidépresseur monoaminergique (Santarelli et al., 2003; Wang et al.,
2008). Il en est de méme avec certains agonistes du récepteur 5-HT, puisqu’une administration
chronique de RS67333 chez le rongeur favorise I'étape de survie de la neurogenése hippocampique
(Lucas et al.,2007 ;2009). D’autre part, la stimulation in vitro des récepteurs 5-HT, par deux autres
agonistes du récepteur 5-HT, (RS67506 et tegaserod) favorise également la survie neuronale
entérique (Liu et al.,, 2009). En complément des résultats comportementaux, une étude récente
réalisée chez des rats naifs a confirmé que 3 jours de traitement avec le RS67333, augmentent de
facon significative la neurogenése dans la zone sous granulaire du gyrus dentelé de I'hippocampe, un
effet connu pour apparaitre aprés minimum 2 semaines de traitement aux antidépresseurs
classiques comme les IRSSs (Pascual-Brazo et al., 2012). Ces résultats sont déterminants dans la
compréhension du lien entre les données comportementales et les changements dans la
neurogenése hippocampique adulte en réponse a un traitement par un antidépresseur. La
neurogenése hippocampique adulte est impliquée dans certains des effets comportementaux des
antidépresseurs chez le rongeur adulte (David et al., 2009; Santarelli et al., 2003). Cependant, aucune
preuve directe n’a été trouvée pour relier les effets de type antidépresseur de la stimulation du

récepteur 5-HT, et ses effets neurogéniques.

D’autres données basées sur I'analyse du signal de transduction suite a I'activation du

récepteur 5-HT, pourraient expliquer l'effet de type antidépresseur des agonistes 5-HT,. Les
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récepteurs 5-HT, sont couplés a une protéine G(s) qui active I'adénylate cyclase, augmentant alors la
production d’AMPc (Dumuis et al., 1989; Torres et al., 1995) qui a son tour active la protéine kinase A
(PKA) qui phosphoryle le facteur de transcription CREB. De maniére intéressante, il a été démontré
gu’un traitement chronique par un antidépresseur activait cette méme voie de signalisation (Nibuya
et al., 1995). Il semblerait donc que I'activation de CREB en CREB phosphorylé constitue une étape
clé de la facilitation de la neurogenése hippocampique, une des autres propriétés caractéristiques

des antidépresseurs (Duman et al., 2001; Malberg et al., 2000).

Le facteur neurotrophique BDNF a également un r6le dans la croissance neuronale et la
plasticité synaptique (McAllister, 1999). Plusieurs études ont montré que les antidépresseurs
régulaient a la hausse la production de BDNF hippocampique (Duman and Monteggia, 2006). Alors
que certains auteurs ont reporté une induction de I'expression de BDNF aprés un traitement sub-
chronique aux antidépresseurs (Larsen et al., 2008; Musazzi et al., 2009), d’autres études ne
montrent une augmentation du BDNF qu’aprés un traitement chronique aux antidépresseurs (De
Foubert et al.,, 2004; Nibuya et al.,, 1995). L'effet a long-terme des antidépresseurs modulant le
comportement et la survie des nouveaux neurones est médié au moins en partie par le BDNF. De
plus, dans la mesure ou I'activation du récepteur 5-HT, peut favoriser I'expression de BDNF, son
activation pourrait mener a des effets de type antidépresseurs BDNF-dépendants, sur le
comportement et la neuroplasticité. Une étude récente a démontré une augmentation de
I’expression du BDNF aprés 3 jours de traitement avec le RS67333 et une accumulation significative
de la protéine du BDNF dans I'ensemble de la structure de I’hippocampe aprés un traitement de 7

jours (Pascual-Brazo et al., 2012).

D’autre part, il a été fortement suggéré que le second messager AMPc était impliqué dans le
mécanisme d’action des antidépresseurs (Donati and Rasenick, 2003). Une diminution significative de
la production d’APMc dépendante du récepteur 5-HT, a été rapporté aprés un traitement chronique
de 3 semaines par de la fluoxetine, de la venlafaxine (Vidal et al., 2010) ou de I'imipramine (Reierson
et al.,, 2009), probablement reflétant le processus de désensibilisation, di a un couplage aux
protéines moins efficaces. Une étude a également reporté qu’un traitement de 7 jours par une
stimulation du récepteur 5-HT, est nécessaire pour désensibiliser entierement la voie de signalisation
post-récepteur associée aux récepteurs 5-HT,, en accord avec les résultats obtenus dans les tests

comportementaux prédictifs d’une réponse chronique (Pascual-Brazo et al., 2012).
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3.2 Implications des ligands du récepteur 5-HT, dans la cognition

Ainsi, il a été montré que le récepteur 5-HT, modulait la potentialisation a long terme ou la
dépression a long terme (respectivement PLT et DLT) dans le gyrus dentelé chez le Rat adulte (Kulla
and Manahan-Vaughan, 2002), deux processus physiologiques jouant un réle essentiel dans les
processus de mémorisation (Kemp and Manahan-Vaughan, 2004; Neves et al., 2008). Ainsi, une
injection locale de RS67333 dans le GD de rat, diminuerait la DLT. Des effets similaires ont été
observés chez des rats anesthésiés en utilisant un autre agoniste sélective du récepteur 5-HT, appelé
SC 53116 (Matsumoto et al., 2001). L’injection intracérébroventriculaire de SC 53116 corrige non
seulement les déficits cognitifs induits par un pré-traitement de scopolamaine dans le test de
I’évitement passif, mais augmente surtout la PLT. Le récepteur 5-HT, serait donc une cible clé dans la
régulation des fonctions cognitives.

Ainsi, dans différents modeles animaux, les agonistes partiels ou entier du récepteur 5-HT, se
sont révélés tres efficaces pour favoriser I'apprentissage et la mémoire dans plusieurs tests
comportementaux (Bockaert et al., 2004, 2008; Marchetti et al., 2008) (Tableaux 5 a 8). Des études
pharmacologiques in vivo réalisées chez I'animal ont permis de confirmer le role supposé du
récepteur 5-HT, dans la mémoire et I'apprentissage. En effet, ces agonistes du récepteur 5-HT,,
BIMU1 et BIMUS8, se sont montrés capables d’augmenter la phase d’acquisition de I'apprentissage
mais d’altérer la consolidation de I'information apprise dans un test chez le rat (Meneses and Hong,
1997). De plus, certains travaux montrent que les agonistes du récepteur 5-HT, augmentent la
navigation spatiale chez le rat. Par exemple, dans le test de la piscine de Morris, la stimulation aigle
du récepteur 5-HT, par le Zacopride a révélé une diminution du temps de latence durant
I'apprentissage et une restauration des déficits induits par I'atropine (Fontana et al., 1996). Dans le
labyrinthe en Y, une administration aiglie de RS67333 dans le noyau basal magnocellulaire est
capable d’améliorer la reconnaissance de place, reflétée par une augmentation du nombre de visites
dans le nouveau bras du labyrinthe (Orsetti et al., 2003) (Tableaux 5 a 8). Beaucoup plus récemment,
une équipe frangaise a montré que l'administration simultanée du RS67333 avec le donepezil
(inhibiteur d’acétylcholinestérase) provoquait un effet synergique sur les performances de mémoire
de type épisodique chez le rat (Freret et al.,, 2012). Ces mémes auteurs ont alors développé une
nouvelle molécule, le donecopride, associant les propriétés pharmacologiques d’un agoniste du
récepteur 5-HT, (RS67333) et celles d’un inhibiteur de [I'acétylcholinestérase (donepezil).
L'administration aigue de ce nouveau composé améliore les performances de mémoire épisodique
en augmentant la capacité de discrimination des animaux aux différentes doses testées dans le test

de reconnaissance d’objet (Tableau 8) (Lecoutey et al., 2014). Par ailleurs, I'administration chronique
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de RS67333 aux doses de 0,3 et de 1 mg/kg pendant 14 jours, dans le test de reconnaissance d’objet
a mis en évidence une amélioration de l'indice de discrimination chez la souris (Quiedeville et al.,
2015).

Enfin, chez des macaques jeunes et agés, I'agoniste RS17107 a induit des améliorations de la
mémoire associative dans un tache cognitive « delayed-matching-to-sample task » dans lequel les
singes devaient apprendre a associer correctement des couleurs pour obtenir une récompense
alimentaire (Terry et al., 1998). L’efficacité des agonistes du récepteur 5-HT, chez les singes agés

supporte I'utilisation potentielle de ces composés dans le traitement des désordres cognitifs.
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Tableau 5: Effets des ligands du récepteur 5-HT, sur les performances cognitives - Partie 1

Référence Molécule Propriété Dose Espece Test Effet
(R)-Zacopride, 4-amino-5-chloro-2-meth 0,001-100
acop .e, -amino-5-chloro-2-methoxy- ' . ug/ke, i.p, Pas d’effet
N-(quinuclidin-3-yl)benzamide Agoniste (aussi . "
Fontana et al. . aigu Rat traités . .
antagoniste de R . Piscine de Morris
1996 ] . 0,001-100 a atropine
(S)-Zacopride, 4-amino-5-chloro-2-methoxy- R.5HT,) kg, | Diminue le déficit cognitif
N-(quinuclidin-3-yl)benzamide HE 'g, P J
aigu
RS67333, (1-[4-Amino-5-chloro-2-
methoxyphenyl]-3-[1-butyl-4-piperidinyl]-1- Diminue le déficit cognitif
propanone)
RS 67506, (1-(4-amino- 5-chloro-2- Agoniste 0.1. 10 et
Fontana et al methoxyphenyl)-3-[1-[2- ' . ) ,
1997 [(methylsulfonyl)amino]ethyl]-4- piperidinyl]-1- 10_00 ug/kg, Rat Piscine de Morris Pas d'effet
propanone) I-p, algu
RS 67532 1-(4-amino-5-chloro-2-(3, 5- dimethoxy
benzyloxyphenyl)-5-(1-piperidinyl)-1- Antagoniste Pas d’effet
pentanone)
BIMU 1, (3-ethyl-2,3-dihydro-N-[endo-8-methyl- 8- Augmente la réponse
. o . 5-20 mg/kg, N
azabicyclo (3.2.1)-oct-3-yl]-2-ox0-1H) benzimidazole-1- Agoniste : : conditionnée a 10 and
carboxamide hydrochloride P, algu 20mg/kg
BIMUS, 2,3-Dihydro-N-[(3-endo)-8-methyl-8- 10-30 Augmente la réponse
azabicyclo[3.2.1]oct-3-yl]-3-(1-methylethyl)-2-oxo-1H- Agoniste mg/kg, conditionnée a 20 mg/kg et
Meneses and benzimidazole-1-carboxamide hydrochloride i.p, aigu Rat Conditionnement réduit a 5 mg/kg
Hong, 1997 ) . 1,0-10.0 a un stimulus
SDZ 205557, 2-methoxy-4-amino-5-chlorobenzoic Antagoniste me/Kg, i Pas d’effet
acid 2-(diethylamino ester) & &/18, b,
aigu
GR 125487D, [1-[2- 0,39-1,56
[(Methylsulfonyl)amino]ethyl]-4-piperidinyl]methyl Antagoniste mg/kg, i.p, Pas d’effet
5-fluoro-2-methoxy-1H-indole-3-carboxylate aigu
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Tableau 6: Effets des ligands du récepteur 5-HT, sur les performances cognitives - Partie 2

Référence Molécule Propriété Dose Espece Test Effet
BIMU 1, (3_—ethy|—2,3-dihydro-N-[endo-S- . 10-25 mg/kg, Test de 'évitement Prévient 'amnésie |nd\u|te
rr;)ethyl—s_;jazati|C\/lclo (z.z.1)—<_)§t—a—\ijl]—2—:|xoj3H) Agoniste i.p, aigu passif chez des souris par la SCO ou DICY a
enzimidazo e.— -carboxamide hydrochloride traitées par la 10 mg/kg
Bll\l/)|.U8,| 2,:-§>|1hydro?:N-ll(i-efdo)-i-rTethhxil-é;- 10-30 mg/k scopolamine (SCO) ou Prévient 'amnésie induite
azabicyclo[3.2.1]oct-3-yl}-3-(1-methylethyl)-2- Agoniste >0 ME/Xe, dicyclomine (DICY) par la SCO ou DICY a
oxo-1H-benzimidazole-1-carboxamide i.p, aigu K
Galeotti et hydrochloride . 30 mg/kg
Souris
al., 1998 GR 125487, [1-[2-
1 A - k I . o N 1
[(Methy:f;;frci);\r/ll\)laaztc;];thyl] 4 Antagoniste 5 ?(F)) r::igg/LI g, nduit un:;z;rllgeae alo0
5-fluoro-2-methoxy-1H-indole-3-carboxylate Test deplai\s/illfement
SDZ 205557, 2-methoxy-4-amino-5- . 5-30 mg/kg, Induit une amnésie a 10
chlorobenzoic Antagoniste o aieu me/k
acid 2-(diethylamino ester) P, alg E/ke
-(4-amino-5- - 0,3, 3,0, 30, 300, M , . . , .
Terry et al., RS 17017, 1-(4 amino 5 c.hloro 2 . . acaques Test d’appariement Améliore I'appariement chez
methoxyphenyl)-5-(piperidin-1-yl)-1- Agoniste 3000, et 10 000 jeunes et ers s . . A2
1998 . . différé singes jeunes et agés
pentanone hydrochloride ug/kg, p.o ages
RS 17017, 1-(4-amino-5-chloro-2- - .
N . Améliore la mémoire
methoxyphenyl)-5-(piperidin-1-yl)-1- Agoniste o
. associative
pentanone hydrochloride
Marchetti t:567i3:,I§13—[4[1iAbmitn?—45—c.hlorr.3jr2]—I] 1 Agoniste 1 mg/kg, i.p, Rat Discrimination Améliore la mémoire
et al., 2000 methoxypheny uty-4-piperidiny partiel aigu associative olfactive associative
propanone)
RS §7532 1-(4-amino-5-chloro-2-(3, 5- . Induit un déficit de la
dimethoxy benzyloxyphenyl)-5-(1- Antagoniste .. .
L mémoire associative
piperidinyl)-1-pentanone)
Améliore I isition (200-
. . 40-500 ng/0.5y1 dans méliore I'acquisition (
RS67333, (1-[4-Amino-5-chloro-2- Agoniste le novau basal 500 ng/0,5 uL) et la
methoxyphenyl]-3-[1-butyl-4 partiel y . . consolidation (40-200 ng/0.5
. magnocellulaire, aigu
Orsetti et . uL)
al. 2003 - Rat LabyrintheenY
. R:. 396:4, (1};[4-A|m|nor-15;chlor§-21-(32,5- 300 ng/0.5ul dans
imethoxyphenyljmethyloxy]-3-[1-{2- Antagoniste noyau basal Pas d’effet

methylsul-phonylaminolethyl)piperidin-4-
yllpropan-1-one)

magnocellulaire, aigu
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Tableau 7: Effets des ligands du récepteur 5-HT, sur les performances cognitives - Partie 3

Référence Molécule Propriété Dose Espece Test Effet
t:567:33,Ig13—[?;Abmitn|o—45—c_hlor_3?2—I] 1 Agoniste 0,25,0,5, 1 Prévient le déficit de
methoxyphenyl-s-L -butyl-a-piperidinyli-2- partiel mg/kg, i.p, aigu I'alternation induit par la SCO
Lelong et propanone) Souris Labyrintheen Y
al., 2003 BIMU 1, (3-ethy|—2,3-dihydro-N-[endo-S-.me.thyI-S- ' 1,3, 10 mg/kg, Prévient le déficit de
azabicyclo (3.2.1)-oct-3-yl]-2-oxo-1H) benzimidazole- Agoniste i b aisu Ialternation induit par la SCO
1-carboxamide hydrochloride P, alg P
Lamirault et RS67333, (1'[4_Amin°'5'c_h|°'r_°_,2_ Agoniste 0,01, 1, 10 mg/kg Rat jeune ou Reconnaissance Améliore la discrimination a
al., 2003 methoxyphenyll-3-[1-butyl-4-piperidinyl]-1- artiel i.p, aigu agé d’objet/place tout age
o propanone) p -p, alg g jet/p g
PRX 03140, (formerly VRX-03011), 4-
Mohler et hydroxy-7-isopropyl-6-oxo-N-[3-(1- Agoniste 0,1,1,5,0r10 Rat Alternation Améliore I'alternationa 1, 5
al., 2007 piperidinyl)propyl]-6,7-dihydrothieno[2,3- g mg/kg, i.p, aigu spontanée and 10 mg/kg
b]pyridine-5-carboxamide
RS67333, (1-[4-Amino-5-chloro-2- . .
Sunyer et ’ Agoniste 1 mg/kg, i.p, . o . ,
aI.,éOO8 methoxyphenyl]-3-[1-butyl-4-piperidinyl]-1- Fg>artiel i/igi P Souris Piscine de Morris Pas d’effet
propanone)
Hille et al, ] SL65.0155, ST(Sfamino'G'Chloro'z’a' . 0,1 ou 1 mg/kg s.c, Réactions en série Augmente le pourcentage
2008 dihydro-1,4-benzodioxin-8-yl)-3-(1-phenethyl- 4- Agoniste aieu Rat 3 5 choix d’essais corrects
piperidyl)-1,3,4-oxadiazol-2-one hydrochloride g
Marchetti et ‘ SL65.0155, ST(S—.amino—G—chIoro—Z,S— . 0,01 mg/kg, i.p., Rat traité 3 Discrim.ina?tion Ré.cupér.atio.n compléte de la
al., 2008 dihydro-1,4-benzodioxin-8-yl)-3-(1-phenethyl- 4- Agoniste : | Ichicin associative discrimination chez les rats
piperidyl)-1,3,4-oxadiazol-2-one hydrochloride alu a coichicine olfactive lésés
Levallet et met:osxwi::'Ig13:[?iAbTJLn?;15-cth:r23;§-I] L Agoniste 1 mg/kg, i.p, Rat Reconnaissance Augmente le temps
al., 2009 ypheny yIaepip y partiel aigu d’objet d’exploration du nouvel objet
propanone)
) 5165.0155, 5_(5,ammo 6-chloro-2,3 . 0,01 mg/kg, i.p., . |scr|m.|n:? on Augmente la discrimination
dihydro-1,4-benzodioxin-8-yl)-3-(1-phenethyl- 4- Agoniste . Souris associative . ,
- . . aigu . olfactive spontanée
Restivo et piperidyl)-1,3,4-oxadiazol-2-one hydrochloride olfactive
al. 2008 RS 39604, (1-[4-Amino-5-chloro-2-(3,5-
X i . 0,5 kg, i.p., . . .
d|methoxyphenyl}methyloxy].3 [% {2 Antagoniste mg/ &1p Souris Piscine de Morris Pas d’effet
methylsul-phonylamino]ethyl)piperidin-4- aigu

yl]propan-1-one)
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Tableau 8: Effets des ligands du récepteur 5-HT, sur les performances cognitives - Partie 4

Référence Molécule Propriété Dose Espece Test Effet
Cachard- RS67333, (1-[4-Amino-5-chloro-2- 1 mg/kg, PR
. . . Souris traitée a - . P PP .
Chastel et al., methoxyphenyl]-3-[1-butyl-4- Agoniste partiel i.p., ) Piscine de Morris Réduit le déficit cognitif
o . la scopolamine
2008 piperidinyl]-1-propanone) aigu
SL65.0155, 5-(5-amino-6-chloro-2,3-
: . o 0,1 mg/kg, o - N
Marchetti et dihydro-1,4-benzodioxin-8-yl)-3-(1- Aconiste i Rat 3gé Discrimination Améliore la discrimination
al,, 2011 phenethyl-4-piperidyl)-1,3,4-oxadiazol-2- g ..p., g associative olfactive associative
one hydrochloride algu
RS67333, (1-[4-Amino-5-chloro-2-
0,1,0,3 et . . T
Freret etal,, methoxyphenyl]-3-[1-butyl-4- Agoniste partiel 1 mg/k Rat Reconnaissance Améliore la discrimination a
2012 piperidinyl]-1- & P - ME/KE, d’objet 0,3 et 1 mg/kg
i.p, aigu
propanone)
RS67333, (1-[4-Amino-5-chloro-2-
Hotte et al., -3-[1- -4- . . 1 mg/kg, Reconnaissance . s
2012 methox‘é?;:r?g:i;]g_buwl 4 Agoniste partiel ip, i/igi Rat d'objet Améliore la discrimination
propanone)
- i i 0,1,03,1 . .
Lecoutey et Donecopride, -(4-amino-5-chloro-2 Agon.|st(.a partlel (et e Reconnaissance Améliore la discrimination a
methoxyphenyl)-3-[1-(cyclohexylmethyl)- inhibiteur et 3 mg/kg, Rat L
al., 2014 o . . ) ) - d’objet 0,3 et 1 mg/kg
4-piperidinyl] propan-1-one acétylcholinestérase) i.p, aigu
Prévient 'amnésie induite
SSP-002392, - (4-amino-5-chloro-2,3- 0,3,1,5et Test évitement passif par la SCO a la dose de
i - -7- ic acid [3- 7 [ i itée 3 7,5 mg/k
Lo et al,, 2014 dihydro-benzofuran-7 carboxyllc. acu.:l [3 Agoniste )5 mg/ g, | Souris traitée a _ , g( g __
hydroxy-1-(3-methoxy-propyl)-piperidin- p.o, aigu la SCO Prévient 'amnésie induite
4ylmethyl]-amide Piscine de Morris par la SCO a la dose de
7,5 mg/kg
RS67 ) 0,1,0,3 et
Quiedeville et S6 ‘:’:3' (1r;[4r;A]T;nF1_5t;C?ICI)LO_2_ Agoniste partiel 1 mg/kg, Souris Reconnaissance Améliore la discrimination 3
al., 2015 methoxypheny uty & P i.p, 14 d’objet 0,3 et 1 mg/kg a 14 jours
piperidinyl]-1-propanone) :
jours
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Introduction

Par ailleurs, il a été montré que l'activation de la protéine CREB, cible de la voie de
signalisation du récepteur 5-HT,, est un important médiateur de la formation de la mémoire et des
effets pro-cognitifs (Bockaert et al., 2004, 2008). L’activation du récepteur 5-HT, améliore favorise la
libération d’acétylcholine. Ainsi, I’équipe de Consolo a été la premiére a démontrer par des études de
microdialyse in vivo chez le rat, que les agonistes du récepteur 5-HT,, BIMU1 et BIMUS, étaient
capable d’augmenter les concentrations d’acétylcholine dans les dialysats (Consolo et al., 1994). Par
la suite, d’autres études ont confirmé ces résultats, et préciserent que les agonistes du récepteur 5-
HT, facilitaient la libération d’acétylcholine (Letty et al., 1997; Orsetti et al., 2007; Yamaguchi et al.,
1997). Ces travaux montrent que les récepteurs 5-HT, peuvent donc améliorer la formation de
I'apprentissage et de la mémoire en favorisant la libération synaptique d’acétylcholine dans le

cerveau (Bockaert et al., 2008; King et al., 2008; Lucas, 2009).

Enfin, les agonistes du récepteur 5-HT, se sont révélés étre de trés intéressantes cibles dans
la recherche de stratégies visant a traiter la maladie d’Alzheimer, caractérisée par la présence de
troubles cognitifs variés. Des études in vitro évaluant le potentiel du RS67333 montrent que
I'activation sélective du récepteur 5-HT, inhibe la sécrétion des peptides B-amyloides et augmente la
survie neuronale dans des cultures de neurones corticaux de souris transgéniques Tg2576 (Cho and
Hu, 2007). D’autre part, les récepteurs 5-HT, activent également le facteur d’échange Epac, qui
stimule I'activité de I'a-sécrétase et la libération de la protéine précurseur amyloide soluble (sAPP),
ayant des propriétés neuroprotectrices et pro-cognitives (King et al., 2008; Marin et al., 2012).
Récemment, [’évaluation préclinique in vivo du donécopride, une molécule inhibitrice de
I’acétylcholinestérase (donépézil) et agoniste du récepteur 5-HT, (RS67333) a démontré son grand
potentiel dans le traitement de la maladie d’Alzheimer, révélé par une amélioration significative des
performances cognitives dans le test de reconnaissance d’objets aux deux doses étudiées (Lecoutey
et al., 2014). De nouvelles molécules dérivées des agonistes du récepteur 5-HT, sont en cours de
synthése et d’évaluation et pourraient représenter une grande avancée dans la mise en place de
nouvelles thérapies dans la maladie d’Alzheimer (Brodney et al., 2012; Nirogi et al., 2015; Rochais et

al., 2015).

Ces résultats obtenus par des études précliniques sont a relier a une étude clinique réalisée
en postmortem chez des patients atteints de la maladie d’Alzheimer (Tsang et al., 2010), démontrant
une diminution de la densité de récepteurs 5-HT, dans les régions corticales du cerveau. Ces données
chez 'Homme confirment le réle prometteur des agonistes du récepteur 5-HT, dans le traitement de

la pathologie d’Alzheimer.

92



Introduction

Au final, si les études précliniques montrent un certain attrait pour I'utilisation des agonistes
du récepteur 5-HT, dans le traitement des épisodes dépressifs, la quasi majorité de ces travaux a été
réalisée chez des animaux naifs. Il est donc nécessaire de procéder a une caractérisation compléte
des conséquences d’un traitement chronique par un agoniste du récepteur 5-HT, dans un modéle
d’anxiété/dépression. Par ailleurs, en plus des données de comportement, il a été proposé qu'une
courte période de traitement avec des agonistes du récepteur 5-HT, augmentait I'une des étapes de
la neurogenése hippocampique adulte, la prolifération de cellules progénitrices dans GD (Pascual-
Brazo et al., 2012). Si certains des effets comportementaux des antidépresseurs monoaminergiques
ont été associés a I'augmentation de la neurogenése hippocampique, aucune donnée a ce jour ne
relie les effets antidépresseurs induits par l'activation du récepteur 5-HT, et ses effets

neurogéniques.

4 La protéine B-arrestine 1

Conformément a l'idée que les antidépresseurs exercent des effets dans de multiples régions
cérébrales, il a été démontré qu'un traitement par de la fluoxetine chez des animaux sous un régime
de corticostérone, provoquait des effets sur I'expression de genes, non seulement dans
I’hippocampe, mais aussi dans I’hypothalamus et I'amygdale chez la souris adulte (David et al., 2009).
Parmi les genes étudiés, ceux codant pour les B-arrestines 1 et 2 montraient des changements
d’expression dans ces régions cérébrales. Les protéines B-arrestines 1 et 2 pourraient donc étre des
déterminants moléculaires importants impliqués dans la réponse thérapeutique dans le cadre d’un

épisode de dépression majeure. Dans cette thése, seule la B-arrestine 1 sera développée.

4.1 Généralités sur les protéines B-arrestines

Les arrestines constituent une famille de protéines qui sont capables d’interagir avec les
récepteurs couplés aux protéines G (RCPG) suite a I'activation de ceux-ci par un agoniste (DeWire et

al., 2007). Quatre membres de la famille des arrestines ont été identifiés :

- Arrestine 1 ou arrestine visuelle codée par le gene SAG
- Arrestine 2 ou B-arrestine 1 codée par le géne ARRB1
- Arrestine 3 ou B-arrestine 2 codée par le géne ARRB2

- Arrestine 4 ou arrestine conale codée par le geéne ARR3
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Les arrestines 1 et 4 sont exprimées presque exclusivement dans la rétine, ou elles régulent
la fonction de photorécepteurs : la rhodopsine et les opsines colorées (Craft et al., 1994; Pfister et al.,
1985). Au contraire, la B-arrestine 1 (ou Arrestine 2) et la B-arrestine 2 (ou Arrestine 3) sont des
protéines ubiquitaires, c’est-a-dire qu’elles sont exprimées dans I'ensemble de I'organisme (Lohse et
al., 1990; Parruti et al., 1993). De maniére intéressante, on les trouve exprimée abondamment dans
le cerveau mais aussi dans les leucocytes du sang périphérique (Parruti et al., 1993). D’autre part,
comme leur nom l'indique, les B-arrestines ont tout d’abord été identifiées pour leur capacité a
« arréter » la signalisation du récepteur B, adrénergique stimulé par un agoniste. Elles sont donc

initialement connues comme des régulateurs négatifs de la signalisation des RCPG.

4.2 Répartition cérébrale de la B-arrestine 1

Bien qu’elle soit présente dans I'ensemble des cellules de I'organisme, la B-arrestine 1 est
exprimée en quantités importantes dans certaines régions cérébrales dédiées a des fonctions
spécifiques. Des analyses d’hybridation in situ (Allen Brain Atlas), ont permis de mettre en évidence
la présence de la B-arrestine 1 dans les bulbes olfactifs et I’"hippocampe (Figure 7), deux régions

cérébrales impliquées dans le processus de neurogenése chez I'adulte.

Figure 7 : Expression de la B-arrestine 1 dans le systéme nerveux central par une technique d'hybridation in
situ. D’apres Allen Brain Atlas.
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4.3 Structure et mécanismes d’action de la protéine B-arrestine 1

La cristallographie a permis de décrire précisément la structure 3D de la protéine B-arrestine
1 ainsi que les changements conformationnels observés lors de son activation. Ainsi, la protéine j-
arrestine 1 est une molécule de forme allongée possédant un noyau polaire central et sept boucles,
incluant la « finger loop », la « middle loop » et la « lariat loop » encadrées de part et d’autre par des
domaines N et C-terminaux qui permettent I'interaction avec les RCPG (Shukla et al., 2013) (Figure 8).
Lors de son activation, la protéine B-arrestine 1 change de conformation au niveau de ces trois
boucles, un changement qui applique une force de torsion sur les domaines N et C-terminaux de la
protéine B-arrestine 1. Cette torsion est responsable d’une rotation du domaine C-terminal de 20°

par rapport au domaine N-terminal.

Les régions N et C terminales constituent des domaines fonctionnels majeurs pour le

mécanisme de la protéine B-arrestine 1 :

- le domaine N est responsable de la reconnaissance du récepteur a 7 domaines
transmembranaires activé

- le domaine C est responsable de la reconnaissance secondaire du récepteur

Finger loop

f\\l\_/ﬁddle loop
y 7D

[

C domain

Figure 8 : Structure cristallographique de la protéine B-arrestine 1 (Shukla et al., 2013). La protéine B-
arrestine 1 possede une grande flexibilité conformationnelle au niveau de ses boucles. La protéine B-arrestine 1
est inactive lorsque les boucles sont dans la conformation grise et active lorsqu’elles sont dans la conformation

orange.
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De nouveaux rbles ont été découverts pour les B-arrestines tels que le phénoméne de
désensibilisation et d’internalisation des récepteurs (Lefkowitz and Whalen, 2004) (Figure 9). Suite a
leur activation par un agoniste, le RCPG est phosphorylé par des kinases RCPG appelées GRK
(récepteur couplé a une kinase). Les PB-arrestines, capables de reconnaitre les sites de
phosphorylation sur le RCPG activé, vont créer une association robuste avec le récepteur. Cette
liaison B-arrestine/RCPG est d’une telle affinité qu’elle empéche le récepteur de se coupler avec sa
protéine G apparentée, de telle sorte que malgré I'activation continue du récepteur par I'agoniste, il
ne peut pas échanger le groupement GTP sur la sous-unité de la protéine G pour du GDP, causant
alors une désensibilisation de la signalisation de la protéine G via les seconds messagers. Dans ce cas,
les B-arrestines servent d’inhibiteurs de signal de transduction (Golan et al., 2009; Lefkowitz and

Whalen, 2004).

En plus de leur réle dans la désensibilisation des RCPG, les B-arrestines interagissent
également avec des protéines de la machinerie endocytaire comme la clathrine et une protéine
adaptatrice (AP-2) permettant ainsi I'internalisation des récepteurs via des vésicules couplées a la

clathrine.

(a) Coupling to G protein (b) Desensitization / inhibition (c) Internalization
of G-protein coupling

— wn @
nin - i
TR R S
“Icro) =

e

Signaling l

7MSR

G protein

e.hL

B-arrestin

Desensitization Receptor endocytosis

Figure 9 : Mécanisme d'action de la protéine B-arrestine

(a) les RCPG sont des récepteurs a 7 domaines transmembranaires (7 MSR) activés par un agoniste, activant
ainsi un second messager et induisant le déclenchement des voies de signalisation ; (b) Le récepteur est
d’abord phosphorylé par les enzymes kinases GRK qui reconnaissent le signal puis, la f-arrestine est recrutée.
Elle se loge a la place de la protéine G, achevant le mécanisme de désensibilisation du récepteur et
empéchant la transduction du signal ; (c) Une fois fixée au récepteur, la B-arrestine est capable de se lier a la
machinerie d’endocytose (issu de Lefkowitz et al., 2004).
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Bien que la plupart des recherches concernant les processus de désensibilisation et
d’internalisation ait été réalisée avec des récepteurs B,-adrénergiques comme modele, ce processus
régule la fonction de nombreux autres RCPG dont les récepteurs sérotoninergiques,

dopaminergiques, muscariniques et cholinergiques (Schreiber et al., 2009).

4.4 Implication de la protéine B-arrestine 1 dans les troubles de ’"humeur

De nombreuses études indiquent que les B-arrestines sont des protéines qui régulent le
récepteur couplé au protéine G, jouant un role majeur dans la pathophysiologie des troubles de
I’'humeur et dans les mécanismes d’action des antidépresseurs (Alam et al., 2015; Avissar et al., 2004;
Beaulieu et al., 2008; David et al., 2009; Golan et al., 2010; Matuzany-Ruban et al., 2005; Schreiber et
al., 2009). La cascade de signalisation impliquant la B-arrestine présenterait un fort intérét pour sa
potentielle utilisation comme biomarqueur biochimique en pratique clinique pour la pathologie de la

dépression et la prédiction de réponse aux antidépresseurs (pour revue, voir Schreiber et al., 2009).

En effet, I'’équipe d’Avissar fut la premiére a mettre en évidence chez 'Homme un lien entre
I’'expression de la protéine B-arrestine 1 dans les leucocytes périphériques, les épisodes dépressifs
majeurs et la réponse au traitement (Avissar et al., 2004). La protéine B-arrestine 1 a été mesurée
dans des leucocytes mononucléaires de patients déprimés et il a ainsi été démontré que chez ces
patients, I'expression de B-arrestine 1 est significativement diminuée en comparaison avec les

patients sains (Figure 10A).
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Figure 10 : Expression de la B-arrestine 1 réduite dans les leucocytes de patients déprimés et corrélation
entre les concentrations de B-arrestine 1 et la sévérité des symptomes dépressifs. (A) L'expression de B-
arrestine 1 est significativement réduite dans les cellules leucocytaires mononucléaires de patients souffrant
d’épisode dépressif majeur selon I’échelle d’"Hamilton en comparaison avec des volontaires sains ; (B) : le degré
de la réduction des concentrations de B-arrestine 1 est corrélée de maniére significative a la sévérité des
épisodes dépressifs. D’apres (Avissar et al., 2004).
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Par ailleurs, les taux protéiques de B-arrestine 1 sont corrélés a la sévérité de la
symptomatologie dépressive (Figure 10B) (Avissar et al., 2004; Schreiber et al., 2009). Dans la méme
étude, les auteurs ont montré que la diminution de ’ARNm codant pour la protéine B-arrestine 1
était corrigée par un traitement chronique par antidépresseurs (Figure 11A). Chez des rats naifs, les
IRSS, les IRSN et certains antidépresseurs non sélectifs de la recapture de la sérotonine (imipramine,
desipramine) élevent significativement les niveaux de B-arrestine au niveau du cortex et de
I’hippocampe (Avissar et al.,, 2004; Beaulieu et al., 2008; David et al., 2009). De la méme facon,
I’expression de la B-arrestine a été trouvée diminuée dans I’"hypothalamus et dans I’hippocampe chez
des souris anxio-déprimés ayant été exposées a une administration chronique de corticostéroides.
Un traitement chronique avec de la fluoxetine est capable de restaurer cette diminution (David et al.,
2009). Enfin, la signalisation des B-arrestines 1 et 2 est impliquée dans la médiation de la réponse a la

fluoxetine et au lithium (Beaulieu et al., 2008; David et al., 2009).
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Figure 11: Expression de la protéine B-arrestine 1 dans les leucocytes de patients déprimés ou de souris
anxio-déprimées non traité(e)s et apres traitements antidépresseurs. (A) Les patients déprimés montrent une
diminution de I'expression de la B-arrestine 1 dans les leucocytes, rétablie par un traitement par le citalopram
ou la venlafaxine. (B) Cette diminution, retrouvée chez les animaux présentant un phénotype de type
anxio/dépressif est corrigée aprés un traitement chronique par la fluoxetine ou par le RS67333. ***p<0.001 vs
volontaires sains ; ##p<0.01 et ###p<0.001 vs patients déprimés non traités.*p<0.05 vs Véhicule/Véhicule ;
##p<0.01 vs CORT/Véhicule ; $<0,05 vs CORT/Fluoxetine (Avissar et al., 2004 et (Mendez-David et al., 2015a)).

En se basant sur ces résultats précliniques, notre laboratoire a développé une technique
permettant d’extraire et d’isoler les PBMCs du sang total d’'un modeéle de souris anxio-dépressives
(Mendez-David et al., 2013). Dans un premier temps, les résultats cliniques ont été confirmés : les
animaux traités par la CORT pendant 4 semaines affichant un phénotype anxio/dépressif, présentent

une diminution de I'expression de la protéine B-arrestine 1 dans les PBMCs, une altération qui est
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corrigée apres 28 jours de traitement par la fluoxetine (18 mg/kg/j) (Mendez-David et al., 2013).
D’autre part, cette expérience a été réitérée en comparant I'effet de la fluoxetine par rapport a celui
du RS67333 sur I'expression de la protéine B-arrestine 1 dans les PBMCs. Il a été montré que la
fluoxetine (18 mg/kg/j) et le RS67333 (1,5 mg/kg/j) corrigeaient tous les deux la diminution de
I’expression de la protéine B-arrestine 1 périphérique induite par la corticostérone, mais que cette
correction était observable aprés seulement 7 jours de traitement par I'agoniste du récepteur 5-HT,
contre 28 jours pour la fluoxetine (Figure 11B). L'expression de la protéine B-arrestine 1 dans les
PBMCs est donc un biomarqueur prédictif de la réponse thérapeutique utilisable chez le rongeur et

chez ’'Homme.

Bien que des interrogations subsistent encore sur lidentité du (des) récepteur(s)
sérotoninergique(s) impliqués dans l'interaction avec la protéine B-arrestine 1, ces derniers résultats
précliniques semblent indiquer que le récepteur 5-HT, serait un bon candidat pour participer aux
effets comportementaux et neurogéniques induits par la fluoxetine, en interaction avec la protéine

B-arrestine 1.

4.5 Les interactions entre le récepteur 5-HT, et la protéine B-arrestine 1

Les membres de la famille des arrestines sont connus pour participer a la transmission du signal
intracellulaire mais aussi a la régulation de I'activité des récepteurs couplés aux protéines G (RCPG),
dont fait partie le récepteur sérotoninergique de type 4 (5-HT,) (Barthet et al.,, 2009). Plus
précisément, la protéine B-arrestine 1 est une protéine cytosolique interagissant avec les RCPGs
entrainant leur désensibilisation et leur internalisation suite a I'interaction avec leurs ligands (Vilaro

et al., 2005) (Figure 12).

La désensibilisation du récepteur 5-HT, peut se faire de trois facons différentes (Mnie-Filali and

Pifieyro, 2012) :

* La désensibilisation hétérologue affectant peu les récepteurs sérotoninergiques
* La désensibilisation homologue, phosphorylation-indépendante ou phosphorylation-

dépendante médiée par une protéine de la famille des sérine/thréonine kinases, la GRK

* La désensibilisation ligand-spécifique
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L'internalisation quant a elle, peut se faire selon trois processus (Mnie-Filali and Pifieyro, 2012) :

e L’internalisation constitutive du récepteur
e |’internalisation du récepteur 5-HT,, médiée par GRK2, isoforme-spécifique

e L’internalisation ligand-spécifique

Internalisation

Figure 12: Interactions entre la protéine B-arrestine 1 et le récepteur 5-HT,. La voie d’activation classique du
récepteur 5-HT, implique le recrutement d’une protéine Gs, qui active I'adénylate cyclase, responsable d’une
production accrue d’AMPc. Par ailleurs, il existe une seconde voie impliquant le recrutement de la protéine R-
arrestine 1. Cette protéine est responsable de la désensibilisation et de I'internalisation du récepteur 5-HT,,
mais aussi dans la transmission du signal intracellulaire. Abréviation : 5-HT4R : récepteur sérotoninergique de
type 4 ; AC : adénylate cyclase ; Ag : agoniste ; AMPc : adénosine monophosphate cyclique ; ATP : adénosine
triphosphate ; BDNF : brain-derived neurotrophic factor ; GRK : G-protein receptor kinase ; P : sites de
phosphorylation (d’aprés Mnie-Filali & Pifieyro, 2012)

En 2005, la kinase GRK2 a été identifiée comme la kinase responsable de la désensibilisation
du récepteur 5-HT, médiée par la signalisation G(s) (Barthet et al., 2005; Bockaert et al., 2008). A
I'aide d’études in vitro utilisant des neurones primaires issus de colliculi ou des cellules HEK293, ces
auteurs ont démontré que le découplage du récepteur 5-HT, de sa protéine G(s) et 'endocytose « B-
arrestine-dépendante » du récepteur sont des évenements moléculaire distincts impliquant
différemment les GRKs (Barthet et al., 2009; Bohn and Schmid, 2010; Marin et al.,, 2012). Par

exemple, le découplage du récepteur 5-HT, des protéines Gas nécessite la présence de GRK2 mais ne
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dépend pas de son activité kinase (Barthet et al., 2005; Dumuis et al., 1988). En revanche, le
recrutement des B-arrestines, permettant I'internalisation du récepteur, nécessite la phosphorylation
du récepteur par GRK2 au niveau d’un groupement de sérines et de thréonines situées dans le
domaine C-terminal du récepteur. Il semblerait que cette phosphorylation du domaine C-terminal du

récepteur 5-HT, et ses groupes Ser/Thr soit indispensable a I'implication de la B-arrestine.

Une caractérisation plus compléte a montré une interaction constitutive du récepteur 5-HT,
avec la GRK5 et affirme que les effets de cette interaction contribuent a I’activité basale constitutive
du récepteur comme précédemment reportée (Barthet et al., 2009; Claeysen et al., 1999). Ces
études sont basées sur le réle de la GRK5 dans la désensibilisation de la voie indépendante de la
protéine G et ont identifié la B-arrestine 1 comme la protéine responsable de la régulation négative
du récepteur 5-HT, médiée par la voie Src/ERK. Similairement, ce procédé de désensibilisation
nécessite 2 complexes moléculaires dont le recrutement de la B-arrestine 1 aux groupements
phosphorylés sérine/thréonine situé sur le domaine C-terminal du récepteur (Figure 13A) et une
phosphorylation directe (sur la sérine 412) de la B-arrestine 1 par la GRK5 pour permettre I'inhibition
de la désensibilisation du récepteur 5-HT, opérée par la voie Src/ERK (Figure 13B). Ces études ont
démontré le réle d’'un membre de la famille GRK (GRK5) dans la désensibilisation de la voie
indépendante de la protéine G et ont identifié la B-arrestine 1 comme un substrat de GRK5 en plus
de ces substrats classiques que sont les RCPG. Ces travaux ont aussi montré que I'engagement de la
voie ERK 1,2 (impliquée dans la modulation des fonctions cognitives) par les récepteur 5-HT, et sa
régulation est dépendante d’un complexe « réceptosome » incluant au moins Src, GRK5, et la B-

arrestine 1 (Barthet et al., 2009; Marin et al., 2012).

Figure 13: Modeéle de désensibilisation par GRK5 du récepteur 5-HT,
opéré par la signalisation ERK (Bockaert et al., 2008)
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Puisque I'expression de GRK5 et de la B-arrestine 1 augmente considérablement pendant le
développement (Gurevich et al., 2004), il est probable que la régulation négative du récepteur 5-HT,
médiée par 'activation de la voie Src/ERK indépendante de la protéine G soit plus forte chez les
adultes. De plus, GRK5 et la B-arrestine 1 jouent un role critique dans la détermination de la voie de
signalisation (Gs ou ERK) recrutée via l'activation du récepteur 5-HT,. Ce rble pourrait étre
déterminant dans les phénomeénes de plasticité synaptique dépendante du 5-HT, et de consolidation

de la mémoire (Kemp and Manahan-Vaughan, 2005; Marchetti et al., 2004; Micale et al., 2006).

Deux études précliniques menées chez le rat ont montré que I'administration chronique de
fluoxetine (Vidal et al., 2009) ou de venlafaxine (Vidal et al., 2010) étaient responsables d’'une
désensibilisation du récepteur 5-HT, et/ou de I'activation du rétrocontrole négatif induit par le
récepteur 5-HT,. En effet, ces deux études ont montré une diminution de la densité de récepteurs 5-
HT,, notamment dans les ganglions de la base et dans I’hippocampe, une diminution de I'activité de
I’AC induite par I'activation du récepteur 5-HT, et une diminution de I’excitabilité neuronale 5-HT,-
dépendante dans la zone CA1 de I'hippocampe. Ces altérations conduisent a une diminution de
I'intensité de la réponse cellulaire malgré I'administration continue d’antidépresseur. Fait
surprenant, le RS67333 a la dose de 1,5 mg/kg/j n’induit pas de tolérance puisque ses effets de type
anxio/dépressif persistent plusieurs jours aprés |‘administration (Lucas et al.,, 2007). Cette
observation est pour le moins inattendue puisque les récepteurs 5-HT, sont connus pour se

désensibiliser trés rapidement aprés exposition a un agoniste (Ansanay et al., 1992).
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Objectifs de la these

Différents troubles cognitifs (difficulté a se concentrer, perception négative de stimuli normalement
percus comme positifs) figurent parmi les critéres de diagnostic d’un épisode de dépression majeure
selon le DSM-5. Malheureusement, la prise en charge actuelle des patients dépressifs ne prend pas
systématiquement en compte l'altération des fonctions cognitives dans la mise en place du
traitement de premiére attention. En outre, |'efficacité d’'une prise en charge spécifique des troubles
de I'apprentissage et de la mémoire dans le contexte de la dépression par des antidépresseurs reste

a ce jour non résolue.

Le premier objectif de ce travail a été de caractériser les troubles cognitifs suspectés dans un
modeéle d’anxiété/dépression basé sur I'administration chronique de corticostérone : le modéle
CORT (Article 1). Ces travaux s’inscrivent dans la caractérisation phénotypique compléte de ce
modele animal d’anxiété/dépression faite au sein de 'UMRS 1178 via la description des troubles

cognitifs en tant que facteurs de co-morbidité des troubles anxio/dépressifs.

Les antidépresseurs sont les molécules indiquées en premiere intention dans le traitement de la
dépression majeure, mais la plupart de ces traitements sont aujourd’hui limités par plusieurs
facteurs, tels que I'important nombre de patients non-répondeurs au traitement, le long délai
d’action avant I'apparition des premiers effets thérapeutiques, les nombreux effets indésirables et
I'absence d’efficacité contre les symptomes cognitifs étroitement liés aux symptomes dépressifs. De
ce fait, le développement de nouvelles molécules plus efficaces, ayant des propriétés antidépressives
rapides et traitant simultanément les altérations cognitives associées a la dépression, devient
indispensable. Le récepteur 5-HT, semble étre une cible a privilégier car si son implication dans le
traitement des troubles cognitifs chez des animaux naifs est a ce jour bien décrit. L’efficacité
thérapeutique des ligands du récepteur 5-HT, dans le traitement des troubles de I’humeur reste a

confirmer.

De nombreuses études se sont intéressées aux propriétés antidépresseurs des agonistes du
récepteur 5-HT, (Lucas et al.,, 2007; Pascual-Brazo et al., 2012). Cependant, peu d’entre elles
conduisent leurs expérimentations sur des animaux anxio-déprimés (Article 2) et moins encore se
sont concentrées sur les propriétés pro-cognitives des agonistes du récepteur 5-HT, dans un contexte

d’anxiété/dépression.

Le second objectif de ce travail a donc été de corriger les troubles cognitifs observés chez les
animaux anxio/dépressifs (modéle CORT) a l'aide de différentes stratégies thérapeutiques. Ainsi,

les effets d’une administration chronique d’un antidépresseur monoaminergique classique
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(fluoxetine) ou d’un agoniste du récepteur 5-HT, (RS67333) chez les animaux anxio-déprimés ont été
mesurés dans plusieurs tests d’apprentissage et de la mémoire, reflétant les différents types de

mémoire existantes (Article 3).

Récemment, la protéine B-arrestine 1 a été signalée comme étant un acteur important de la
physiopathologie de la dépression ainsi que dans la prédiction de la réponse aux antidépresseurs
(Avissar et al., 2004; Matuzany-Ruban et al., 2005). Des données précliniques ont validé son
implication dans un modeéle d’anxiété/dépression basé sur I'administration chronique de
corticostérone dans différentes régions cérébrales (David et al., 2009) ainsi qu’au niveau de
marqueurs périphériques (Mendez-David et al., 2013; Mendez-David et al., 2015b). Ainsi, ces travaux
rapportent une diminution de I'expression de la B-arrestine 1 dans les régions de I’hippocampe et de
I’hypothalamus chez des animaux anxio-déprimés (restaurée aprés un traitement chronique par de la
fluoxetine ou un traitement sub-chronique de RS67333) et ont confirmé I'utilisation de la protéine B-
arrestine 1 comme un biomarqueur potentiel de I'état dépressif et de la réponse aux
antidépresseurs. Ces résultats évoquent la possibilité que I'expression de la B-arrestine 1 dans le
cerveau pourrait étre un substrat potentiel pour les effets comportementaux et neurogéniques des

antidépresseurs.

Le 3°™ objectif de cette thése a été de caractériser les conséquences comportementales d’une
délétion sélective de la protéine B-arrestine 1 dans les cellules souches du gyrus dentelé de
I’hippocampe dans plusieurs tests prédictifs d’'une activité anxiolytique et/ou antidépressive en
présence ou non d’un traitement chronique a la fluoxetine. Les conséquences neurogéniques de

cette délétion sélective ont également été étudiées (Article 4).

Enfin, les conséquences comportementales d’une délétion sélective de la protéine B-arrestine 1 dans
les cellules souches du gyrus dentelé de I'hippocampe dans différents tests de cognition (mémoire de
type épisodique, spatiale et associative) ont été évaluées. Au vue de la relation fonctionnelle entre le
récepteur 5-HT, et la protéine B-arrestine 1, le dernier objectif de ce travail a été d’étudier les effets
d’un traitement chronique par un agoniste du récepteur 5-HT, sur les performances cognitives
d’animaux dont la B-arrestine 1 a été spécifiquement supprimée, en comparaison avec un

traitement antidépresseur classique de référence (fluoxetine) (Résultats complémentaires).

Apres une partie consacrée aux méthodes utilisées pour réaliser ces travaux de these, les articles
expérimentaux seront insérés en anglais dans leur format de publication, précédés d’un paragraphe
en francais précisant la question posée et introduisant I’étude et suivis de commentaires résumant

les principaux effets découverts.
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1 Animaux

1.1 Choix du modéle animal d’anxiété/dépression

Le développement de modeles animaux est nécessaire pour saisir non seulement les divers
aspects de la pathologie humaine, comme les changements physiologiques ou comportementaux,
mais aussi pour comprendre la dynamique des effets thérapeutiques et leur mécanisme d’action. La
création et la validation de modeles animaux en psychiatrie restent difficiles en raison de la difficulté
a modéliser certains symptomes (pensées négatives, suicide). Willner entre autres, a proposé
certains critéres a I'établissement d’un bon modele animal de pathologie (Willner, 1984) : les
modeles doivent répondre a une validité de face (isomorphisme), une validité prédictive (corrélations
pharmacologiques) et une validité de construction (homologie et similitude dans les mécanismes
neurobiologiques). Un petit nombre de modéles animaux d’anxiété et de dépression sont
fréguemment utilisés pour cribler de nouveaux composés ayant un potentiel antidépresseur. Les
différentes approches de modélisation animale en neuropsychologie peuvent étre regroupées par
approche génétique, pharmacologique, comportementale ou par lésion (Nestler and Hyman, 2010).
Le Tableau 9 ci-aprés présente différents protocoles de stress chronique fréquemment utilisés dans
les études précliniques en neuropharmacologie. Dans la suite de ce chapitre, seul le stress induit par

une administration chronique de corticostérone exogéne (modéle CORT) sera détaillé.
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Tableau 9: Modéles chroniques d'anxiété/dépression chez le rongeur.

Type de stress

Nom du modele

Durée du stress

Forces

Faiblesses

Références

Stress
environnementaux

Stress prénatal

1 a 4 semaines

-étude de I'impact du stress pendant
période de gestation sur individu
adulte

-validité prédictive et de
construction

(Maccari and Morley-
Fletcher, 2007)

Résignation

-validité prédictive, faciale et de

-grande variabilité d’exécution

(Chourbaji et al.,

aporise =10 jours construction -disparition du phénotype apres 2005; Hajszan et al.,
PP arrét des chocs 2009)
Stress -stress légers et aléatoires .
. e -conservation des altérations Llee s (M'm_eur etal, 2003;
imprédictible . . S A -manque de reproductibilité Pothion et al., 2004;
L 3 a 4 semaines induites apres I'arrét du protocole . .
modéré PR . -protocole contraignant Willner, 2005)
. -validité prédictive, faciale et de
chronique

construction

(Buwalda et al., 2005;

cps . Au moins 3 s R -protocole non réalisable chez les )
Défaite sociale : -validité faciale et prédictive P Krishnan et al., 2007)
semaines femelles
) i 24h au 9°™ jour

Interaction sociale . . ou 3-4h par -étude de I'impact des évenements .

Séparation . . . . N . (Finamore and Port,

jour, plusieurs stressants en début de vie sur -validité de construction
maternelle . o 2000)
jours individu adulte
consécutifs
-facilité de mise en place du
. . rotocole —_ . David et al., 2009;

Pharmacologique CORT 28 jours P -validité de construction (David et a

-bonne reproductibilité
-validité faciale et prédictive

Gourley et al., 2009)
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1.1.1 Modéle d’administration chronique a la corticostérone

Les stress sociaux ou le stress

STRESS chronique induisent des perturbations de

Hippocampe I’axe HPA chez le rongeur se matérialisant par

. g

Hypophyse(lj Hypothalamus

une augmentation des concentrations
plasmatiques en glucocorticoides
(corticostérone pour les Rongeurs) (Grippo et
al., 2006). Ainsi, le modéle développé a partir
ACTH GLUCOCORTICOIDES  de I'augmentation des concentrations en
glucocorticoides par I"apport de

corticostérone exogéne (CORT) soit par

Glandessurrénales injection sous-cutanée, pompe osmotique ou

Systtmeimmunitaire  plus simplement par I'intermédiaire de I'eau

de boisson ou dans la nourriture, permet
. R . - d’étudier directement l'influence des
Figure 14 : Systeme de réponse au stress via l'axe

hypothalamo-hypophyso-surrénalien. glucocorticoides sur le développement du

Les glandes surrénales produisent du cortisol chez phénotype anxio/dépressifs (Figure 14).
I'Homme et de la corticostérone chez la souris. CRH :
corticotropin-releasing hormone ; ACTH :
adrenocorticotropic hormone

1.1.1.1 Conséquences phénotypiques comportementales d’un régime chronique de corticostérone

chez le rongeur

1.1.1.1.1 Modifications du comportement d’anxiété et de dépression

L'administration répétée de CORT semble inhiber le comportement sexuel (Gorzalka et al.,
2001), provoque une diminution de la prise de saccharose (Gourley and Taylor, 2009), mais
également une diminution de la réponse a un renforcement alimentaire (Gourley et al., 2008) ainsi
gue du toilettage (David et al., 2009), tous ces paramétres étant indicateurs d’une anhédonie. En plus
de I'anhédonie apparente, il apparait que les animaux développent un phénotype anxio/dépressif a

travers I'évaluation comportementale dans le labyrinthe en croix surélevée (Pego et al., 2008), la
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double enceinte éclairée (Murray et al., 2008), le test d’odeur de prédateur (Kalynchuk et al., 2004),
ou encore dans le test d’hypophagie induite par la faim, et le test du champ ouvert(David et al., 2009;
Gregus et al.,, 2005). L'apparition d’'un phénotype de dépression sans phénotype anxieux est
rarement référencée chez les patients (Mineka et al., 1998), ce qui renforce les résultats obtenus par
ce modeéle. D’autres marqueurs physiologiques d’anxiété/dépression sont également altérés,
notamment la dérégulation des fonctions et des concentrations des acteurs de I'axe HPA, la prise de
poids et I'atrophie des glandes surrénales (Gourley et al., 2008; Murray et al., 2008). Cependant, de
réelles données relatives aux constituants neurobiochimiques de I'axe HPA durant le protocole de
stress restent a ce jour peu renseignées. Par ailleurs, la majorité des comportements induits par ce
modele est corrigée par I'administration chronique d’antidépresseurs (Ago et al., 2008; David et al.,
2009; Rainer et al., 2012), supportant la validité prédictive de modele préclinique de la dépression

humaine.

1.1.1.1.2 Modifications comportementales des capacités cognitives

En plus des modifications comportementales modélisant les symptémes de la pathologie de
la dépression, I'administration de CORT ainsi que de nombreux modeéles d’anxiété/dépression
provoguent également des changements au niveau de la plasticité synaptique, souvent révélés par
des déficits comportementaux d’apprentissage et de mémoire. Les modifications comportementales
induites par le modeéle CORT sont présentées dans la Revue “Cognitive dysfunction in major
depressive disorder : A translational review in Animal models of the disease » disponible dans la

partie introductive de cette these et seront développées dans la partie Discussion.

1.1.1.2 Conséquences structurelles et moléculaires d’un régime chronique par de la

corticostérone

Au-dela des modifications comportementales induites par I'administration chronique de
CORT, ce modele provoque également des modifications structurales liées a la plasticité et
notamment la diminution du processus de prolifération cellulaire et de la neurogenese dans
I’hippocampe (David et al., 2009; Malberg et al., 2000). Plusieurs études ont pu mettre en évidence
que les atteintes de la plasticité se localisent dans les régions cérébrales clefs impliquées dans la

dépression. En effet, il a été observé un remodelage dendritique induit par la CORT dans
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I’hippocampe (Magarinos et al., 1999; Southwick et al., 2005; Watanabe et al., 1992), 'amygdale
(Mitra and Sapolsky, 2008), et le cortex préfrontal (Seib and Wellman, 2003). Ces résultats sont
également retrouvés apres des études post mortem de patients souffrant de dépression (Konarski et
al., 2008). En particulier, il est connu que I'exposition prolongée a la CORT induit une atrophie
dendritique des cellules pyramidales de I’"hippocampe, et une perte de volume des dendrites apicaux
des régions CA3 et CA1 (Magarinos et al., 1999). D’autre part, bien qu’étant également le siege de la
neurogenése chez le rongeur adulte, les effets des glucocorticoides dans le bulbe olfactif adulte
restent moins étudiés. Néanmoins, une étude récente a mis en évidence la présence de déficits
olfactifs chez les animaux traités chroniquement par de la corticostérone, partiellement restaurés par
un traitement chronique par de la fluoxetine (Siopi et al., 2016).

L'administration de CORT chez I’Animal et chez 'Homme est associée a une réduction du
facteur de transcription de I'élément de réponse liant 'AMPc appelé CREB (Pittenger and Duman,
2008). Fait intéressant, |'activation de CREB induit la neurogenése alors que son inhibition la réduit
(Nakagawa et al., 2002), faisant de CREB un acteur important de la stabilité neuronale associée au
stress et a la dépression. Entre autres, CREB contrdle des génes effecteurs, eux aussi impliqués dans
la stabilité de la plasticité synaptique. L'un de ces génes est celui codant pour le « brain derived
neurotrophic factor » (BDNF), qui joue un roéle critique sur la plasticité dans le développement, dans
la survie et la fonction des neurones (Pittenger and Duman, 2008). Chez I’animal, I'exposition aux
glucocorticoides altére aussi bien CREB que le BDNF dans les différentes régions limbiques (Gourley
et al., 2008; Jacobsen and Mork, 2006), également chez les patients atteints de dépression (Dwivedi

et al., 2003; Sen et al., 2008).

1.2 Souris tissus-spécifiques Nestine-Cre®™"?/FLOX ARRB1

1.2.1 Génération de la lignée

1.2.1.1 Caractéristique de la lignée FLOX ARRB1

Les souris FLOX B-Arrestine 1 (ARRB1) ont été générées initialement par le laboratoire du
Professeur Jean-Martin BEAULIEU a I'Université de Laval, Québec, Canada. La lignée a ensuite été
transférée a I'animalerie Centrale de la Faculté de Pharmacie. J'ai donc prise en charge la gestion de

cette lignée au cours de ma thése.
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La lignée de souris FLOX ARRB1 a été créée en suivant la méthode de transgénése classique
par recombinaison homologue permettant l'invalidation du gene PB-Arrestine 1 (construction

génétique non publiée) (Figure 15).

Alléle P-arrestine 1

E8
1 E10 E12E14
i Ll L
EEEl I REIRE

Floxed Short Arm
sequence 1.7 Kb
1.0 Kb E = Exon

10 Kb

Figure 15: Schématisation du géne B-arrestine 1 de la souris. L’agrandissement de la région encadrée situe
les trois fragments d’ADN utilisés pour la construction du vecteur de délétion pEZ-Barrl. Les fragments longs
(bleu) et courts (violet) servent a provoquer une recombinaison homologue lorsque la construction est
transfectée dans les cellules souches embryonnaires. Le fragment FLOX (trait vert) servira ultérieurement a
produire la lignée de souris Rarrl-FLOX. La taille respective de chacun des fragments utilisés est indiquée. Le
trait rouge horizontal représente I’ADN intronique, les traits noirs horizontaux représentent I’ADN
chromosomique situé a I'extérieur du géne B-arrestine 1, les traits noirs verticaux représentent les exons (E).

1.2.1.2 Caractéristiques de la lignée Nestine-Cre ERT2

La lignée de souris Nestine-CreER", initialement créée par I'équipe du Professeur René Hen
de I'Université de Columbia, New York, USA (Sahay et al.,, 2011) a été transférée a I’'animalerie
Centrale de la Faculté de Pharmacie. La recombinase Cre (pour « Causes REcombination ») est une
enzyme tyrosine capable de catalyser la recombinaison homologue entre deux sites appelés loxP
situés autour d’une séquence ADN spécifique. Pour permettre le contréle temporel et spatial de
I'expression de cette enzyme, la région promotrice Nestine est insérée dans la construction
génétique. Elle permet I'expression spécifique dans les cellules souches neurales et les progéniteurs
intermédiaires (Dranovsky and Hen, 2006). De plus, I'enzyme Cre a été fusionnée au domaine muté
humain du récepteur aux oestrogénes (ERT2) donnant I'avantage a ce systéme d’étre inductible dans
le temps, contrairement aux modeles conditionnels classiques. Ainsi, la mutation n’est donc pas
exprimée a la naissance des animaux mais est induite durant la période propice a I’étude. Afin de

s’assurer que la recombinase Cre est active uniquement dans la région d’intérét, les souris Nestine-
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CreER™ ont originellement été croisées avec des souris ROSA26R contenant une protéine

fluorescente EYFP (Srinivas et al., 2001) (Figure 16).

S \H Evep —— RAMEVEP

Figure 16: Insertion génétique du géne CreER™ pour confirmer la
spécificité de la construction génétique (Sahay et al., 2011)

1.2.1.3 Obtention des souris tissus-spécifiques Nestine-CreER" / ARRB1”

Les souris Nestine-CreER™ont été croisées avec des souris FLOX B-Arrestine 1. Lorsqu’ils
atteignent I'age de se reproduire, les descendants de ce croisement sont ensuite croisés entre eux
(souris B-Arrestine 1™°"/Nestine-CreER™”* avec souris B-Arrestine 17/ Nestine-CreER™ ") pour
obtenir les animaux tissus-spécifiques a induire (Figure 17). Les souris Nestine-CreER™ doivent
impérativement étre porteur du gene CRE a I'état hétérozygote pour éviter une hyper expression de
la recombinase Cre et ainsi induire des délétions ectopiques (i.e., non tissus-spécifiques) (Sun et al.,

T2 -/+

2014). Dans toutes les expériences, les animaux FLOX B-Arrestine 17"/ Nestine-CreER sont utilisés

comme controles.
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—»  ARRBI™v F1 —NESTIN| CreERT2 |-

—INESTIN| CreERT2"+ |—

7|| o .7 . P ﬂ ARRBT+ox h

TAM injections 3
—fnestn crerr2 |
—ﬂ ARRB 1 flox/flox P—

P LoxP sequence

Figure 17: Schéma d’obtention des souris B-Arrestine 1FL°x/FL°X/Nestine-CreERTz'/+. Plusieurs croisements

successifs sont nécessaires pour obtenir les souris tissus-spécifiques inductibles. Cing jours d’injections par du
tamoxifene a raison de 2 mg par jour permettent de provoquer la suppression génétique.

1.2.2 Induction de la délétion spécifique de la B-arrestine 1

1.2.2.1 Préparation du tamoxiféne

La préparation et I'injection de tamoxiféne (TAM) ont été réalisées comme décrit dans Sahay
et al., 2011. Brievement, les souris FLOX B-Arrestine 17"/ Nestine-CreER™ 7* et FLOX B-Arrestine 1%/
Nestine-CreER™ 7* 4gées de 8 semaines ont recu une injection par voie intra-péritonéale de 2 mg de
tamoxiféene (Sigma Aldrich, St Quentin Fallavier, France), une fois par jour pendant cinq jours
consécutifs. Préalablement dilué dans de I’éthanol 100%, le tamoxiféene est dissous de I’huile de mais
(Corn oil 90%/EthOH 10%) (Corn oil, Sigma Aldrich, St Quentin Fallavier, France) puis vortexé a
vitesse maximale pendant 5 minutes. Pour que les bulles générées par le vortex disparaissent, la

préparation est incubée a 37°C pendant 10 minutes. Celle-ci reste stable 4 a 5 jours a 4°C. Le
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tamoxifene étant photosensible, la solution est conservée a I'abri de la lumiére le plus possible.

Aprés le schéma d’injection, la délétion requiert 5 a 6 jours pour étre effective.

1.2.2.2 Mécanisme moléculaire de la délétion spécifique de la 8-arrestine 1

En absence du ligand approprié, la recombinase Cre, fusionnée a ER™, est liée a la protéine HSP90
(Heat Shock protein) dans le cytoplasme, empéchant le complexe CreER™ de rentrer dans le noyau.
Suite a I'administration du tamoxifene (antagoniste des récepteurs aux cestrogenes) et a sa liaison au
récepteur a 'cestrogéne muté ER™, HSP90 se dissocie du complexe CreER™ qui peut alors initier sa
translocation dans le noyau sous forme activée. Une fois dans le noyau, CreER™ reconnait les sites

loxP sur I’allele conditionnel du géne de la B-Arrestine 1 et procéde a la recombinaison (Figure 18).
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Figure 18: Systeme Cre-ER™-loxP inductible au tamoxiféne
(Gunschmann et al., 2014)
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Ce mécanisme n’est possible que dans les cellules qui expriment Cre sous le promoteur Nestine,
permettant ainsi une délétion tissu-spécifique de la protéine B-Arrestine 1 au niveau des cellules
souches neurales du GD de I'hippocampe. Dans les autres types cellulaires dans lesquels le gene Cre
n’est pas exprimé, le géne cible B-Arrestine 1 sera toujours présent dans le génome et fonctionnera

donc normalement.

1.2.3 Génotypage des animaux

Le génotypage des différentes souris mutées a été réalisé grace a la technique
d’Amplification en Chaine par Polymérase (PCR). Ce procédé permet d’amplifier in vitro une région
spécifique de I’ADN afin d’en produire une quantité détectable. 'ADN génomique est extrait de

éme

fragments de queues des souris. Les animaux sont génotypés a partir du 18" jour de vie et
numérotés aux oreilles a 'aide d’un poingon adapté. Les souriceaux ARRB1"* et ARRB1” sont sevrés
a 21 jours aprés leur naissance et sont répartis dans des cages selon leur sexe avant le début des

expériences.

1.2.3.1 Extraction de ’ADN

Les queues sont d’abord digérées dans un tampon de lyse pendant 2 a 3 heures a 50°C. Le
tampon de lyse est constitué de Tris pH8 a 1M, Sodium Dodécyl Sulfate 10% (SDS), d’acide éthylene
diamine tétra-acétique (EDTA) 0,5M, Chlorure de Sodium (NaCl) 5M, de Protéinase K complété avec
de I'eau distillée. Pour une digestion optimale, les fragments de queues doivent étre recouverts de
tampon. Une fois dans la cuve a 55°C, les tubes seront vortexés toutes les demi-heures jusqu’a
digestion complete du tissu. L’ADN est précipité grace a I'ajout de phénol (volume identique au
tampon de lyse) qui permet de séparer I’ADN du reste des éléments de la queue. Les digestats sont
ensuite centrifugés pendant 10 minutes a 15000 tours/min. Le surnageant contient I’ADN. Les tubes

seront conservés a -20°C pour une longue conservation.

1.2.3.2 Amplification par Polymerase Chain Reaction (PCR)

Le mélange DNTP’s et ADN polymérase est utilisé sous forme de petites billes lyophilisées

appelées « Ready-to-Go PCR beads » (General Electric, USA). Il suffit alors d’ajouter 1,5 uL de ’ADN
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que I'on veut amplifier et 24 pL d’un mélange d’amorces dans chaque tube. Les amorces utilisées

pour I'amplification de la B-arrestine 1 et de Cre sont précisées dans le Tableau 11.

Tableau 11 : Descriptif des amorces utilisées en PCR pour le génotypage des souris NestineCre ERTZ/ARRBl'/'

N° Nom Séquence (5’-3’) Taille PM (g/mol) Tm (°C)
1 Barrl GAG GGG GTT TGT ATG CTA CC 20 6204 59,4
2 Barrl GGA GCCTGT GAATGATTG CT 20 6188 57,3
3 CRE up AAT GCT TCT GTCCGT TTG C 19 5761 53,8
4 CRE down TAG CGC CGT AAATCAATCG 19 5797 52,8

La réaction débute par une étape de dénaturation de 'ADN de 90 sec a 94°C et se poursuit
par un certain nombre de cycles d’amplification dont les caractéristiques different en fonction du
géne a amplifier (Tableau 12). Enfin, une extension finale a lieu pendant 7 a 10 min entre 65 et 72 °C,

selon le géne.

Tableau 12: Programmes PCR des genes a amplifier

Geéne ARRB1 CRE
Etape Durée (sec) Température (°C) Durée (sec) Température (°C)
Nombre de cycles 40 3,3,3,3,25
Dénaturation 30 93 15 95
Hybridation 30 57 15 64, 62, 60, 58, 53
Elongation 180 65 45 72

1.2.3.3 Electrophoreése

Les produits PCR obtenus sont séparés par migration électrophorétique en gel d’agarose a
2% immergés dans un tampon de Tris Borate + Bromure d’éthidium (BET). 18 uL de produit PCR + 2
uL de tampon de charge sont déposés dans chaque puit du gel. Sous I'effet du champ électrique, les
différents fragments d’ADN chargés négativement migrent vers la cathode et sont séparés en
fonction de leur poids moléculaire. Leur coloration par le BET permet de visualiser chaque fraction
sur une table a UV. Les fragments concernant le génotypage des souris mutées pour la B-arrestine 1

étant difficile a séparer, le schéma de migration se décompose en une phase lente de migration (60 V
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pendant 1h) suivie d’'une phase de migration plus rapide (100 V pendant 1h). En se basant sur le

poids de chaque fragment, le génotype exact de la souris peut étre déterminé (Figure 19).

Identification des souris Identification des souris
mutées pour le géne ARRB1 mutées pour le géne Cre

ARRB1”" ARRB1** ARRB1”*

Bande KO = 1413 pb
Bande WT = 1168 pb

Figure 19: Génotypage des souris Nestine-CreERTz/FLOX ARRB1. Les animaux porteurs des 2
séquences FLOX sont dits homozygotes (bande a 1413 paire de bases), les animaux porteurs d’une
seule séquence FLOX sont dits hétérozygotes, et les animaux non porteurs de séquence FLOX sont

dits Wild-Type (WT) (bande a 1168 paires de bases).

Dans le reste de ce travail, les différents génotypes des animaux seront définis comme suit :

e Les animaux ARRB1, Flox/Flox, Cre’/Cre seront notés ARRB1"* ou WT
e Les animaux ARRB1, Flox*/Flox,, Cre*/Cre” seront notés ARRB1”* ou Hétérozygotes (Hets)

e Les animaux ARRB1, Flox*/Flox®, Cre*/Cre” seront notés ARRB1” ou KO

2 Manipulations in vivo

2.1 Etudes des performances mnésiques
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1. Fiche méthode : le test de reconnaissance d’objet
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How to perform the Novel Object Recognition Test? Author : FLAVIE DARCET

MATERIALS:

e ANY-maze software

e Camera recording + tripod above testing area

e Halogen light (enough to detect the animal with the camera) (near the pool, light
pointed on the wall)

e 2 boxes (28x41x18 cm) recovered in black so that mice could not contact or see one
another during the exposures.

e Sawdust (=0.5—-1 cm thickness)

o 2 different objects (4 of each objects are needed to alternate the nature of the novel

object and to test 2 animals simultaneously)
o Lego®rectangularstructure (7x3x9 cm)
o Cylindrical glassware (@:3cm, height: 8 cm) filled with white cotton

CONTROLS:

an N

20 .
7 _ No preference for the nature of the objects
2 151 . .
g Object 1 Object 2
§ 101
<
(=]
s T
]
w
04
K Object 1  Object 2 /
. A
) 20 No preference for the configuration of the objects
p i
E 1 Configuration 1 B Configuration 2
T 154 ————
5 9
® 101 e
S
2 54
E]
w
0

K Object 1  Object 2




UMRS 1178 — Dépression, Plasticité, Résistance aux
Antidépresseurs

COGNITION PROTOCOLS Date of creation : 01/14/2015

Page 2/14
Novel Object Recognition Test in C57BL/6J mice Author : FLAVIE DARCET
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‘E‘,’ 5] sl No preference for time of tests
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®
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Object1  Object2 /

Adapted from Sahay et al., 2011

-

1. Mice are transported into the testing room 30 minutes before the start of the
experiment

2. See details below in Page 6 to prepare software settings.

3. Prepare the 2 boxes with sawdust and 2 identical objects in each box. Objects must
be placed symmetrically in the box and ~ 4-5 cm away from the walls. Place and
nature of the novel object are changed to avoid any preference.

4. Procedure

a. The test is divided in 4 learning sessions (5 minutes each) with a 3-minutes
inter-trial interval (ITI) and 1 retention session (5 minutes).

b. Place animals in the middle of the box (between the 2 objects) and
immediately start recording (by clicking simultaneously on F1 and F2).
Recording is occurring when mice are tracked (orange point on the body) and
time passes.
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Novel Object Recognition Test in C57BL/6J mice Author : FLAVIE DARCET

c. When the session is finished, take mice back in their home cage during ITI.
Between each session, change sawdust in each cage, clean boxes and objects
with 70% ethanol.

d. Repeat Steps b and c to perform 4 learning sessions.
e. For the retention session, remove one of the familiar objects from boxes and

replace it with a novel object. Assess memory by scoring novel object
exploration time during 5 minutes.

Learning phase Testing phase

5’ exposure

5’ exposure

5’ exposure

5’ exposure
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ST oo R
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ITl=3’
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Novel Object Recognition Test In 1.295v or mixed strain Author : ELAVIE DARCET
C57BL/6x129sV mice)

Modified protocol : exploration behavior different between strains.

1. Same as C57BL/6J mice protocol but only one learning session (10 minutes) and one

retention session (10 minutes).

2. Load “One-session learning protocol” (File Desktop/Memory protocols/NORT/1-

session learning protocol)
3. Perform the same procedure

4. According to the type of memory to assess, use a 2h or a 24h inter-trial interval
between learning and retention sessions.

Learning phase Testing phase

10’ exposure 10’ exposure

ITI= 2h or 24h
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Novel Object Location Author : FLAVIE DARCET

In this type of episodic memory, the ability to discriminate an object that was moved is
tested. A control mouse will significantly explore more the object moved between the 2
sessions than the object that remained at the same place.

1. Load “One-session NOLT” (File Desktop/Memory protocols/NORT/1-session learning
protocol)

2. During the training session (10’), place the 2 identical objects on the same side of the
box.

3. In the retention session, move one of the identical objects on the other side of the
box. Make sure you drop animal exactly in the same place the learning session.

4. According to the type of memory to assess, use a 2h or a 24h inter-trial interval
between learning and retention sessions.

Learning phase Retention phase

10’ exposure 10’ exposure
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Procedure to perform the Novel Object Recognition

Test with ANY-maze software Author : FLAVIE DARCET

Open ANY-maze software icon on the desktop

Create a new experiment (File/New experiment)

Load a protocol (File Desktop/Memory protocols/NORT)
Select Protocol tab to control the settings

AN

a.Check that the video camerais
connected

s e e et 3

b. Adjustthe position of Box 1 and Box 2 so theyfitin the pre-defined shape
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Procedure to perform the Novel Object Recognition
Test with ANY-maze software

Author : FLAVIE DARCET

c. Checkthat each zoneiswell delimited for Box 1 and Box 2. If 2 zones are sharing, fix

it by drawingthe right shape in Apparatus. The 6 zones only use as a locomotor
control.

d. Checkthat stages match with the protocol you want to do.

@AN‘E-maze - Unnamed experiment @ANY—maze - Unnamed experiment
File Edit Options Help File Edit Options Help

1~ -Hlo | a2 % A 8@ 1-2-Hlels J] & A RO - - €
Tests Results C Protocol Experiment Tests Resulis Data

Protocol Experiment

2R(2 O+ %

2B B +x

Unnamed Protocol

...... =1 Yideo sources...

...... {E Apparatus. ..

...... h fones...

...... Paints

...... % Sequences

...... =E Keys

...... T Input F Output..

...... L Wirtual switches

------ 5 Test settings and options...
...... [ Fields

...... M Stages..

NN | -ining and probe trial...
...... s Events snd actions

...... E Calculations

...... Analysis...

------ E Resultz, reports and data...

Unnamed Protocol
- R Widen sources...
b a
e Apparatus..
Zones...
Points
w24 Sequences
SE Heys

T Input £ Outiput..
e B Winual switches
5 Test settings and options...

. [ Fields
S
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» Test +2h...
- 2j¢ Ewentz and actions
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Analysis...
E Results, reports and data.
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Test with ANY-maze software

Procedure to perform the Novel Object Recognition

Author : FLAVIE DARCET

Stage name : Learning and probe trial

Specify the test duration for tests in this stage. Don't forget, yvou can alsao
define Events and Achions to end tests before this duration.
Test duration : 200s

Specify the maximum number oftrials that the animals should receive in

this stage. You can also create 'Stage end rules'to end this stage for an

animal before it's had this number of trials.

Maxirum numkber oftrials in this stage @ &

Specify the order in which the animals are to be tested in this stage.

" Perform each trial for all the animals befare starting the nexttrial

& Perform all the trials for each animal befare starting the next animal

= Group the animals and perform all trials for each graup in turn
Futthe animals into groups of :

Specify how the system should assign the animals to the apparatus. If
you're not sure which option to choose then selectthe &) buttan far help.

Apparatus assignment method ;. |Pre-assign j

All experiments in ANY-maze consist of one ar more stages. In a simple
protocol you will normally have just one stage, but in complex protocols
yau may have more. For example, in a place preference box you might
hawve three stages: Pre-exposure, Conditioning and Test.

As all experiments must include at least ane stage ANY-maze
autornatically includes a ‘First stage' in all new protocols. You should edit
this stage to suit your protacol ithis is where you'll set the test duration)
and then add any additional stages that you reguire.

Ifyou want help setting up stages then selectthe @) button an the main
taonlbar or click this link.

Lsually AMY-maze will automatically schedule the tests in each stage.
Howrewer, if the schedule you will be using is just too complex ta be
defined within ANY-maze, then you can choose to enter it manually.

O manually schedule tests

In most protocols you will probably want to test all the animals in one
stage before you start the next stage. Howewer, you may encaunter
situations in which you want to completely test each animal in all stages
befare you start the next animal.

O Ccomplete all stages for each animal before staring the next animal.

For the “4-sessions learning protocol”, choose “perform all the trial for each animal before

starting the next trial”. For the “1-session learning protocol”, choose “perform each trial for

all the animals before starting the next tria

III

5. Select Experiment tab to name your experiment and to inform the number of

animals. For the “1-session learning protocol” with a 2h-ITl, do not forget to calculate
the number of animals you cantest in two hours (~12-14 animals)

6. Select Tests tab when you are ready to begin the experiment. Select “Test schedule

report” to follow each trial for each box.
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Procedure to perform the Novel Object Recognition

Author : FLAVIE DARCET
Test with ANY-maze software uthor
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Enables you ta offset the video picture so that parts which are "off the edges" become visible [ [ [ @ | [ nom
@ ANY-maze - Unnamed experiment -8 %]
File Edit Options Help
i 3 A 3 E B
-2 - el Q048]0 -4-l9

Protocol Experiment Tests

@ ¢ | o |Apparatus

e

Test schedule repor!

»oen P28 |00 0S|+

bz 4: Animal 1, First stage frial - Reacly.

Inchude s [£] A stages

Cormpieted tests

Canceled tests

Order ;[ Within stages sort the schedule by apearstus

Stage Apparatus  Status Duration
Fiststane 1 box1 Readty -
Fiststege 1 box? Ready -
Frststege 1 box1 .
Fiststege 1 box2 .
Frststage 1 kox1 .
Fiststege 1 box2 .
Frststage 1 koxd .
Frtstege 1 box2 .
Firststage 1 boxd .
Frststage 1 box2 -
Firststage 1 boxd .
Frststage 1 box2 -
Fiststege 1 box1 .
Frststege 1 box2 .
Test+2n 1 boxd .
Test+zh 1 box2 .
Test+2n 1 boxd .
Test+2h 1 box2 .
Test+2h 1 koxA .
Test+2h 1 box2 .
Test+2h 1 koxA .
Test+h 1 box2 .
= s Test«2h 1 boxi - Prun iy EmE|2]8|000 [+
- m Test+h 1 box2 - hox 2 Animal 2, First stage trial - Ready.
- Test+2h 1 koxd -
-z Test+n 1 box2 -
EE] Tests2h 1 boxd .
CT Test+2n 1 kox2 -

= sn'g!

«l

I
@pémarrer| |[<; anv-maze - unnamed, Microsoft PowerPaint - ...

[ Rechercher sut terdinateur £

| B[me. Y 130
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Press on the green starting button to starting recoding (or click simultaneously on F1 and

F2). An orange point detects the animal body. If you have to stop the experiment for any

reason, press on the red button and according to your problem, save the results recorded so

far or do not save. If you do not save, this same trial will begin again. If you do save, the

software will be ready to start the next animal.

@ ANY-maze - Unnamed experiment _(=1x|
Fle Edt Gptions Help
13 -HR B[ X0D[18[@-4-l9

Protocol  Experiment Te
Test schedule report @ < | o | Apparatus

Inclue : [2] Al stages [ Completed tests [ Canceled tests S e B R e e
o 1 Anima 1, First stage t

Ordter: [T within stages sortthe schedule by apparatus

Test Animal Stage Trial Apparatus Status Duration
1 Frststage 1 boxd Testig..
2 Fiststage 1 hox2 Testing
El Frststage 1 box1
4 Fiststage 1 box2
s Frststage 1 box1
[ Fiststage 1 box2
T Frststage 1 box1
g Frststage 1 box2
Fl Frststage 1 box1
0 Frststage 1 box2
" Fiststage 1 box1
12 Frststage 1 box2
13 Fiststage 1 box1
14 Frststage 1 box2
1 Test+zh 1 boxd

Test+2n 1 box2
3 Test+2h 1 box1
4 Test+zn 1 box2
5 Test+2n 1 boxd
6 Test+zh 1 box2
7 Test+2n 1 baxd
Test+zh 1 box2
g Tests2n 1 boxd hmlEleNE
10 Test+2h 1 box2 - o 2 Anima 2, First stage t
" Test+2n 1 box1
12 Test+2h 1 box2
13 Test+zn 1 box1
1" Test+2n 1 box2
S — 3
Enables you to resize, move and rotats the apparatus map to it the physical apparatus [ [ [ [ [ [

@ ANY-maze - Unnamed experiment
File Edt Options Help

-2 -HIp S OlXGDA8]® -4 -9

Protocol Experiment Te

include : 2] Allstages [ Completedtests [ Canceled tests [ R I
Order - [ Within stages sart the schedule by apparatus
Test Animal Stage Trial Apparatus Status Duration
1 First stage 1 hox 1 Testing
2 Firststage 1 hox 2 Testing
3 First stage 1 foi 1
4 First stage 1 oz 2
5 First stage 1 o 1
& Fiststage 1 box2
7 Fiststage 1 kox1
[ Fiststage 1 hox2
E] Fiststage 1 hox1
10 First stage 1 box 2
11 First stage 1 foi 1
12 First stage 1 o 2
13 First stage 1 o 1
14 Frststage 1 box2 If you stop the test now you can either save the results
; et 1 bt 9| recorded so far and then mave on to the next test or
\-‘) discard the results and set the test back to the beginning.
2 Test+2h 1 box2 Mo
M Tests2n 1 boxd Do you want to save the results recorded so far?
4 Test+zh 1 hox2
5 Testszn 1 box1
& Testszh 1 box2
7 Test+2n 1 kox1
8 Test+2h 1 box2
a Test+«zh 1 box 1 s = e s lc00a|+
10 Testszh 1 hox2 - bax 2 Animal 2, First stage trial -
" Testszh 1 hox1
12 Testszh 1 box2
13 Test+zh 1 box1
14 Testszh 1 box2
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Test with ANY-maze software uthor ¢

ANALYSIS

e The software will automatically create a videos file with the same file of your
experiment file.

Each trial generates 2 videos (one video for Box1 and one video for Box2). When

scoring videos, videos are numbered from 1 to n videos (without n°® of animal, n® of
trial or box). Before starting the test, write down carefully mice running order, in which box
each mouse was tested, to avoid any confusion during analysis phase.

e Manual scoring can be done either simultaneously during the running test or after
the experiment by watching the video file recording. Use STOPWATCH software to
measure exploration of both objects.

\ ++_Latency to explore objects and frequency of exploration episodes can be used as
N additional parameters to interpret data. Select these options in STOPWATCH
software.

e Tovisualize videos, open ANY-maze software, select Monitor on the left. Then, select

“browse for a video file”, choose your video and score.
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Video files

ﬁ b’& Browse for a video file...

i Test M.s7v
il Test 2.5zv
s Testl.szv
“f Testldszv
i Test13.szv
i Test12.szv
‘o Test1l.szv

4 ANY-maze - Unnamed experiment - = bd
File Edit Options Help

RACA IR IR

Protocol ~ Experiment  Tests  Results  Data 170 Monitor

Video monitor

Video capture

@ ARRB1NORT Coh 1 videos ~@ 3 @

Deskicp Nom ° Modifié le Type Taille
o Test1 190320150848 ANY-mazevideof..  331875Ko
i Test 2 190320150848  ANY-mazevideof..  331968Ko
=7 o Test3 190320150903 ANY-mazevideof..  339180Ko
My personal o Testd 190320150903  ANY-mazevideof..  339535Ko
ANV-mazefies g Tests 19/03/20150917  ANY-mazevideof..  332843Ko
o Test 19/03/20150931  ANY-maze videof... 289564 Ko

(Actions D-; “yTests 1903/20150931  ANY-maze videof.. 289646 Ko
3 Recordvideo as 3 movie for o “Test9 19/03/20150946  ANY-maze videof..  310315Ko
presentation (AVI format) ANY-maze fles i Test 10 19/03/20150946  ANY-maze videof..  310343Ko
@ Convert ANY-maze video file to AV pTest 11 1903/20151000  ANY-maze videof..  312822Ko
format iy Test12 1903/20151000  ANY-maze videof..  312852Ko

P Test13 ANY-maze videof..  315822Ke
g Test14 19/03/201510:04  ANY-mazevideof..  315822Ke
Video files W Test1s 19/03/20151046  ANY-mazevideof., 318218 Ko

@ Browse for a video file. Flerame  Test

Test 24570 Typecifie Al videofiles

Test 2.52v

Testlszv

Test 120
Test 1352
Test 1252

XTI

Test 1052
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Test with ANY-maze software uthor ¢

4 ANY-msze - Unnsnigd gxperiment _—

- Object exploration is defined as the orientation of the nose to the object at a
distance<2cm.

- Placing the forepaws on the objects was considered as exploratory behavior, but
climbing on the objects was not.

Results for this test were expressed as:
a. exploration of each object (in seconds) during training and test sessions
b. exploration (in percent) of each object during the test session, calculated as time

spent exploring familiar or novel object divided by total time spent exploring both
objects

c. adiscrimination index (Dl) between objects during the test session, calculated as the
difference between the time spent exploring the novel object (N) and the familiar
object (F) divided by the total time exploring both objects (DI = (N—F)/(N+F)).
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Test with ANY-maze software uthor

LOCOMOTOR ANALYSIS

Locomotor activity was controlled during the entire experiment (parameter: ambulatory
distance) using a videotracking procedure (ANY-maze Software, Bioseb, France).

Check with the following parameters that motor activity remains unchanged for all
conditions:

- time in each zone (1 to 6)
- crossing ineach zone (1 to 6)

- distance travelled in each zone (1 to 6)

Collect data from ANY-maze software and export them in an Excel file.




2. Fiche méthode du test de la piscine de Morris
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MATERIALS
Animals: C57BI6/) male mice
Equipment:

e 1 maze: 125 cmindiameter(stainlesssteel tank); 50 cm height

e 1 platform:10 cm diameter, height 30 cm

e Water : white milk powder (2/3 of packet perday), 22-23°C

e 4 distalvisual cues:differentinshape, in color, surrounding the maze (one visual cue per
cardinal point)

e 1valveandpipes (tofilland remove the waterand clean the tank)

e 1 thermometer(tocheckthe watertemperature)

e 1 bucketto fill the maze with hot water

e 1remote control for ANY-maze software (if MWM is performed alone)

e ANY-maze software

Room configuration:

@ Pain Pain

CFC

MAZE
ENTRY/EXIT 2

‘ / ROOM ENTRY
Visual cues
on walls MAZE
ENTRY/EXIT 1
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AIM OF THE TEST:

Mice must learn to locate an unmarked submerged platform in a pool devoid of intramaze

cues. Geometrical extra cues surround the maze to generate spatial learning. The maze is

divided into four quadrants (North, South, West, and East). The escape platform is placed in
the target quadrant (North for example). The MWM task is performed with three successive

steps. The pre-training phase allows mice to accustom to the pool and the visible platform

placed in clear water. The acquisition phase is divided into 4 training sessions and one probe

trial. The reversal phase assesses cognitive flexibility performances. Animals must unlearn
the initial rule (target quadrant) and adapt their behavior to a new rule (i.e locate the
platform in the opposite quadrant).

PROTOCOL (adapted from Belzung and Sahay teams): rajouter les refs

ACQUISITION PHASE

//:;ay1,2,3,4:

Learning

* Hidden platform

(N)
(0) (E)
@
(8)

K?: sessions per day (3'), 4 days

Day5:
Test

(©)

* Platform removed (60”)

(N)

(8

\

_/

REVERSAL PHASE

//1;ay8,9,10,11:

Learning

* Hidden platform

(0)

KP: sessions per day (3’), 4 days

(N)

2/3/1

1/2/3

()

3/1/2

Day12:
Test

+ Platform removed (60”)

©)

(N)

\
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1. Habituation = pre-training session = VISIBLE PLATFORM (1 session, 3 trials, Day 0)

- Fill the maze with water and adjust temperature at 22-23°C (with hot water)

- Keep the water clear (do not add milk powder)

- Place the platform into the target quadrant of your choice

- The platform must be visible for the mice; the surface of the water must be 1 cm
below the surface of the platform. If animals have difficulties to climb on the
platform, add water.

- Place the mouse in the middle of the pool during a 60 sec-trial.

- Repeat this step 2 times after a 60 sec-ITI

Q Make sure that the platform is stable in the pool before starting the test. The
platform must be in the center of the target quadrant. Be sure that the platform is
not floating and does not move.

& Keep in mind that hot water is available in the animal facility early in the morning. It
is better to adjust water temperature in the morning (even if water is too hot).

2. Acquisition phase = learning phase = HIDDEN PLATFORM (Day 1-4)

- For this step, the platform must be hidden. The surface of the water must be 1-2 cm
above the surface of the platform. The water is rendered opaque by addition of
white milk powder (1/3 of a 750g-packet, Cora).

- Place the animal in the start position in the maze, facing the tank. Be careful not to
drop the mouse but to release it gently into the water. The tracking system will start
the moment the mouse is moving into the water.

- When the mouse reaches and climbs in the platform, stop the timer and the video
and write down the latency to reach the platform on the parameter paper.

- There are 3 training trials per day (60 sec each) with a 60 sec inter trial interval (ITl),
during 4 days.

- During ITI, animals have to stay on the platform.

- Starting position must be different at every trial and every day to generate spatial
learning.
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AN

Mice that exceed 60 sec to find the platform will be gently guided to the platform by
the experimenter. In this case, note 60 sec as escape latency for this animal. If the
mouse jumps into the water before the end of the 60-sec ITI, replace it on the
platform until it stays 60 sec.

Examples for starting positions:

4,

Day 1: SE - NW — SW
Day2: SW — SE — NW
Day 3: NW —SW — SE
Day 4: SE - SW — NW

Probe trial = retention phase (Day5)
Remove the platform from the opaque water.
Place the animal in the opposite quadrant, facing the tank wall.

Probe trial lasts 60 sec during which animals are free to explore the maze.

Reversal phase (Day 8-11)

If the aim of the study includes assessing cognitive flexibility, spatial reversal learning and

retention starts 2 days after the acquisition probe trial in Day 5.

5.

Change the location of the escape platform from the target quadrant used during
acquisition to the opposite target quadrant (which becomes the new target
quadrant).

Repeat the exact same procedure as acquisition phase : 4 training days, 3 trials per
days, 60 sec per trial and ITI

Probe trial = retention phase for cognitive flexibility (Day 12)

Repeat the same procedure as Probe trial in Day 5.
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How

1

to perform Morris Water maze with ANY-maze software?

Open ANY-maze icononthe desktop

Create a new experiment:
- File
- Newexperiment (immediately File, Save experiment as (in the folder of your choice))

Load a protocol (depending on the phaseof the test) u ||? 0| +| X%

Select Protocol tab (top left) to control all the settings

File Edit Options Help

1 -2 -Hlwle Jl& G018 ]@-4A-9

P-iiocer  Fxperiment Tests Results Data

Watermaze
¥ Video sources

- [ Tones
Poirts
£ Sequences
2 Ky
- T Input S Output...
- Il Wirtual switches
& Test seftings and options
ﬂ Fielis
- M Stages.
- o Ewerts and actions...
- [ Calculdtions
Analysis...
E Results, reports and data...

Settings
Apparatus name : VWater Maze [ Disahled

Selectthe video source for this apparatus. This should be a source that
shows Just this piece of apparatus.

ideo source IBiCaméra j

“You can optionally startf stop tests in this apparatus using a function key
or an exernal switch. Selectthe key andfor switch that you wish to use.

Test contral key Il,'. -Mane - j

Test contral switch I 0 AMi1 - Remote contral 1 hutton 1 j

Allow the test control switch to end tests

Mow draw a map of the apparatus in the window on the right. [fyou need
help doing this then click this link. After drawing the map, position the =
‘ruler line' along a known distance in the image map and then enter that
distance in the field helow, ifyou need help with this then click this link.
The length ofthe ruler line'is (mm) : 1300

Ifyou want help sefting up this apparatus then select the @) button in the
main toalbar ar click this link.
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4.1 Apparatus ->Water maze:
- You can visualize all the zones for the test viathe camera screen.
- Choose in Test control switch: AM1- remote control button 1. The remote buttonis

necessary whenthe testis performed by asingle persontostartrecordingvideos.
- Check that the length of the rulerlineis correct: 1250 mm.

4.2 Zones:

- Checkthatall the zones are defined properly.

*B20|+%

8 Watermaze
3 Video sources
€5 Apparatus.
B Zones.
A
i Zone entry settings
B Southwest
B\ North East
B South East
B Istand.
P Poirts
+i Sequences
£ Keys
W Input / Output.
& Virtual switches
i Test settings and options
i Fields
W Stages.
% Events and actions.
[ caculations
Analysis.
[] Resutts, reports and data.

Settings | &
Zone name : North West

Ifthis is a hidden zone, a tunnel for example, then check the box below.
Whenever it cant see the animal, the system will assume it's in this zone.

O This is a hidden zone

In some protocols a zone may not always be located in the same position
(a platform in a water-maze, for example). In these cases you should tell
the system how the position varies by selecting an appropriate option
from the list below, and then use the < button above to add one Zone
position' for each position that the zone can adopt

I M Position of the zone remains the same in all tests ;l

Highlight this zone during tracking when the animal is in it
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4.3 Testsettingsand options

Protocol
Protocol

B2 +|x

Experiment Tests Results Data

(5 Watermaze

& Test seftings and options...
&% Animal colour
&% Tracking the animal's head
% Immobilty detection
& Automatic starting of tests
&% What to record while testing
% What to display while testing

Advanced tracking options

i Fields

M Stages..

% Events and actions.

[ calculations

3 Analysis...

[ Resutts, reports and data.

$#

Settings | &

In order to track correctly ANY-maze needs to know whether the animals
are lighter or darker than the background of the apparatus. Usually this is
easy to specify unless you are intending to track different coloured
animals (for example, different strains) in the same experiment. In this
situation ANY-maze can either automatically detect the colour of each
animal at the start of each test or you can specify the animal colours
yourself. Automatic detection generally works fine except in water-mazes.
To learn more select the ) button in the main toolbar or click this link.

Are the animals lighter or darker than the background of the apparatus?
" The animals are lighter than the apparatus background
@ The animals are darker than the apparatus background
" The background andfor the animals are not uniform (to be avoided)
 Some are lighter and some are darker

€ Detect the animal colour automatically (general

recommended)
€ Specify the animal colour manually (recommended for water-maze)

Ifthere is mixed contrast between the animal's body and the background,
ANY-maze may track a high contrast part of the animal rather than the
whole body. Increasing the contrast sensitivity can fix this.

|standard sensitivity (Defaulty =

e Checkthe box:

Protocol Experiment Tests Results Data

220 +(X
59 Watermaze

&9 Video sources...

&5 Apparatus...

B Zones...

m 0y

&% Automatic starting of tests
&5 What to record while testing
£ What to display while testing
% Advanced tracking options

B Fields

M Stages...

%< Events and actions..

[ calculstions

N Analysis...

fE] Results, reports and data..

ANY-maze includes the ability to track the animal's head as well as
tracking its centre of gravity. You should note, however, that this only really
works well i there is a good level of contrast between the animal and the
background of the apparatus and the entire area of the animal is visible
throughout the test. For example, it doesnt always work in water-mazes
because sometimes the rear part of the animal sinks below the water
and therefore cant be seen.

Ifyou'd like to learn more about this facility and situations when it should
work well then click this link.

Would you like ANY-maze to track the animal's head in your tests?
€ Yes, | wantthe animal's head to be tracked
& No, | dont need to track the animal's head

By the way, you can always change this setting, even after youve
performed the tests - ANY-maze will just reanalyse the tracking from the
data it recorded during the tests.

2|20+ X%

(B watermaze

B Video sources...

45 Apparatus...

Ba Zones..

P Poirts
L% Sequences
Keys
Input / Output .
Virtual switches
Test seftings and options..
& Animal colour
i Tracking the animal's head
Immobilty detection
£ Automatic starting of tests

.|
S|
&

=

#

e g

hile testing

5 What to display while testing
£k Advanced tracking options
i Fields

¢ Events and actions ..

[ calculations

> Analysis...

If] Resutts, reports and data...

Settings |

During tests ANY-maze will endeavour to identify the animal in every
image it receives from the camera. However, unless you expect your
animals to move very fast, there's no need to actually record the animal's
position in everyimage, as doing so will just create larger experiment
files. Recording 10 positions / second is usually fine, although you may
want to record less than this in long duration tests.

Select the recording frequency you would like to use from the list below:

Recording ﬁ*equency:'Recnru a maximum of 10 positionsisecond El

In some experiments you may wish to record a video of your tests so you
can visually review the animals' behaviour after the tests have been
completed. You can achieve this either by simply checking the
Autornatically record... button below, or you can set up Actions to switch
the video recorder on and off when specific events occur.

Recording quality : [Medium quality (lecommended) =] Settings...

Automatically record videos of all tests

For more details about the above setting selectthe €) button on the mair
toolbar or click this link

- The animals are darker than the apparatus background (animal colour).

- No, I don’t want the animal’s head to be tracked (tracking the animal’s head).

- Automatically record videos of all tests (what to record while testing) -> a file will
automatically be created in your experiment file.
- Suppress water maze reflections (advanced tracking options).

4.4 Stages

- Pre-training: Visible platform (60sec; 3 trials).
- Learning: Hidden platform (60sec; 3 trials).
- Retention: No platform (60sec; 1 trial).

- Reversal learning: Hidden platform (60sec; 3 trials).
- Reversal retention: No platform (60sec; 1 trial).
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Choose: Performall the trials for each animal before starting the next animals

Protocol

Protocol

Experiment

ARI(ZD|+|%

Tests

Results Data

(53 Watermaze
=9 Video sources...
£ Apparatus...
h Zones...
I* Points
% Sequences
2 Keys
U Input / Output...
&l Virtual switches
£5 Test settings and options...
[l Fields
M) Stages...

»

Hidden Island

3¢ Events and actions...

[ calculstions

T Analysis...

[7] Results, reports and data...

4.5 Results, reports and data

19 Apparatus measures

OO00000EOREE

Test duration

Total distance travelled

Average speed
First zone entered

Number of line crossings

Absolute turn angle
Maximum speed

Rotations of the animal's body
Clockwise rotations of the animal's body

Anticlockwise rotations of the animal's body

Path efficiency

Settings | &
Stage name : Learning-Hidden Island]

Specify the test duration for tests in this stage. Dontforget, you can also
define Events and Actions to end tests before this duration.
Test duration : 60s

Specify the maximum number of trials that the animals should receive in
this stage. You can also create ‘Stage end rules'to end this stage for an
animal before it's had this number of trials.

Maximum number of trials in this stage : 3

Specify the order in which the animals are to be tested in this stage.

" Perform each trial for all the animals before starting the next trial

& Perform all the trials for each animal before starting the next animal
" Group the animals and perform all trials for each group in tum

Put the animals into groups of

Ifyou need help sefting up this stage then select the ) button in the
main toolbar or click this link

[ North West zone measures

Number of entries to the zone
Was first zone entered
Time in the zone
Distance travelled in the zone
Latency to first entry to the zone
Latency to first exit from the zone
Average speed in the zone
Longest visit to the zone
Shortest visit to the zone
Average duration of visit to the zone
Average distance from the zone
Maximum distance from the zone
Minimum distance from the zone
Average distance to the zone border

O0000000OREEO

Checkthat all the following parameters are selected in each phase of the test:

Apparatus measures :

Testduration

Total distance travelled

Average speed

Number of crossings
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v' Quadrants(N,S, E, W) :

- Numberofentriestothe zone

- Timeinthezone

- Distance travelledinthe zone

- latencyto firstentryto the zone
- Average speedinthe zone

v' Platform/Island:
- Latencytofirstentryto the zone
- Distance travelled until firstentryin the zone

5. Goto Experimenttab to enterthe phase and day (ex: learning Day 3) and the number of
animals

sl

File Edt Options Help

! A8 [9-0-|@
Protocol ~Experiment Tests Results Data —

| &%

Experiment detans Treatments
Title : Learning Day3 Treatment Name No. animals
Unassigned : 30
Treatment1 : Learning J3 0

Treatment 2 :
Treatment 3 :
Treatment 4 :
Treatment 5 :
Treatment 6 :
Treatment 7 :
Treatment 8 :
Treatment 9 :
Treatment 10:
Treatment 11 :
Treatment 12
Treatment 13 :
Treatment 14 :
Treatment15:
Treatment 16 :
Treatment 17 :
Treatment 18 :
Treatment 19 :
Treatment 20 :




UMRS 1178 — Dépression, Plasticité, Résistance aux
Antidépresseurs

Date of creation : 02/23/2015

COGNITION PROTOCOL
OGNITIO OTOCOLS Page 10/14

How to perform to perform the Morris water maze Author : FLAVIE DARCET

6. Go to Tests tab whenyou are ready to start the test (select test schedulereporttovisualize
the order of trials)

[@any-maze - FormationID-OF =18l
[ Bk Options 7 ek
N 1 N . T
2 -Hle IR |2 38|©-N-0
Protocol  Experiment Tests Results Data
Test schedule report @ « | o | Appar:
include : [ A1 stages [ Completedtests [ Cancelled tests b |
Test Animal Stage Trial Apparstus  Status Animal 1, Trial 1- Ready...
. 1 Learning-Hidden Island 1 Water Maze  Ready

1 Learning-HidenIsland 2 Water Maze
1 Learning-Hidden Istand 3 ‘Water Maze
2 Learning-Hidden Island 1 Water Maze
2 Learning-Hidden Island 2 ‘Water Maze
2 Learning-Hidden Island 3 ‘Water Maze
3 Learning-Hidden Istand 1 ‘Water Maze
3 Learning-Hidden Island 2 ‘Water Maze
3 Learning-HiddenIsland 3 Water Maze
4 Learning-Hidden Istand 1 ‘Water Maze
4 Learning-Hidden Istand 2 ‘Water Maze
4 Learning-Hidden Island 3 ‘Water Maze
5 Learning-Hidden Island 1 ‘Water Maze
5 Learning-Hidden Istand 2 ‘Water Maze
5 Learning-Hidden Island 3 ‘Water Maze

| ] |

[ Y = I BT
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At this point, the software is ready to start the trials. Click on the start button (greentriangle) oron
the top of the remote control (very close to the acquisition box +++, weak range)

=18]x|

neingmsmh =
"Hlo\a)ln" A8|9-N-|l9

Experiment Tests Results Data
Test sdledxle report @ « | B |Apparatus

inchude : [F] 41 stages 2] Completedtests [] Cancelled tests p-n n (8D 2R O0O000 |0

ot .10 100

Learning-Hidden Island Water Maze Testing.
Learning-Hidden Isiand Water Maze
Learning-Hidden Island Water Maze
Learning-Hidden Island Water Maze
Learning-Hidden Island Water Maze
Learning-Hidden Isiand Water Maze
Learning-Hidden Island
Learning-Hidden Island
Learning-Hidden Island
Learning-Hidden Isiand
Learning-Hidden Island
Learning-Hidden Island
Learning-Hidden Isiand
Learning-Hidden Island
Learning-Hidden Isiand

Water Maze
Water Maze
Water Maze
Water Maze
Water Maze
Water Maze
Water Maze
Water Maze
Water Maze

DO NEEBEDRURNRNN = ==
DRSNS ON SO SO -

[ Rl [ M

- Duringthetrial, the software tracks the animal’s body. Zones are lightened when the animal
isdetected.

- Thetrial will stopif the animal does not reach the platformin 60 sec.

- Stopthe trial by clicking on the stop button (red square) when the animal climbsin the
platform.

- Whenthetrialis finished, the next trial will be ready to start.

- Whenallthetrials are finished, “testing completed” appears.

- Do not forgetto save all the results.
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@ANY-maze - Formation ID-DF

File Edit Options Help

\ £ = V) = \
- 3-Hle @ | X |A8]|@-A-|@
Protocol Experiment Tests Results Data
%
Test schedule report @ « | o | Apparatus
include : [ 21 stages [ Completedtests [ Cancelled tests w89 N
Test Animal Stage Trial Apparatus  Status Animal 1, Trial 2 - Ready...
1 1 Learning-Hidden Island 1 Water Maze  Completed
. 1 Learning-Hidden Island 2 Water Maze Ready
. 1 Learning-Hidden Island 3 Water Maze
L 2 Learning-Hidden Island 1 Water Maze
. > Learning-Hidden Island 2 Water Maze
. 2 Learning-Hidden Island 3 Water Maze
. 3 Learning-Hidden Island 1 Water Maze
» 3 Learning-Hidden Island 2 Water Maze
. < } Learning-Hidden Island 3 Water Maze
L] 4 Learning-Hidden Island 1 Water Maze
. B Learning-Hidden Island 2 Water Maze
. 4 Learning-Hidden Island 3 Water Maze
. -} Learning-Hidden Island 1 ‘Water Maze
. 5 Learning-Hidden Island 2 Water Maze
. 5 Learning-Hidden Island 3 Water Maze
lsix
Flo Edt Options Help
12 dHli e a] & a 419)P-0-|l@
Protocol  Experiment  Tests Its  Data
Test schedule report +|B
Include: [ /7 taoec [ Completedtests [J Cancelled tests
Test Animal Stage Trisl Apparstus  Status Duration
1 1 Hiciden Island 1 Water Maze  Completed 600
2 2 Hidden island 1 Water Maze  Completed 600
3 3 Hdden island 1 Water Maze  Completed 600
4 4 Hidden Island 1 Water Maze  Completed 600
s 5 Hdden island 1 Water Maze  Completed 600
6 6 Hidden Island 1 Water Maze  Completed 600
7 7 Hidden island 1 Water Maze  Completed 600
8 8 Hidden island 1 Water Maze  Completed 600
9 9 Hidden island 1 Water Maze  Completed 600
10 10 Hidden island 1 Water Maze  Completed 600
1" 1" Hidden island 1 Water Maze  Completed 800
12 12 Hdden island 1 Water Maze  Completed 600
13 13 Hidden Island 1 Water Maze  Completed 600
14 14 Hddenlslend 1 Woeter Maze  Completed 600
15 15 Hddenisland 1 Water Maze  Completed 600
16 16 Hidden Island 1 Water Maze  Completed 600
17 17 Hidden island 1 Water Maze  Completed 600
18 18 Hidden Island 1 Water Maze  Completed 600
19 19 Hddenisland 1 Water Maze  Completed 600
20 20 Hddenistand 1 Water Maze  Completed 600
2 2 Hidden Island 1 Water Maze  Completed 600
2 2 Hddenlisland 1 Waeter Maze  Completed 600
23 23 Hddenisland 1 Water Maze  Completed 600
24 24 Hidden Island 1 Water Maze  Completed 600
k-3 b3 Hddenisland 1 Water Maze  Completed 600
% % Hidden Island 1 Water Maze  Completed 600
k24 4 Hddenisland 1 Waeter Maze  Completed 600
28 2 Hdden island 1 Water Maze  Completed 600
2 2 Hidden Island 1 Water Maze  Completed 800
30 0 Hdden island 1 Water Maze  Completed 600
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7. Go to the Data page

All the parameters asked in Protocol page are listed in this table.
Exportthe table in Excel to analyse the results or use Results sessions.

@ ANY-maze - Reversal Jour Test

File Edt Options Help

1 -2 H S O%

Protocol

Experiment

Actions

[A Selectthe data to show

Tests

") Copy this data to the clipboard
[ Save this datato a fie
J E-mail this data

Sort data by
e =]
[Fere- =]
[Fre- =
& Sort ascending
€ Sort descending

1A e~ -]e
Results  Data

Hidden Island

Hidden Island

Hidden Istand

8. Different phases of the MWM

e Pre-training/learning sessions (Day 0 to 4) and Retention Probe test (Day5)

0s

60.0s
60.0s
60.0s
60.0s
60.0s
60.0s

60.0s

0.137mis

0.294mis
0.323mis
0.295mis
0.319mis
0.336mis
0.299mis
0.314mis
0.256mis

0.313mis
0.328mis
0.268mis
0.324mis
0.292mis
0.348mis
0.253mis
0.122mis
0.294mis

0.343mss

1.2s
163s

274s
104s
161s
216s
179s
16.6s
147s

B.4s

243s
26s
351s
295s

47s
103s

53s
131s
158s
205s

47s
234s
18.2s
145s
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For Day 5 = Retention probe trial:
A new zone “Around Island” was created for retention.

Load “MWM Retention Probe trial” protocol.

e Reversal learning and reversal retention:

Load “MWM Reversal learning sessions” to evaluate reversal learning.
Load “MWM Reversal Retention Probe trial” to assess Reversal retention.

- Use this protocol if you want to study mental flexibility.

Further methodological details in:

Vorhees CV, Williams MT. Morris water maze: procedures for assessing spatial and related forms of

learning and memory. Nature Protocol, 2006

Patil SS, Sunyer B, Héger H, Lubec G. Evaluation of spatial memory of C57B6/6J and CD1 mice in the

Barnes maze, the Multiple T-maze and the Morris water maze.Behavioral Brain Researc, 2009



http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pubmed/?term=Williams%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=17406317
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pubmed/?term=Patil%20SS%5BAuthor%5D&cauthor=true&cauthor_uid=19022298
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pubmed/?term=Sunyer%20B%5BAuthor%5D&cauthor=true&cauthor_uid=19022298
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pubmed/?term=H%C3%B6ger%20H%5BAuthor%5D&cauthor=true&cauthor_uid=19022298
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pubmed/?term=Lubec%20G%5BAuthor%5D&cauthor=true&cauthor_uid=19022298

3.  Fiche méthode du test du labyrinthe de Barnes
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MATERIALS:

A gray circular platform (@: 92 cm; height: 100 cm) with 20 holes (@: 5 cm) along the
perimeter

20 “false” holes

1 target box (20x 9x 9 cm)

1 black starting cylinder (@ 8 cm; height: 12.5cm)

4 distal visual cues : different in shape, in color, surrounding the maze (one visual cue per
cardinal point if possible, approximatively at the same distance from the center of the
platform)

70% ethanol solution + soft paper

Halogen light (nearthe pool, light pointed on the wall)

1 remote control for ANY-maze software to start recording

ANY-maze software

ROOM CONFIGURATION:

Compute!
NS
NORT‘ 7o ® °

Pain Pain

V

-
V

CFC

MWM ‘
ENTRY/EXIT 2
ne

| ROOM ENTRY

MWM
ENTRY/EXIT 1
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& In the Barnes maze, several learning and memory parameters are manually scored during

different trials. The experimenter must stay around the computer to control the software
and mustsee entirely the platform. The experimenter becomes avisual cue for animals so be careful
to wearthe same types of clothes during the whole experiment. Be careful not to change any object
position duringthe whole experiment. In such an open environment, animals could take any changed

or added object as a new visual cue.

APPARATUS:
Target +2
‘, e (D O \\’3 < - S N
/('{jcm /_%\ +4 <
- ( 2
3 4 y
(D (:) +5 3
75¢cm
O <® 92 cml;’aalmeter C) +
5 cm diameter o
5 Q O +7
O O,
-6 . / +8
7 O o O ”
- Opposite

AIM OF THE TEST:

The aim of the Barnes maze is to assess reference spatial learning and memory performances.
Various versions of the protocol exist depending on what type of spatial learning and memory the
experimentertries to evaluate (short-term memory, long-term memory or cognitive flexibility). The
circular platform is 1-meter heigh. In this open environment, mice naturally seek a dark enclosed
surrounding place, provided by the black goal box. There is no reinforcement in the goal box. From
the surface of the maze, the open escape hole looksidentical tothe 19-closed holes so that the mice

can locate the target box only with the spatial extra cues surrounding the maze.
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PROTOCOL (adapted from Sunyeretal., 2009):
Target hole Target hole Target hole

I .4"“.‘.‘. A.-‘-“-.. //
Trials (AAAA] (anaa) (anaa) (aaaa) ([ a ]

Day 1 Day 2 Day 3 Day 4 Day 5

The Barnes maze is divided in:

- 4training sessions (Day 1 to Day 4) which contain 4 trials of 3 minutes separated by 15-20

minutes intertrial interval (during which animals are returned in their home cage)

- 2 probe tests (on Day 5 or Day 12, depending on the type of memory you want to assess)

Day -2

Prepare the room according to the figure before the experiment (place visual cues, dividing walls,

platform and camera).
Day -1 (habituation trial)

To reduce anxiety behavior, mice are habituated to the platform and to the target box the day before
the beginning of the experiment. During habituation and training sessions, 19 holes are closed. Only

one hole is the target box.
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- A 30-minute room habituation before the start of the experiment is required for the mice.
- Recordingisnotnecessary forthisstep.
- Placethe mouseinthe black starting cylinder. Wait for 10 sec and remove the cylinder.

- Letthe mouse explore the apparatus during 30sec.

- Ifthe mouse entersintothe goal box, coverthe hole so that the mouse cannot escape during
30 supplemental seconds.

- Ifthe mouse does not enterinto the goal box within 30 sec, gently guide it towards the
target hole, encourage ittoenterandrestrainitintothe target box during 30 supplemental
seconds.

- Replacethe mouseinitshome cage.
Day 1 to Day 4 (training sessions)

- Mice are transported into the testingroom 30 minutes before the start of the experiment

- Placethe mouseinthe black starting cylinder

- After10 sec, remove the starting cylinderand start recording immediately (use the remote
button or click play directly on the software)

- Letanimalsexplore during 3minutes

- Manuallyscore the followinglearning parameters foreach trial:

o Primary latency : time required to the mice to make the first contact with the target
hole (nose poke)

o Primary errors : number of errors (nose poke orforepaws) before the first contact
with the target hole

o Total latency : time for mice toenterthe whole bodyinthe targetbox (4 forepaws
out the platform)

o Total errors : total numberof errors before enteringin the target hole (4forepaws

out the platform)
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- Ambulatory parameters are recorded by the software (see details above in “How to perform
Barnes maze with ANY-maze software”).

- Onceanimals have enteredintothe target box, let them stay in during 60 supplemental
seconds.

- Iftheyfailedtofind or enterintothe target box, gently guide animals towards the target box
entry. For those mice, 180 seconds are recorded for escape latency.

- Returntheanimalsintheirhome cage duringthe 15-20 minutesintertrial interval.

- Cleanthe apparatus, the target box and false boxes between each trial and each animal with
a 70% ethanol solution to avoid any olfactory cues.

- Repeatthe same protocol fortrial 2, 3 and 4.

- Repeatthe same procedure for Day 2, Day 3 and Day 4.

2 A hole was considered visited when mice tilted theirhead overit (nose poke) orintroduced

theirs pawsinthe hole.

» . Youcan count errorsand measure latencies either facing the maze (directly looking at the
mouse on the platform) eitherlooking on the computerscreen (back to the maze, indirectly
looking atthe mouse). Both options are possible, but once you decided, keep it that way for the rest

of the experiment.

& Always control onthe screen that the mouse is correctly tracked. If you rapidly realize that
the trackingis not working, you can stop the recording (do not save the trial) and start again
without stopping the timer for latency to identify and enterinto the target hole. Tracking measures
are mostly dedicated to distance and speed parameters used to verify that there is no differencesin

motor activity or motivational behavior between groups.

- -_—

C@/ If you feel that one of your manual scoringis uncertain, you will be able to score again with

(
R . .
= videos of each trial.
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Day 5 and Day 12 (retention)

On Day 5, reference memory was evaluated by a probe/retention trial (90s) during which the target
box was removed and the target hole was closed. Mice were allowed to explore the maze and to visit

the target and the adjacent holes.

- Mice are transported into the testingroom 30 minutes before the start of the experiment.
- Remove the target box and replace it with a false hole.
- Placethe mouseinthe starting cylinder, waitfor 10 seconds and remove the cylinder.
- Letthe mouse explore the apparatus and all the holes during 90 sec.
- Manuallyscore retention parameters:
o Primarylatency
o Primaryerrors
o Total errors

o Errors distribution (which holes were visited and how many times)

Return the mouse in the home cage.

Othersambulatory and memory parameters are automatically recorded by the software (time spent

in quadrants, distance and speed in quadrants).

On Day 12, mice were once again submitted to a probe trial (recall) in the same conditions as Day 5

to evaluate long-term retention. No training occurred between Days 5 and 12.

& Make sure that no objects have moved between Day 5 and Day 12. Inform other

experimenters who could use the room, not to move objects or to replace them correctly.

& Before starting the experiment, identify with attention how many animals you can test per
experiment. Count around 1h15 to test 4 animals. Testing 30 animals will take you the day (from 7

a.mto17 p.m)
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How to perform Barnes maze with ANY-maze software?

5. OpenANY-Maze software, create and name a new experiment (File/New experiment)
Save your experiment now and at the end of the experiment (File/Save as)

6. Download “BM Learning” protocol
7. Checkthe following parameters

a. Camera(DMx 21AU04)

File Edt Options Help
-2 - oS R [18]0-A-|0
Protocol Experiment Tests Results Datz
*BlZ2o+(x

(54 Barnes Retention

5 Sequences

£ Keys

W Input / Output.
& Virual switches

& Test seftings and options. .
14 Fields

M Stages...

% Events and actions

[ Calculstions

S Analysis.

[ Resutts, reports and data

Settings | =
Video source name : Cam mémoire

Selectthe physical source of video images. This will either be an interface
to which a camera or VCR is connected, a USB or [EEE1394 digital
camera, or an ANY-maze video file. [fyou're not sure what to selectthen
simply work through the items listed until the correctimage appears in
the window on the right.

Source ofvideo images | [@ Dk 21AU04 |

This image shows the apparatus viewed from: & Above © The side

*fou can use the mouse to select just a part of the picture as the image for
this video source - this is particularly important if the full picture shows
more than one piece of apparatus.

You can also use the m button (shown at the top of the window on the
right) to alter the image's size, brightness, contrast, etc. - the exact options
available will depend on the capabilities of the camera or capture card
you're using.

Ifyou need help setting up this video source then selectthe @) button in
the main toolbar or click this link.

b. Apparatus:
i. Draw or adjustequipmentdelimitation and quadrants
ii. Ifyouwantto usethe remote button, selectintest control switch: AMi
Remote control button
iii. Checkthe positionofthe “rulerline” anditslength:9200 mm
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I

Fie Edt Options Help

1-2-Hie s al¥ 004889 -0-|9

Protocol Experiment Tests Results Data

Pi
2RO +[x KN oo I # 7

(53 Barnes Retention
9 Video sources. .
4 Apparatus.

& Test settings and options.
4 Fields

PP Stages...

o Events and actions.

{ calculstions

= Analysis..

[ Resuts, reports and data.

Settings
Apparatus name : Bames [ Disabled

Select the video source for this apparatus. This should be a source that
shows justthis piece of apparatus.

Video source : [ =9 cam meémaire |

You can optionally start/ stop tests in this apparatus using a function key
or an external switch. Select the key andfor switch that you wish to use.

Testcontrolkey: |45 - None- =

Testcontrol switch : [ 1§ AMi 1 - Remote control 1 button 1 =
2l Allow the test contral switch to end tests

Now draw a map of the apparatus in the window on the right. If you need
help doing this then click this link. After drawing the map, position the
‘ruler ling' along a known distance in the image map and then enter that
distance in the field below, ifyou need help with this then click this link.
The length ofthe uler line'is (mrm) : 9200

Ifyou want help setting up this apparatus then selectthe @) button in the
main toolbar or click this link.

c. Zones:checksuccessivelyall the zones
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d. Fortheacquisition phase, checklearning stages:
i. Stage name:learning
ii. Testduration:180s
iii. Max numberoftrialsin thisstage:4 (or3 for 129Sv background)

iv. Select“Perform eachtrial forall animals before startingthe nexttrial”

e. Fortheretentionphase, check parameters:
i. Stage name:retention
ii. Testduration:90s
iii. Max numberoftrialsin thisstage:1

iv. Select“Performall the trialsforeach animals before starting the next

animals”
Test schedule report @ o« |
Pmtuml Include : Al stages Completed tests Cancelled tests
-4 H\ | ’? ] | + | x Test Animal Stage Trial Apparatus Status Duration ]

- ’ [ Retention 1 Biarnss Reatly -
[ Barnes Retention z Retertion 1 Barnes
- (M Yidea sources... 3 Retertion 1 Barnes
4 Retertion 1 Barnes
Apparatus... H Retertion 1 Barnes
Fones... [ Retertion 1 Barnes
Paints T Retertion 1 Barnes
. 8 Retertion 1 Barnes
SefuUEnCes CR Retertion 1 Barnes
Keys 10 Retertion 1 Barnes
CRET Retertion 1 Barnes
Input £ Cutput... -z Retertion 1 Barnes
“irtual switches - 13 Retertion 1 Barnes
CE T Retertion 1 Barnes
73 Test seftings and options... . 15 Retertion 1 Barnes
Fields . 16 Retertion 1 Barnes
17 Retention 1 Barnes
W Stages - 18 Retertion 1 Barnes
- Learning . 13 Retertion 1 Barnes
- Retertion 1 Barnes
Stage end rules D] Retertion 1 Barnss
Accustomisation period . 2 Retertion 1 Barnes
Atomatic repetition of trials ij ;;Zﬁ:g: 1 :::::
Events and actions C Retertion 1 Barnes
" 26 Retertion 1 Barnes
Calculstions 27 Retertion 1 Barnes
Analysis... - 28 Retertion 1 Barnes
CR Retertion 1 Barnes
Resutts, reports and data. . - Retertion 1 Barnes

f. In Results, reports and data, check that at least the following parameters are crossed

foreachzone:

-  Timeinthezone

- Distanceinthe zone

- Mean speedinthezone

- Numberofentriesinthe zone
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DATA ANALYSIS
Click on the “data” page

- Allthe parameters yourequestedin Results, reports and data section or Protocol page are
listedinthe table
- Exportthe tableinan Excelfile to analyze the results with the statistical software of your

choice




4. Fiche méthode du test de conditionnement par la peur
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MATERIALS

- 4 conditioning soundproof boxes (67x53x55 cm)
- 4 conditioning chambers (25x25x25 cm)

- 4 stainless steel grids

- 4 pans underneath grid floors

- PACKWIN Software

- 1 STARTLE AND FEAR INTERFACE LE 118-8

- 4 LOAD CELLCOUPLER LE 111

- 4 SHOCKER LE 100-26

- Ethanol 70% solution

- Paper

- One video camera per conditioning box

PROTOCOL:

The protocol was adapted from Wiltgen et al. (2006) and Drew et al. (2010). The one-trial
fear conditioning procedure takes place over two consecutive days.

On Day 1, mice were placed in the conditioning chamber and received a terminating shock
(2s, 0.4 mA) and were removed 15 s following the shock.

On the following day (+24 h), mice were returned to the conditioning chamber in the exactly
same context for 240 s for a test of context-elicited freezing.

A video camera was positioned in front of the chambers to allow the subjects’ behavior to be
observed and recorded by an experimenter.

Wiltgen BJ, Sanders MJ, Anagnostaras SG, Sage JR, Fanselow MS. Context fearlearning in
the absence of the hippocampus. J Neurosci. 2006

Drew MR, Denny CA, Hen R. Arrest of adult hippocampal neurogenesis in mice impairs single-
but not multiple-trial contextual fear conditioning. Behav Neurosci. 2010



http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pubmed/?term=Wiltgen%20BJ%5BAuthor%5D&cauthor=true&cauthor_uid=16707800
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pubmed/?term=Sanders%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=16707800
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pubmed/?term=Anagnostaras%20SG%5BAuthor%5D&cauthor=true&cauthor_uid=16707800
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pubmed/?term=Sage%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=16707800
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pubmed/?term=Fanselow%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=16707800
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pubmed/?term=wiltgen+2006+fear+conditioning
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pubmed/?term=Drew%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=20695644
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pubmed/?term=Denny%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=20695644
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pubmed/?term=Hen%20R%5BAuthor%5D&cauthor=true&cauthor_uid=20695644
http://www.ncbi.nlm.nih.gov.gate2.inist.fr/pubmed/20695644
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PREPARATION OF CONDITIONING CHAMBERS

Turn on the computer
Turn on conditioning boxes and lights (switch behind or between boxes). For Box 1,
the light is independent, on the left.
3. First, switch on STARTLE AND FEAR INTERFACE LE 118-8
Then, switch on SHOCKER LE 100-26 and LOAD CELL COUPLER LE 111 for Box 1 to 4.
5. Check the following parameters for each Box:

a. Button on Use (1)

b. By pushing the button from AC to DC (2), adjust the red hand on O mA playing
with the spanner adjuster “Zero (3) (for this step, the grates have to be
connected)

c. Button on Shock (4), check that calibration is 0.4 mA by pushing on Calibration
Check inside the box that sensors behind conditioning boxes are well
connected

(2) (3)

(1)

0 {
i

10
Cia:

o |
-

Dstasn
20 Mod 520
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START AN EXPERIMENT

A 30-minute room habituation beforethe start of the experiment is required forthe mice.

Open PACKWIN 2.0 software (Panlab) on the desktop
Select New experiment or Continue if your protocol is already set
Name your experiment - Save or Open your experiment

© o N o

(' Save new experiment as...

@Q'l o Faa b - |4, H Rechercher dans : Flavie
Organiser ~ MNouveau dossier =~ @
S Favoris ol Nom Modifié le Type Taille

B Bureau . Cognition 29/09/2014 13:34 Dossier de fichiers
& Téléchargement: . Tissu spé 11/07/2014 12:36 Dossier de fichiers
£ Emplacements 1 = || Cohorte BARRL 17/03/2015 15:41 Fichier EXP 1Ke

4 Bibliothaques
= Documents
=] Images
& Musique

B8 vidéos

'8 Ordinateur -

Mom du fichier: Coherte BARRL -

Type: [ Experiment files (.exp) - |

# Cacher les dossiers

10. The following window opens :

PackWin - Cohorte BARRI [Cohorte BARRLexp]

Fle Configuration View Help

7 Boxes Definition 3 . subjects [ Protocols i i {j y l




UMRS 1178 — Dépression, Plasticité, Résistance aux
Antidépresseurs

Date of creation : 02/23/2015

NITION PROT L
COGNITIO OTOCOLS Page 4/18

How to perform the One trial Contextual Fear

Conditioning? Author : FLAVIE DARCET

11. Select “Boxes Definition” - “USE REAL CONNECTED BOXES” - Start - Next - Play - Next
-> Finish

PackWin - Cohorte BARR1 [Cohorte BARRLexp] . = kg

File Configuration View Help

553 Boxes Definition| 3> <\, Subjects [Z] protocols = 4, !

Boves definition =]

Select the working mode concerring your boxes connection
Click on the corresponding button:

a Ny

USE REAL CONNECTED BOXES
Select this option in order to
identify and connect nith real
box devices connected to

| yourpc

USE VIRTUAL BOXES

I This option simulates real boxes
connected to your system.

R - Y
Boxes Definition Assistant @ Boxes Definition Assistant ﬁ

Boxes and Audico Output detection Boxes and Audic Output detection

[ 0% | TTTTTT I T T T T LT T LTI T TIT] [
(s

Boxes and Audio Output Detection procedure: Boxes and Audio Dutput Detection procedure:

1] Press START 1) Press START.

2] 'w'ait until the deteccion process ends. 2) Wait untll the deleccion process ends.

fl 3) Press MEXT. [ 3) Press NEXT

SUCCESSFUL DETECTION

Boxes Detection result:
Device found: [USE]

I 'I Audio Output Detection result:
Moare than one audio output has been detected.
Audio Output [Pénphérique audio principal] vill be used.

New({)‘

Bowes Definition Assistant == Boxes Definition Assistant -

PC sound card calibration Box(es) sound calibration
Parameters
a
Frequency | 4000 | Hz & =
Hoize Mode = Box(es) sound calibration procedure:

PC Sound Card Calibration procedure: 1) Unplug the calbration loop connector from the LE-118 contrl urik
&l phug the LE-111 contal unit

1) Check the caiibration loop connector is unplugged on the LE-118
contral unit 2) Press PLAY.

3) Adjust the Ampitude’ screw on the LE111 control unit untl your
PAIFEEIRLY decibel meter indicates 120 dB i each bk,

| || 31 Adustthe P zero Adust seren on the LE-119 canirel unit il I

the galvanometer indicates the 100% value. 4) Press STOP.

) Press STAR 5) Press FINISH o firish the calibration process.

5] Press NEXT.

) () || || =
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12. Select “Boxestest” > Light - Shock; Check that the light/shockisonwhenyouselect
light/shock on the screen

PackWin - Cohorte BARRI [Cohorte BARRLexp]
Fie Configuration View Help

;{%MM|M\ . subjects | (7] protocols | Acquisition [l o I

Boxes test

Qutput clements

L Birkng Lt
[ shock

I sackground white roise
I [sound Tone:

N

Press 2 button and check for the coesponding element
activaton in the box.

Boxes test = Bores test =)
Output elements Output elements
! Light / Blinking Light ! Light f Blinking Light
! Shock ! shodk
g Background White MNoise ! Background White Noise
!Snund Tone gScund Tone

Press a button and check for the corresponding element Press a button and chedk for the corresponding element
activation in the box. activation in the box.

Close ‘

STARTLE & FEAR\| INTERFACE LE 1188

STARTLE & FEAR INTERFACE LE 1188
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13. Simultaneously, prepare camerastorecord videos.

a. Open MultiVideo Recorderonthe desktop - Continue

b. Settings - Pull up Camera4 and check that all video cameras are working &
c. Settings = Option - Browse - Choose yourvideofile location
d

Record - “Start all”

& MultiVideoRecorder - v1.0.1

5

File ?

Preview 0 - DMK 22AUC03 (0)

BIOSEB

In Vivo Research Instruments

Y ] f—
O: °
. i [ Video Capture Panel

SETTINGS RECORD

[ Video Source Selection | _Options

Video Src

[¥] select Al

[¥] Preview0 - DMK 22AUC03 (0)
[7] Preview1 - DMK 22AUCO3 (1)
[¥] Preview 2 - DMK 22AUC03 (3)
V] Preview 3 - DMK 22AUC03 (2)

Preview 1-DMK 22AUC03 (1)

Preview 2 - DMK 22AUC03 (3)

(4]
1 1
8

D eandd

Video preview limit: |4 I ”m w

,:Jsl¢'|L§§‘

Advanced Settings

Compression codec: fidshow Video Codec v

Preview 3-DMK 22AUC03 (2)
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14. Select “Acquisition”

Selectyour protocol (Day 1 or Day 2)

Selectthe numberof chambers used (Box 1 to Box 4)
Acquisition = Configuration - Gain control 16 foreach box (1)
Subjects - Select subjects - Assign to each box one animal (2)
Acquisition - Starta run

S oo 0 T w

For each box, put the animal in conditioning chambers, close the Plexiglas gate, push
the gridsintothe connected holes, closethe chamberand place the camerain the
window.

g. Threshold high andlow activity for C57BI 6J (threshold: 6)

h. Clickon OKwhen all the animals and cameras are ready. Start video recorder
simultaneously. Movement variations are represented in yellow an freezing episodes
are representedingreen.

-
Acquisition - Configuration [éj

Gain Control

(1)

Box 1 E
Box 2 B
Box 3 B
Baox 4 16 -

Acquizition Parameters

Sampling frequency 50 = Hz

=
b

Hysteresis Cicle

Freezing criterion

Duration filter

o
=2
=1

qr

ms

[7] Breathing fiker

Demo session
(2) Select an already registered session to be used as the [j
input signal during the acquisition of the new sessions
Mo dema session selected.

Select Subjects Editor [ | B S|

Boxes Tree )
4 - Freezing Box at Box 1 ‘E] [i] Freezing Box at Box 4 | b

1351 . S _
4 Freezing Box at Bow 2 Giroups of Subjects | Lists of Subjects|

1352 -

4 Freezing Box at Box 3 Subject | - Group Subject
1380 = “:_ 1361

4 Freezing Box ot Box 4

WT
1381 T
2
3
8

Subjects in Box Freezing Box st Box 4

>
z

[ ok ][ 38 concel |
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Conditioning?
Acquisition =
Graph  Subjects Acquisition  View
AlBoxes | Bowl |Bow2 | Box3 | Bowd
Box 1
100~ Th.Up
) 100 =
-
P
LH
207 Th. Down
3 3
0- Ll
Box2
100- Thup
) 100 =
-
60
Lo
n: Th Down
2 6
e it 7
80x3
100~ Th. Up
3 ST
-
-
LN
» Th Down
3 L 13
0- v L}
Box4
100~ Th.Up
| 100
8-
-
02
2 Th.Down
3 B
ol 0
7 7 ; 7 ;
00:00:00 00:01:00 00:02:00 00:02:00 00:04:00 197.00
! s
g + ala)10:1 ]G

Current protocol state: END

N\

\/

i. Attheendof the run, save all and close the window.
j.  Remove animalsandclean gridsand floors
k. Start againfrom all the procedure tostart a new run.

@" Protocols andthe list of subjects are previously prepared to save time during experiments

days. See next parts for details.
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CREATE A PROTOCOL
15. Select “Protocols” and click on the green cross (1) to add a protocol - “Edit protocol” -

() PackWin - Cohorte BARRL [Cohorte BARRLexp] = 2
File Configuration View Help
5% Boxes Definition | 3> oo fnt ‘ “\ subjects ‘_‘ = Acqiisition ‘ b, anatysis l

[ Protocols Organizer

Talz=a|=a}

| Creation Date | HModule
(1)

Test Template

| Lock| Hame

VIN

1 PackWin - Cohorte BARRI [Cohorte BARRLexp]

Fle Configurstion View Help
4% Boxes Definition < v S Subjects to

{7 Protocols Organizer = ‘l

=

Name ARRE1 Day 1| tSVl’

o} ,
Author 2
BoxType Froezing Box =
Used No [ﬁ% e !
Protocol descripion Comments

| o Accept X cancel
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16. Create different phases of the test:

a. ForDay1:5 states

Day 1 Start Exploration 1 Shock Exploration 2 End
Light OFF ON ON ON OFF
Shock OFF OFF ON OFF OFF
Destiny Exploration 1 Shock Exploration2 End -
Time - 0:03:00,000 0:00:02,000 0:00:15,000 -
b. ForDay 2 :3 states
Day 2 Start Exploration End
Light OFF ON OFF
Shock OFF OFF OFF
Destiny Exploration End -
Time - 0:04:00,000 -

(*) ARRB1_Day 1 - Freezing Box - Protocol Editor

File

=Y=NEY |
i@

() Global Transitions

State Dat.
- ate Data

M anne

Exploration
State 2
END

Creation Date

Comments

Initializations

Ne

| Element

@Stateﬁsts

START
17037205

1 Light
2 Shodk

3 Background White Noise

State-Change Conditions

First state after the Start:

Shock OFF

(&) Time Lists

N of Transitions: 0

Used False

Initialize with Comments

(&) Event Lists l

White Moise OFF

Exploration
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- Clickon the green cross to add a new state
- Clickon Lightor Shockto select OFF or ON

Adjustduration and destiny according to the state

Exploration - Edit element initialization Iﬁ

-
Exploration - Edit element initialization @
Box element: Light '] Box glement: ']
Element gtate Element state
() Light OFF (@) Shock OFF
(@) Light ON () shock ON
Comments Comments
’ & oK ] [ ¥ cancel ] [ o ok | ’ ¥ cancel ]
.

Edit transition @ 1 Edit transition @

Condition Type: Condition Type
() ENTRY in a state (7)) ENTRY in a state
@ Elapsed TIME @ Elapsed TIME

Time value Ti

i = ime value
@ Fixed Value 00000 & @ Fived Value oO0Z00 gy
“alue From List “alue From List
Destination: Destination:
" Previous :
Probability: ExEloration Probability: E:j\l‘;?:tsion
Reset: Exploration2 Reset: DCk ion2
END
[« o J[ % concel | (& o [ % concal |
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17. Once each state iscompleted, save the protocol Day 1 and create protocol for Day 2 using
the same method and following the Day 2 table forthe settings.

{7 PackWin - Cohorte BARRI [Cohorte BARRLexp] | = % |

File Configuration View Help

55 Boxes Definition | <3 s it ‘ %\ Subjects |m‘ = Acquisition ‘ dl, Anatysis l

[ Protocols Organizer =
Rlr=-a=a]
Lock " e | creation pate | rodule Test Template

L 1 Day 1 17/03/2015 Freezing module Freezing State Editor

[ R

{VIN

[ PackWin - Cohorte BARRI [Cohorte BARRLexp] = 2 |

File Configuration View Help

55 Boxes Definition ‘ B> BoxesTest ‘ “. Subjects ‘m‘ B Acquisition ‘ L, pnalysis l

1 Protocols Organizer ==
e |
Lock| Name | creation Date | Module Test Template

£ ARRB1Day 1 1703/215  Freezing module Freezng State Editor

+' ARRB1 Day 2 17/03/2015 Freezing module Freezing State Editor

(VIN

¥ Close
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CREATE A SUBJECT LIST

18. Select “Subjects” = “Editgroups” (1)

| PackWin - Cohorte BARR1 [Cohorte BARRLexp] = o) =
Ele Configuation Yiew Help

¥ Boxes Definition | < 1t ‘_| B _protocots | mb ncausition | dll, Aty I
i

| Subjects =) B

Subiects | Subject Lists |

‘4 = | 4 5 Subject Propenies

Hame
Cods

Gender [Maie -]

Specie

Used

Bith 16/08/2015 [}
Group |Group |

KWIN

(1)

v /

[ PackWin - Cohorte BARRI [Cohorte BARRLexp]
File Configuration View Help

YR . [ p—— e |

[ Subjects - E]

Subiects | Subjet Lists |

(=@ = |

id = 4+ Subject Properties i =

Group Properties

Name Subject 3

MName WT Treatment Vehicle
Code
Code w Gender | Mo matket v
Subjects 1 Specie
Specie
Used Mo Comments

Bith 17/03/2015  w

Cormment ts Subjects in group
N Name Code  Specie  Gender BithDate Used 5. Comments
1 Subject 3 Male 17703/20. Yes

# Close | [ sHide groups
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Addall the subjects and select properties of subjects to facilitate the analysis.

() PackWin - Cohorte BARRI [Cohorte BARRLexp] | = 2 |
File Configuration View Help

- 9% Boxes Definition | <> novc oot ‘M| [ protocols | = Acquisiton ‘ L Anatysis !
[ subjects ] :

Subiects | Subject Lists |

‘df = | @ & Subject Properties ‘4 = | 4 % Group Propertier

Kok

5 Neme (1375 Name KO-Fluos Trestment Fluos
Ko-As

12 Code F

El | Subjects 7 Specie
o pecie

*® Used No Comments
) Bith 17/03/2015  ~

3 Goup [KOFluox
&0

A Camments Subiects in group

A Ne o Name Code  Spesie Gender BithDate  Used 5. Comments
1373 F Male  17/03/20.. Yes
Male  17/03/20.. “Yes
Male  17/03/20.. Yes
Male  17/03/20.. ‘es
Male  17/03/20.. ‘es
Male  17/03/20.. Yes
Male  17/03/20.. Yes

By
i

_N Close _.maegmups
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ANALYSE DATA OF EXERIMENTS

19. Openyourfile
20. Select “Analysis” - Choose your protocol (Day 1 or Day 2) - the list of every animal tested
appears

(' PackiWin - Cohorte BARRI [Cohorte BARRLexp] (.

File Configuration View Help

%é Boxes Definition | <3 noxes oor ‘ <.\, subjects | [& protocols | = Acouisiion ‘ :ﬁ !

L Analysis
Module: Bax Type: Protocot Muit-session report

Freezing module Freezing Box - -

Session |Subject |Group |Date | Protocol 4HTE1_Day 2 Gl et el sl

Caleulafions:
Time setlings
Time selection:
@ Ful trial () User defirition
Start [00:00:00 53| End jo0:00:00 =L

Spit (00:00:00 (3

L Analysis
Moce: Bou Type: Frotocat Mullsession repart
Freezing modle Freszing Box - - Freezing Customized Repart -
Session [Subject [Group [Date |protocal | | Subiect and sessions:
T 1352 WT 30/03/201503:22:35 | ARRD1 Day 1 Subject o A
1361 WT 30/03/201509:22:38 | ARRB1 Pay 1 Subject name @
1358 W1 30/03/2015 10:30:25 | ARR1 Day 1 Treatment
2wt 30/03/201509:48:38 | ARRE1 Day 1 Gender
3wt 30/03/201509:48:38 | ARRE1_Day 1 Spede
Subject code: -
8 wT 30/03/201509:48:38 | ARRB1 Day 1
Calcuiations
12WT 30/03/201509:48:38 | ARRB1 Day 1
15 W1 30/03/2015 10:52:59 | ARRS1 Day 1 Freezng Duration ‘i‘
2wt 30/03/2015 10:52:59 | ARRS1 Day 1 Actity Duration
% Freedng
31 WT 30/03/2015 10:52:58 | ARRB1 Day 1
% Activity
34wt 30/03/2015 10:52:53 | ARRB1_Day 1
41wt 30/03/2015 10:06:07 | ARRS1 Day 1 P Fresang Esodes
3. e =t Episodes List o
76wt 30/03/2015 11:15:54 | ARRS1 Day 1
Time seitings:
7wt 30/03/2015 11:15:54 | ARRS1_Day 1 T
1351 KOVeh | 30/03/201509:22:35 |ARRB1 Day 1 © Fultrl User definiton
1360 KO-Veh | 30/03/201509:22:38 | ARRE1 Day 1 =, ~
pooo:o0 B5|End poooion B[

36KO-Veh | 30/03/2015 10:06:07 | ARRB1 Day 1
37/KO-veh  30/03/2015 10:06:07 | ARRB1Day 1
33 KO-veh 30/03/2015 10:06:07 | ARRB1 Day 1
88 KG-Veh  30/03/2015 10:19:01 |ARRB1 Day 1
90/KO-Veh  30/03/2015 10:19:01 | ARREL Day 1
82KO-veh  30/03/2015 10:42:12 | ARRE1 Day 1

ot oo:ono0

Freezing 3 elings
Use same settings as throughaut acquistion

No acaisition settings are available for some of the
selected sessions. Settings must be adjusted manually

104 KO-Veh  30/03/2015 11:04:47 |ARRB1 Day 1 Tehod BT B
174 KO-Veh 30/03/2015 11:04:47 | ARRB1 Day 1 Threshold 0 100 .
197 KO-Veh 30/03/2015 11:15:54 | ARRB1 Day 1 Up: =

200KO-veh | 30/03/2015 11:15:54 | ARRE1 Day 1
1373 KOFluox  30/03/201508:35:03 | ARRB1_Day 1
25 KOFluox | 30/03/2015 10:42:12 | ARRB1 Pay 1

Freezing cterion

Freezing Min. Duration: 0 Soms

DDDDDDDODDDODD0DD0DDDDDDO D80

- [ Breathing fiter

B EwportoTu B fnalye
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21. Selectall - Selectoruncheck parameters thatyou are interested in - Adjust Threshold
Down (5 or 6 according to geneticbackground) - Analyze

. Analysis @

Module: Box Type: Frotocal: tulti-zeszion report:
Freezing madule Freezing Box ~ ARRB1_Dayl - Freezing Customized Repoart -
Session |5ub]'ect |Group |Date Protocol | | & Subject and sessions:
1352 WT 30/03/2015 09:22:38 ARRB1 Day 1 ] Sample rate i
1361 WT 30/03/201509:22:38 ARRE1 Day 1 | Software Channel gain
1358 WT 30/03/2015 10:30:25 ARRE1 Day 1 /| Threshald Up
2w 30/03/2015 09:48:38 ARRB1 Day 1 /| Threshold Down
71 Min. ) )
3w 30/03/2015 09:48:38 ARRB1 Day 1 Min. Freezing Duration
Breathing Filter -
8 WT 30/03/2015 09:48:38 ARRB1 Day 1 5
Calculations:
12 WT 30/03/2015 09:48:38 ARRB1 Day 1 _
= Eoi )
15 WT 30/03/2015 10:52:59 ARRE1 Day 1 Episodes List Iél i
v L
22 WT 30/03/2015 10:52:55 ARRB1 Day 1 Avg. Tap Value S
| Max. Top Value [s]
31 wWT 30/03/2015 10:52:59 ARRBE1 Day 1 —
;| |i Breathing Duration 5
34 WT 30/03/2015 10:52:59 ARREiDayl [.] | p= =
=% Breathing [s]
41 WT 30/03/2015 10:06:07 ARRB1 Day 1 : . —
%% Breathing Amplitude 5 -
76 WT 30/03/2015 11:15:54 ARRB1 Day 1 - -
Time settings:
79 WT 30/03/2015 11:15:54 ARRB1 Day 1 S
1351 KO-Veh 30/03/2015 09:22:38 ARRB1 Day 1 Full trial User definition

1360 KO-Veh 30/03/2015 09:22:33  ARRE1 Day 1
35 KO-Veh 30/03/2015 10:06:07 ARRE1 Day 1
37 KO-veh 30/03/2015 10:06:07 ARRE1 Day 1
33 KO-Veh 30/03/2015 10:06:07 ARRE1 Day 1
38 KO-Veh 30/03/2015 10:19:01 ARRE1 Day 1
90 KO-Veh 30/03/2015 10:19:01 ARRE1 Day 1
82 KO-Veh 30/03/2015 10:42:12 ARRE1 Day 1

| 5plit 00:01:00 %

Freezing Settings
| Uze same settings as throughout acquisition

104 KO-Veh 30/03/2015 11:04:47 ARRB1 Day 1 Eg'sifm'd N 5 &
174 KO-Veh 30/03/2015 11:04:47 ARRB1 Day 1 S o T
197 KO-Veh 30/03/2015 11:15:54 ARRB1_Day 1 Up: 4 =

200 KO-Veh 30/03/2015 11:15:54 ARRE1 Day 1
1373 KOFluox  30/03/201509:35:03 ARRE1 Day 1
29 KO-Fluox  30/03/2015 10:42:12 ARRBE1 Day 1

| Select Al | | QnselectAII| @) E> Analyze...

Freezing criterion

Freezing Min, Duration: 500 = ms

[ T e e e e e e e e e e e e e T e R =

AAADAADADIDDADDADDDDDDDDDDDD

Breathing filter

22. Whenthe analysisisfinished, dataappearina new window. Select “Export” - Choose your
file location and name you datafile> OK

23. CheckSummary and Episodes - OK - OK

24. Reproduce the same method to analyze Day 2.
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Freezing Customized Report - [ARRE1_Day 1 - 40 sessions

File
Summary | Episadss
Subject group | Subject name ‘ Treatment | Gender | Subject code ‘ Group code | Date ‘ Clock time ‘ Experiment file ‘ Remarks | Box type ‘ Box number | Protocol ‘ Session number | Session duration | Start interval | End interval | Splitt
[ 1352 Vehide Male w w 30/03/2015 |09:22:38 Cohorte BARR Lexp Freezing Box 2 ARRB1 Day 1 1 197,00 0,00 197,00 t
wT 1351 Vehide Male w w 30/03/2015  09: Cohorte BARR Lexp Freezing Box 4 ARRE1 Day 1 1 197,00 0,00 197,00 t
wT 1358 Vehide Male w w 30/03/2015 | 10: Cohorte BARR Lexp Freezing Box 2 ARRB1_Day 1 1 197,00 0,00 197,00 €
wT 2 Vehide Male W w 30/03/2015 Cohorte BARR L exp Freezing Box 1 ARRB1 Day 1 1 197,00 0,00 187,00 i
wT 3 vehide Male w w 30/03/2015 | 09+ Cohorte BARR Lexp Freezing Box 2/ ARRB1 Day 1 1 197,00 0,00 197,00 t
wT 8 Vehide Male w w 30/03/2015 | 09:48:38 Cohorte BARR Lexp Freezing Box 3 ARRB1_Day 1 1 197,00 0,00 197,00 t
wT 12 Vehide Male w w 30/03/2015 | 09:48:38 Cohorte BARR Lexp Freezing Box 4 ARRE1 Day 1 1 197,00 0,00 197,00 t
wr 15 Vehide Male w w 30/03/2015 | 10:52:59 Cohorte BARR Lexp Freezing Box 1 ARRB1 Day 1 1 197,00 0,00 197,00 €
wT 22 Vehide Male W w 30/03/2015 | 10:52:59 Cohorte BARR L exp Freezing Box 2 ARRB1 Day 1 1 197,00 0,00 187,00 i
wT 31 Vehide Male w w 30/03/2015 | 10:52:59 Cohorte BARR Lexp Freezing Box 3 ARRB1 Day 1 1 197,00 0,00 197,00 t
wT 34 Vehide Male w w 30/03/2015 | 10:52:59 Cohorte BARR Lexp Freezing Box 4 ARRB1 Day 1 1 197,00 0,00 197,00 t
wT 41 Vehide Mie W w 30/03/2015 | 10:06:07  Cohorte BARRLexp Freezing Box 2 ARRE1 Day 1 1 167,00 0,00 167,00 ¢
wT 76 Vehide Male w w 30/03/2015 | 11:15:54 Cohorte BARR L.exp Freezing Box 3 ARRB1 Day 1 1 197,00 0,00 197,00 £
wT 79 Vehide Male w w 30/03/2015 | 11:15:54  Cohorte BARRLexp Freezing Box 4 ARRB1 Day 1 1 197,00 0,00 187,00 i
KO-veh 1351 Vehide Male K k 30/03/2015 | 09:22:38 Cohorte BARR Lexp Freezing Box 1 ARRBE1 Day 1 1 197,00 0,00 197,00 t
KO-Veh 1360 Vehide Male K k 30/03/2015 | 09:22:38 Cohorte BARR Lexp Freezing Box 3 ARRB1_Day 1 1 197,00 0,00 197,00 t
Ko-veh 36 Vehide Mie K k 30/03/2015 Cohorte BARR L exp Freezing Box 1| ARRB1_Day 1 1 167,00 0,00 167,00 ¢
KO-Veh 37 Vehide Male K k 30/03/2015 Cohorte BARR L.exp Freezing Box 4 ARRB1 Day 1 1 197,00 0,00 197,00 £
KO-Veh 39 Vehide Male K k 30/03/2015 | 10:06:07  Cohorte BARR Lexp Freezing Box 3 ARRB1 Day 1 1 197,00 0,00 187,00 i
KO-veh 88 Vehide Male K k 30/03/2015 | 10:19:01 Cohorte BARR Lexp Freezing Box 2 ARRE1 Day 1 1 197,00 0,00 197,00 t
KO-Veh 90 Vehide Male K k 30/03/2015 | 10:19:01 Cohorte BARR Lexp Freezing Box 3 ARRB1_Day 1 1 197,00 0,00 197,00 t
ko-veh 82 Vehide Female & k 30/03/2015 104212 Cohorte BARRLexp Freezing Box 2| ARRE1 Day 1 1 167,00 0,00 167,00 ¢
KO-Veh 104 Vehide Female k k 30/03/2015 | 11:04:47 Cohorte BARR L.exp Freezing Box 1 ARRB1 Day 1 1 197,00 0,00 197,00 £
KO-Veh 174 Vehide Female k k 30/03/2015 | 11:04:47  Cohorte BARRLexp Freezing Box 2 ARRB1 Day 1 1 197,00 0,00 187,00 i
KO-veh 197 vehide Female k k 30/03/2015 | 11:15:54 Cohorte BARR Lexp Freezing Box 1 ARRBE1 Day 1 1 197,00 0,00 197,00 t
KO-Veh 200 Vehide Female k 30/03/2015 |11:15:54  Cohorte BARRLexp Freezing Box 2 ARRB1 Day 1 1 197,00 0,00 197,00 t
KO-Fluox 1373 Fluox Male F f 30/03/2015 | 09:35:03 Cohorte BARR L exp Freezing Box 3 ARRB1 Day 1 1 197,00 0,00 187,00 i
KO-Fiuox 29 Fluox Male F f 30/03/2015 | 10:42:12 Cohorte BARR L.exp Freezing Box 1 ARRB1 Day 1 1 197,00 0,00 197,00 £
KO-Fluox 1375 Fluox Male F f 30/03/2015 | 09:35:03 Cohorte BARR L exp Freezing Box 4 ARRB1L Day 1 1 197,00 0,00 197,00 t
KO-Fluox 32 Fluox Male F f 30/03/2015  10:42:12 Cohorte BARR Lexp Freezing Box 4 ARRE1 Day 1 1 197,00 0,00 197,00 t
KO-Fluox 43 Fluox Male F 3 30/03/2015 |10:42:12  Cohorte BARR Lexp Freezing Box 3/ ARRB1_Day 1 1 197,00 0,00 197,00 t
KO-Fluox 74 Fluox Male F f 30/03/2015 | 11:04:47  Cohorte BARRLexp Freezing Box 3 ARRB1 Day 1 1 197,00 0,00 187,00 i
KO-Fiuox 81 Fluox Male F f 30/03/2015 | 11:04:47 Cohorte BARR L.exp Freezing Box 4 ARRB1 Day 1 1 197,00 0,00 197,00 £ @ St
iy
KORS 1362 RS Male R R 30/03/2015 | 09:35:03 Cohorte BARR Lexp Freezing Box 1 ARRB1 Day 1 1 197,00 0,00 197,00 t
KO-RS 1369 RS Male R R 30/03/2015 | 09:35:03 Cohorte BARR Lexp Freezing Box 2 ARRE1 Day 1 1 197,00 0,00 197,00 t @ Expott
KO-RS 60 RS Male R R 30/03/2015 |10:30:25 | Cohorte BARRLexo Freezina Box 1/ARRB1 Day 1 1 197,00 0.00 197,00 fiid
<l » =
Progress: 040 /040
Freezing Customized Report - [ARRB1_Day 1 - 40 sessions in %
File
Summary | E, des
Subject group | Subject name | Treatment | Gender | Subject code | Group code: ‘ Date ‘ Clock time: | Experiment file ‘ Remarks | Box type ‘ Box number |  Protocol | Session number | Session duration | Start interval | End interval | Splitt ~
3
wT 1352 Vehide Male w w 30/03/2015 |09:22:38 Cohorte BARR1.exp Freezing Box 2 ARRB1 Day 1 1 197,00 197,00 3
wr 1361 Vehide Maler e ————— — — 197,00 ¢
. Export to excel
wT 1358 Vehide Mal — - —— — -_— - 197,00 €
wr 2 Vehide Mal @Uv‘ |+ Flavie » Tissuspé » 197,00 ¢
wr 3| vehide Mal 197,00 £
wr alvenide vad | Organiser +  Nouveau dossier - @ o700 .
wr 12 Vehide = ST — * Nom Modifié le Type Taille 187,00 ¢
wr 15| Vehide Mal 197,00 t
I . B Bureau . Video 15/04/201416:33  Dossier defichiers L
wr 22 Vehide Mal s 197,00 €
& Téléchargement, () CSFR_OTCFC_dayl 001 (thresholdS) 11/07/20141236  Feuille Microsoft ... 68 Ko |
wr 31 vehide Mak . b . N 187,00 ¢
=l Emplacements 1 =) CSFR_OTCFC_dayl 001 (thresholds) 11/07/20141233  Feuille Microsoft .. 6 Ko -
wr 34| Vehide Mal 197,00 t
I . =| B CSFR_OTCFC_Day2 001 (threshold6) 11/07/20141230  Feuille Microsoft .. 64 Ko L
wr 41 Vehide Mal N 197,00 €
i Bibliothéques () CSFR_OTCFC_Day2 001 {thresholds) 11/07/201412:36  Feuille Microsoft .. 63Ko |
wr 76| vehide Mak 3 Documents 157,00 ¢
wT 79 Vehide Malk ) Images | 197,00 3
KO-veh 1351 | Vehide Male o) Musique 197,00 €
KO-Veh 1360 Vehide Mak B videos 197,00 ¢
KO-Veh 36| Vehide Mal 187,00 t
KO-Veh 37| vehide Malk Ordinateur 197,00 €
KO-Veh 39| vehide Male E_y Systeme (C:) | 197,00 €
KO-Veh 88| Vehide Mal - . 197,00 3
KO-ven 90| vehide Mk Nom du fichier: CSFR_ARREL Day 1 001(Thrs) - | 700 ¢
KO-Veh 82| vehide Femii 197,00 €
Type: | Excel File Bl 3
KO-Veh 104 Vehide Femi ) 187,00 t
KO-Veh 174 Vehide Femii 197,00 t
KO-veh 197|vehide Femf)| '* Cacherles dossiers 197,00 ¢
KO-Veh 200 Vehide Fe — = —— — —— — = 157,00 ¢
KO-Fluox 1373 | Fluox Male F f 30/03/2015 |09:35:03 Cohorte BARR1.exp Freezing Box 3/ ARRB1 Day 1 1 197,00 0,00 197,00 ¢
KO-Fluox 29 Fluox Male F f 30/03/2015  10:42:12 Cohorte BARR 1.exp Freezing Box 1 ARRB1 Day 1 1 197,00 0,00 197,00 €
KO-Fluax 1375 Fluox Male  F i 30/03/2015 08:35:03 | Cohorte BARRL.=xp Freezing Box 4 ARRE1 Day 1 1 187,00 0,00 157,00 ¢
KO-Fluox 32| Fluox Male F f 30/03/2015 10:42:12  Cohorte BARRL.exp Freezing Box 4 ARRB1 Day 1 1 197,00 0,00 197,00 ¢
KO-Fluox 43| Fluox Male F f 30/03/2015 | 10:42:12 Cohorte BARR L.exp Freezing Box 3 ARRB1 Day 1 1 197,00 0,00 197,00 €
KO-Fluox 74| Fluox Male  F i 30/03/2015 | 11:04:47 | Cohorte BARRL.2xp Freezing Box 3 ARRE1_Day 1 1 197,00 0,00 197,00 ¢
KO-Fluox 81|Fluox Male F f 30/03/2015 11:04:47  Cohorte BARRL.exp Freezing Box 4 ARRB1 Day 1 1 197,00 0,00 197,00 3 @ o
2lop
1362|RS Male R R 30/03/2015 | 09:35:03 Cohorte BARR L.exp Freezing Box 1 ARRB1_Day 1 1 197,00 0,00 197,00 €
1389 RS Male R R 30/03/2015 |09:35:03 Cohorte BARR L exp Freezing Box 2 ARRB1 Day 1 1 197,00 0,00/ 197,00 ¢ %] Expont
60/RS Male R R 30/03/2015 | 10:30:25 Cohorte BARR1.exp Freezing Box 1 ARRB1 Day 1 1 197,00 0,00 197,00 ot x Close
&

Progress:
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g Customized Repart - [ARRBL Day 1 - 40 sessions in list] 2
[ Sunmaty | Episades |
Subject group | Subject name | Treatment | Gender | Subject code ‘ Groupcode |  Date ‘ Clock time | Experiment file ‘ Remarks ‘ Box type ‘ Box number | Protocol | Session number | Session duration | Start interval | End interval
wr 1352 Vehide Male W w 30/03/2015 09:2238  Cohorte BARRLexp Freezing Box 2 ARRB1 Day 1 1 187,00 0,00 197,00 ¢
wr 1361 Vehide Male W w 30/03/2015 09:22:33  Cohorte BARR L exp Freezing Box 4/ARRB1 Day 1 1 197,00 0,00 197,00 [
wr 1358 vehide vale w w 30/03/2015 10:30:35  Cohorte BARR Lexp Freezing Box 2/ ARRB1 Day 1 1 197,00 0,00 197,00 ¢
wr 2 Vehide Male W w 30/03/2015 09:48:33  Cohorte BARRLexp Freezing Box 1 ARRB1 Day 1 1 197,00 0,00 197,00 ¢
wr 3 Vehide Ml W w 300032015 09:48:38  Cohorte BARRLexp Freezing Box 2 ARRE1 Day 1 1 197,00 0,00 197,00 ¢
wr 5 Vehide Male W w 30/03/2015 09:48:33  Cohorte BARRLexp Freezing Box 3 ARRB1_Day 1 1 197,00 0,00 197,00 ¢
wr 12 Vehide Male W w 30/03/2015 09:48:33  Cohorte BARR L exp Freezing Box 4/ARRB1 Day 1 1 197,00 0,00 197,00 [
wr 15 vehide vale w w 30/03/2015 1055258 Cohorte BARR Lexp Freezing Box 1 ARRB1 Day 1 1 197,00 0,00 197,00 ¢
wr 22 Vehide Male W w 30/03/2015 1055259 Cohorte BARRLexp Freezing Box 2/ ARRB1 Day 1 1 197,00 0,00 197,00 ¢
wr 31 Vehide Ml W w 300032015 10:5259  Cohorte BARRLexp Freezing Box 3 ARREL Day 1 1 197,00 0,00 197,00 ¢
wr 34 Vehide Male W w o3/t WS T T o 1 197,00 0,00 197,00 ¢
wr 41 vehide Mle W w 300032015 10:06:07 —_ Day 1 1 197,00 0,00 197,00 ¢
wr 76 Vehide Male w w 30/03/2015 | 11:15:54. Report sheets Day 1 1 197,00 0,00 197,00 i
wr 79 Vehide Male  w w 30/03/2015  11:15:54 ummar Day 1 1 197,00 0,00 197,00 ¢
I E pisodes Lt -
KO-Veh 1351 vehide Ml K k 300032015 09:22:38 Day 1 1 197,00 0,00 197,00 ¢
KO-Veh 1360 Vehide Mle K k /032015 09:22:38 Doy 1 1 197,00 0,00 197,00 ¢
KO-veh 3 Vehide Ml K k 300032015 10:06:07 Day 1 1 197,00 0,00 197,00 ¢
KG-veh 37| vehide vae K K 30/03/2015 | 10:06:07 Day 1 1 197,00 0,00 197,00 ¢
KG-Veh 39 Vehide Mle K k 30/03/2015  10:06:07 Day 1 1 197,00 0,00 197,00 ¢
Koveh 88 Vehide vae K « 30/03/2015 | 10:19:01 Day 1 1 197,00 0,00 197,00 ¢
KO-Veh 50 Vehide Mle K k 30/03/2015  10:19:01 Doy 1 1 197,00 0,00 197,00 ¢
KO-veh 82 vehide Female k 00032015 10:42:12 Day 1 1 197,00 0,00 197,00 ¢
KG-veh 104 vehide Female |k K 30/03/2015 | 11:04:47 —— — = Day 1 1 197,00 0,00 197,00 ¢
KG-Veh 174 Vehide Female k k 30/03/2015 110447  Cohorte BARRLexp Freezing Box 2/ARRB1 Day 1 1 197,00 0,00 197,00 ¢
Ko-veh 197 vehide Female |k k 0/03/2015 11:15:54  Cohorte BARRLexp Freezing Box 1 ARRB1 Day 1 1 187,00 0,00 197,00 ¢
KO-Veh 200 Vehide Female k 30/03/2015 11:15:54  Cohorte BARR Lexp Freezing Box 2 ARRB1 Day 1 1 157,00 0,00 197,00 ¢
KO-Flucx 1373/ Fluox Male  F f 30/03/2015 09:35:03  Cohorte BARR L exp Freezing Box 3 ARRBL Day 1 1 197,00 0,00 197,00 ¢
KO-Fluox 29 Fluox Ml F £ 30/03/2015 10:4212  Cohorte BARR Lexp Freezing Box 1 ARRB1 Day 1 1 187,00 0,00 197,00 ¢
KG-Fluox 1375 Fluox Mle  F £ 30/03/2015 09:35:03  Cohorte BARRLexp Freezing Box 4/ ARRB1 Day 1 1 197,00 0,00 197,00 ¢
Ko-Fluox 32 Fluox vdle  |F £ 30/03/2015 1014212 Cohorte BARR L exp Freezing Box 4| ArRE1 Day 1 1 187,00 0,00 197,00 ¢
KOFluox 43 Fluox Mle  F £ 30/03/2015 10:4212  Cohorte BARR L exp Freezing Box 3 ARRB1 Day 1 1 197,00 0,00 197,00 ¢
KO-Flucx 74 Fluox Male  F f 300032015 110447  Cohorte BARRLexp Freezing Box 3 ARRBL Day 1 1 197,00 0,00 197,00 ¢
KO-Fluox 81 Fluox Ml F £ 30/03/2015 110447  Cohorte BARR Lexp Freezing Box 4 ARRB1 Day 1 1 187,00 0,00 197,00 ¢ @
KORS 1362 RS Mile R R 30/03/2015 09:35:03  Cohorte BARRLexp Freezing Box 1 ARRB1 Day 1 1 197,00 0,00 197,00 [
‘%ﬁsl 60 RS Mle R R 30/03/2015 10:30:25 | Cohorte BARR L exp Freezing Box 1 ARRB1 Day 1 1 197,00 0.00 197,00
Progress: 040 /040
Freezing Customized Report - [ARRE1_Day 2 - 40 sessions in =
File
[ Summany | Episodes|
Subject group | Subject name ‘ Treatment | Gender Subject code | Group code ‘ Date | Clocktime | Experiment file ‘ Remarks ‘ Box type: ‘ Box number | Protocol ‘ Session number | Session duration | Start interval ‘ End interve ~
wr 1352 Vehide Male w w 31/03/2015 |09:24:44  Cohorte BARR Lexp Freezing Box 2 ARRB1 Day 2 2 240,00 0,00 z4c,tL
wr 1361 Vehide Male w w 3103/2015 |09:24:44 | Cohorte BARR Lexp Freezing Box 4 ARRE1 Day 2 2 290,00 0,00 240,0
wr 1358 Vehide Male w w 31/03/2015 |10:29:16 | Cohorte BARR Lexp Freezing Box 2 ARRB1 Day 2 2 240,00 0,00 240,0
wr 2| Vehide Male w w 31/03/2015 |09:50:57 | Cohorte BARRLexp Freezing Box 1 ARRB1 Day 2 2 240,00 0,00 240,0
wr 3 Vehide Male w w 31/03/2015 |08:50:57 | Cohorte BARR Lexp Freezing Box 2 ARRB1 Day 2 2 240,00 0,00 240,0
wr & vehide Male w w 3103/2015 |09:50:57 | Cohorte BARR Lexp Freezing Box 3 ARRE1 Day 2 2 290,00 0,00 240,0
wr 12 Vehide Male w w 31/03/2015 |09:50:57 | Cohorte BARR Lexp Freezing Box 4 ARRB1 Day 2 2 240,00 0,00 240,0
wr 15 Vehide Male w w 31/03/2015 |10:50:57 | Cohorte BARRLexp Freezing Box 1 ARRB1 Day 2 2 240,00 0,00 240,0
wr 22 Vehide Male w w 31/03/2015 |10:50:57 | Cohorte BARR Lexp Freezing Box 2 ARRB1 Day 2 2 240,00 0,00 240,0
wr 31 Vehide Male w w 3103/2015 |10:50:57 | Cohorte BARR Lexp Freezing Box 3 ARRE1 Day 2 2 290,00 0,00 240,0
wr 34 Vehide Male w w 31/03/2015 |10:50:57 | Cohorte BARR Lexp Freezing Box 4 ARRB1 Day 2 2 240,00 0,00 240,0
wr 41 Vehide Male w w o305 [ S| 2 AREOLDay 2 2 240,00 0,00 240,0
wr 75 Vehide Male w w 31/03/2015 - 3 ARRB1 Day 2 2 240,00 0,00 240,0
wT 79 vehide Male W w 31/03/2015 | The exportation process has been successfully 4 ARRB1 Day 2 2] 240,00 0,00 240,0
KO-veh 1351 Vehide Male K k 3103/2015 completed, 1 ARRB1 Day 2 2 240,00 0,00 240,0
KO-Veh 1360 Vehide Male K k 31/03/2015 I::\f[“;gi\:;:'a‘l\z:;’z'j’n‘{?af;ﬁffg:f:‘:::‘::‘e g 3 ARRB1_Day 2 2] 240,00 0,00 240,0
KO-Veh 36 Vehide Male 3 k 31/03/2015 1 ARRB1 Day 2 2 240,00 0,00 240,0
KO-veh 37 Vehide Male K k 31/03/2015 4 ARRB1 Day 2 2] 240,00 0,00 240,0
KO-veh 39 Vehide Male K k 3103/2015 3 ARRB1 Day 2 2 240,00 0,00 240,0
KO-Veh 88 Vehide Male K K 31/03/2015 | 10 T T 2 ARRB1_ Day 2 2 240,00 0,00 240,0
KO-Veh 30 Vehide Male 3 k 31/03/2015 |10:16:34 | Cohorte BARR Lexp Freezing Box 3 ARRB1 Day 2 2 240,00 0,00 240,0
KO-Veh 52 vehide Femae k k 3103/2015 |10:40:23 | Cohorte BARR Lexp Freezing Box 2 ARRE1 Day 2 2 290,00 0,00 240,0
KO-veh 104 Vehide Female k k 31/03/2015 |11:01:19 | Cohorte BARR Lexp Freezing Box 1 ARRB1 Day 2 2 240,00 0,00 240,0
KO-Veh 174 Vehide Female k K 31/03/2015 |11:01:19 | Cohorte BARRLexp Freezing Box 2 ARRB1_ Day 2 2 240,00 0,00 240,0
KO-Veh 187 Vehide Female k k 31/03/2015 |11:12:45 | Cohorte BARR Lexp Freezing Box 1 ARRB1 Day 2 2 240,00 0,00 240,0
KO-Veh 200/ vehide Femae k 3103/2015 |11:12:45 | Cohorte BARR Lexp Freezing Box 2 ARRE1 Day 2 2 290,00 0,00 240,0
KO-Fluox 1373 Fluox Male F f 31/03/2015 |09:37:42 | Cohorte BARR Lexp Freezing Box 3 ARRB1 Day 2 2 240,00 0,00 240,0
KO-Fluox 29 Fluox Male F £ 31/03/2015 |10:40:23 | Cohorte BARR Lexp Freezing Box 1 ARRB1 Day 2 2 240,00 0,00 240,0
KO+Fiuox 1375 Fluox Male F £ 31/03/2015 |08:37:42 | Cohorte BARR Lexp Freezing Box 4 ARRB1 Day 2 2 240,00 0,00 240,0
KO-Fluox 32 Fluox Male F f 3103/2015 |10:40:23 | Cohorte BARR Lexp Freezing Box 4 ARRE1 Day 2 2 290,00 0,00 240,0
KO-Fluox 43 Fluox Male F f 31/03/2015 |10:40:23 | Cohorte BARR Lexp Freezing Box 3 ARRB1 Day 2 2 240,00 0,00 240,0
KO-Fluox 74 Fluox Male F £ 31/03/2015 |11:01:19 | Cohorte BARRLexp Freezing Box 3 ARRB1 Day 2 2 240,00 0,00 240,0
KO+Fiuox 51 Fluox Male F £ 31/03/2015 |11:01:18 | Cohorte BARR Lexp Freezing Box 4 ARRB1 Day 2 2 240,00 0,00 240,0 @
KORS 1362 RS Male R R 3103/2015 |09:37:42 | Cohorte BARR Lexp Freezing Box 1 ARRE1 Day 2 2 290,00 0,00 240,0
KORS 1369 RS Male R R 31/03/2015 |09:37:42 | Cohorte BARR Lexp Freezing Box 2 ARRB1 Day 2 2 240,00 0,00 240,0
x‘u‘ﬂsl 60 RS Male R R 31/03/2015 |10:29:16 | Cohorte BARRLexn Freezing Box 1 ARRB1 Day 2 2 240,00 0.00 EY

Progress:
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2.2 Etudes des performances liées a I’émotion

2.2.1 Tests prédictifs d’un phénotype ou d’une activité de type anxiolytique

2.2.1.1 Le test du champ ouvert ou test de I’Open Field

L'open field (OF, ou test de champ ouvert) est I'un des plus utilisés en psychopharmacologie. Il est
réalisé en placant I'animal dans une cage de 40x40 cm ouverte pendant 30 minutes. Les mouvements
de I'animal sont mesurés par un systeme de suivi par des capteurs infrarouge (Activity Monitor, MED
associates, Georgia, VT, USA). L'Open Field est utilisé afin de prédire une activité de type anxiolytique
(Figure 20). Pour cela, une aire virtuelle représentant un carré de 12,3 cm de coté est définie. En
général, les animaux présentent un haut degré d’évitement de l'aire centrale par rapport a la
périphérie. L’administration unique d’un anxiolytique, comme une benzodiazépine ou chronique d’'un
antidépresseur augmentent le nombre d’entrées et le temps passé dans cette aire centrale (Prut and
Belzung, 2003). Au final, les variables mesurées dans I'OF sont I'activité ambulatoire totale, le
nombre d’entrées dans l'aire centrale, le temps passé dans le centre de I'aréne. Ce test peut étre

utilisé pour une mesure simple de I'activité locomotrice.

Figure 20: Test de Champ Ouvert chez la Souris. Une administration unique d’anxiolytique ou chronique
d’antidépresseur augmentent le nombre d’entrées et le temps passé dans I'aire centrale de I'arene chez la
Souris (photo gauche) tandis que classiquement les souris contréles se déplacent a la périphérie de la cage

(photo droite).

2.2.1.2 Le labyrinthe en croix surélevé

Ce paradigme, d’abord développé chez le Rat (Pellow and File, 1986) puis chez la Souris, est
également un test de mesure d’'un comportement de type anxieux (Figure 21). Le labyrinthe est

composé de 2 bras ouverts et 2 bras fermés reliés par une plateforme centrale, a 50 cm au-dessus du
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sol et éclairé par une lampe de faible puissance (20 watts). Les souris sont placées individuellement
sur la plateforme centrale, face a un bras ouvert et peuvent explorer librement I'ensemble du
labyrinthe pendant 5 minutes. Une caméra placée au-dessus du dispositif et reliée a un logiciel de
suivi (EPM3C, Bioseb, France) permet I'enregistrement des déplacements. Afin de discriminer un
effet anxiolytique d’un effet sédatif, le nombre total d’entrées dans les 4 bras est mesuré. Un
phénotype anxieux se caractérise par une diminution du temps passé dans les bras ouverts par

rapport au temps passé dans les bras fermés.

Figure 21: Test du labyrinthe en croix surélevé. Un traitement aigu par des anxiolytiques ou chronique
d’antidépresseur augmentent le nombre d’entrées et le temps passé dans les bras ouverts (photo gauche) et
diminue le temps passé dans les bras fermés (photo droite)

2.2.1.3 Le test des 4-plaques

Le test des 4 plaques (Aron et al., 1971) est un modele de test d'anxiété lié a la peur, dans lequel
I'exploration du nouvel environnement est inhibée par la délivrance d'un choc électrique doux a la
patte. L'appareil consiste en une cage de dimensions 25 cm x 18 cm x 16 cm dont le sol est équipé de
4 plaques rectangulaires métalliques identiques (11 cm x 8 cm) séparées les unes des autres par un
espace de 4 millimetres (Bioseb, France). Les plaques sont connectées a un générateur de choc
électrique (0.6 mA; 0.5 s) au niveau des pattes de I'animal (Figure 22). La cage est fermée par le haut
grace a un couvercle transparent en Plexiglas qui empéche les animaux de s’enfuir et permet de
d’observer facilement leurs déplacements et ainsi de déterminer précisément quand administrer le
choc. Apres une période d’habituation de 15 sec, I'animal regoit un choc électrique au niveau des
pattes lorsque celui-ci se déplace d’une plaque a une autre (le courant ne passe que lorsque I'animal
a les deux pattes avant sur une plaque et les deux pattes arriéres sur une autre plaque). Le
phénotype anxieux est mesuré par le nombre de punitions administrées a I'animal dans une période

de 60 secondes.
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Figure 22 : Test des 4 plaques. Un traitement par un composé anxiolytique augmente le nombre de ces
passages, donc le nombre de punitions.

2.2.2 Test prédictif d’un phénotype ou d’une activité anxiolytique et antidépressive : le test
d’alimentation supprimée par la nouveauté ou « novelty suppressed feeding »

Ce test induit une situation de motivations conflictuelles chez I'animal, entre celle dirigée vers la
nourriture et la peur de s’aventurer au centre de I'enceinte fortement éclairée. Ce test a montré son
aptitude a mettre en évidence des changements dans le comportement des rongeurs comme le Rat
et la Souris, aprés un traitement anxiolytiques (traitement aigu) et antidépresseurs (traitement
chronique) (Santarelli et al., 2003). L’animal a jeun depuis 24 heures est placé dans une cage
rectangulaire de 50x40x20 cm. Au centre de cette cage est disposé un cercle blanc éclairé dans lequel
sont déposés 2 granulés de nourriture. L’animal est alors placé dans un coin du dispositif la téte face
a la paroi, puis un chronometre est immédiatement lancé. La latence pour mordre manifestement le
granulé (croquer dans le granulé en utilisant ses pattes avant) est enregistrée (Figure 23). Les
animaux sont testés individuellement pendant une période de 10 minutes (David et al., 2009;
Santarelli et al., 2003). A la suite de ce test, I'animal est replacé dans sa cage et on mesure sa
consommation de nourriture pour vérifier que les variations du temps de latence entre des animaux
traités et des animaux non traités sont dues a I'activité anxiolytique/antidépresseur des molécules

étudiées et non a un appétit moindre.

Figure 23 : Test du Novelty Suppressed Feeding. Un traitement aigu par des anxiolytiques ou chronique
par antidépresseur diminuent le temps de latence des animaux pour se nourrir. Le dispositif est
constitué d’une enceinte dont le sol est recouvert de sciure, et dans le centre duquel est placé de la
nourriture sur un disque blanc cartonné (photo gauche). La latence de la prise alimentaire est mesurée
(photo droite).
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2.2.3 Tests prédictifs d’un phénotype ou d’une activité de type antidépressive

2.2.3.1 Index d’état dépressif : quantification de I’'état du pelage

Cette mesure est un indicateur de la dégradation de |'activité de toilettage chez la souris et par
corrélation de son état « dépressif » (Figure 24) (Ducottet et al., 2003; Griebel et al., 2002). Le score
du pelage est évalué dés le début de I'expérience et répété une fois par semaine, le méme jour,
jusqu’a la fin du protocole. Ce score est défini apres I'évaluation par I'expérimentateur sur 5 zones du
corps de I'animal : la téte, le cou, le dos, le ventre, les pattes. Un score de O est attribué pour un
pelage en bon état, 0.5 si le pelage est peu dégradé, et 1 pour un pelage dégradé. Le score global est

ensuite calculé.

Figure 24 : Dégradation de I’état du pelage. En conditions standards (photo gauche), I'lanimal présente un
pelage lisse et brillant. Aprés 4 semaines d’exposition a la corticostérone dans I’eau de boisson, le pelage
de I'animal se dégrade en paquets disparates (photo droite).

2.2.3.2 Le splash test

Ce test est assimilé au caractére dépressif puisqu’il met en ceuvre la capacité de toilettage chez le
rongeur. Les animaux d’'une méme cage sont placés 30-60 min dans une nouvelle cage (cage de pré-
test). Au moment du test, on vaporise une fois et de fagon modérée une solution de sucrose a 10%
sur le cou de I'animal. Cette solution est non seulement collante, ce qui doit initier un toilettage chez
le rongeur, mais également appétante. L'animal est directement introduit dans sa cage initiale sans
nourriture ni eau pour la durée du test. Un chronomeétre est lancé simultanément. Plusieurs
parametres sont mesurés : la latence a initier un toilettage (qui doit durer plus de deux secondes et
comprend une action des pattes avant sur la face, ou un léchage du pelage ventral ou dorsal), le

temps total ainsi que la fréquence des toilettages (sur une période de 5 minutes).
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2.2.3.3 Le test de préférence a la saccharine

Ce test repose sur la préférence naturelle des souris pour une boisson sucrée (a la saccharine par
exemple) par rapport a de I'eau. Il permet ainsi de mesurer le niveau d’anhédonie des animaux,
considérée comme un des principaux symptoémes de la dépression. D’une facon pratique, le test est
réalisé directement dans la salle d’élevage. Les souris sont individualisées la veille du début de
I’expérience et sont habituées a boire de I'eau provenant de 2 tubes plastiques de 15 mL (troués au

eme

culot) pendant 3 jours consécutifs. Le 4°™ jour, les souris ont un libre accés a un tube plastique
contenant de I'eau et un autre tube plastique contenant une solution de saccharine a 0,1% pendant
une période de 48h. La quantité consommeée d’eau et de saccharine est mesurée toutes les 12h a 8h
et a 20h chaque jour. De plus, les tubes plastiques sont interchangés toutes les 12h pour éviter le
développement d’une préférence de place (droite/gauche). La préférence a la saccharine (en %) est

calculée comme suit : Préférence = [consommation de saccharine (mL)/consommation totale (mL)

(eau + saccharine)]*100.

2.2.3.4 Le test de suspension caudale

Le TST est un modeéle animal (Steru et al., 1985), dérivé du FST ou la suspension de la souris ou du rat
par la queue induit une immobilité. Il mesure la durée de I'immobilité (pendant 6 minutes) ainsi que
la puissance des mouvements de I'animal (Porsolt et al., 1987; Steru et al., 1985) permettant de
distinguer différentes classes de psychotropes. Le TST résoudrait plusieurs probléemes rencontrés
avec le FST : I'immobilité est mesurée objectivement (automatique) et aucune hypothermie n’est
induite apres immersion dans I’eau froide (Thierry et al., 1986). Les études montrent que le TST peut
étre prédictif de I'activité de nombreux antidépresseurs. Un scotch doux est placé au bout de la
partie caudale de I'animal, ce qui permet de le suspendre par la queue a un crochet. Le crochet est
relié a un capteur qui enregistre les variations de mouvements (Bio-TST2, Bioseb, Vitrolles, France,

Figure 25). L'enregistrement des données est effectué sur une période de 6 minutes.

Figure 25: Dispositif d’enregistrement du test de suspension caudale. Une souris traitée par un
antidépresseur voit son temps d’'immobilité diminué.
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3 Manipulations ex vivo

3.1 Culture de cellules souches neurales a partir de gyrus dentelé d’hippocampe
adulte de Souris

De fagon a vérifier la délétion spécifique de la protéine B-arrestine 1 dans les cellules souches
du gyrus dentelé de I'hippocampe, des cultures de cellules souches provenant du gyrus dentelé de
souris ARRB1”" ont été réalisées en collaboration avec le laboratoire de Sandrine Humbert de
I'Institut des Neurosciences de Grenoble. La culture des cellules souches neurales a partir du gyrus
dentelé de I'hippocampe est effectuée comme décrit dans Babu et al., 2011 (Babu et al., 2011). La
culture de cellules souches de la zone sous ventriculaire des mémes souris est réalisée en suivant le
méme protocole. Brievement, des souris adultes (de 2 a 4 mois) males ARRB1"* et ARRB1” sont
tuées par dislocation cervicale puis les tissus sont rapidement prélevés dans une solution de PBS
stérile. Apres digestion enzymatique, les cellules viables sont séparées des débris cellulaires et de la
myéline par centrifugation sur gradient de Percoll. Les cellules sont mises en culture dans du
DMEM/F12/Glutamax complémenté avec 1% de Pénicilline/Streptomycine, 1% de B27, 20 ng/ml
d’EGF et 20 ng/ml de FGF-2 dans des boites de pétri préalablement traitées a la poly-D-lysine (20
pg/ml) et a la laminine (20 pg/ml) pour promouvoir I'adhérence des cellules souches et leur
croissance en monocouche. Les cultures se développent dans l'incubateur pendant 7 jours (zone
sous-ventriculaire) et 14 jours (gyrus dentelé) puis les protéines sont récoltées dans du RIPA
classique supplémenté en inhibiteurs de protéases et phosphatases en vue d’'un dosage de la
protéine B-arrestine 1 par Western Blot. Les cultures ont été réalisées par Fabienne Agasse et

Caroline Benstaali de I'Institut des Neurosciences de Grenoble.

3.2 Mesure de I'expression protéique par Western Blot

3.2.1 Dosage des protéines

La quantité de protéines présentes dans les différents échantillons est préalablement
déterminée afin de déposer la méme quantité de protéines dans chaque puit. La quantification des
protéines a été effectuée en utilisant une technique combinant la réaction de Biuret (Gornall et al.,
1949) avec une détection colorimétrique hautement sensible et sélective des ions cuivre, par un
réactif contenant I'acide bicinchoninique (Thermo Scientific Pierce BCA Protein Assay Kit, Pierce

Biotechnology).
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3.2.2 Technique du Western Blot

L'électrophorése est réalisée dans un gel de polyacrylamide additionné de 10% de
laurylsulfate de sodium (SDS-PAGE) pendant 1h a 160 V (Amersham ECL Gel Running®). Les protéines
sont ensuite transférées sur une membrane de polyvinylidene difluoride (PVDF) (Amersham,
Biosciences, Les Ulis, France) dans du tampon de transfert pendant 2h a 100V a 4°C. Apres une série
de rincages et le blocage des sites non spécifiques, les membranes sont incubées avec des anticorps
primaires pour détecter les quantités totales des protéines d’intéréts et leurs formes phosphorylées

quand nécessaire (Tableau 13).

Tableau 13 : Récapitulatif des anticorps utilisés en Western Blot

B-arrestine 1 Lait 1:500 D24H9 Becton Dickinson 50
ERK BSA 1:500 T202/Y204 Cell Signaling 42-44
Phospho-ERK BSA 1:500 T202/Y204 Cell Signaling 42-44
AKT BSA 1:1000 C67E7 Cell Signaling 60
Phospho-AKT BSA 1:1000 T308 Cell Signaling 60
B-actine (HRP) BSA/Lait 1:10000 SC47778 Santa Cruz Biotechnology 37

Les anticorps primaires sont détectés grace aux anticorps secondaires appropriés couplés a la
HRP (horseradish peroxydase), et le signal ECL (SuperSignal West Pico Chemiluminescent Substrate,
Pierce, Belgique) est quantifié grace au systéme ChemiDoc XRS (Bio-rad, Marnes-La-Coquette,
France). Pour s’assurer qu’une quantité égale de protéines a été déposée dans chaque puit, les taux
de B-actine ont été mesurés comme contréle pour chaque échantillon. Les bandes sont ensuite
guantifiées en utilisant le logiciel Image Lab. Lors de cette expérience, la méme membrane a été
utilisée pour révéler les différentes protéines. Le traitement de la membrane par une solution de
Stripping pendant 30 minutes permet de « défixer » les complexes anticorps primaire-secondaire de

la membrane et de réaliser un nouveau marquage.

3.3 Cartographie de I’expression d’ARN messager par technique d’hybridation in
situ

Afin de vérifier I'expression et la localisation de I’ARNm de la protéine B-arrestine 1 dans le
cerveau des souris ARRB17, la technique d’hybridation in situ a été réalisée [RNAscope® 2.0 HD,
ACDBIo]. Cette méthode est une technique de détection indirecte qui vise les acides nucléiques et

repose sur la propriété qu’ont 2 séquences nucléiques complémentaires de s’apparier de fagon
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spécifique. Des sections coronales d’hippocampes issues de souris ARRB1"* et ARRB1”" de 20 pum
d’épaisseur ont été coupées au cryostat, fixées au paraformaldéhyde (PFA) puis déshydratées dans
des bains successifs d’éthanol a température ambiante. Les sections sont d’abord prétraitées par une
solution de Pretreat pendant 10 minutes, rincées, puis hybridées par la sonde appropriée, un
oligodeoxyribonucléotide complémentaires des bases de ’ARNm de la protéine B-arrestine 1 chez la
souris. Apres avoir été incubées avec la sonde pendant 2h a 40°C puis lavées avec un tampon de
lavage, les sections sont hybridées avec différents réactifs stabilisants a 40°C pendant 15 a 30
minutes selon le réactif. Pour amplifier le signal, les sections sont mises en contact avec des substrats
du DAB pendant 10 minutes a température ambiante. Aprés 2 lavages a 'eau, les sections sont
colorées a I’"hématoxyline 50% puis a 'eau Ammoniaquée 0,02% pendant 2 minutes. Pour finir, les
coupes sont déshydratées dans un bain d’éthanol a 70%, 2 bains d’éthanol a 100% et un bain de
xylene. ARNm de la protéine B-arrestine 1 est visualisée grace a un microscope a champ clair et les
sections scannées par un scanner de lames (ZEISS Axio Scan.Z1) en collaboration avec I'équipe de
Fabrice CHRETIEN (Unité d'Histopathologie humaine et modeles animaux, Institut Pasteur, Paris).
L'intensité d’expression de B-arrestine 1 est déterminée par comptage en utilisant les logiciels Guide
ZEN 2012 — Slidescan et FlJI. La délétion devant étre spécifique a la zone sous granulaire du gyrus
dentelé de I'hippocampe, la zone de comptage se limite au premier tiers interne du gyrus dentelé.
Une fois le seuil de détection correctement réglé, le rapport du nombre de pixels noirs sur le nombre
de pixels blancs correspond au pourcentage d’expression de la B-arrestine 1 dans la zone étudiée

(Figure 26).

Figure 26: Exemple de marquage B-arrestine 1 par hybridation in situ sur une coupe coronale compléte au
niveau du gyrus dentelé apres traitement par scanner de lames (A) ou par microscopie optique (B).
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3.4 Etude de la neurogeneése hippocampique adulte

3.4.1 Préparation des tissus

3.4.1.1 Perfusions intra-cardiaque

La souris est anesthésiée a I'aide d’'un mélange kétamine/xylazine (120 mg/kg et 10 mg/kg,
respectivement). On contréle I'anesthésie en effectuant une pression sur la patte arriére de I'animal.
L'absence de réaction permet d’entreprendre la chirurgie. L’animal est fixé sur une planche en liege,
sur le dos. Une incision au niveau médian de I'abdomen permet d’introduire les ciseaux de chirurgie
et de remonter jusqu’au diaphragme par les flancs de I'animal. Le diaphragme sectionné laisse
entrevoir le cceur. La peau qui recouvrait I'abdomen est rabattue en arriere puis fixée, permettant un
acces dégagé jusqu’au coeur. Il est primordial d’opérer rapidement I'animal pour conserver la
propriété pulsatile du coeur. Cette capacité va permettre de rincer et fixer les tissus cérébraux, ce qui
est nécessaire pour obtenir des marquages sans pollution par des cellules sanguines résiduelles. Un
cathéter relié a une pompe péristaltique (pompe péristaltique, W40578, Fisher Scientific SAS, lllkirch,
France) est inséré dans le ventricule gauche du coeur. Cette pompe a pour fonction de perfuser en
premier lieu une solution de NaCl 0.9% conservée dans la glace. Une fois le cathéter en place, une
incision de l'oreillette droite va permettre au coeur et a la pompe d’évacuer le sang du corps de
I'animal. Aprés 5 minutes, on peut constater une décoloration de certaines zones du corps de
I'animal tels que : le foie, les pattes avant, la langue, les oreilles etc. Ces indicateurs permettent de
poursuivre le processus de perfusion en changeant le NaCl 0.9% par une solution de
paraformaldéhyde 4% dans 0,2M de solution de Sgrensen pendant 10 minutes. Cette solution va
permettre de fixer les tissus et de stopper toute activité cellulaire. Le cerveau est ensuite prélevé et
conservé pendant la premiére journée dans une solution de paraformaldéhyde 4% a 4°C. Elle sera
ensuite substituée par une solution de tampon phosphate (PBS) + sucrose 30% + azide 0.1% a 4° ce

qui permettra de protéger et conserver les tissus jusqu’a leur prochaine utilisation.

3.4.1.2 Préparation des cerveaux

Les cerveaux sont placés a I'envers dans des blocs en plastique individuels préalablement
remplis avec de I'OCT (Tissue-Tek, Optimal Cutting Temperature). Ainsi préparés, les blocs sont
plongés dans une boite en polystyréne contenant de la carboglace (-60 °C). La propriété de I'OCT a se
solidifier a basse température va contenir le cerveau dans un bloc. lls sont ensuite démoulés puis

conservés au congélateur a -80°C. Le bloc d’OCT est fixé sur une platine amovible encore une fois a
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I'aide d’OCT, a l'intérieur d’un dispositif réfrigéré a -20°C (Leica CM 3000). Cet appareil va permettre
de faire des sections du bloc, ici définies a 35 um d’épaisseur. On équilibre ensuite le cerveau par
rapport a la lame du couteau du cryostat de facon a obtenir une morphologie symétrique des
structures cérébrales. Apres I'identification du début de I'hippocampe a I'aide de I'atlas pour Souris
(Bregma -1.20 to -3.80 mm; Franklin et Paxinos, 2007), chaque section de I’hippocampe est collectée.
Le stockage des coupes de cerveaux se fait a I'aide d’'une boite de 24 puits. Chaque ligne correspond
a un cerveau. Les puits sont remplis par une solution de PBS + sodium azide (0.1%) qui préservera les
tissus d’une éventuelle dégradation par les bactéries ou champignons. L’hippocampe se subdivisera
par 13 séries de 6 coupes. Dans chaque puit, nous retrouverons 1/6 de I’hippocampe et chaque
section est espacée de la suivante par 210 um. Cette méthode permet d’économiser le nombre

d’animaux en utilisant différents marqueurs d'immunohistochimie pour le méme cerveau.

3.4.2 Etude de la prolifération des cellules progénitrices

L'étude de la prolifération cellulaire est réalisée grace a une technique d'immunohistochimie
utilisant le marquage au Ki67. La protéine Ki67 est une protéine nucléaire exprimée par la cellule
lorsqu’elle est entrée dans le cycle cellulaire. Son expression augmente progressivement au cours des

phases de synthese, G2 puis M du cycle (Cattoretti et al., 1992).

Apres avoir été rincées 3 fois 15 minutes dans une solution de tampon phosphate contenant du
triton PBST (PBS+Triton 0,3%), les coupes de cerveaux sont plongées pendant deux heures dans une
solution de 10% de sérum d’ane afin de bloquer les sites non spécifiques. Les coupes sont ensuite
immédiatement incubées dans I'anticorps primaire anti-Ki67 fabriqué chez le lapin (Eurobio, France)
le temps d’une nuit a 4°C sous agitation. Le lendemain, aprés 3 ringages de 15 minutes dans un
tampon phosphate (PBS), les tissus reposent deux heures dans I'anticorps secondaire d’ane anti-lapin
couplé a un fluorochrome Cy2 (Jackson, dilution 1 :500) (Sahay et al., 2011). Le marquage est
visualisé grace a un fluorochrome couplé a I'anticorps secondaire. La fluorescence permet

d’apprécier la proportion de cellules en cycle et donc la prolifération cellulaire.

3.4.3 Etude de la survie des cellules progénitrices
L'étude de la prolifération cellulaire dans I’hippocampe de la souris adulte nécessite un

schéma spécial d’injection de 5-bromo-2-deoxyuridine (BrdU), 2 fois par jour pendant 3 jours 3

semaines avant le sacrifice de I'animal (100 mg/kg) (Cameron and McKay, 2001; Wang et al., 2015).
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Le BrdU est un analogue synthétique de la thymine. Au moment de la réplication de ’ADN
(pendant la phase S du cycle cellulaire) le BrdU va s’incorporer au nouveau brin formé et permet de
marquer ainsi les cellules nouvellement formées. Les anticorps spécifiques anti-BrdU vont permettre
de révéler ces jeunes cellules en suivant le protocole suivant. Les sections de cerveaux sont montées
sur des lames (lames adhésives super Frost plus, Fischer Scientific SAS, lllkirch, France), puis placées
pendant 5 minutes dans une solution d’acide citrique (pH 6.0) a 96°C. Apres des ringcages successifs
avec su PBS, les tissus sont traités avec de la trypsine (0.01%) dissoute dans du Tris/CaCl2 pendant 10
minutes.

Suite a une nouvelle série de ringcage, du 2N HCl est déposé sur les lames pendant 30
minutes. Le blocage des lames est effectué a I'aide d’'une préparation de sérum de Chevre (normal
goat serum, NGS) 5% dans du PBS. Pendant la nuit, on dépose sur les lames une solution d’anticorps
anti-souris BrdU (1 :100). Aprés une série de rincage au PBS, les lames sont recouvertes d'une
solution d’anticorps secondaire (1: 200 chévre anti-souris biotinylé) pendant une heure, suivie d’'une
amplification par un complexe avidine/biotine. Le marquage est visualisé par le 3,3'-
Diaminobenzidine (DAB). Les tissus sont plongés dans des bains successifs permettant le
contremarquage par FAST-RED (Vector Nuclear Fast Red H-3403, ABCYS, Paris, France) pendant 2 min
puis un ringage a I'eau ultra pure (1min) ainsi qu’une déshydratation progressive (dans de I’éthanol
70% puis 100% pendant 5 et 10 minutes, respectivement).

Les lames sont recouvertes par une lamelle entre lesquelles on dépose un milieu de montage
qui permet de fixer définitivement les tissus. La quantification des cellules marquées se fait comme
précédemment décrite par David et al., 2009 a I'aide d’un microscope (Olympus BX51 microscope,

Allemagne) au grossissement 40X (Figure 27).

Figure 27: Photographies de coupes histologiques du gyrus dentelé de I'hippocampe
adulte aprés marquage au BrdU a différents grossissements.
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3.4.4 Etude de la maturation neuronale

L’étude de la maturation neuronale ne nécessite pas d’injecter un marqueur exogéne. En
effet, on utilise I'expression endogéne d’un marqueur de neurone immature la Doublecortine (DCX)
exprimé a la membrane des cellules neuronales, qui permet de révéler les neurones nouvellement
formés dans la couche granulaire de I'hippocampe (Couillard-Despres et al., 2005).

La procédure suit celle décrite par Wang et collaborateurs, 2008 (Wang et al., 2008). Les
sections de cerveaux sont rincées avec du tampon tri-phosphate (TBS), puis traitées dans une
solution de H,0, 1% (gsp TBS) pendant 15 minutes. Les tissus sont incubés dans une préparation a
10% de sérum d’ane avec 0.3% de Triton X- 100 pendant 30 minutes. Les tissus sont maintenus toute
la nuit avec I'anticorps primaire doublecortine (chévre 1 :500; Santa Cruz Biotechnology, Santa Cruz,
CA, USA). L'anticorps secondaire est biotinylé selon la construction ane anti-chévre (1 :500 ; Jackson
ImmunoResearch, West Grove, PA) dans du TBS pendant 2 heures a température ambiante.

Le marquage est révélé par un complexe avidine/biotine (Vector USA) et un kit DAB (SK-4100
DAB kit, Vector, USA). Une fois la révélation effectuée, les coupes de cerveaux sont montées sur
lames et recouvertes par une lamelle. Les cellules marquées avec I'anticorps doublecortine (DCX+)
sont catégorisées selon leur morphologie dendritique (Figure 28) : DCX+ sans arborisation tertiaire et
celles avec une arborisation plus complexe. L'index de maturation est défini comme le ratio entre les

cellules avec arborisation complexe sur le total des cellules DCX+ (Wang et al., 2008).

Figure 28: Caractérisation des neurones immatures marqués a la doublecortine en fonction de leur
morphologie dendritique. a : cellules doublecortine positives sans dendrites tertiaires (neurone
immatures) ; b : cellule doublecortine positive avec arborisation tertiaire (neurone mature). D’aprés Wang
et al., 2008
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Le Tableau 14 ci-dessous récapitule les anticorps utilisés pour les techniques d'immunohistochimie.

Tableau 14: Récapitulatif des anticorps utilisés en immunohistochimie.

Anticorps Source Dilution Référence Fournisseur
Anticorps primaires
Ki-67 Monoclonal lapin 1:100 VP-RMO04 Eurobio
BrdU Souris 1:100 347850 Becton Dickinson
DCX Polyclonal chevre 1:500 C-18 (H2812) Santa Cruz Biotechnology
Anticorps secondaires
Biotine Chevre anti-souris 1:200 BA-9200 Vector Labs
Ane anti-chévre 1:500 705-065-003 Jackson ImmunoResearch
Cy2 Ane anti-lapin 1:500 715-175-150 Jackson ImmunoResearch
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ARTICLE 1: Learning and memory impairments in a neuroendocrine mouse

model of anxiety/depression
Flavie Darcet, Indira Mendez-David, Laurent Tritschler, Alain M Gardier, Jean-Philippe Guilloux, Denis
J David

Publié dans Frontiers in Behavioral Neuroscience, doi :10.3389/fnbeh.2014.00136

Questions posées :

La modélisation d’un phénotype d’anxiété/dépression chez la souris par I’'administration chronique
de corticostérone (modéle CORT) induit-elle des déficits d’apprentissage et de mémoire
comparables a ceux observés chez 'Homme présentant une dépression caractérisée ? Si oui, quels

sont les types de mémoire affectés chez ces souris « anxio/dépressives » ?

Résumé de I'étude

Les troubles cognitifs sont souvent reportés comme des symptomes invalidants chez les patients
souffrant de dépression caractérisée. L'incapacité a se concentrer fait d’ailleurs partie des critéeres de
diagnostic de la dépression majeure définis par le DSM-5. Dans de nombreuses études précliniques,
des altérations cognitives ont été observées dans différents modéles d’anxiété/dépression (voir

Revue Pharmaceuticals). Cependant, peu d’études se sont intéressées aux effets d’un traitement

chronique par la corticostérone sur les performances d’apprentissage et de mémoire. Dans cette
étude, nous avons mené une caractérisation complete des fonctions cognitives (dont la mémoire de
type épisodique, la mémoire spatiale et la mémoire associative) chez des animaux ayant été soumis

pendant 4 semaines a un régime de corticostérone (modele CORT) (David et al., 2009).

Afin d’éviter que les différents tests cognitifs n’influent les uns sur les autres, I’étude a été menée
avec 4 cohortes différentes de souris C57BL/6Rj, chaque cohorte étant testée pour une tache
cognitive précise aprés 4 semaines de traitement a la corticostérone (35 pg/mL) dans 'eau de
boisson. Le phénotype anxio/dépressif est vérifié grace a un test de I'Open Field au début de la
période de comportement et un Splash test aprés le test cognitif pour les cohortes n°1 et 2. La
mémoire de type épisodique est étudiée grace au test de reconnaissance d’objet, la mémoire
spatiale est estimée a I'aide tests de navigations spatiales dans un environnement aquatique ou sec
(la piscine de Morris et le Barnes maze, respectivement) et la mémoire a composante associative est

mesurée grace a un test de conditionnement par la peur.
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Résultats expérimentaux

Tout d’abord, nous avons observé une diminution de la capacité de discrimination des objets chez les
animaux présentant un phénotype « anxio/dépressif » par rapport aux contréles, suggérant un déficit
de la mémoire de type épisodique. D’autre part, les tests spatiaux mettent en évidence une
altération globale des capacités d’apprentissage et de mémoire chez les animaux traités par la
corticostérone. La flexibilité mentale - un des aspects des fonctions exécutives de la mémoire - ainsi
que la mémoire a long-terme semblent également affectées par le phénotype anxio/dépressif. Enfin,
I"absence d’augmentation du comportement d’immobilité ou « freezing » observée dans le test de
conditionnement par la peur chez les animaux anxio/dépressifs indique un trouble de la mémoire

associative.

Ces résultats suggeérent que le phénotype anxio/dépressif induit par le traitement chronique de
corticostérone est associé a un déficit cognitif global, affectant tous les aspects de la mémoire ayant

été testés.

Contribution personnelle :

Au cours de ce travail :
e J'ai mis au point et validé 3 tests comportementaux de cognition chez la Souris : le test de

reconnaissance d’objet, la piscine de Morris et le Barnes maze.

o Jai réalisé le suivi des animaux incluant la préparation et I'administration du régime

chronique de corticosterone.

e J’ai mené I'ensemble des tests comportementaux émotionnels et cognitifs (excepté le test de

conditionnement par la peur) sur les 3 cohortes différentes.

e J'ai analysé les résultats et rédigé I'intégralité de I'article sous la supervision du Pr. Denis

David et du Dr Jean-Philippe Guilloux
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INTRODUCTION

Cognitive disturbances are often reported as serious incapacitating symptoms by patients
suffering from major depressive disorders (MDDs). Such deficits have been observed
in various animal models based on environmental stress. Here, we performed a
complete characterization of cognitive functions in a neuroendocrine mouse model of
depression based on a chronic (4 weeks) corticosterone administration (CORT). Cognitive
performances were assessed using behavioral tests measuring episodic (novel object
recognition test, NORT), associative (one-trial contextual fear conditioning, CFC), and
visuo-spatial (Morris water maze, MWM; Barnes maze, BM) learning/memory. Altered
emotional phenotype after chronic corticosterone treatment was confirmed in mice using
tests predictive of anxiety or depression-related behaviors. In the NORT, CORT-treated
mice showed a decrease in time exploring the novel object during the test session and a
lower discrimination index compared to control mice, characteristic of recognition memory
impairment. Associative memory was also impaired, as observed with a decrease in
freezing duration in CORT-treated mice in the CFC, thus pointing out the cognitive
alterations in this model. In the MWM and in the BM, spatial learning performance but
also short-term spatial memory were altered in CORT-treated mice. In the MWM, unlike
control animals, CORT-treated animals failed to learn a new location during the reversal
phase, suggesting a loss of cognitive flexibility. Finally, in the BM, the lack of preference for
the target quadrant during the recall probe trial in animals receiving corticosterone regimen
demonstrates that long-term retention was also affected in this paradigm. Taken together,
our results highlight that CORT-induced anxio-depressive-like phenotype is associated with
a cognitive deficit affecting all aspects of memory tested.

Keywords: depression, anxiety/depression model, corticosterone, recognition memory, spatial learning maze,
associative memory, cognitive impairments, cognitive flexibility

Greer, 2014). Interestingly, cognitive deficits in memory and

The prevalence of depression, a severe psychiatric disease, is
constantly high worldwide to the extent that World Health
Organization (WHO) estimates that Major Depressive Disorder
(MDD) will be the second largest cause of disability in year
2020 (WHO, 2008). Major depression is characterized by a set
of emotional and behavioral alterations, including persistent
depressed mood and loss of interest or pleasure as core symptoms.
Since cognitive symptoms are common among patients with
MDD (Fava et al., 2006; Hammar and Ardal, 2009; Murrough
et al,, 2011; Lee et al, 2012; Millan et al., 2012), investiga-
tors have examined the nature of difficulties in cognitive func-
tioning that are associated with depression such as attention
(Landro et al., 2001; Ravnkilde et al., 2002; Porter et al., 2003;
Lampe et al., 2004), processing speed (Ravnkilde et al., 2002;
Hammar et al., 2003; Lampe et al., 2004), executive function
(Naismith et al., 2003; Lampe et al., 2004) and learning and
memory (Landro et al, 2001; Fossati et al., 2002; Ravnkilde
et al., 2002; Porter et al.,, 2003; Vythilingam et al., 2004). A
recent literature review e assessed abnormalities in neural cir-
cuits and cognition early in the course of MDD (Trivedi and

decision-making are detected early in the course of MDD and
may be associated with structural abnormalities in the hip-
pocampus or cortex (Trivedi and Greer, 2014). New antide-
pressant drug strategies that also target cognitive symptoms are
needed to improve long-term outcomes, particularly functional
recovery.

In order for basic research to provide potential advances
in the field, it is critical to use animal models that present
behavioral, neurochemical and brain morphological phenotype
reminiscent of some symptoms of depression including cogni-
tive impairments. A variety of studies have assessed cognitive
disorders in anxiety or depression models in rodents (Patki
et al., 2013; Richter et al., 2013). However, some of these only
focused their work on a single aspect of learning and mem-
ory. Cognitive dysfunctions in Chronic Mild Stress-exposed rats
(CMS) have been shown in several behavioral paradigms. For
example, CMS induces spatial learning and memory impair-
ments in the Morris water maze (MWM) test in mice (Song
et al., 2006), recognition memory deficits in both rats (Orsetti
et al., 2007) and mice (Elizalde et al., 2008) and suppression

Frontiers in Behavioral Neuroscience

www.frontiersin.org

May 2014 | Volume 8 | Article 136 | 1


http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/editorialboard
http://www.frontiersin.org/Behavioral_Neuroscience/about
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/journal/10.3389/fnbeh.2014.00136/abstract
http://community.frontiersin.org/people/u/153415
http://community.frontiersin.org/people/u/153685
http://community.frontiersin.org/people/u/153224
http://community.frontiersin.org/people/u/89168
http://community.frontiersin.org/people/u/67776
http://community.frontiersin.org/people/u/39385
mailto:denis.david@u-psud.fr
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Darcet et al.

Cognition and anxiety/depression

of fear extinction (Garcia et al., 2008). Similarly, maternal sep-
aration and social defeat models were employed to highlight
spatial reference memory deficits (Couto et al., 2012; Patki et al,,
2013).

Here, we performed a thorough characterization of cognitive
performances in a neuroendocrine mouse model of depression
based on a chronic CORT (David et al., 2009; Mendez-David
et al., 2014). Given the multiple forms of learning and mem-
ory, we selected a range of cognitive behavioral paradigms that
allows investigation of different memory systems including short-
term episodic memory, associative memory and spatial reference
learning and memory. Additional parameters such as cognitive
flexibility and long-term memory were also evaluated in spatial
memory tests.

MATERIALS AND METHODS

ANIMALS

Eight to 10-weeks old male C57BL/6] mice (Janvier Labs,
France) were maintained on a 12L:12D schedule and were
housed 5 per cage. Food and water were provided ad libi-
tum. All behavioral testing occurred during the light phase
between 7 am and 7 pm and were conducted in com-
pliance with animal cares guidelines and with protocols
approved by the Institutional Animal Care and Use Committee
(Council Directive #87-848, October 19, 1987, Ministere de
I'Agriculture et de la Forét, Service Vétérinaire de la santé et
de la Protection Animale, permission #92-256B to Denis J.
David).

DRUGS

Corticosterone (4-pregnen-11b-diol-3 20-dione 21 hemisuc-
cinate, CORT from Sigma-Aldrich, France) was dissolved
in vehicle (0.45% hydroxypropyl-B-cyclodextrin, p-CD from
Sigma-Aldrich, France). Corticosterone (35 jLg/ml equivalent to
5 mg/kg/day) was delivered for 28 days in drinking water and con-
tinued when the behavioral tests were performed (David et al.,
2009). Control animals received vehicle (3-CD) in drinking water
during the entire experiment (Figure 1).

BEHAVIORAL TESTING

Four different cohorts of mice were used to assess learn-
ing and memory performances in anxio-depressive animals.
To prevent any confounding effects between cognitive tasks,
each animal was subjected to only one type of learning and
memory test. Fur coat state of the animals was scored weekly
during the whole treatment period. The anxio-depressive-
like phenotype induced by chronic corticosterone among the
different cohorts was evaluated using the Open Field and
the Splash tests, before and after the cognitive task, respec-
tively. Details of emotional assessment are mentioned in
Figure 1.

Cognitive performances were evaluated using behavioral tests
measuring episodic (novel object recognition test, NORT), asso-
ciative (one-trial contextual fear conditioning, CFC) and visuo-
spatial (MWM; Barnes maze, BM) learning/memory. Animals
were placed in the experimental room 30 min before the start of
the behavioral experiments.

ANXIETY AND DEPRESSION BEHAVIOR PARADIGMS

Fur coat state

The score corresponding to the state of the coat resulted from
the sum of the score of five different body parts: head, neck,
dorsal/ventral coat, tail and fore-/hind paws. For each body area, a
score of 0 was given for a well-groomed coat and 1 for an unkempt
coat (Surget et al., 2008; David et al., 2009).

Open field

Motor activity was quantified in 43 x 43 cm plexiglas open field
boxes (MED Associates, Georgia, VT). Two sets of 16 pulse-
modulated infrared photobeams were placed on opposite walls
2-5cm apart to record x-y ambulatory movements. Activity
chambers were computer interfaced for data sampling at 100 ms
resolution. The computer defined grid lines that divided each
open field into center and surround regions, with each of four
lines being 11 cm from each wall. Time in the center was recorded
for 30 min to evaluate anxiety-related behavior. The locomotor
activity was quantified as total ambulatory distance.

Splash test

Splash test was performed as previously described (David et al.,
2009). This test consisted in squirting a 10% sucrose solution on
the mouse’s snout. The grooming duration was then recorded
over a 5 min period.

COGNITION BEHAVIORAL PARADIGMS

Episodic short-term memory: novel object recognition test

The procedure was adapted from the Sahay study (Sahay et al,,
2011). The apparatus consisted in black plastic boxes (28 x 41x
18 cm) slightly filled with sawdust (0.5-1 cm thickness) in a
room with a low level of light. Locomotor activity was con-
trolled during the entire experiment (parameter: ambulatory
distance) using a videotracking procedure (ANY-maze Software,
Bioseb, France). Objects exploration was hand-scored by an
experimenter.

The NORT was divided into 4 training sessions and one test
session. Each exposure lasted 5 min with a 3-min inter-trial inter-
val. Between each trial, mice returned to their home cage, bedding
of apparatus was changed and boxes were cleaned with 70%
ethanol solution. During training sessions, two identical objects
[cylindrical glassware (¥:3 cm, height: 8 cm) filled with white cot-
ton, (Figure 2D)] were present in the box. The mouse was placed
in the middle of the box facing the wall and was allowed to
freely explore the apparatus and the objects. During the test ses-
sion, one of the familiar objects was removed from the cage and
replaced by a novel object [Lego® rectangular structure (7 x 3x
9cm), (Figure 2D)]. The objects had been previously validated
to ensure there was no inherent preference for either object (data
not shown). The nature (Lego® vs. glass) and the position of the
novel object (left vs. right) were chosen randomly.

Object exploration was defined as the orientation of the nose
to the object at a distance < 2 cm. Placing the forepaws on the
objects was considered as exploratory behavior, but climbing on
the objects was not. Objects were cleaned with 70% ethanol
between trials to avoid olfactory cues. Results for this test were
expressed as: (1) exploration of each object (in seconds) during
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0 1 2 3 4 5 6
C57BL/6) male - CORTICOSTERONE
Weeks
| C57BL/6) male - VEHICLE
Behavioral testing
Open Field
(Cohort 1 and 2)
Novel object recognition test (Cohort 1)
One-trial contextual fear conditioning (Cohort 2)
Morris water maze (Cohort 3)
Barnes maze (Cohort 4)
Splash test
(Cohort 1 and 2)
FIGURE 1 | Experimental design. In place of normal drinking water, animals. The same animal was successively tested in the Open Field paradigm,
grouped-housed male C57BL/6J mice were presented with vehicle (0.45% the cognitive task (Novel object recognition test: cohort 1; One-trial contextual
hydroxypropyl-B-cyclodextrin) or corticosterone (35 wg/mL). We performed a fear conditioning: cohort 2) and the Splash test. Cohort 3 and 4 were only tested
complete characterization of cognitive functions in four different cohorts of for cognitive tasks (Morris water maze: cohort 3; Barnes maze: cohort 4).

training and test sessions(2) exploration (in percent) of each
object during the test session, calculated as time spent explor-
ing familiar or novel object divided by total time spent exploring
both objects and (3) a discrimination index (DI) between objects
during the test session, calculated as the difference between
the time spent exploring the novel object (N) and the famil-
iar object (F) divided by the total time exploring both objects
(DI = (N-F)/(N+F)).

Associative memory: one-trial contextual fear conditioning

Fear conditioning was conducted in StartFear Combined system
from Harvard apparatus (Bioseb, France) in chambers with inter-
nal dimensions of 25 x 25x 25cm. The chambers had metal
walls on each side, clear plastic front and back walls and ceil-
ings, and stainless steel bars on the floor. A house light mounted
directly on the side of the chamber provided illumination. Each
chamber was located inside a larger, insulated, plastic cabinet
(67 x 53x 55cm) that provided protection from outside light
and noise. Each cabinet contained a ventilation fan that was
operated during the sessions. Mice were held outside the experi-
mental room in their home cages prior to testing and transported
to the conditioning apparatus individually in standard mouse
cages. Training chambers were cleaned with 70% ethanol solu-
tion before and after each trial to avoid any olfactive cues. The
experimental design was adapted from previous studies (Drew
et al., 2010) and ran over two consecutive days. On Day 1,
mice were placed in the conditioning chamber and 3 min later
received one shock (2s, 0.75mA). Mice were removed from the
chamber 15s after the shock. On Day 2, animals returned to
the conditioning chamber for a 4-min period in the exact same
conditions of Day 1, but without electrical shock, for a test of
context-elicited freezing. Scoring was measured using Freezing
software version 2.0.04 (Packwin, Harvard apparatus, Bioseb,

France). The StartFear system allows recording and analyzing
the signal generated by the animal movement through a high
sensitivity weight transducer system. The behavior of mice was
also recorded with digital video cameras mounted above the
conditioning chamber.

Spatial reference learning and memory: Morris water maze and
Barnes maze

Morris water maze. The MWM procedure was adapted from
(Sahay et al., 2011). The apparatus consists in a circular pool (&:
122 cm, height: 50 cm) filled with 30 cm-depth water maintained
at 22-23°C and made opaque by addition of white milk pow-
der. The maze was divided into four quadrants (North, South,
West, and East). Mice learned to locate an unmarked submerged
platform in a pool devoid of intramaze cues. Geometrical extra
cues were surrounding the maze to generate spatial learning.
The escape platform (¢: 10 cm; height: 30 cm) was placed in the
target quadrant (North), 1 cm above the surface of water dur-
ing the pre-training session and 1cm below the water surface
during the other sessions. The MWM task was performed with
three successive steps (Figure 4A). The pre-training phase (1 ses-
sion, 3 trials, Day 0) allowed mice to accustom to the pool and
the visible platform placed in clear water. The acquisition phase
was divided into 4 training sessions (Day 1-4) and one probe
trial (Day 5). During training sessions, the platform was hid-
den to develop spatial learning. Each mouse received three 60-s
trials per day with 60s inter-trial intervals. The starting points
were semi-randomized so that each trial started from a differ-
ent quadrant. Between each trial, the mouse had to remain on
the platform during 60 s. If the mouse did not find the platform
within 60s, the experimenter gently guided the animal to the
platform. In this case, 60s was recorded as the escape latency.
A 60-s probe session (Day 5), during which the platform was
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FIGURE 2 | Short-term episodic memory is altered in CORT-treated micein  exploration frequency (C) of the novel and the familiar objects were measured
the novel object recognition test. Schematic diagram of the NORT during the test session. The exploration time was also expressed in percent of
experimental time course (A). Mice were exposed to 2 identical objects during both novel object and familiar object (D). The red line indicates the chance level.
4 sessions (5 min each) with an intertrial interval (ITl) of 3 min. During the Discrimination index (E) of each animal was calculated (see Materials and
5thexposure, one familiar object (F) was removed and replaced with a novel Methods). Values are mean + s.e.m., n = 20 animals per group **p < 0.01 vs.
object (N) different in shape, color, and texture. Exploration time (B) and vehicle group. #p < 0.05; #p < 0.01 vs. novel object of the group.

removed, was performed 24 h after the last trial of the learning
period.

The same procedure was applied for the reversal phase in
which the hidden platform was located in the opposite quadrant
(South) during training sessions (Day 8-11). The platform was
removed in the 2nd probe trial (Day 12) to assess spatial retention.

Time spent in target and opposite quadrants, latency to cross
the platform zone for the first time and the number of entries
in the platform zone were recorded. Mouse movement was mea-
sured using a video tracking system and analyzed by ANY-maze
Software to record latency, distance and pathways to reach the
escape platform through all the sessions.

Barnes maze. The BM procedure was modified from a previous
work (Sunyer et al., 2007). The apparatus consisted in a clear gray
circular platform (#: 92 cm, height: 100 cm; Bioseb, France) with
20 equally spaced holes (#: 5cm) located 2 cm from the border.

In this open environment, mice naturally seek a dark enclosed
surrounding place, provided by a black goal box (20 x 9x 9. cm)
located beneath one of the holes. During training sessions, the
19 other holes are closed. From the surface of the maze, the open
escape hole looks identical to the closed holes so that the mice can
locate the target box only with the spatial extra cues surrounding
the maze. Similarly to the MWM test, the circular platform was
virtually divided in 4 zones (including the target quadrant with
the escape hole and the opposite quadrant). To reduce anxiety
behavior, mice were habituated to the platform and the target box
on the day before the beginning of the experiment.

Each trial began by placing the animal in a black starting cylin-
der (#: 8 cm, height: 12.5cm) at the center of the platform that
was removed after 10 s, allowing mice to freely explore the appa-
ratus. Spatial acquisition was organized in 4 training sessions
(Day 1-4, Figure 5A). Each training session consisted in four 3-
min trials, with 20 min inter-trials interval during which animals
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returned to their home cage. Mice that failed to find the target box
within 3 min were gently guided to its location. For those mice,
180 s were recorded as the escape latency. All animals remained in
the target box for 60 s after entering.

All trials were recorded by a camera and analyzed by ANY-
maze Software. The following parameters were scored during all
training trials: primary latency, latency to escape, primary errors
and total errors. Primary latency was defined as the time required
for mice to make initial contact with the target hole. Latency
to escape was defined as the time it took animals to completely
enter in the target box (all 4 paws out of the platform). Primary
errors were defined as the number of holes visited before the
first contact with the target hole and total errors were defined
as the total number of holes visited during the trial that did not
lead to the target box. A hole was considered visited when mice
tilted their head over it (nose poke) or introduced their paws into
the hole.

On Day 5, reference short-term memory was evaluated by a
probe trial (90s) during which the target box was removed and
the target hole was closed. Mice were allowed to explore the maze
and to visit the target hole and the adjacent holes. Latency to reach
the target hole for the first time, number of errors before reaching
the target hole, distribution of visits among all holes and time
spent in each quadrant were recorded. On Day 12, mice were once
again submitted to a probe trial (recall) in the same conditions
as Day 5 to evaluate long-term retention. No training occurred
between Days 5 and 12.

STATISTICS

Results from data analyses were expressed as mean =+ s.e.m.
Statistical analyses were processed with Statview 5.0® Software
(SAS Institute, Cary, NC). For all experiments, comparisons
between CORT-treated and control animals were performed by
using f-tests. One-Way ANOVA with repeated-measures and
Two-Way ANOVA were applied to the data when appropriate.
Significant main effects and/or interactions were followed by
Fisher’s PLSD post-hoc analysis. One sample t-tests were used to
compare the percent of time exploring the novel object vs. the
chance level (50%) in the NORT and the time spent in the target
quadrant vs. the chance level (25%) in the MWM and BM tests.
For the latency to cross the platform in reversal phase, we used the
Kaplan-Meier survival analysis due to the lack of normal distri-
bution of the data. Mantel-Cox log-rank test was used to evaluate
differences between experimental groups. Statistical significance
was set at p < 0.05. A summary of statistical measures is included
in Supplemental Table 1.

RESULTS

The consequences of an anxious/depressed-like state on episodic,
associative or spatial memory were tested in the NORT, the CFC,
the MWM, and the BM, respectively.

Long-term glucocorticoid exposure induced physiological
changes such as an altered body weight (Figure S1A) (p < 0.01)
and physical changes including deterioration of coat state (Figure
S1B) similarly to chronic stress (Surget et al., 2008). This mea-
sure has been described as a reliable and well-validated index of
a depressed-like state (Griebel et al., 2002; Santarelli et al., 2003).

CORT-treated mice developed an anxiety-like phenotype in the
Open Field test, characterized by a decrease in time spent in the
center compared to control mice (p < 0.05, Figure S1C), but no
modification of total ambulatory distance (p > 0.1, Figure S1D).
We then investigated whether the deterioration of the coat state
was linked to changes in grooming behavior. In the Splash test,
we observed a decrease in grooming duration after squirting a
10% sucrose solution on the mouse’s snout (p < 0.01, Figure
S1E). Taken together, our results confirm through various behav-
ioral readouts that mice displayed an anxiety/depression-like
phenotype induced by an excess of glucocorticoids.

CHRONIC CORTICOSTERONE IMPAIRED EPISODIC MEMORY IN THE
NOVEL OBJECT RECOGNITION TEST
The NORT procedure was conducted 4 weeks after the start of
the corticosterone treatment (see Figures 1, 2A). Control mice
showed a novel object preference illustrated by an increase in
exploration duration and exploration frequency (Figures 2B,C)
of the novel object compared to the familiar one. Although the
novel object investigation duration was not higher in CORT-
treated mice compared to controls, the number of visits of the
novel object was significantly increased in comparison to the
familiar object (Figures 2B,C). Taking these data together, both
experimental groups showed a novel object preference character-
ized by an increase in its relative exploration time (p < 0.01 vs.
the chance level 50% for each group, Figure 2D), with a greater
distinction for the novel object in control animals than CORT-
treated animals (p < 0.01, Figure 2D). Consequently, CORT-
treated mice showed a significant decrease in discrimination
index compared to control mice (p < 0.01, Figure 2E), reflect-
ing a reduction of episodic retention. It is unlikely that this effect
was the consequence of a change in objects exploration time
(p < 0.05, Figure S2A) because locomotor activity did not differ
between groups across sessions (p > 0.05, Figure S2B).

Then, we assessed whether associative memory was active in
CORT-treated mice using an hippocampal-dependent task, the
one-trial CFC.

ALTERED ASSOCIATIVE MEMORY AFTER A CHRONIC
CORTICOSTERONE ADMINISTRATION IN THE ONE-TRIAL CONTEXTUAL
FEAR CONDITIONING

In the context-elicited fear following training, CORT-treated ani-
mals exhibited significantly less freezing than the control animals
along the test (p < 0.01, Figures 3A,B). These data are in favor
of an impairment of the associative memory in CORT-treated
animals. As a validation of the experiment, freezing was mea-
sured before and after the shock on Day 1. The shock induced
an increase in the freezing in both groups of animals (p < 0.01,
Figure S3). Similarly, no difference occurred between CORT-
treated and control animals before or after the shock (p > 0.05,
Figure S3).

Then, to determine the consequences of a chronic CORT
treatment on spatial learning and memory performances, mice
were submitted the hippocampal-dependent MWM or the BM.
Learning was evaluated in both tests through an acquisition phase
(Day 1-4) followed by a probe trial (Day 5) to assess short-term
retention (Figures 4A, 5A).
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FIGURE 3 | Associative memory is impaired in CORT-treated mice in
one-trial contextual fear conditioning. Contextual fear conditioning was
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context-elicited freezing was analyzed for each minute of the test (ANOVA
with repeated measures) (A) and during the whole session (B). Values are
mean + s.e.m., n = 5-7 animals per group **p < 0.01 vs. vehicle group.

CHRONIC CORTICOSTERONE IMPAIRED LEARNING, MEMORY AND
COGNITIVE FLEXIBILITY IN THE MORRIS WATER MAZE

Morris water maze pre-training phase

Motivational behavior to swim was controlled by measuring
latency and distance to reach the visible platform during the
pre-training phase. The latency for control and CORT-treated
mice i.e., 37.5 £ 2.59 and 38.99 £ 2.87s, respectively, or the
distance: 11.53 &= 1.43 and 10.46 & 1.22 m for control and CORT-
treated mice, respectively, did not differ between groups (¢-test on
latency p = 0.70; distance p = 0.57) indicating no difference in
motivational behavior between these groups (Figures S4A,B).

Morris water maze acquisition

In the MWM, in contrast to the first 3 days of the acquisi-
tion, an increase in latency to reach the hidden platform (p <
0.01, Figure4B) and an increase in path length to reach the
platform (p < 0.01, Figure4C) were observed on Day 4 in
the CORT-treated animals in comparison to controls. Overall,
an anxio/depressed-like state in mice affected spatial learning
performance.

Morris water maze probe trial 1
Following training sessions, mice were subjected to a probe trial
on Day 5 to assess short-term spatial memory. Both groups
showed a preference for the target quadrant compared to the
chance level (p < 0.01, Figure4D), but CORT-treated mice
showed a statistically significant increase in the time to cross the
platform for the first time (p < 0.05, Figure 4E) and a decrease
in the entries in the initial platform target zone (p < 0.05,
Figure 4F) compared to control animals.

Taken together, these results reveal that CORT treatment
affects short-term spatial retention in the MWM.

Morris water maze reversal
To test cognitive flexibility, the platform was moved from the
target quadrant (North) to the opposite quadrant (South). Mice

were then trained during 4 days (Day 8—11) to learn the new loca-
tion of the hidden platform. Interestingly, from Day 9 to 11, the
latency to reach the new location of the platform was significantly
increased in CORT-treated mice compared to control group (p <
0.01, Figure 4G) without affecting the distance traveled to reach
the platform (p > 0.1, Figure 4H). However, a significant inter-
action revealed a decrease in the latency to reach the platform in
CORT-treated mice on Day 8 and an increase in this latency on
Day 11 (p < 0.05 and p < 0.01, respectively). We also measured
the time spent in the former target quadrant (North) during the
2 first days of the reversal protocol (Day 8-9) (Figure S4C). On
Day 8, both groups spent significantly more time in the former
target quadrant (p < 0.05 vs. the chance level 25%). In contrast,
on Day 9, unlike control animals, CORT-treated mice still spent
significantly more time in the former target quadrant (p < 0.05).

These data suggest that more than an impairment of spa-
tial learning, cognitive flexibility is altered in CORT-treated mice
as they failed to adapt their behavior to learn a new platform
location.

Morris water maze probe trial 2

Following the reversal period, all animals were submitted to a
probe trial on Day 12, during which CORT-treated mice failed to
use extra cues to find the platform location. Unlike probe trial on
Day 5, CORT-treated mice did not show preference for the target
quadrant in comparison to control animals (p < 0.01, Figure 4I).
Furthermore, an increase in the time to cross the platform for the
first time (p < 0.01, Figures 4], S4D) associated with a decrease
in the number of entries in the new target zone was also observed
in our anxio/depression-like mouse model (p < 0.01, Figure 4K).

CHRONIC CORTICOSTERONE IMPAIRED LEARNING, MEMORY AND
LONG TERM RETENTION IN THE BARNES MAZE

The BM presents similarities to the MWM, assessing spatial
learning performance, but without strong aversive stimuli.

Barnes maze acquisition
Previous spatial learning impairments observed in the MWM
were confirmed in the BM. Indeed, an overall decrease in the pri-
mary latency (latency to first reach the target hole) was observed
during the 4 training days in both groups, but CORT-treated
animals segregate from control animals, starting at Day 2, with
an increase in the time to identify the target hole (p < 0.01,
Figure 5B), an increase in the time to escape into the target box
(p < 0.01, Figure S5A) and a greater number of errors committed
(p < 0.01, Figures S5B,C).

These data suggest that spatial learning performances are
altered by a chronic CORT treatment in this spatial test.

Barnes maze probe trial

On Day 5, short-term spatial memory was evaluated by a probe
trial. CORT-treated mice spent significantly less time in the tar-
get quadrant and more time in the opposite quadrant compared
to vehicle animals (p < 0.01, Figure 5C). Similarly to what we
observed in the MWM, an impairment of short-term memory
was observed in the BM, with an increase in primary latency, a
decrease in the number of visits in the target hole and an increase
in primary errors (p < 0.01, Figures 5D,E, S5D). The analysis of
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FIGURE 4 | Chronic corticosterone affects spatial learning performances, quadrant (South) during reversal. During acquisition, learning was expressed

short-term memory and cognitive flexibility in the Morris water maze. as the latency (B) and the total distance traveled (C) to reach the hidden
Schematic diagram of the MWM experimental time course (A). After a platform during training sessions (Day 1-4). Short-term memory was
pre-training phase (day 0), the MWM protocol was divided into 2 phases. assessed during the probe test in Day 5 by measuring the time spent into the
Each phase includes a 4-day learning period followed by a probe session target and the opposite quadrants (D), the latency to first cross the platform
without the platform. During acquisition, mice learned to locate the platform zone (E) and the number of entries in the platform zone (F). During reversal,
in the target quadrant (North) then have to locate the platform in the opposite (Continued)

Frontiers in Behavioral Neuroscience www.frontiersin.org May 2014 | Volume 8 | Article 136 | 7


http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Darcet et al.

Cognition and anxiety/depression

FIGURE 4 | Continued

learning, and cognitive flexibility were expressed as the latency (G)
and the total distance traveled (H) to reach the hidden platform
during training sessions (Day 8-11). Cognitive flexibility was assessed
during the probe trial in Day 12 by measuring the time spent into

the target and the opposite quadrants (l), the latency to first cross
the platform zone (J) and the number of entries in the platform
zone (K). Values are mean + s.e.m., n=10-15 animals per group;
*p < 0.05; *p <0.01 vs. vehicle group. The dotted-line indicates the
chance level.

the distribution pattern of visits finally confirmed that CORT-
treated mice displayed lower spatial memory performances in this
test compared to controls (p < 0.01, Figure S5E).

Barnes maze recall probe trial

Long-term memory was evaluated in CORT-treated and control
mice, a week after the acquisition phase, in similar conditions
than the first probe trial.

Unlike controls, CORT-treated mice were not able to find
the location of the target hole. Indeed, the time spent in the
target quadrant was significantly lower than controls (p < 0.01,
Figure 5F) and not different from the chance level 25% (p > 0.1).
A significant increase in primary latency and a significant decrease
in the number of visits of the target hole (p < 0.05 and p < 0.01,
respectively, Figures 5G,H) support that CORT-treated mice
long-term retention could be affected, despite their acquisition
learning difficulties previously demonstrated (Figure 5B).

DISCUSSION

Our study showed that in a neuroendocrine-based model of
depressive-like behavior, not only emotion-related behavior is
impacted, but chronic CORT also has a detrimental effect on
cognitive performances, including short-term episodic memory,
spatial reference learning and memory and associative memory.
Indeed, these series of experiments yielded two main results: mice
with an anxious-depressed-like phenotype showed (1) a deficit in
learning and cognitive flexibility, (2) an impairment of short- and
long-term memory.

IMPAIRED VISUO-SPATIAL LEARNING AND COGNITIVE FLEXIBILITY IN
ANXIOUS-DEPRESSED-LIKE MICE

Visuo-spatial learning is impaired in anxious-depressed-like mice
Our study demonstrates that chronic administration of CORT
in mice has a dramatic influence on learning in visuo-spatial
paradigms such as the BM and the MWM. As shown in our
prior studies (David et al., 2009; Mendez-David et al., 2014), no
changes in the locomotor activity could account for this effect,
as the total ambulatory distance swam in the MWM was similar
between groups. The finding that chronic CORT administration
causes spatial learning deficits is consistent with previous reports
in rats (Bodnoff et al., 1995; McLay et al., 1998; Coburn-Litvak
et al., 2003).

Associative learning was also affected after chronic CORT
administration. Twenty-four hours after a first exposure to the
stressor, CORT-treated animals froze less than controls in the
CFEC. The learning that underlies this test typically includes two
distinct processes: (1) the acquisition of a mental representa-
tion of the context and (2) an association between the context
representation and the unconditioned stimulus representation
(Rudy et al., 2004). CFC with a single context-shock pairing

is an adult hippocampal neurogenesis-dependent task, sensitive
to the X-irradiation-induced blockade of neurogenesis (Denny
et al., 2012). Our findings suggest that CORT-induced deficit
in context conditioning may be related to a decrease in cell
proliferation of progenitor cells in the dentate gyrus in adult
hippocampus that may impede the acquisition of the context rep-
resentation. Indeed, previous works demonstrated that chronic
CORT exposure induces similar effects than a chronic stress on
cell proliferation, decreasing the number of BrdU-positive cells in
the dentate gyrus of the adult mouse hippocampus (Surget et al.,
2008; David et al., 2009).

Other hippocampal subregions may participate to the deleteri-
ous effects of chronic CORT. For instance, CORT-treated animals
also showed decrease in hippocampal CA3 branch points and
total dendritic length in the apical tree that would be causally
related with the learning impairment (Bisagno et al., 2000). This
effect is shared with those of chronic stress procedures, which
have been repeatedly found to produce an atrophy of apical
dendrites of CA3 hippocampal pyramidal neurons (Watanabe
et al., 1992; Magarinos and McEwen, 1995) as well as learning
impairments in hippocampus-dependent tasks.

Cognitive flexibility is altered in anxious-depressed-like mice
Cognitive flexibility is an important executive function involving
the ability to change a previously learned behavior in response to
changes in environmental feedback. Rodents exposed to chronic
stress also show reduced cognitive flexibility in attentional set-
shifting and reversal learning tasks (Cerqueira et al., 2005, 2007;
Bondi et al., 2008), an effect that can be alleviated after acute
or subchronic antidepressant treatments (Bondi et al., 2008;
Nikiforuk and Popik, 2011; Naegeli et al., 2013). In the MWM,
we found similar evidence of loss of cognitive flexibility in our
model. Indeed, CORT-treated animals failed to adapt their behav-
ior to learn the new location of the platform, after switching it
from the target to the opposite quadrant. Interestingly, in a mouse
model of constitutively suppressed adult neurogenesis, the Cyclin
D2 knockout mice, impairment in re-learning in the MWM was
observed (Garthe et al., 2014). Moreover, re-learning the platform
position in an already known general context after goal reversal
could requires pattern separation (Wiskott et al., 2006), a process
that can be stimulated with increased neurogenesis (Sahay et al.,
2011). While this hypothesis was not tested here, we can hypoth-
esize that reduced cognitive flexibility in CORT-treated animals
may be linked to changes in adult hippocampal neurogenesis
observed in this model.

IMPAIRED SHORT-TERM AND LONG-TERM MEMORY IN
ANXIOUS-DEPRESSED-LIKE MICE

There has been a growing awareness that mood disorders are
associated with distinct patterns of cognitive impairments (Clark,
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FIGURE 5 | Chronic corticosterone affects spatial learning performances
and memory in the Barnes maze. Schematic diagram of the of the BM
experimental time course (A). Animals were trained during 4 days to learn
the location of the target box. A first probe trial estimates short-term

memory (Day 5). A second probe trial (recall) estimates long-term memory
(Day 12). During acquisition (Day 1-4), learning was monitored by recording
primary latency during the training sessions (B). During the first probe trial
(Day 5), the target box was removed and the target hole was closed.
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Short-term memory retention was evaluated by measuring the time spent
into the target and the opposite quadrants (C), the primary latency (D) and
the number of visits in the target hole (E). Mice were not trained from
Day 6 to 11. During the recall trial, spatial long-term memory was assessed
by measuring the time spent into the target and the opposite quadrants
(F), the primary latency (G) and the number of visits in the target hole
(H). Values are mean + s.e.m., n= 10-13 animals per group; *p < 0.05;
**p < 0.01 vs. vehicle group.
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2009; Gotlib and Joormann, 2010). In this study, episodic
(NORT), associative (CFC) and visuo-spatial (MWM and BM)
memory were assessed in our model of anxiety-depression
in mice.

HPA axis hyperactivation leads to negative effects on mem-
ory processes (Song et al., 2006; Aisa et al., 2007; Maccari and
Morley-Fletcher, 2007). Specifically, a study demonstrated that
mice submitted to learned helplessness paradigm or chronic mild
stress procedures showed poor water maze performances (Song
et al.,, 2006). Here, we observed that chronic CORT admin-
istration impaired spatial cognitive retention in both mazes.
Moreover, because the BM evaluates cognitive function with
minimal stress to the animal (vs. the MWM), we confirm
that poor performances after chronic glucocorticoid treatment
in both mazes are the result of cognitive impairment, rather
than a possible effect of stress. Memory retention was also
investigated in CORT-treated mice using the NORT. This test
strongly relies on visual recognition memory and is based on
rodent’s exploratory behavior and spontaneous preference for
novel objects (Ennaceur and Delacour, 1988). Notably, this task
has been a model of short-term episodic memory as mice are
able to recognize the familiar object up to a few hours post-
training (Bertaina-Anglade et al., 2006). In our study, CORT-
treated mice had no difficulties to distinguish between the two
objects, but showed an important alteration on short-term mem-
ory characterized by a lower discrimination index compared
to control mice. Non-spatial NORT is commonly described
as a hippocampal-independent task. However, a recent report
proposed that the hippocampus was required in this episodic
short-term memory test (Cohen et al.,, 2013), thus raising the
hypothesis that lower discrimination index of CORT-treated mice
could be attributable to morphologic molecular and cellular
changes in brain processes, especially in neurogenesis adap-
tation. Current studies investigating the relationship between
non-spatial NORT and adult hippocampal neurogenesis led to
conflicting findings: adult hippocampal neurogenesis alteration
is linked either negatively (Jessberger et al., 2009; Cohen et al.,
2013) or positively (Denny et al., 2012; Oury et al., 2013)
to the novel object discrimination. It seems, at least that the
functional integrity of the dentate gyrus is involved in the
non-spatial NORT.

We also investigated long-term memory in the BM 1 week
after the first probe trial, in similar conditions. In this spatial test,
learning behavioral profile in CORT-treated mice makes difficult
to interpret the long-term memory assessment. Although acqui-
sition learning and memory were affected in CORT-treated mice,
they still succeeded to learn the task. Comparing performances
on Day 5 vs. 12 in CORT-treated mice, we showed that these
animals lost their ability to locate the target hole a week after
the last trial. This finding is in a favor of a change in long-term
retention induced by the chronic CORT treatment. Similarities
in long-term behavioral changes were observed in a study per-
formed by El Hage et al. (2006), where mice exposed to a unique
traumatic stress showed spatial disabilities in the radial maze that
persisted beyond a long period, leading to long-term impaired
memory.

TRANSLATIONAL APPLICABILITY OF OUR RESULTS

In humans, common physiological mechanisms involving
hypothalamo-pituitary-adrenal ~ (HPA)  dysfunctions link
stress-induced mood disorders and cognitive impairments. It has
been shown that enhanced HPA axis activity induced adverse
effects on cognitive performances in MDD subjects (Gomez
et al., 2009; Hinkelmann et al., 2009). Substantial evidence shows
that cognitive symptoms affect a large subset of patients with
unipolar depression (for review Marazziti et al., 2010; Trivedi
and Greer, 2014). Specifically, the characteristic cognitive profile
includes impairments in pattern recognition memory, processing
speed, visuo-spatial memory or executive function (McDermott
and Ebmeier, 2009). Visuo-spatial learning deficits are well-
documented through various automated neuropsychological test
battery (Austin et al., 2001; Porter et al., 2003; Egerhazi et al,,
2013). In a recent meta-analysis in early MDD, Lee et al. (2012)
employed data from 644 patients from 13 different studies, and
showed that patients with a first major depressive episode had
significant visual learning impairments compared with healthy
controls. Similarly, a clinical study assessing neuropsychological
functioning showed that major depressive episode patients
displayed spatial working memory alterations (Bourke et al,
2012). Few studies aimed at evaluate the cognitive flexibility in
unipolar subjects. However, several studies showed that major
depression can impair cognitive flexibility (Degl’innocenti et al.,
1998; Deveney and Deldin, 2006; Murphy et al., 2012), an effect
that could persist even after MDD remission (Hasselbalch et al.,
2012).

STUDY LIMITATIONS

The mouse CORT model is a chronic exposure method opti-
mized for use in modeling the persistent anxiety/depression-like
state in rodents. Allowing multiple behavioral tests in the same
animals, the CORT procedure is an etiologically relevant model
of depression that is easily replicable between and within labo-
ratories (Gourley and Taylor, 2009; Mendez-David et al., 2014).
However, it does not fully replicate the core pathology of MDD,
as animals in this model are not facing environmental stres-
sors, or the greater female susceptibility observed in the disease
(Guilloux et al., 2011). Although, it benefits from its reliability
and repeatability compared to standard models of depression.
Indeed, learned helplessness or chronic mild stress (CMS) pro-
cedures are hampered by protocol variability in rodents (Nestler
etal., 2002), probably leading to the low reports of co-occurrence
of anxiety and depression-like behaviors as well as learning-
memory impairments in such a model (Gomez et al., 2013;
Haridas et al., 2013).

CONCLUSION

Our results highlight that altered emotional phenotype after 4
weeks of chronic CORT treatment induced a cognitive deficit that
affects all aspects of learning and memory, especially episodic,
associative and visuo-spatial systems in mice. Because cogni-
tive symptoms have a substantial impact on functional recovery
and disability associated with depression, therapies are needed to
improve or preserve cognition. Future research in this area should
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evaluate potential cognitive properties of antidepressant in mice
under stressful conditions. Considering the controversial results
in the literature about beneficial (Song et al., 2006; Couto et al.,
2012) or detrimental (Gumuslu et al., 2013) effects of chronic
monoaminergic antidepressant drug treatment in cognition, it
will be worth to investigate whether chronic antidepressant
administration ameliorates cognitive performance in the chronic
CORT model. The strong reliability of this animal model of
anxiety/depression (see Mendez-David et al., 2013b, for review)
will certainly allow the dissection of the mechanisms linking
depression, cognitive impairments and antidepressant-treatment
response.
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SUPPLEMENTAL FIGURES

Supplemental Figure 1: Effects of chronic corticosterone treatment on the
anxious/depressed-like phenotype

Effects of a chronic CORT treatment on the anxious/depressed-like phenotype (A) Weekly
measures of mouse body weight during all the protocol showed a greater gain weight in CORT-
treated mice compared to control mice. (B) Chronic CORT treatment induced a significant
alteration of the fur coat state, reflected by an increasing coat state score from week 2 to week 6.
Anxiety, evaluated in the Open Field test, was expressed as (C-D) time spent in the center, in
seconds, for the entire session (C) and also as ambulatory distance in the center, in meters, for the
entire session (D). Depressive-like phenotype assessed in the Splash test was expressed as mean
duration of grooming after receiving a 10% sucrose solution on the snout. (E) Values are mean +

SEM (n=20 animals per group, Cohort 1) *p<0.05; **p<0.01 versus vehicle group.

Supplemental Figure 2: Effects of chronic corticosterone treatment on exploration duration
and locomotor activity in the novel object recognition test.

Effects of chronic CORT treatment on both objects exploration time (A) and ambulatory distance
(B) during training and test sessions. Values are mean £ SEM (n=20 animals per group)

*#p<0.01 versus vehicle group.

Supplemental Figure 3: Effects of a chronic corticosterone treatment on freezing duration
during shock exposure in the one-trial contextual fear conditioning.

The percentage of freezing was measured before and after the shock during Day 1. A one-way
ANOVA with repeated-measures was applied. Values are mean + SEM (n=5-7 animals per

group) **p<0.01 versus before the shock.



Supplemental Figure 4: Effects of a chronic corticosterone treatment on pre-training and
reversal parameters in the Morris water maze.

Latency (A) and distance travelled (B) to reach the visible platform were recorded during the pre-
training phase (Day 0). Relative time spent in the former target quadrant (North) was measured
on Day 8 and Day 9 (C). A survival curve was performed for latency to first cross the platform
during the reversal probe trial in Day 12 (D). Values are mean = SEM (n=15 animals per group)

*#p<0.01 versus vehicle group.

Supplemental Figure 5: Effects of a chronic corticosterone treatment on various learning
parameters and short-term memory retention in the Barnes maze.

Total latency (A), primary errors (B) and total errors (C) were recorded in the Barnes maze as
learning indicators. During the probe trial on Day 5, the number of primary errors was calculated
(D) and the number of visits among all holes of the maze were counted to compare patterns of
distribution (E). Values are mean+ SEM (n=10-13 animals per group) *p<0.05; **p<0.01 versus

vehicle group.



Supplemental Table 1: complete statistical summary analysis for behavioral data
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ANOVA Factor 2 Quadrant F=22.86 1,56 p<0.01
Interaction .
Time in (F1 X F2) F=4.295 1,56 p<0.05
quadrants 4D
(Probe test-Day 5) CORT vs 25% t=8.479 14 p<0.01**
One sample
t-test
Veh vs 25% t=8.971 14 p<0.01**
Latencyto cross
the platform ttest CORT vs Veh F=6.55 28 p<0.05* 4E
(Probe test-Day 5)
Entries in the 4F
platform zone ttest CORT vs Veh F=4.47 28 p<0.05*
(Probe test-Day 5)
One-way Factor 1 Treatment F=11.88 1,84 p<0.01**
Latencyto reach | ANOVA with Factor 2 Time F=18.76 3,84 p<0.01**
the platform repeated Interaction _ .
Mmeasures (F1 X F2) F=6.32 3,84 p<0.01 4G
(Reversal) PLSD CORT vs Veh <0.01**
Post-hoc test (Day 2 to Day 4) p=b.
Factor 1 Treatment F=1.95 1,84 p>0.1
One-way
ANOVA with Factor 2 Time F=34.78 3,84 p<0.01**
repeated
measures
Total distance Interaction _ .
(Reversal) (F1 X F2) F=7.49 3,84 p<0.01
4H
o
PLSD
Post-hoc test CORT vs Veh <001
(Day 11) p=o.
Total distance
during probe Ltest CORT vs Veh F=3.613 1,28 p>0.05
test-Day 12
Time in
quadrants Two-way Factor 1 Treatment F=1.76 1,56 p>0.05 al
(Probe test-Day ANOVA
12) Factor 2 Quadrant F=23.27 1,56 p<0.01**




Interaction F=5.97 1,56 p<0.01**
(F1 X F2)
PLSD CORT vs Veh *
Post-hoc test (Target quadrant) p<0.05
CORT vs 25% t=1.086 14 p>0.2
One sample
Ltest
Veh vs25% t=4.496 14 p<0.01**
Latencyto cross
the platform 3 _ *x
(Probe test- ttest CORT vs Veh F=11.96 28 p<0.01 4J
Day 12)
Entries in the
platiorm zone test CORT vs Veh F=5.15 28 p<0.05* | 4K
(Probe test-
Day 12)
Latencyto reach
the visible ttest CORT vs Veh F=0.386 28 p>0.5 S4A
platform
Distance to
reach the visible ttest CORT vs Veh F=0.569 28 p>0.1 S4B
platform
Factor 1 Treatment F=4.963 1,56 p<0.05*
One-way
repeated
measures Factor 2 Time F=2.946 1,56 p>0.5
ANOVA
Interaction _
(F1 X F2) F=1.327 1,56 p>0.5
. , PLSD CORT vs Veh . | S4C
Time spentin Post-hoc test (Day 9) p<0.05
former target
quadrant (North)
CORT vs 25% _ *
(Day 8) t=2.658 14 p<0.05
One sample Veh vs 25% _ *
ttest (Day 8) t=2.301 14 p<0.05
CORT vs 25% _ *
(Day 9) t=2.379 14 p<0.05
Latencyto cross
the platform Mantel-Cox Kaplan-Meier .
(Probe test- test Survival analysis p<0.01 S4D
Day 12)
One-way Factor 1 Treatment F=13.74 1,60 p<0.01**
repeated Factor 2 Time F=26.69 3,60 p<0.01**
measures Interaction
ANOVA (F1 X F2) F=0.60 3,60 p>0.6
Barnes maze | Primarylatency CORT vs Veh 5B
p<0.05*
(Day 2)
PLSD
Post-hoc test
CORT vs Veh p<0.01**

(Day 3, Day 4)




Factor 1 Treatment F=0.73 1,42 p>0.05
Two-way
ANOVA Factor 2 Quadrant F=1570 742 5<0.0T™
Interaction _ o
(F1 X F2) F=19.41 1,42 p<0.01
: ; CORT vs Veh *
ql—ggfalr?ts PLSD (Opposite quadrant) p<0.05 5C
Post-hoc test CORT vs Veh .
(Day 5 probe test) (Target quadrant) p<0.01
CORT vs 25% t=4.79 12 p<0.01**
One sample
ttest
Veh vs25% t=10.26 9 p<0.01**
Primary latency _ *x
(Day 5 probe trial) ttest CORT vs Veh F=11.31 21 p<0.01 5D
Visits of the
target hole Htest CORT vs Veh F=25.81 21 p<0.01** 5E
(Day 5 probe trial)
Factor 1 Treatment F=0.57 1,42 p>0.05
Two-way Factor 2 Quadrant F=53.67 1,42 p<0.01**
ANOVA
Interaction _ -
. . (F1 X F2) F=9.43 1,42 p<0.01
ime in
quadrants 5F
(Day 12 probe
trial) PLSD CORT vs Veh
Post-hoc test (Target, opposite p<0.05*
quadrant)
One sample CORT vs 25% t=1.76 12 0<0.01**
ttest
Veh vs 25% t=6.81 9 p<0.01**
Primary latency
(Day 12 probe Ltest CORT vs Veh t=5.05 21 p<0.05* 5G
trial)
Visits of the
target hole 3 — *x
(Day 12 probe ttest CORT vs Veh t=23.69 21 p<0.01 5H
trial)
One-way Factor 1 Treatment F=16.21 1,60 p<0.01**
ANOVA with Factor 2 Time F=15.81 3,60 p<0.01**
Total latency repeated Interaction _ .
(Acquisition) measures (F1 X F2) F=3.59 360 p<0.05 S5A
PLSD CORT vs Veh <0.01**
Post-hoc test | (Day 2, Day 3, Day 4) p=F-
One-way Factor 1 Treatment F=46.48 1,60 p<0.01**
ANOVA with Factor 2 Time F=3.94 3,60 p<0.05*
. repeated Interaction _
Primary errors measures (F1 X F2) F=0.59 3,60 p>0.6 S5B
PLSD CORT vs Veh p<005*

(Day 1)




Post-hoc test

CORT vs Veh

(Day 2, Day 3, Day 4) p<0.01
One-way Factor 1 Treatment F=22.50 1,60 p<0.01**
ANOVA with Factor 2 Time F=2.96 3,60 p<0.05*
repeated Interaction _ *x
Total errors measures (F1 X F2) F=5.00 3,60 p<0.01 S5C
PLSD CORT vs Veh <0.01**
Post-hoc test | (Day 2, Day 3, Day 4) p<u.
Primary errors ] - o
(Day 5 probe trial) test CORT vs Veh F=8.95 21 p<0.01 S5D
Factor 1 Treatment F=25.9 1,42 p<0.01**
Two-way Factor 2 Hole F=32.46 19,42 p<0.01**
ANOVA
Interaction
F=10.22 19,42 <0.01**
Visits (F1 X F2) P sse
distribution
CORT vs Veh .
(Target hole, +8 hole) p<0.01
PLSD
Post-hoc test CORT vs Veh
(Opposite hole, - p<0.05*
1/+1/+9 holes)
One-way Factor 1 Treatment F=7.83 1,19 p<0.01**
ANOVA with Factor 2 Time F=181.79 5,19 p<0.01**
ol I e I
Weight Weight gain S1A
CORT vs Veh, <0.05*
PLSD Week 4 p=v.
Post-hoc test CORT vs Veh, <0.01**
Week 5 and 6 p=>.
One-way Factor 1 Treatment F=108.10 1,19 p<0.01**
ANOVA with Factor 2 Time F=109.36 5,19 p<0.01**
repeated Interaction _ o
measures (F1 X F2) F=16.47 5,19 p<0.01
Coat state Score S1B
PLSD CORT vs Veh <0.01**
Post-hoc test | (Week 2 to week 6) =L
Time in center LHest CORT vs Veh F=5.61 1,38 p<0.05* S1C
Open Field
Ambulatory ttest Factor treatment F=2.78 138 p>01 | S1D
distance
Grooming _ ox
Splash test duration ttest CORT vs Veh F=18.63 1,38 p<0.01 S1E

Legend: CORT: corticosterone; Veh: Vehicle
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Figure S3
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Figure S4
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Résultats expérimentaux

Commentaires sur Article 1 :

L’ensemble de ces résultats suggére qu’une souris développant un phénotype anxio/dépressif, suite
a I'exposition prolongée a une faible dose de corticostérone exogéne, présente un déficit cognitif
global, incluant une altération de la mémaoire de type épisodique, une dégradation des performances

spatiales dont la capacité de flexibilité mentale et une diminution de la mémoire associative.

D’autre part, si I'efficacité d’un traitement chronique par la fluoxetine pour restaurer le phénotype
anxio/dépressif n’est plus a démontrer, ses activités sur les performances cognitives n’ont a ce jour

pas encore évaluées dans ce modeéle animal d’anxiété/dépression.

A l'inverse, l'efficacité des agonistes du récepteur 5-HT, dans les troubles cognitifs n’est plus a
prouver. Mais si de nombreuses études ont évalué I'activité pro-cognitive et de type antidépressive
des agonistes du récepteur 5-HT, chez des animaux naifs, aucune n’a a ce jour examiné leur activité

dans un modele d’anxiété/dépression.
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Résultats expérimentaux

ARTICLE 2: Rapid anxiolytic effects of a 5-HT, receptor agonist are mediated
by a neurogenesis-independent mechanism

Indira Mendez-David, Denis J David, Flavie Darcet, Melody V Wu, Saadia Kerdine-Rémer, Alain M
Gardier, René Hen

Publié dans Neuropsychopharmacology, Nov 28. doi: 10.1038/npp.2013.332 (2014)

Question posée :
Une administration subchronique et chronique d’un agoniste du récepteur 5-HT,, le RS67333, est-
elle capable de restaurer le phénotype anxio/dépressif induit par I'exposition prolongée de

corticostérone ?

Résumé de I'étude :

Les inhibiteurs sélectifs de recapture de sérotonine (ISRSs) sont les médicaments les plus prescrits
dans le traitement de la dépression caractérisée. Malheureusement, I'apparition des effets
thérapeutiques des ISRSs est souvent retardée de 3 a 6 semaines aprés le début du traitement.
D’autre part, seulement un tiers des patients ne répondent pas au traitement initialement prescrit.
Ces problématiques accentuent la nécessité d’identifier des antidépresseurs agissant plus
rapidement et qui soient plus efficace (Samuels et al., 2011). Il a été proposé que les agonistes du
récepteurs 5-HT, tel que le RS67333 pourraient étre un élément intéressant dans le traitement de la
dépression (Lucas, 2009; Lucas et al., 2005; Lucas and Debonnel, 2002; Lucas et al., 2010; Lucas et al.,
2007). Alors qu’un grand nombre d’études ont évalué I'activité de type antidépressive des agonistes
des récepteurs 5-HT, chez des souris naives, aucune n’a a ce jour examiné leur activité dans un
modeéle d’anxiété/dépression. Dans cette étude, nous avons donc examiné si l'activation du
récepteur 5-HT, par un agoniste, le RS67333, pouvait corriger le phénotype « anxio/dépressif » induit
par le modeéle CORT chez les souris. Enfin, en utilisant ce méme modeéle d’anxiété/dépression
combiné a une ablation de la neurogenese hippocampique par irradiation, nous avons déterminé si
I’action de type anxiolytique et antidépressive du RS67333 aprés 7 et 28 jours de traitement recrutait

un mécanisme dépendant de la neurogenése hippocampique.
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Contribution personnelle :

Au cours de ce travail :

231

Jai participé au suivi des animaux incluant la préparation et administration des différents
traitements pharmacologiques (traitement par la CORT et par la fluoxetine, préparation et

implantation des mini-pompes pour RS67333 et GR125487).

Jai participé a I'ensemble des tests comportementaux pour la cohorte des animaux traités

par la corticostérone.

Jai participé aux analyses immunohistochimiques des étapes de la neurogenése
hippocampique depuis la perfusion, le prélevement et la coupe des cerveaux jusqu’aux

marquages des cellules.

J'ai participé a la rédaction des données statistiques de I'article.
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Rapid Anxiolytic Effects of a 5-HT4 Receptor Agonist Are
Mediated by a Neurogenesis-Independent Mechanism

Alain M Gardier' and René Hen*?3

Indira Mendez-David"s, Denis ) David"s, Flavie Darcet', Melody V Wuz’3, Saadia Kerdine-R6mer4,

'Univ Paris Sud, EA3544, Facult€ de Pharmacie, Chdtenay-Malabry, France; 2Depar’cmemis of Neuroscience and Psychiatry, Columbia University,
New York, NY, USA; *Department of Integrative Neuroscience, New York State Psychiatric Institute, New York, NY, USA; *Univ Paris Sud,
INSERM UMR 996, Faculté de Pharmacie, Chdtenay-Malabry, France

INTRODUCTION

Selective serotonin reuptake inhibitors (SSRIs) are the most
commonly prescribed drugs for the treatment of depression
and several anxiety disorders. Unfortunately, the onset of
action of SSRIs is often delayed by 3-6 weeks (Artigas,
2013). The existence of this delayed action combined with
the fact that one-third of patients do not respond to
treatment emphasizes the need for faster acting and more
effective antidepressants (Samuels et al, 2011).

It has been proposed that 5-HT, receptor agonists such as
RS67333 may bring new hope for treating depression
(Lucas, 2009; Lucas et al, 2005; Lucas and Debonnel, 2002;
Lucas et al, 2010; Lucas et al, 2007). Indeed, administration
of 5-HT, agonists induced similar molecular and behavioral
changes as common antidepressants in rodents (Bockaert

*Correspondence: Professor René Hen, Departments of Neuroscience
and Psychiatry, Columbia University, New York, NY 10032, USA, Tel:
+1 212 543 5328, Fax: +1 212 543 5074, E-mail: rh95@columbia.edu
*These authors contributed equally to this work.

Received 6 September 2013; revised |6 November 2013; accepted 20
November 201 3; accepted article preview online 28 November 2013

Keywords: 5-HT, receptor; anxiolytic; neurogenesis; fast onset

Selective serotonin reuptake inhibitors (SSRIs) display a delayed onset of action of several weeks. Past work in naive rats showed that 5-
HT4 receptor agonists had rapid effects on depression-related behaviors and on hippocampal neurogenesis. We decided to investigate
whether 5-HT4 receptor stimulation was necessary for the effects of SSRIs in a mouse model of anxiety/depression, and whether
hippocampal neurogenesis contributed to these effects. Using the mouse corticosterone model of anxiety/depression, we assessed
whether chronic treatment with a 5-HT4 receptor agonist (RS67333, |.5 mg/kg/day) had effects on anxiety- and depression-related
behaviors, as well as on hippocampal neurogenesis in comparison with chronic fluoxetine treatment (18 mg/kg/day). Then, using our
anxiety/depression model combined with ablation of hippocampal neurogenesis, we investigated whether neurogenesis was necessary
for the behavioral effects of subchronic (7 days) or chronic (28 days) RS67333 treatment. We also assessed whether a 5-HT4 receptor
antagonist (GR125487, | mg/kg/day) could prevent the behavioral and neurogenic effects of fluoxetine. Chronic treatment with
RS67333, similar to fluoxetine, induced anxiolytic/antidepressant-like activity and stimulated adult hippocampal neurogenesis, specifically
facilitating maturation of newborn neurons. However, unlike fluoxetine, anxiolytic effects of RS67333 were already present after 7 days
and did not require hippocampal neurogenesis. Chronic treatment with GR125487 prevented both anxiolytic/antidepressant-like and
neurogenic effects of fluoxetine, indicating that 5-HT,4 receptor activation is necessary for these effects of SSRIs. 5-HT,4 receptor
stimulation could represent an innovative and rapid onset therapeutic approach to treat depression with comorbid anxiety.
Neuropsychopharmacology advance online publication, 22 January 2014; doi:10.1038/npp.2013.332

et al, 2008; Lucas et al, 2007; Pascual-Brazo et al, 2012).
Depressed-like state in the olfactory bulbectomy or chronic
mild stress model was completely abolished after 10-14
days of RS67333 treatment in rats, suggesting a more rapid
response mechanism in comparison with classical anti-
depressants (Lucas et al, 2007). A positive behavioral
response in the Novelty-Suppressed Feeding (NSF) test in
rat, a complete reversion of anhedonic-like state (sucrose
consumption), and an increase in swimming behavior in
defeated mice in the forced swim test were also observed
after a short period of RS67333 treatment (Gomez-Lazaro
et al, 2012; Pascual-Brazo et al, 2012). In addition to
behavioral data, and in agreement with a previous report
from Lucas et al (2007), a recent study performed in naive
rats confirmed that a short period of treatment with
RS67333 increased the number of newborn cells in the
dentate gyrus (DG) (Pascual-Brazo et al, 2012). These
results are interesting because hippocampal neurogenesis
has been implicated in some of the behavioral effects of
antidepressants in adult rodents (David et al, 2009;
Santarelli et al, 2003). However, no direct evidence has yet
linked the antidepressant-like effects of 5-HT, receptor
activation and its neurogenic effects. Finally, it has been
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suggested that SSRIs and 5-HT, receptor agonists share
common mechanisms of action. Indeed, the 5-HT, receptor
agonist, RS67333, augmented the acute effect of paroxetine
on extracellular 5-HT levels in rat ventral hippocampus, and
after only 3 days of administration it increased basal
hippocampal 5-HT levels (Licht et al, 2010). The coadmi-
nistration of the SSRI citalopram and RS67333 strongly
potentiated the antidepressant-like properties of the latter
in several electrophysiological, molecular, and behavioral
paradigms (Lucas et al, 2010).

Although a number of studies have assessed the anti-
depressant-like activity of 5-HT, receptor agonists, none
have so far evaluated their anxiolytic-like profile. It is
noteworthy that some SSRIs are often prescribed for the
treatment of anxiety disorders (Burghardt and Bauer, 2013).
Anxiety disorders have a lifetime prevalence of over 25%,
thus making them the most common psychiatric disorders
(Kheirbek et al, 2012). Moreover, a comorbidity between
depression and anxiety disorders is commonly observed.
Thus, this study aimed to investigate both antidepressant
and anxiolytic-like effects of either subchronic or chronic
administration of a 5-HT, receptor agonist in a model of
anxiety/depression based on the elevation of glucocorticoids
in mice (CORT model) (David et al, 2009). Standard models
of depression that rely on environmental stress manipula-
tions such as learned helplessness or the chronic mild stress
are hampered by protocol variability and reported difficul-
ties in replication, thus highlighted the need for a reliable,
easily replicable depression model (Nestler et al, 2002). The
corticosterone model is a chronic exposure method opti-
mized for use in modeling the persistent anxiety/depression-
like state in rodents, allowing for multiple behavioral tests in
the same animals using an etiologically relevant model of
depression that is easily replicable between and within
laboratories (David et al, 2009; David et al, 2010; Gould,
2011; Mendez-David et al, 2013).

We also assessed whether chronic 5-HT, receptor
stimulation can affect proliferation of newborn cells and
maturation of newborn neurons. Finally, using our mouse
model of anxiety/depression combined with ablation of
hippocampal neurogenesis by X-irradiation, we assessed
whether the anxiolytic/antidepressant action of RS67333
after 7 and 28 days of treatment recruits a neurogenesis-
dependent mechanism.

MATERIALS AND METHODS
Subjects

Adult male C57BL/6Ntac mice were purchased from
Taconic Farms (Lille Skensved, Denmark and Germantown,
NY, USA for the pharmacological and the X-irradiation
studies, respectively). All mice were 7-8 weeks old, weighed
23-25g at the beginning of the treatment, and were
maintained on a 12L:12D schedule (lights on at 0600
hours). They were housed in groups of five. Food and water
were provided ad libitum. All testing was conducted in
compliance with the laboratory animal care guidelines and
with protocols approved by the Institutional Animal Care
and Use Committee (Council directive no. 87-848, October
19, 1987, Ministere de I’Agriculture et de la Forét, Service

Neuropsychopharmacology

Vétérinaire de la Santé et de la Protection Animale,
permissions no. 92-256B to D]D).

Drugs

Corticosterone [4-pregnen-11b-DIOL-3 20-DIONE 21-hemi-
succinate (35pg/ml)] purchased from Sigma-Aldrich (Saint-
Quentin Fallavier, France) was dissolved in a vehicle (0.45%
hydroxypropyl-f-cyclodextrin (f-CD); Sigma-Aldrich). Fluo-
xetine hydrochloride (160 pg/ml, equivalent to 18 mg/kg/day)
was purchased from Anawa Trading, (Zurich, Switzerland)
and dissolved in 0.45% f-CD/corticosterone solution. 1-(4-
amino-5-chloro-2-methoxyphenyl)-3-(1-butyl-4piperidinyl)-
1-propanone hydrochloride (RS67333), and 5-Fluoro-2-
methoxy-[1-[2-[(methylsulfonyl) amino]ethyl]-4-piperidi-
nyl]-1H-indole-3-methylcarboxylate sulfamate (GR125487)
were purchased from Tocris Bioscience (Bristol, UK) and
dissolved in 0.9% saline solution. RS67333 and GR125487
were chosen based on previous work (Cachard-Chastel et al,
2007; Lucas et al, 2007).

RS67333 shows high-binding affinity for the 5-HT,
receptor with a pKi of 8.7 (Bockaert et al, 2004; Eglen
et al, 1995). Except for the sigma receptors, which are
bound at affinities comparable to 5-HT, (sigma 1: pKi=8.9
and sigma 2: pKi=_8.0), RS67333 has a pKi of <6.7 for
other neurotransmitter receptors including 5-HT 4, 5-HT)p,
5-HT,4, 5-HT,c, dopamine D;, D,, and muscarinic M;-M;
receptors. However, little is known about the function of
sigma receptors’.

GR125487 is the most selective 5-HT, receptor antagonist
with a pKi=10.6 (Schiavi et al, 1994), presenting a
selectivity more than 1000-fold over other 5-HT receptor
(Gale et al, 1994). The dose of RS67333 and GR125487 used
in this study were chosen based on previous works
(Cachard-Chastel et al, 2007; Lucas et al, 2007).

Corticosterone Model and Treatment

Our model of elevated glucocorticoids (also named CORT
model) is able to blunt the response of the hypothalamic-
pituitary-adrenal axis as shown by the markedly attenuated
stress-induced corticosterone levels observed in these mice
(David et al, 2009). This is probably a consequence of the
negative feedback exerted by corticosterone on the
hypothalamic-pituitary-adrenal axis. This model displays
hallmark characteristics of anxiety and depression.

The dose and duration of corticosterone treatment was
selected based on previous studies (David et al, 2009; Rainer
et al, 2011). Corticosterone (35 pg/ml, equivalent to about
5mg/kg/day) or vehicle (0.45% [-CD) was available ad
libitum in the drinking water in opaque bottles to protect it
from light. Corticosterone-treated water was changed every
3 days in order to prevent any possible degradation.
Thereafter, while administration with $-CD or corticoster-
one continued, mice were treated with vehicle (0.45% f[-
CD), fluoxetine, RS67333, GR125487 alone, or GR125487 in
the presence of fluoxetine (Supplementary Figure 1). Both
RS67333 and GR125487 were delivered by osmotic mini-
pumps at a dose of 1.5mg/kg/day and 1mg/kg/day,
respectively (Lucas et al, 2005). Fluoxetine (18 mg/kg/day)
was delivered in the drinking water as previously described
(David et al, 2009). Osmotic minipumps (42 days minipumps,



2006 model, Alzet, Cupertino, CA) were implanted sub-
cutaneously under light anesthesia (ketamine/xylazine;
(75/20 mg/kg) from Sigma-Aldrich. Control animals (vehi-
cle/vehicle or corticosterone/vehicle groups) were also
implanted with a minipump containing 0.9% saline (2006
model, Alzet). Treatment was always maintained until the
end of the experiments. Corticosterone and fluoxetine
dosages were calculated assuming an average fluid intake
of about 5ml/day (David et al, 2009).

Behavioral Tests

The same cohort of animals was tested in five different
behavioral models of anxiety and depression. Each animal,
over a week, was successively tested in the Open Field (OF),
Elevated Plus Maze (EPM), NSF, Splash Test (ST), and Tail
Suspension Test (Supplementary Material). Behavioral test-
ing occurred during the light phase between 0700 and 1900
hours. Behavioral paradigms occurred after 7 or 28 days of
drug treatment depending on the study (Supplementary
Figure S1A and S1B).

Immunohistochemistry

The effects of chronic RS67333 treatment on cell prolifera-
tion or maturation of newborn neurons was assessed in
corticosterone-treated animals. After anesthesia with keta-
mine and xylazine (100mg/ml ketamine and 20 mg/ml
xylazine), mice were perfused transcardially (cold saline for
2 min, followed by 4% cold paraformaldehyde at 4 °C). The
brains were then removed and cryoprotected in 30%
sucrose and stored at 4°C. Serial sections (35um) were
cryosectioned through the entire hippocampus and stored
in PBS with 0.1% NaN.

Proliferation of newborn cells. We first looked at
proliferation of newborn cells using Ki-67 immunohisto-
chemistry as described previously (Xia et al, 2012). Sections
were washed in PBS, blocked (PBS containing 0.3% Triton
X-100 and 10% normal donkey serum (NDS)), and incubated
with primary antibody overnight at 4 °C (Ki67 rabbit, 1:100,
Vector, Burlingame, CA). Following washes in PBS, sections
were incubated with fluorescence-coupled rabbit secondary
antibody (Jackson ImmunoResearch, Beckman, France).
Stereological quantification of Ki-67 labeling was performed
using an Olympus BX51 microscope (Germany).

Maturation of newborn neurons. For doublecortin
(DCX) staining, the procedure consisted of the following
steps: 1h incubation in 0.1 M TBS with 0.5% Triton X-100
and 10% NDS, followed by goat anti-DCX primary antibody
(1:100) in TBS/Tx/NDS for 24h at 4°C. Biotinylated
secondary donkey anti-goat antibody (1:500) in TBS/NDS
for 1h at room temperature was used, followed by a 1h
amplification step using an avidin-biotin complex (Vector).
The immunohistochemistry protocol was adapted from
David et al (2009). DCX-positive (DCX™") cells were
subcategorized according to their dendritic morphology:
DCX ™ cells without and DCX ™ cells with tertiary (or higher
order) dendrites. The maturation index was defined as the
ratio of DCX ™ cells possessing tertiary dendrites to the total
number of DCX ™ cells.
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Sholl analysis. Sholl analysis was performed as described
elsewhere (Guilloux et al, 2013). DCX * cells with tertiary or
higher order dendrites were traced using Neurolucida
software (MicroBrightField, Williston, VT) on an Olympus
BX51 microscope equipped with a motorized stage device
and x 100 immersion oil objective. Sholl analysis for
dendritic complexity was performed using the accompany-
ing software (NeuroExplorer; MicroBrightField, version 10)
to determine dendritic len§th and number of intersections
(branch points). One DCX™ cell was traced for each 35-um
hippocampal slice; n=6 cells/brain for DAB-stained
sections).

X-irradiation

A separate batch of mice were anesthetized with ketamine
and xylazine (75/20 mg/kg), placed in a stereotaxic frame,
and exposed to cranial irradiation using a PXI X-RAD 320
X-ray system operated at 300 kV and 12 mA with a 2-mm Al
filter. Animals were protected with a lead shield that
covered the entire body, but left unshielded a 3.22 x 11-mm
treatment field above the hippocampus (interaural 3.00 mm
to 0.00 mm) exposed to X-ray, thus effectively preventing
irradiation from targeting the rest of the brain (Santarelli
et al, 2003). The corrected dose rate was ~0.95 Gy/min at a
source to skin distance of 36 cm. The procedure lasted for
2min and 39s, delivering a total of 2.5Gy. Three 2.5Gy
doses were delivered on days 1, 4, and 7 as previously
described (Quesseveur et al, 2013). This 7.5 Gy cumulative
dose was determined from prior pilot experiments to be the
minimum dosage necessary to result in permanent ablation
of adult-born neurons in the DG as assessed by expression
of the immature neuronal marker DCX. The reason for
using a fractionated paradigm rather than a single high dose
of 7.5Gy is that the ablation is not permanent after a
single high dose. Histological staining for CD68 as a marker
of inflammation throughout the brain revealed that
irradiated mice were indistinguishable from sham
animals 8 weeks post irradiation, indicating minimal
nonspecific side effects of irradiation at time of behavioral
testing (Meshi et al, 2006). Immunohistochemistry con-
firmed the ablation of adult hippocampal neurogenesis
(Supplementary Figure 4).

Data Analysis and Statistics

Results from data analyses were expressed as mean + SEM.
Data were analyzed using StatView 5.0 software (SAS
Institute, Cary, NC). For all experiments, one-way or two-
way ANOVAs with repeated measures were applied to the
data as appropriate. Significant main effects and/or inter-
actions were followed by Fisher’s PLSD post hoc analysis,
unpaired t-tests. In the NSF test, we used the Kaplan-Meier
survival analysis owing to the lack of normal distribution of
the data. Mantel-Cox log rank test was used to evaluate
differences between experimental groups. Statistical sig-
nificance was set at p<0.05. A summary of statistical
measures is included in Supplementary Tables S1-S6,
available online.
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RESULTS

5-HT, Receptor Stimulation Produces Anxiolytic-Like
and Antidepressant-Like Effects in a Model of Anxiety/
Depression

To induce an anxious/depressed-like state in C57BL/6Ntac
mice, we administered a low dose of corticosterone (35 pig/
ml) for 4 weeks as described in David et al (2009) (‘CORT
model’). After chronic corticosterone, we tested the effects
of a 4-week treatment with the 5-HT, agonist RS67333
(1.5 mg/kg/day) in comparison with fluoxetine (18 mg/kg/
day). To assess the selectivity of these effects, we also tested
whether the 5-HT, antagonist GR125487 (1 mg/kg/day),
alone or in combination with fluoxetine, affected the
behavioral = phenotype (see  experimental design,
Supplementary Figure S1). In the OF, the anxiety-like
phenotype induced by chronic corticosterone was reversed
by chronic fluoxetine and by the 5-HT, agonist RS67333
(one-way ANOVA, *p<0.05, Figure la). Indeed, chronic
fluoxetine and RS67333 treatment increased time spent in
the center (Figure la). A trend for an increase in the
number of entries in the center was also observed with both
compounds (Supplementary Figures S2A and B). It is
unlikely that this effect was the consequence of a change in
locomotor activity, as the total ambulatory distance was not
affected and the ratio of ambulatory distance in the center
divided by total distance was increased for both treatments
(one-way ANOVA, *p<0.05, Figure 1b). Interestingly,
while the 5-HT, antagonist GR125487 by itself did not
affect any anxiety parameters, it prevented fluoxetine-
induced anxiolytic-like effects. Indeed, the fluoxetine-
induced increase in time spent in the center was prevented
by chronic GR125487 administration. These data indicate
that 5-HT, stimulation induces an anxiolytic-like effect and
is necessary for the anxiolytic effect of chronic fluoxetine
treatment.

To further validate these results, we next tested the effects
of RS67333 and fluoxetine alone or in the presence of
GR125487 in the same animals in another anxiety-related
test, the EPM. We found that chronic RS67333 and
fluoxetine induced a trend for an increase in time spent in
and number of entries into the open arms, (Figure 1c and
d). This anxiolytic-like effect of fluoxetine was completely
abolished by treatment with the 5-HT, antagonist,
GR125487.

We next assessed whether chronic treatment with the 5-
HT, agonist RS67333 could also produce antidepressant-
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like effects. Thus, the same mice were tested in the ST and
the tail suspension test. We observed that after squirting a
10% sucrose solution on the mouse’s snout, increased
grooming duration was observed in both the fluoxetine and
the RS67333 groups (one-way ANOVA, **p<0.01,
Figure le). Chronic treatment with the 5-HT, antagonist
GR125487 prevented the antidepressant-like activity of
chronic fluoxetine. Similarly, in the tail suspension test,
both fluoxetine and RS67333 had antidepressant-like effects
and these effects of fluoxetine were blocked by GR125487
(one-way ANOVA, **p <0.01; Figure 1f).

Finally, we tested these mice in the NSF test that is
sensitive to both acute anxiolytics and chronic antidepres-
sants (Guilloux et al, 2013) (Figure 1g and h). Similar to
chronic fluoxetine, chronic RS67333 decreased the latency
to feed (Kaplan-Meier survival analysis, Mantel-Cox log
rank test, **p<0.01) without affecting the home-cage food
consumption (Supplementary Figure S2C). Chronic treat-
ment with the 5-HT, antagonist (GR125487) prevented the
effect of fluoxetine. Altogether, these data indicate that
5-HT, receptor activation produces both anxiolytic-like and
antidepressant-like effects comparable to those of fluoxetine
in the chronic corticosterone model of anxiety/depression.
Furthermore, we show that 5-HT, activation is necessary for
the anxiolytic and antidepressant effects of fluoxetine in this
model.

5-HT, Receptor Activation Facilitates the Maturation of
Newborn Neurons in the Adult Hippocampus

To investigate the potential cellular mechanisms underlying
the behavioral effects of the 5-HT, agonist RS67333, we
next evaluated changes in adult hippocampal neurogenesis
that may be relevant to antidepressant action (Surget et al,
2011).

In agreement with previous observations (David et al,
2009; Rainer et al, 2011), chronic fluoxetine exposure
resulted in an increase in the number of dividing neural
precursors as assessed by the number of Ki67-positive cells
in the subgranular zone of the DG (one-way ANOVA,
*p<0.05, Figure 2a). The 5-HT, agonist, RS67333, also
increased the number of neural precursors, but to a lesser
extent than fluoxetine (+51% vs +170%). The 5-HT,
antagonist partially blocked the effect of chronic fluoxetine.
These results suggest that 5-HT, receptors contribute to the
effects of fluoxetine on proliferation, but that other 5-HT
receptors are likely to be also involved.

<
Figure |

Effects of chronic 5-HT4 receptor stimulation (28 days) on the anxious/depressed-like phenotype induced by chronic corticosterone exposure.

(a and b) Effects of chronic treatment with 5-HT} ligands or fluoxetine, starting after 4 weeks of corticosterone (35 pg/ml), on anxiety behaviors in the open
field (OF) test. Anxiety is measured as mean time spent in the center in seconds (a) or the ratio of ambulatory distance in the center/total ambulatory
distance (b). Values plotted are mean + SEM (n= 10—15/group). *p <0.05, **p <0.01 vs corticosterone/vehicle group. (c and d) Effects of chronic treatment
with 5-HT} ligands or fluoxetine, starting after 4 weeks of corticosterone (35 pg/ml), on anxiety behaviors in the elevated plus maze (EPM). Anxiety is
expressed as mean time in (c) or entries into (d) the open arms. Values plotted are mean  SEM (n = 10—15/group). (e) Effect of chronic treatment with 5-
HT,4 ligands or fluoxetine on corticosterone-induced depression-related behaviors in the splash test (ST). Results are expressed as mean duration of
grooming after receiving a 10% sucrose solution on the snout. Values plotted are mean # SEM (n = 10—15/group). **p <0.01, **p<0.01 vs corticosterone/
vehicle group and corticosterone/fluoxetine group, respectively. (f) Effect of chronic treatment with 5-HT ligands or fluoxetine in the tail suspension test
following chronic corticosterone. Results are expressed as mean of immobility duration in seconds. Values plotted are mean = SEM (n= 10—15/group).
#p <001, *p <001 vs corticosterone/vehicle group and corticosterone/fluoxetine group, respectively. (g and h) Effects of chronic treatment with 5-HT4
ligands or fluoxetine on anxiety- and depression-like behaviors in the novelty-suppressed feeding (NSF) paradigm after chronic corticosterone. Values
plotted are cumulative survival of animals that have not eaten over |0 min (n= 10-15/group) (g) or mean of latency to feed in seconds+ SEM (h).
#p <001, ##p< 001 vs corticosterone/vehicle group and corticosterone/fluoxetine group, respectively.
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We next assessed the number of young adult-born neurons
in the DG that express DCX, a protein that is expressed for
about a month after the birth of adult-born neurons
(Couillard-Despres et al, 2005) (Supplementary Figure S3).
We also subcategorized the DCX ' cells according to their
dendritic morphology: total number of DCX™ cells and
DCX ™ cells with complex, tertiary dendrites (Figure 2b-g).
As previously described, chronic fluoxetine increased the
number of DCX ™" cells with tertiary dendrites and the
maturation index, defined as the ratio of DCX™ cells
possessing tertiary dendrites over the total DCX ™ cells in
control animals (David et al, 2009) (one-way ANOVA,
**p <0.01, Figure 2b-d). Chronic treatment with RS67333
affected modestly both the total number of DCX " cells and
also the number of DCX cells with tertiary dendrites.

The 5-HT, antagonist, GR125487, partially blocked the
neurogenic effects of fluoxetine. However, while the effects
of chronic fluoxetine on the number of DCX " cells with
tertiary dendrites are larger than those of chronic 5-HT,
receptor activation, the effect of these compounds on the
maturation index is similar ( +51% and 44% for fluoxetine
and RS67333, respectively).

The dendrites of adult-born granule cells become
progressively more complex during the first 4 weeks after
their birth, a stage when the cells express DCX (Couillard-
Despres et al, 2005). To further examine the effect of 5-HT,
receptor activation on the dendritic morphology of new-
born cells, we performed Sholl analyses on DCX ™ cells with
tertiary dendrites. DCX * cells in chronic fluoxetine-treated
and RS67333-treated animals displayed an increase in
dendritic length (one-way ANOVA, **p<0.01; Figure 2e
and f) and in number of dendritic intersections (one-way
ANOVA, **p<0.01; Figure 2e and g). Fluoxetine-induced
increase in dendritic complexity was abolished by a chronic
treatment with the 5-HT, antagonist, GR125487.

Overall, these results suggest that 5-HT, receptor activa-
tion facilitates the maturation of newborn neurons in the
adult hippocampus.

An Assessment of Causality Between the Neurogenic
and Behavioral Effects of Short- and Long-Term
Treatments with the 5-HT, Agonist in the Chronic
CORT Model

As we have shown that long-term 5-HT, activation induced
anxiolytic/antidepressant-like effects and facilitated matura-
tion of newborn neurons, we decided to test the require-
ment of hippocampal neurogenesis for the emergence of
behavioral changes after 5-HT, receptor activation in our

<
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CORT model. Moreover, a recent study in rats reported that
the behavioral and neurogenic (proliferation of newborn
cells) effects of the 5-HT, receptor agonist RS67333 occur
after short-term administration (3-7 days depending on
the paradigm) (Pascual-Brazo et al, 2012). Thus, we also
investigated whether subchronic RS67333 treatment in-
duced a rapid onset of behavioral effects. To address
these points, mice were submitted to focal hippocampal
X-irradiation before the start of chronic corticosterone
treatment alone or in combination with the 5-HT, agonist
RS67333 (1.5mg/kg/day) or fluoxetine (18 mg/kg/day)
(Supplementary Figure S1B). These animals were subjected
to anxiety- and depression-related tests first after 7 days of
treatment and again after 28 days of treatment.

As previously described (David et al, 2009; Rainer et al,
2011), the chronic CORT paradigm resulted in an anxious/
depressed-like phenotype. The efficacy of corticosterone
model was assessed by comparing the behavioral phenotype
of controls to corticosterone-treated mice (Figure 3). In
anxiety-related tests, chronic corticosterone treatment had a
marked effect on all anxiety parameters, resulting in
decreased time spent in center and ratio of distance in
center divided by total distance in the OF (one-way
ANOVA, *p<0.05 or **p<0.01; Figure 3a, i and j), and in
decreased time and entries in the open arms in the EPM
(one-way ANOVA, **p <0.01, Figure 3¢, k and 1). In the ST,
which is a depression-related test, chronic CORT resulted in
a decrease in grooming (one-way ANOVA, **p<0.01;
Figure 30), and in the NSF test, which is related to both
anxiety and depression, chronic CORT increased the latency
to feed (Kaplan-Meier survival analysis, Mantel-Cox log
rank test, **p <0.01; Figure 3e, f, m and n). As previously
observed in a similar paradigm, the forced swim test (David
et al, 2009; Rainer et al, 2011), chronic corticosterone
treatment did not affect the immobility duration in the TST
(Figure 3h and p), suggesting distinct underlying mechan-
isms between these tests and the OF, EPM, NSF, or ST.

The Rapid Anxiolytic and Antidepressant-Like Effects of
a Subchronic 5-HT, Agonist Treatment do not Require
Hippocampal Neurogenesis

A 7-day treatment with RS67333 produced anxiolytic and
antidepressant-like effects in a battery of behavioral tests
(Figure 3a-h). In the OF and EPM paradigms, all anxiety-
related parameters were impacted. The time spent in the
center (Figure 3a), the number of entries in the center
(Supplementary Figure S5A), the ratio of center distance/

Figure 2 Effects of chronic 5-HT4 receptor stimulation (28 days) on proliferation and dendritic maturation of young neurons in the DG of the adult
hippocampus. (a) Effect of chronic treatment with 5-HT4 ligands or fluoxetine, starting after 4 weeks of corticosterone (35 pg/ml), on cell proliferation. Cell
proliferation is measured as mean number of Ki-67-positive cells (a). Values plotted are mean + SEM (n = 3-5/group). *p <005, #p <001, *p <001 vs
corticosterone/vehicle group and corticosterone/fluoxetine group, respectively. (b) Effect of chronic treatment with 5-HT ligands or fluoxetine on total number
of doublecortin-positive cells (DCX ™ ; mean # SEM; n = 4-5 mice/group) was measured after chronic corticosterone. *#p <001, *#p <001 vs corticosterone/
vehicle group, and corticosterone/fluoxetine group, respectively. (c and d) DCX ¥ cells were categorized as to whether they exhibited tertiary dendrites. Effects
of fluoxetine treatment on the DCX ™ cells with tertiary dendrites ’Sc) and maturation (d) of newbom granule cells were measured after chronic corticosterone.
Values are mean + SEM (n = 4-5/group). **p<0.01, *p<0.05, **p <001 vs corticosterone/vehicle group and corticosterone/fluoxetine group, respectively.
(e) Representative image and traces from Sholl analyses of DCX ™ cells with tertiary branches after vehicle, chronic fluoxetine, chronic RS67333, and GR 125487
in presence or not of fluoxetine in corticosterone-treated animals (n = 3—4 mice/group, six cells/mouse). (f and g) Effects of chronic treatment with the 5-HT4
ligands RS67333 or fluoxetine on the dendritic length (f) or the number of intersections (g) following a Sholl analysis. Values are mean £ SEM (n =4-5 mice/
group). *p <001, #p <001 vs corticosterone/vehicle group and corticosterone/fluoxetine/GR I 25487 group, respectively.
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total distance traveled (Figure 3b), the time spent in open
arms (Figure 3c), and the number of entries in the open
arms (Figure 3d) were increased after subchronic treatment
with RS67333, regardless of whether the mice were exposed
to X-irradiation or not (two-way ANOVA with significant
treatment factor, **p<0.01; Figure 3a-c). In contrast,
subchronic treatment with fluoxetine did not have an
anxiolytic effect in the OF and EPM paradigms (Figure 3a-
d). These results indicate that the anxiolytic effects of
RS67333 have a faster onset than those of fluoxetine, and
that these effects do not require adult hippocampal
neurogenesis.

Interestingly, in the NSF test, neither subchronic RS67333
nor subchronic fluoxetine had an effect on latency to feed in
both sham and X-irradiated groups (Figure 3e and f),
indicating that in this test, the anxiolytic/antidepressant
activity of RS67333 and fluoxetine require a longer
treatment.

In the ST and TST (Figure 3g and h), after 11 and 12 days
of administration, both RS67333 and fluoxetine increased
grooming duration and decreased immobility duration,
respectively (two-way ANOVA with significant treatment
factor, **p<0.01). These antidepressant-like effects were
not affected by focal hippocampal X-irradiation.

Altogether, these results demonstrate that, unlike fluox-
etine, the 5-HT, agonist RS67333 elicits a rapid anxiolytic
and antidepressant-like effect in all the paradigms tested
(OF, EPM, ST, and TST) except the NSF. However,
hippocampal neurogenesis is not required for these effects
of RS67333.

In this study, we assessed the behavioral activity of
RS67333 after both subchronic and chronic treatments.
Thus, the same animals were tested after 7 and 28 days of
treatment. It is therefore not surprising to observe changes
in the basal values in control animals, as they have been
exposed twice to behavioral tests. We have seen these effects
of repeated testing routinely. For example, in the NSF
paradigm, the latency to feed was decreased after a second
exposure to the test (Wang et al, 2008). In the present study,
we observed a decrease in the time spent in the center of the
arena owing to the re-exposure to the test in all treated
groups. However, the size of the anxiolytic-like effect of

<
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RS67333 remains the same between the first and the second
exposure to the OF.

The Behavioral Effects of Long-Term 5-HT, Agonist
Treatment are Mediated by Both Neurogenesis-
Dependent and -Independent Mechanisms

As we previously demonstrated that chronic 5-HT, activa-
tion produced anxiolytic/antidepressant-like activity in the
CORT model, we proceeded to investigate whether these
behavioral effects require adult hippocampal neurogenesis.

The same battery of behavioral tests was performed again
after 28 days of treatment with fluoxetine or RS67333
(Figure 3i-p). In the OF (Figure 3i and j) and the EPM
(Figure 3k and 1) paradigms, chronic RS67333 maintained
the anxiolytic-like effect observed subchronically (two-way
ANOVA with significant treatment factor, *p<0.05;
Figure 3i-1). Chronic fluoxetine also elicited an anxiolytic-
like effect, whereas it had no effect after subchronic
treatment (two-way ANOVA with significant treatment
factor, *p<0.05; Figure 3i and j). Moreover, these
anxiolytic-like effects of RS67333 and fluoxetine were not
affected by the ablation of adult hippocampal neurogenesis
by X-irradiation.

In contrast, the anxiolytic/antidepressant-like effects of
RS67333 and fluoxetine in the NSF paradigm were
completely abolished by hippocampal X-irradiation
(Figure 3m and n; Kaplan-Meier survival analysis, Mantel-
Cox log rank test, **p<0.01, two-way ANOVA with
significant interaction between irradiation and treatment,
**p<0.01), indicating that these effects require adult
hippocampal neurogenesis. Home-cage food consumption
was not affected by drug treatment or irradiation
(Supplementary Figure S5D).

In the ST and TST, long-term administration of RS67333
and fluoxetine induced an increase in grooming duration
and a decrease in immobility duration that were not
affected by focal X-irradiation (two-way ANOVA with
significant treatment factor, **p<0.01 for both tests;
Figure 30 and p).

Altogether, these results indicate that the effects of
chronic treatment with RS67333 and fluoxetine in the

Figure 3 Neurogenesis-dependent and -independent effects of subchronic (7 days) or chronic (28 days) 5-HT4 agonist treatment on corticosterone-
induced behavioral changes in mice. (a and b/i and j) Effects of subchronic (a and b) or chronic (i and j) treatment with RS67333, a 5-HT, agonist, after focal
X-irradiation of the mouse hippocampus on corticosterone-induced anxiety-like behaviors in the open field (OF) test. Anxiety is expressed as mean time
spent in the center, in seconds, for the entire session (a or i), and also as the mean of percentage ambulatory distance in the center over total ambulatory
distance traveled (b or j). Values are mean = SEM (n=9-15 mice/group for corticosterone-treated animals and n=5 for vehicle/vehicle). **p <0.01,
#5<0.05, *p <001 vs control vehicle/vehicle group and corticosterone/RS67333 or corticosterone/vehicle group, respectively. (c and d/k and 1) Effects of
subchronic (c and d) or chronic (k and I) treatment with RS67333, a 5-HT4 agonist, after focal X-irradiation of the mouse hippocampus on corticosterone-
induced anxiety-like behaviors in the elevated plus maze (EPM) paradigm. Anxiety is expressed as mean time in the open arms (c or k) and also as the mean
entries in the open arms (d or ). Values are mean = SEM (n = 9—15 mice/group for corticosterone-treated animals and n =5 for vehicle/vehicle). **p <0.01,
#H<0.05 vs control vehicle/vehicle group and corticosterone/RS67333 or corticosterone/vehicle group, respectively. (e and f/m and n) Effects of subchronic
(e and f) or chronic (m and n) treatment with RS67333, a 5-HT agonist, after focal X-irradiation on corticosterone-induced anxiety- and depression-related
behaviors in the novelty-suppressed feeding (NSF) paradigm. Results are cumulative survival of animals that have not eaten over |0min (e or m) or
mean £ SEM of latency to feed in seconds (f or n) (n=9—15 mice/group for corticosterone-treated animals and n=>5 for vehicle/vehicle). *p <0.05,
#p <001, *#p<001 vs control vehicle/vehicle group and corticosterone/RS67333 or corticosterone/vehicle group, respectively. (g—o) Effects of
subchronic (g) or chronic (o) treatment with RS67333, a 5-HT, agonist, after X-irradiation on behavior in the splash test (ST). Results are expressed as
mean + SEM duration of grooming after receiving a 10% sucrose solution on the snout (n = 9—15/group for corticosterone-treated animals and n=5 for
vehicle/vehicle). *p <0.05, #p<0.05, **p <001, vs control vehicle/vehicle group and corticosterone/vehicle group, respectively. (h—p) Effects of subchronic
(h) or chronic (p) treatment with RS67333, a 5-HT, agonist, after X-irradiation on behavior in the tail suspension test. Results are expressed as mean £ SEM
immobility duration (in seconds) (n=9—15 mice/group for corticosterone-treated animals and n=>5 for vehicle/vehicle). *p <0.01, #*p<0.05 vs control
vehicle/vehicle group and corticosterone/vehicle group, respectively.
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OF, EPM, ST, and TST are independent of hippocampal
neurogenesis. In contrast, the anxiolytic/antidepressant-like
effects of these compounds in the NSF test require
neurogenesis.

DISCUSSION
Fast Anxiolytic Action of a 5-HT, Agonist

Most current antidepressant treatments are limited by a
significant degree of nonresponsiveness among patients
(Trivedi et al, 2006), delayed onset of therapeutic efficacy,
and a number of side effects (Kato and Serretti, 2010). The
development of new antidepressants is therefore of
considerable importance (Wong et al, 2010), and under-
standing the mechanisms underlying the delayed onset
should offer insights into new approaches. Recent studies as
well as our present results indicate that 5-HT4 receptor
agonists are faster acting than SSRIs (Lucas et al, 2007;
Pascual-Brazo et al, 2012; Tamburella et al, 2009).
Although a 7-day treatment with fluoxetine or RS67333
induced antidepressant-like activity in the TST and ST, only
the 5-HT, agonist RS67333 resulted in anxiolytic-like
activity in the OF and the EPM. A longer duration of
treatment (28 days) is required for fluoxetine to exert
anxiolytic-like effects comparable to 7 days of RS67333
treatment. Although recent evidence indicates that 5-HT,
receptors may represent a new target for antidepressant
drugs (Bockaert et al, 2004; Lucas et al, 2007; Pascual-Brazo
et al, 2012; Tamburella et al, 2009), the role of 5-HT,
receptor ligands in anxiety is unclear. Discrepancies in
results observed with 5-HT, receptor antagonists have been
observed. In one study, the 5-HT, receptor antagonists,
SDZ205-557, GR113808, and SB204070, administered
acutely, failed to induce anxiolytic-like behavior in the
light/dark choice test in mice (Costall and Naylor, 1997),
whereas in two other studies, acute administration of the
5-HT, receptor antagonists, SB204070, GR113808 (Silvestre
et al, 1996), and SB207266A (Kennett et al, 1997; Silvestre
et al, 1996) had an anxiolytic-like effect in rats in the EPM.
5-HT, receptor knockout (KO) mice do not display an
anxious or depressed-like phenotype, although an attenu-
ated response to novelty may be relevant to mood disorders
(Compan et al, 2004). In our hands, chronic treatment with
GR125487 did not affect the anxiety-like phenotype induced
by chronic corticosterone treatment. 5-HT, receptor
agonists have mainly been tested in behavioral tests of
antidepressant-like activity (see (Lucas, 2009) for review).
Only one study investigated the effects of RS67333 in the OF
paradigm over a 5-min period (Lucas et al, 2007). The
authors showed that hyperlocomotion induced by olfactory
bulbectomy was totally abolished after 14 days of RS67333
treatment in rats. To our knowledge, the present study is the
first to clearly demonstrate fast anxiolytic-like activity of a
5-HT, receptor agonist in a mouse model of anxiety/
depression. There is considerable evidence that RS67333 is a
specific agonist of the 5-HT, receptor. Indeed, three studies
have evaluated the effects of RS67333 in the presence of the
selective 5-HT4 antagonist GR125487, and shown that the
effects of RS67333 are blocked by GR125487. Lucas et al
(2005) showed that the increase in 5-HT firing induced
by RS67333 (1.5 mg/kg, acutely, during 3 or 21 days)
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is prevented by GR125487 administration. This effect of
RS67333 on the firing of 5-HT neurons is likely to
contribute to the phenotype we observe in the current
study. Enhanced cognition induced by RS67333 was blocked
by the 5-HT, receptor antagonist GR 125487 (1 mg/kg,
intravenous) (Freret et al, 2012; Lamirault and Simon,
2001). Both studies tested the specificity of the effects of
RS67333 in the Novel Object Recognition test by using the
highly potent and selective 5-HT, receptor antagonist,
GR125487. They found that 1mg/kg of GR125487, which
had no effect per se on the discrimination index, totally
reversed the beneficial effects of RS67333, arguing thus that
these effects of RS67333 are mediated by 5-HT, receptor.

Interestingly, in the NSF test, both fluoxetine and
RS67333 had an anxiolytic/antidepressant-like effect only
after chronic treatment, suggesting that the neurobiological
mechanisms involved in this paradigm are different from
those underlying the other tests (OF, EPM, TST, and ST).
Indeed, we show that the effects of RS67333 and fluoxetine
in the OF, EPM, TST, and ST are independent of
hippocampal neurogenesis, whereas the effects of these
compounds in the NSF test require neurogenesis. This is in
agreement with our previous study showing both neurogen-
esis-dependent (NSF) and independent (OF, forced swim
test) effects of fluoxetine in the CORT model (David et al,
2009). It is also noteworthy that the only test (NSF) that
requires neurogenesis is also the one that requires a chronic
administration. This observation is likely related to the fact
that young adult-born neurons take several weeks to mature
and that the critical period during which adult-born
neurons contribute to behavior extends from 4 to 6 weeks
after their birth (Denny et al, 2012). Interestingly, the effect
of the 5-HT, agonist RS67333 on proliferation of neural
precursors are weaker than those of fluoxetine, whereas the
effects of RS67333 on the maturation of young neurons are
similar to those of fluoxetine. Newborn neurons undergo an
accelerated maturation after chronic fluoxetine treatment
(Wang et al, 2008) and possibly also after 5-HT, receptor
activation. These results suggest that the neurogenesis-
dependent effect of RS67333 and fluoxetine in the NSF test
is more likely to result from increased maturation than from
increased proliferation.

The fast onset of action of the 5-HT, receptor agonist
could be a consequence of an increase in serotonergic
output to projection areas (Lucas et al, 2005; Lucas and
Debonnel, 2002). Indeed, by measuring spontaneous
electrical activity in mice lacking 5-HT, receptors,
Conductier et al (2006) demonstrated that 5-HT, receptors
exert a tonic positive influence on the firing activity of
dorsal raphe nucleus 5-HT neurons, and previous studies
have shown that 5-HT, receptor activation by selective
agonists modulates central 5-HT neurotransmission, in-
creasing the firing of dorsal raphe nucleus 5-HT neurons
(Lucas and Debonnel, 2002). There is also accumulating
evidence that cortical regions are involved in 5-HT4-
induced anxiolytic/antidepressant-like activities (Lucas
et al, 2005) (for review see also (Lucas, 2009)). 5-HT,
receptors in the prefrontal cortex control the firing rate of
midbrain serotonergic neurons via descending inputs
(Lucas et al, 2005), and their activation leads to increases
in serotonin release in projection sites including the
hippocampus (Ge and Barnes, 1996).



Requirement of 5-HT, Receptors for the Behavioral and
Neurogenic Effects of SSRIs

A blockade of 5-HT, receptors with the antagonist
GR125487 prevented the anxiolytic and antidepressant-like
effects of fluoxetine. These results show that 5-HT, receptor
activation is necessary for the behavioral effects of SSRIs.
Our results are consistent with a previous study showing a
specific induction of 5-HT, expression after SSRI treatment
(Schmidt et al, 2012). SSRIs are thought to act as indirect
agonists of 5-HT, receptors rather than direct agonists.
Using the NIMH Psychoactive Drug Screening Program
database, we did not find any study looking at the binding
affinity of fluoxetine at the mouse 5-HT, receptor. The
only study looking at binding affinities of fluoxetine for
serotoninergic receptor demonstrated negligible binding of
fluoxetine to the 5-HT, receptor in pig striatal membranes
(Lucchelli et al, 1995). In addition, quantitative autoradio-
graphy revealed that the binding of the 5-HT, receptor
ligand [’H]GR113808 was not significantly changed in
fluoxetine-treated mice (Kobayashi et al, 2012). Thus, in
the present study, the anxiolytic/antidepressant-like effects
of fluoxetine likely resulted from an indirect activation of
the 5-HT4 receptor through an increase in endogenous
5-HT levels in the synaptic cleft following the blockade of
the selective serotonin transporter.

However, it is unlikely that 5-HT, receptor activation
alone can be responsible for all SSRIs-mediated anxiolytic/
antidepressant-like activity. Among the 14 known 5-HT
receptor subtypes, the 5-HT;, receptor has been
prominently implicated in the modulation of mood and
anxiety-related behaviors (Santarelli et al, 2003). 5-HT,4
receptor KO mice were insensitive to the behavioral effects
of chronic fluoxetine, suggesting that activation of 5-HT;4
receptors is also a critical component in the mechanism
of action of SSRIs. Recent data also suggest a potential non-
cell autonomous mechanism by which serotonin regulates
neurogenesis and the response to antidepressants through
5-HT;, receptor (Samuels, personal communication).
However, we cannot rule out adaptive changes in the seroto-
ninergic system, including variations in 5-HT, receptor
levels, which could explain the absence of behavioral effects
of fluoxetine in 5-HT,  receptor KO mice. Indeed, decreases
in the density of the serotonin transporter (5-HTT) were
measured in several brain regions of these 5-HT;, mutant
mice (Ase et al, 2001), and a recent study described that
variation in serotonin transporter expression could cause
adaptive changes in 5-HT, receptor levels in serotonin
transporter overexpressing mice (Jennings et al, 2012).

SSRIs are potent stimulators of adult hippocampal
neurogenesis (Klempin et al, 2010; Santarelli et al, 2003).
However, the role of each serotoninergic receptor in the
neurogenic effects of SSRIs is still a matter of investigation.
We have showed that the 5-HT, agonist, RS67333, increased
neurogenesis (proliferation and maturation) to a lesser
extent than fluoxetine, and that the 5-HT, antagonist,
GR125487, partially blocked neurogenic effects of chronic
fluoxetine. These results suggest that 5-HT, receptors
contribute to the effects of fluoxetine on proliferation and
maturation of newborn neurons, but that other 5-HT
receptors are likely to be involved. Pharmacological
manipulations suggested that 5-HT, 4 receptors are involved
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in proliferation of precursor cells, whereas 5-HT, receptors
affect both proliferation and promote neuronal differentia-
tion (Klempin et al, 2010). Moreover, fluoxetine had
no effect on neurogenesis (proliferation and survival) in
5-HT,;, KO mice (Santarelli et al, 2003).

These results suggest that both 5-HT, and 5-HT receptors
contribute to the effects of SSRIs on behavior and neurogen-
esis. Interestingly, both receptors are expressed in the DG,
which may be the site responsible for their effects on neuro-
genesis. Recently, it has been suggested that 5-HT, receptor
activation may also be involved in antidepressant-induced
dematuration of mature dentate granule cells (Kobayashi
et al, 2010). The exact mechanisms underlying in this
phenomenon still needs further investigations. However, our
results also show that most effects of SSRIs and 5-HT,
agonists do not require hippocampal neurogenesis. Examin-
ing effects of tissue-specific manipulations of these receptors
will be important to identify the circuits responsible for their
fast acting anxiolytic and antidepressant actions.

CONCLUSIONS

Taken together, our results show, for the first time, in a
mouse model of anxiety/depression, that a 5-HT, receptor
agonist may be a fast-acting anxiolytic agent, and that 5-HT,

Table | Neurogenesis-dependent and Independent Mechanism
Involved in the Behavioral Effects of Subchronic and Chronic 5-HT4
Agonist Treatment

Fluoxetine (18 mg/kg/day) RS67333 (1.5 mg/kg/day)

Subchronic Chronic Subchronic Chronic
Open Field
¢ + + +
/ Neurogenesis- Neurogenesis- Neurogenesis-
independent independent independent
Elevated Plus Maze
¢ + + +
/ Neurogenesis- Neurogenesis- Neurogenesis-
independent independent independent
Novelty Suppressed Feeding
U + b +
/ Neurogenesis- / Neurogenesis-
dependent dependent
Tail Suspension Test
+ + + +
Neurogenesis- Neurogenesis- Neurogenesis- Neurogenesis-
independent independent independent independent
Splash Test
+ + + +
Neurogenesis- Neurogenesis- Neurogenesis- Neurogenesis-
independent independent independent independent

Summary of effects seen in multiple behavioral tests throughout the study: ¢, no
effect; 4, anxiolytic/antidepressant-like effects.
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stimulation is necessary for the behavioral and neurogenic
effects (proliferation and maturation) of fluoxetine, a classic
SSRI antidepressant. Furthermore, we showed that, with the
exception of the NSF test, the anxiolytic and antidepressant-
like effects of the 5-HT, agonist were independent of
hippocampal neurogenesis (Table 1).

The present study is encouraging for the development of
RS-67333 as an anxiolytic/antidepressant compound for use
in patients. However, the use of the 5-HT, receptor as a
novel antidepressant target may be hampered by the fact
that it also has important roles outside the central nervous
system, for example, in the heart, gastrointestinal tract,
adrenal gland, and urinary bladder (Tonini and Pace, 2006),
which may prevent its development as an effective
anxiolytic/antidepressant drug (Bockaert et al, 2004,
2008). Thus, signaling molecules that interact with the 5-
HT, receptor such as P11 (Egeland et al, 2011; Warner-
Schmidt et al, 2009) may represent novel targets for fast-
acting anxiolytic/antidepressant treatments. There is indeed
recent evidence that cortical neurons that express both P11
and 5-HT, receptors are involved in the behavioral effects of
SSRIs (Schmidt et al, 2012), and that chronic treatment with
fluoxetine results in an increase in 5-HT, receptor expres-
sions in cortical neurons (Schmidt et al, 2012).
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Behavioral tests

Open Field (OF)

This test was performed as described by David and colleagues (David et a/, 2009). Motor activity
was quantified in four 43 x 43 cm” Plexiglas open field boxes (MED Associates, Georgia, VT).
Two sets of 16 pulse-modulated infrared photobeams were placed on opposite walls 2.5-cm apart
to record x—y ambulatory movements. Activity chambers were computer interfaced for data
sampling at 100-ms resolution. The computer defined grid lines that divided each open field into
center and surround regions, with each of four lines being 11 cm from each wall. Dependent
measures in the center were the total time and the number of entries over a 30-min test period.
The activity in the center was quantified as distance traveled in the center divided by total

distance traveled.

Elevated Plus Maze (EPM)

This test was performed as described by David and colleagues (David et al, 2009). The maze is a
plus-cross-shaped apparatus, with two open arms and two arms closed by walls linked by a
central platform 50 cm above the floor. Mice were individually put in the center of the maze

facing an open arm and were allowed to explore the maze during 5 min. The time spent in and the



number of entries into the open arms were used as an anxiety index. All parameters were

measured using a videotracker (EPM3C, Bioseb, Vitrolles, France).

Novelty-Suppressed-Feeding (NSF)

The NSF is a conflict test that elicits competing motivations: the drive to eat and the fear of
venturing into the center of a brightly lit arena. The latency to begin eating is used as an index of
anxiety/depression-like behavior, because classical anxiolytic drugs as well as chronic
antidepressants decrease this measure. The NSF test was carried out during a 10-min period as
previously described (David et al, 2009). Briefly, the testing apparatus consisted of a plastic box
(50x50x20 cm), the floor of which was covered with approximately 2 cm of wooden bedding.
Twenty-four hours prior to behavioral testing, all food was removed from the home cage. At the
time of testing, a single pellet of food (regular chow) was placed on a white paper platform
positioned in the center of the box. Each animal was placed in a corner of the box, and a
stopwatch was immediately started. The latency to eat (defined as the mouse sitting on its
haunches and biting the pellet with the use of forepaws) was timed. Immediately afterwards, the
animal was transferred to its home cage, and the amount of food consumed by the mouse in the
subsequent 5 min was measured, serving as a control for change in appetite as a possible

confounding factor.

Tail Suspension Test (TST)

The TST is an antidepressant activity screening test (Steru et al, 1985) often used to test
compounds that are expected to affect depression related behaviors. Mice are suspended by their
tails with tape, in such a position that they cannot escape or hold on to nearby surfaces. During

this test, typically 6 minutes in duration, the resulting escape oriented behaviors are quantified



using an automated tail suspension test apparatus (Bioseb, Vitrolles, France). A specific strain

gauge linked to a computer quantifies the time spent by the animal trying to escape.

Splash Test
This test consisted of squirting 200 ul of a 10% sucrose solution on the mouse’s snout. The
grooming duration was assessed at the end of the corticosterone regimen in the presence or

absence of 4-weeks of drug treatment according to a protocol used elsewhere (David et al, 2009).

Immunohistochemistry

Doublecortin-immunostaining consisted of the following steps: slices were washed with 3 times
with PBST (PBS 1X + 0.3% triton) for 15 min, blocked with 10%NDS (normal donkey serum) +
PBST during 2hrs and incubated with by goat anti-doublecortin primary antibody (1:100) in
PBS/Triton/NDS for 24 hrs at 4°C. After secondary antibody incubation, sections were developed

using CY2 (Donkey anti-rabbit) 1/250 diluted (dilute in PBS) for 2hrs.
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SUPPLEMENTAL FIGURES

Supplemental figure 1: Experimental timeline.

(A) In a first set of experiments, in place of normal drinking water, grouped-housed male

C57BL/6Ntac mice were presented with vehicle (0.45% hydroxypropyl-p-cyclodextrin) or

corticosterone (35 ug/ml) in the presence or absence of a 5-HT, agonist (RS67333, 1.5



mg/kg/day, Alzet® mini pump model 2006 implanted subcutaneously), fluoxetine, 18 mg/kg/day,
or a 5-HT4 antagonist alone (GR125487, 1 mg/kg/day, Alzet® mini pump model 2006 implanted
subcutaneously) or in combination with fluoxetine. We investigated whether the behavioral
changes induced by chronic corticosterone were reversed by chronic 5-HT4 ligands, fluoxetine
alone, or fluoxetine in combination with 5-HT4 receptor antagonist treatment. The same animal
was successively tested in the OF paradigm, the EPM, the NSF, the ST, and the TST and then
sacrificed for neurogenesis

(B) In another set of experiments, focal X-irradiation of the hippocampus was employed to assess
whether the mechanisms underlying RS67333 mediated rescue of corticosterone-induced
anxiety/depressive-like behavior were neurogenesis-dependent. X-irradiation (2.5 Gy) was
delivered five weeks before the start of corticosterone treatment. All animals (Sham or X-
irradiated) received corticosterone (35 ug /ml) in the presence of vehicle, RS67333 (1.5
mg/kg/day), or fluoxetine (18 mg/kg/day). The anxiety/depressive-like phenotype of chronic
corticosterone was assessed by comparing a chronic corticosterone/vehicle group versus a
vehicle/vehicle group. The same animals were successively tested in the OF paradigm, the EPM,
the NSF, the ST, and the TST after subchronic (days 7 to 11) or chronic (days 28 to 33) drug

treatment.

Supplemental figure 2: Effects of chronic 5-HT4 receptor stimulation on entries in the
center in the open field paradigm and home food consumption in the NSF test in

anxious/depressive mice.

(A-B) Effect of chronic 5-HT4 ligands or fluoxetine treatment, started after 4 weeks of
corticosterone (35 ug/ml), on the number of entries in the center (A) and on total ambulatory

distance in the open field test (B). Values plotted are mean + SEM (n= 10-15 per group).



(C) Effect of chronic 5-HTs ligands or fluoxetine treatment, started after 4 weeks of
corticosterone (35 ug/ml), on home food consumption in the NSF test. Values plotted are mean +

SEM (n= 10-15 per group).

Supplemental figure 3: Images of doublecortin staining following corticosterone for 8 weeks
+ chronic RS67333 (1.5 mg/kg/day), GR125487 (1 mg/kg/day), or fluoxetine (18 mg/kg/day)
alone or in combination with GR125487 treatment.

Images of coronal sections of mouse hippocampal dentate gyrus stained for doublecortin (10x

magnification).

Supplemental figure 4: Images of doublecortin staining following corticosterone for 8 weeks
in Sham/vehicle or X-irradiated/vehicle animals.
Images of coronal sections of mouse hippocampal dentate gyrus stained for doublecortin (10x

magnification) in sham/vehicle (A) or in Xray/vehicle—treated animals (B).

Supplemental figure S5: Effects of subchronic or chronic 5-HT4 receptor stimulation on
entries in the center in the open field paradigm and home food consumption in the NSF test
in anxious/depressive X-irradiated mice.

(A) Effect of subchronic 5-HT4 agonist or fluoxetine treatment, started after 4 weeks of
corticosterone (35 ug/ml), on entries in the center in the open field test in X-irradiated mice.
Values plotted are mean + SEM (n = 9-15 per group for corticosterone-treated animals and n=5
for vehicle/vehicle). **p<0.01, #p<0.05, versus control vehicle/vehicle group and
corticosterone/vehicle group, respectively.

(B) Effect of chronic 5-HTs agonist or fluoxetine treatment, started after 4 weeks of

corticosterone (35 ug/ml), on home food consumption in the NSF test in X-irradiated mice.



Values plotted are mean + SEM (n = 9-15 per group for corticosterone-treated animals and n=5
for vehicle/vehicle). **p<0.01, #p<0.05, versus control vehicle/vehicle group and
corticosterone/vehicle group, respectively.

(C) Effect of subchronic 5-HT4 agonist or fluoxetine treatment, started after 4 weeks of
corticosterone (35 ug/ml), on food consumption in the novelty suppressed feeding test in X-
irradiated mice. Values plotted are mean £ SEM (n = 9-15 per group for corticosterone-treated
animals and n=5 for vehicle/vehicle).

(D) Effect of chronic 5-HT4 agonist or fluoxetine treatment, started after 4 weeks of
corticosterone (35 ug/ml), on food consumption in the novelty suppressed feeding test in X-
irradiated mice. Values plotted are mean £ SEM (n = 9-15 per group for corticosterone-treated

animals and n=5 for vehicle/vehicle).



SUPPLEMENTAL DATA

Supplemental Table 1: complete statistical summary analysis for behavioral data after chronic

treatment
BehaVI.oral Measurement Statistical Comparison Statistics Degrees of p Fig.
paradigm Test freedom
One-way
= < %
Total Time in the ANOVA Factor treatment F=2.48 4,59 0.05 A
center PLSD Cort/Veh vs Cort/Flx <0.05*
Post-hoc test Cort/Veh vs Cort/RS <0.01**
Ratio Amb. Dist One-way Factor treatment F=2.70 4,59 <0.05*
Open Field Cter/Total Amb ANOVA 1B
pen ke e PLSD Cort/Veh vs Cort/FIx <0.01%*
) Post-hoc test Cort/Veh vs Cort/RS <0.01**
Entries in the One-way _ Supp
center ANOVA Factor treatment F=0.70 4,59 >0.5 2A
One-way - Supp
Total Am ANOVA Factor treatment F=0.66 4,59 >0.5 2B
One-way .
Total Time in the ANOVA Factor treatment F=1.6 4,59 >0.05 L
Elevated Plus open arms PLSD Cort/FIx vs <0.05#
Maze Post-hoc test Cort/FLX+GR )
Entries in the One-way _
open arms ANOVA Factor treatment F=1.78 4,59 >0.05 1D
One-way _ sk
ANOVA Factor treatment F=4.95 4,59 <0.01
Grooming Cort/Veh vs Cort/Flx <0.01%**
Splash Test duration PLSD Cort/Veh vs Cort/RS <0.01** 1E
Post-hoc test Cort/FIx vs
Cort/FLX+GR <0.017##
One-way Factor treatment F=3.76 4,59 <0.01%*
Tail ANOVA
Suspension Immobility Cort/Veh vs Cort/Flx <0.01%** IF
'II)‘ ¢ duration PLSD Cort/Veh vs Cort/RS <0.01**
es Post-hoc test Cort/FIx vs <0.0144
Cort/FLX+GR ’
Kaplan-Meier
Survival <0.01%** 1G
analysis
One-way _ "
Novelty Latency to Feed ANOVA Factor treatment F=2.83 4,59 <0.05
Suppressed Cort/Veh vs Cort/FIx <0.01%* 1H
Feeding PLSD Cort/Veh vs Cort/RS <0.01%**
Post-hoc test Cort/FIx vs
Cort/FLX+GR 0.0
One-way » Supp
Food Cons. ANOVA Factor treatment F=1.18 4,59 >0.05 2B

Legend: CORT:corticosterone; Flx:fluoxetine; Veh:Vehicle; RS:RS67333; GR:GR125487




Supplemental table 2: complete statistical summary analysis for neurogenic data after chronic

treatment
. . e Degrees
Behav1.0ral Measurement Statistical Comparison Statistics of p Fig.
paradigm Test freedom
One-way _ "
ANOVA Factor treatment F=20.07 4,13 <0.05
N CORT/Veh vs <0.01%*
Proliferati KI-67 positive CORT/FIx 2A
roftieration cells PLSD CORT/Veh vs ~0.05*
Post-hoc test CORT/RS )
CORT/FIx vs
CORT/RS <0.01%
One-way - s
ANOVA Factor treatment F=9.36 4,13 <0.01
CORT/Veh vs s
CORT/Flx <0.01
DCX-positive CORT/Veh vs .
cells PLSD CORT/FLX+GR <0.01 2B
Post-hoc test CORT/FIx vs
CORT/FLX+GR <0.01#%
CORT/FIx vs
CORT/RS <0.01#%
One-way _ .
ANOVA Factor treatment F=12.90 4,13 <0.01
N CORT/Veh vs <0.01%*
DCX-positive CORT/FIx
cells with CORT/Veh vs .
tertiary PLSD CORT/FLX+GR <0.01 2C
dendrites Post-hoc test Cort/Flx vs
Cort/FLX+GR <0.01%
CORT/FIx vs
CORT/RS <0.08
One-way . s
ANOVA Factor treatment F=34.95 4,13 <0.01
CORT/Veh vs s
CORT/Flx <0.01
Maturation Maturation CORT/Veh vs -
Index PLSD CORT/RS <0.01 D
Post-hoc test CORT/Veh vs <0.01%*
CORT/FLX+GR
CORT/FIx vs
CORT/FLX+GR <0.01%
One-way _ .
ANOVA Factor treatment F=8.94 491 <0.01
CORT/Veh vs CORT
FLX (50, 60,70, 80, <0.01**
.. 90, 100 pm)
Dendritic length PLSD CORT/Veh vs oore 2F
Post-hoc test CORT/RS (70 pm) )
CORT/FIx vs CORT
FIx+GR (50, 60,70, <0.01##
80, 90, 100 pm)
One-way _ s
ANOVA Factor treatment F=7.49 491 <0.01
CORT/Veh vs CORT
.. Flx (60,70, 80, 90 <0.01**
Dendritic m) 2G
intersection PLSD =
Post-hoc test CORT/Veh vs <0.01**
CORT/RS (70, 80pum) ’
CORT/FIx vs CORT <0.01#4

FIx+GR (60,70, 80,




| | [ 90,100 pum) |

Legend: CORT:corticosterone; Flx:fluoxetine; Veh:Vehicle; RS:RS67333; GR:GR125487



Supplemental Table 3: complete statistical summary analysis for behavioral data after subchronic
treatment in sham or X-irradiated mice

Behavioral . e . o D f .
chaviora Measurement Statistical Test Comparison Statistics egrees o P Fig.
paradigm freedom
One-way ANOVA Factor treatment F=6.33 6,65 <0.01**
SHAM/Veh/Veh vs <0.01**
SHAM/CORT/Veh ’
SHAM/Veh/Veh vs <0.01**
SHAM/CORT/FIx )
Total Time in the 3A
center PLSD SHAM/Veh/Veh vs <0.01%*
Post-hoc test SHAM/CORT/RS
SHAM/Veh/Veh vs <0.01**
Open Field XRAY/CORT/Veh
SHAM/Veh/Veh vs <0.01**
XRAY/CORT/Flx )
SHAM/Veh/Veh vs <0.01**
XRAY/CORT/RS i
One-way ANOVA Factor treatment F=3.90 6,65 <0.01**
SHAM/Veh/Veh vs <0.01**
Entries in the SHAM/CORT/Veh ) Supp
center PLSD SHAM/Veh/Veh vs <0.01%* 4A
Post-hoc test SHAM/CORT/FlIx )
SHAM/Veh/Veh vs <0.01%*
XRAY/CORT/Flx )
One-way ANOVA Factor treatment F=3.35 6,65 <0.01**
SHAM/Veh/Veh vs <0.01**
SHAM/CORT/Veh '
Total Time in the SHAM/Veh/Veh vs o
Elevated Plus Maze open arms PLSD SHAM/CORT/Flx <0.01 3C
Post-hoc test SHAM/Veh/Veh vs <0.01%*
XRAY/CORT/Veh i
SHAM/Veh/Veh vs <0.01%*
XRAY/CORT/FIx )
Kaplan-Meier ok
Survival analysis =00l 3E
One-way ANOVA Factor treatment F=3.79 6,65 <0.01**
SHAM/Veh/Veh vs <0.01%*
SHAM/CORT/Veh '
SHAM/Veh/Veh vs <0.01**
L SHAM/CORT/FlIx '
Novelty atency to feed
SHAM/Veh/Veh vs <0.01** 3F
Suppressed PLSD SHAM/CORT/RS i
Feeding Post-hoc test SHAM/Veh/Veh vs <0.01**
XRAY/CORT/Veh i
SHAM/Veh/Veh vs <0.01%*
XRAY/CORT/Flx )
SHAM/Veh/Veh vs <0.01**
XRAY/CORT/RS i
Food cons. One-way ANOVA Factor treatment F=2.20 <0.06 S::gp
One-way ANOVA Factor treatment F=2.38 6,65 <0.05*
SHAM/Veh/Veh vs <0.01%*
bil SHAM/CORT/FlIx '
Tail Suspension Immobility SHAM/Veh/Veh vs
Test duration PLSD SHAM/CORT/RS oo | 3H
Post-hoc test SHAM/Veh/Veh vs <0.01%*
XRAY/CORT/Flx )
SHAM/Veh/Veh vs <0.01%*
XRAY/CORT/RS i

Legend : CORT:corticosterone; Flx:fluoxetine; Veh:Vehicle; RS:RS67333; XRAY:X-irradiated




Supplemental table 4: complete statistical summary analysis for behavioral data after
subchronic treatment in sham or X-irradiated mice (two-way ANOVA)

Behav1'oral Measurement Statistical Comparison Statistics Degrees of P Fig.
paradigm Test freedom
Factor 1 Pre- F=0.38 1,61 =05
treatment
2-way ANOVA Factor 2 Treatment F=8.0 2,61 <0.01**
Interaction _
(F1 x F2) F=0.039 2,61 >0.5
SHAM/CORT/RS vs <0.054
Total Time in SHAM/CORT/Veh ’ 3A
the center
SHAM/CORT/RS vs <0.05#
PLSD SHAM/CORT/FIx )
Post-hoc test
XRAY/CORT/RS vs
XRAY/CORT/Veh <0.05#
XRAY/CORT/RS vs
XRAY/CORT/Flx <0.05#
Factor I Pre- F<0.0001 1,61 >0.5
treatment
2-way ANOVA | Factor 2 Treatment F=4.91 2,61 <0.05*
Interaction _
(F1 x F2) F=0.005 2,61 >0.5
) Ratio Amb. SHAM/CORT/RS vs
Open Field | pjgt Cter/Total SHAM/CORT/Veh <0.05# 3B
Amb Dist.
PLSD SHAM/CORT/RS vs <0.05#
Post-hoc test SHAM/CORT/FIx :
XRAY/CORT/RS vs
XRAY/CORT/Veh <0.05#
XRAY/CORT/RS vs
XRAY/CORT/Flx <0.05%
Factor 1 Pre- F=0.27 1,61 =05
treatment
2-way ANOVA Factor 2 Treatment F=10.41 2,61 <0.01%**
Interaction _
(F1 x F2) F=0.120 2,61 >0.5
Entries in the SHAM/CORT/RS vs
center SHAM/CORT/Veh <0.05# | Supp 4A
PLSD SHAM/CORT/RS vs 0,054
Post-hoc test | gy AM/CORT/Fix :
XRAY/CORT/RS vs <013
XRAY/CORT/Veh )
XRAY/CORT/RS vs <013
XRAY/CORT/Flx )
Factor 1 Pre- F=0.86 1,61 ~03
treatment
. . _ Kk
Elevated Total Time in 2-way ANOVA Factor 2 Treatment F=4.96 2,61 <0.01 3C
Plus Maze the open arms
Interaction F=0.28 2,61 ~0.5

(F1 x F2)




SHAM/CORT/RS vs

vs XRAY/CORT/RS

SHAM/CORT/Veh <0.05#
PLSD SHAM/CORT/RS vs <0.05#
Post-hoc test SHAM/CORT/Veh )
XRAY/CORT/RS vs <0.09
XRAY/CORT/Veh )
Factor 1 Pre- F=0.14 1,61 ~0.5
treatment
2-way ANOVA | Factor 2 Treatment F=3.09 2,61 <0.053
. Interaction
Entries in the (F1 x F2) F=0.92 2,61 <0.41 D
open arms
SHAM/CORT/RS vs <0.054
PLSD SHAM/CORT/Veh
Post-hoc test | wR AY/CORT/RS vs 0,05
XRAY/CORT/Veh ’
Factor 1 Pre- F=2138 1,61 ~0.5
treatment
2-way ANOVA Factor 2 Treatment F=7.16 2,61 <0.01%**
Interaction _
(F1 x F2) F=0.022 2,61 >0.5
. SHAM/CORT/FIX vs
Splash test | 010" SHAM/CORT/Veh <0.05# 3G
duration
SHAM/CORT/RS vs
PLSD SHAM/CORT/Veh <0.05#
Post-hoc test
XRAY/CORT/FIx vs
XRAY/CORT/Veh <0.05#
XRAY/CORT/RS vs
XRAY/CORT/Veh <0.05#
Factor 1 Pre- F=238 1,61 <0.14
treatment
2-way ANOVA | Factor 2 Treatment F=7.16 2,61 <0.01%*
Interaction _
(F1 x F2) F=0.02 2,61 >0.5
. SHAM/CORT/Veh vs
Tail Immobility SHAM/CORT/Flx <0.05#
Suspension . 3H
duration
Test SHAM/CORT/Veh <0054
PLSD vs SHAM/CORT/RS '
Post-hoc test
XRAY/CORT/Veh
vs XRAY/CORT/Flx <0.05#
XRAY/CORT/Veh <0.014#

Factor 1 Pre-treatment: Sham or X-irradiation; Factor 2 Treatment: Vehicle or Corticosterone; CORT:corticosterone; Flx:fluoxetine;

Veh:Vehicle; RS:RS67333; XRAY :X-irradiated




Supplemental Table 5: complete statistical summary analysis for behavioral data after chronic
treatment

Behav1.oral Measuremen Statistical Test Comparison Statistics Degrees of P Fig.
paradigm t freedom
g%eg\v/?: Factor treatment F=3.94 6,59 <0.01%**
T o |
the center PLSD
Post-hoc test
SHAM/Veh/Veh vs <0.01%*
XRAY/CORT/Veh
One-way _ "
ANOVA Factor treatment F=2.48 6,59 <0.05
Open Field | Amo: Dist SHAM/Veh/Veh vs <001+
Center/Total PLSD SHAM/CORT/Veh . 3J
Amb. Dist Post-hoc test
ost-hoc fes SHAM/Veh/Veh vs <0.01*
XRAY/CORT/Veh ’
One-way _ "
ANOVA Factor treatment F=2.94 6,59 <0.05
Entries in the SHAM/Veh/Veh vs <0.01** Supp
center PLSD SHAM/CORT/Veh ’ 4B
Post-hoc test | gy A veh/Veh vs 001w
XRAY/CORT/Veh ’
g%eg\v/?: Factor treatment F=5.32 6,59 <0.01%**
Total Time in SHAM/Veh/Veh vs <0.01%*
the open PLSD SHAM/CORT/Veh 3K
arms
Post-hoctest | SHAM/Veh/Veh vs <001+
Elevated Plus XRAY/CORT/Veh ’
Maze
One-way _ o
ANOVA Factor treatment F=3.91 6,50 <0.01
Entries in the SHAM/Veh/Veh vs <0.01%* 3L
open arms PLSD SHAM/CORT/Veh '
Post-hoc test SHAM/Veh/Veh vs <0.01%*
XRAY/CORT/Veh ’
Kaplan-Meier
Survival <0.01** 3M
analysis
g%eg\v/?: Factor treatment F=7.31 6,59 <0.01**
SHAM/Veh/Veh vs s
Novelty Latency to SHAM/CORT/Veh <0.01
Suppressed feed
Feeding € SHAM/Veh/Veh vs <0.01%* AN
Post-
ost-hoc test SHAM/Veh/Veh vs <0.01%*
XRAY/CORT/FIx
SHAM/Veh/Veh vs <0.05*
XRAY/CORT/RS '




One-way _ Supp
Food cons. ANOVA Factor treatment F=1.28 6,59 <0.3 4D
One-way _ o
ANOVA Factor treatment F=3.40 6,59 <0.01
. SHAM/Veh/Veh vs
Grooming <0.05*
Splash Test duration PLSD SHAM/CORT/Veh 30
Post-hoctest | gy an/veh/Veh vs 026
XRAY/CORT/Veh '
One-way _ "
ANOVA Factor treatment F=2.36 6,59 <0.05
SHAM/Veh/Veh vs <0.05*
SHAM/CORT/FIx )
S Tail Immobility SHAM/Veh/Veh vs <0.05* 3P
usgzt;:wn duration PLSD XRAY/CORT/FIx '
Post-hoc test SHAM/Veh/Veh vs <0.06
SHAM/CORT/RS '
SHAM/Veh/Veh vs <0.07
XRAY/CORT/RS '

Legend: Factor 1 Pre-treatment: Sham or X-irradiation; Factor 2 Treatment: Vehicle or Corticosterone; CORT:corticosterone; Flx:fluoxetine;
Veh:Vehicle; RS:RS67333; XRAY :X-irradiated




Supplemental Table 6: complete statistical summary analysis for behavioral data after chronic
treatment in sham or X-irradiated mice (two-way ANOVA)

BehaVI'oral Measurement Statistical Comparison Statistics Degrees of p Fig.
paradigm Test freedom
Factor 1 Pre- F=0.64 1,55 ~0.4
treatment
A%\-IV(;@,A Factor 2 Treatment F=5.37 2,55 <0.01**
Interaction _
(F1 x F2) F=0.32 2,55 >0.5
Total Time in the SHAM/CORT/Veh vs <0.01#4
center SHAM/CORT/Flx 31
SHAM/CORT/Veh vs
PLSD SHAM/CORT/RS <0.01##
Post-hoc test
XRAY/CORT/Veh <01
vs XRAY/CORT/Flx ’
XRAY/CORT/Veh
vs XRAY/CORT/RS <0.05#
Factor 1 Pre- F=0.24 1.55 =05
treatment
A%\-IV(;@,A Factor 2 Treatment F=3.17 2,55 <0.05*
Interaction
F=0.60 2,55 >0.5
. Ratio Amb. Dist (F1xF2)
Open Field | Cter/Total Amb SHAM/CORT/Veh vs <0014 3J
Dist. SHAM/CORT/FIx )
PLSD SHAM/CORT/Veh vs 20,054
Post-hoc test SHAM/CORT/RS ’
XRAY/CORT/Veh <02
vs XRAY/CORT/Flx ’
Factor 1 Pre- F=0.052 1,55 ~0.5
treatment
A%\-IV(;?A Factor 2 Treatment F=5.47 2,55 <0.01**
Interaction _
(F1 x F2) F=0.40 2,55 >0.5
SHAM/CORT/Veh vs <0.05#
Entries in the SHAM/CORT/FIx ’
center Supp 4B
SHAM/CORT/Veh vs
<0.05%#
SHAM/CORT/RS
PLSD
Post-hoc test | XRAY/CORT/Veh <0.07
vs XRAY/CORT/Flx ’
XRAY/CORT/Veh
vs XRAY/CORT/RS <0.017##
. . Factor 1 Pre- F=3.45 1.55 <0.07
Elevated Total Time in the 2-way treatment 3K
Plus Maze open arms ANOVA
Factor 2 Treatment F=9.28 2,55 <0.01**




Interaction

(F1 x F2) F=0.56 2,55 >0.5
SHAM/CORT/Veh vs <0.06
SHAM/CORT/FIx :
SHAM/CORT/Veh vs <0.05#
PLSD SHAM/CORT/RS '
Post-hoc test
XRAY/CORT/Veh <0.09
vs XRAY/CORT/Flx ’
XRAY/CORT/Veh
vs XRAY/CORT/RS <0.01##
Factor 1 Pre- F=2 .08 1,55 <0.09
treatment
AZI\-IX@/A Factor 2 Treatment F=7.91 2,55 <0.001***
Interaction _
(F1 x F2) F=0.27 2,55 >0.5
.. SHAM/CORT/Veh vs
Entries in the open SHAM/CORT/Flx <0.05# IL
arms
SHAM/CORT/Veh vs
PLSD SHAM/CORT/RS 0.0
Post-hoc test
XRAY/CORT/Veh <013
vs XRAY/CORT/Flx ’
XRAY/CORT/Veh
vs XRAY/CORT/RS <0.0424
Factor 1 Pre- F=14.42 1,55 <0.01%*
treatment
2-way _
ANOVA Factor 2 Treatment F=2.73 2,55 <0.08
Interaction _ .
Latency to feed (F1 x F2) F=6.86 2,55 <0.01 3N
SHAM/CORT/Veh vs
Novelty PLSD SHAM/CORT/FIx <0.05#
Suppressed
. SHAM/CORT/Veh vs
Feeding Post-hoc test SHAM/CORT/RS <0.01##
Factor 1 Pre- F=1.48 1,55 ~02
treatment
2-way
Food Cons. ANOVA Factor 2 Treatment F=0.67 2,55 >0.5 Supp 4D
Interaction _
(F1 x F2) F=1.42 2,55 >0.2
Factor 1 Pre- F=222 1,55 <01
treatment
2-way Factor 2 treatment F=8.85 2,55 <0.01%**
ANOVA
Interaction _
(F1 x F2) F=0.35 2,55 >0.5
. . SHAM/CORT/Veh vs
Splash test | Grooming duration SHAM/CORT/Flx <0.05# 30
SHAM/CORT/Veh vs
PLSD SHAM/CORT/RS 0.0
Post-hoc test
XRAY/CORT/Veh <0.07
vs XRAY/CORT/Flx ’
XRAY/CORT/Veh <0.01##

vs XRAY/CORT/RS




Tail
Suspension
Test

Immobility
duration

Factor 1 Pre-

F=0.055 1,55 >0.5
treatment
2-way Factor 2 Treatment F=5.43 2,55 <0.01%**
ANOVA
Interaction _
(FI x F2) F=0.18 2,55 >0.5
SHAM/CORT/Veh vs
SHAM/CORT/Flx <0.05#
SHAM/CORT/Veh vs <0.06
PLSD SHAM/CORT/RS
Post-hoc test XRAY/CORT/Veh <0.07
vs XRAY/CORT/FIx ’
XRAY/CORT/Veh <0.054

vs XRAY/CORT/RS

3P

Legend: Factor 1 Pre-treatment: Sham or X-irradiation; Factor 2 Treatment: Vehicle or Corticosterone; CORT:corticosterone; Flx=fluoxetine;
Veh:Vehicle; RS:RS67333; XRAY :X-irradiated
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Commentaires sur Article 2 :

Cette étude montre pour la premiére fois, dans un modele d’anxiété/dépression, qu’un agoniste du
récepteur 5-HT, peut agir comme un composé anxiolytique et antidépresseur de facon rapide et que
la stimulation du récepteur 5-HT, est nécessaire pour les effets comportementaux et neurogéniques
(prolifération et maturation) de la fluoxetine. De plus, nous avons démontré qu’a I'exception du test
du NSF, les effets de type anxiolytiques et antidépresseurs de |’agoniste 5-HT, sont indépendants de

la neurogenese hippocampique.

Ce travail est encourageant pour le développement des agonistes du récepteur 5-HT, tel que le
RS67333 comme un médicament anxiolytique et antidépresseur pour les patients atteints de
dépression majeure avec une co-morbidité anxieuse. Toutefois, d’autres propriétés
pharmacologiques importantes de ces molécules tant au niveau du systéeme nerveux central
(cognition, satiété) qu’au niveau périphérique (coeur, intestin, vessie) doivent étre prises en compte

pour une éventuelle utilisation de cette famille d’agonistes du récepteur 5-HT, en clinique.

Devant I'efficacité du composé RS67333 dans la correction du phénotype anxio/dépressif induit par
le modéle CORT et connaissant les propriétés pro-cognitives des agonistes du récepteur 5-HT, chez
des animaux naifs, nous nous sommes interrogés sur la capacité du RS67333 a restaurer les troubles

cognitifs induits par I'administration de corticostérone a long-terme.
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ARTICLE 3: Chronic 5-HT, receptor agonist treatment restores learning and
memory deficits in a neuroendocrine mouse model of
anxiety/depression

Flavie Darcet, Alain M Gardier, Denis J David, Jean-Philippe Guilloux

Publié dans le journal Neuroscience Letters (Février 2016)

Question posée :
Les différents troubles de I'apprentissage et de la mémoire induits par le modéle CORT sont-ils
corrigés par une administration chronique d’un antidépresseur monoaminergique classique

(fluoxetine) ou d’un agoniste des récepteurs 5-HT, (RS67333)?

Résumé de I'étude

Les troubles cognitifs sont souvent reportés comme des symptomes invalidants chez les patients
souffrant de dépression majeure. De plus, plusieurs études ont montré que certaines des difficultés
cognitives observées pendant des épisodes dépressifs persistaient malgré la rémission des patients. Il
est donc nécessaire d’identifier de nouvelles stratégies thérapeutiques qui permettent de prendre en
charge les symptomes émotionnels liés a la pathologie de la dépression au méme titre que les

troubles cognitifs associés.

Récemment, de nombreuses études se sont intéressées aux propriétés antidépressives des agonistes
des récepteurs 5-HT, (Lucas et al 2007 ; Pascual-Brazo et al 2012). Cependant, peu d’entre elles
conduisent leurs tests sur des animaux anxio/dépressifs (Mendez-David et al 2014) et moins encore
se sont concentrées sur les propriétés pro-cognitives des agonistes des récepteurs 5-HT, dans un

contexte d’anxiété/dépression.

C’est pourquoi nous avons testé I'efficacité du RS67333, un agoniste du récepteur 5-HT,, dans notre
modele d’anxiété/dépression basé sur une exposition chronique a la corticostérone sur les
performances cognitives des animaux, en comparaison a un traitement chronique par un

antidépresseur monoaminergique classique, la fluoxetine.

Comme nous l'avons précédemment démontré, (Article 1), un trouble cognitif global chez les
animaux traités a la CORT est observé. D’un point de vue pharmacologique, les traitements
chroniques par la fluoxetine et par le RS67333 ont permis de restaurer le déficit de mémoire de type

épisodique observé chez les animaux anxio/dépressifs, en rétablissant Iindex de
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discrimination au niveau des animaux contréles. Dans le test de conditionnement par la peur, alors
que l'agoniste du récepteur 5-HT, améliore I'altération de la mémoire associative induite par la
CORT, le traitement par la fluoxetine ne modifie pas le déficit observé chez les animaux CORT. En
outre, le nombre d’épisodes de freezing est méme significativement inférieur a celui des animaux
traités par la CORT. Enfin, dans le Barnes maze, le traitement par le RS67333 améliore aussi bien le
déficit d’apprentissage que de mémoire chez les animaux CORT. Le traitement chronique par la

fluoxetine, pour sa part, a permis de corriger uniqguement le déficit d’apprentissage.

Dans I'ensemble, un traitement chronique par le RS67333 est capable de corriger entierement le
déficit cognitif induit par la corticostérone. En revanche, le traitement chronique par la fluoxetine ne
permet d’obtenir qu’une restauration partielle des fonctions cognitives, dépendante du type de
mémoire testé et des parametres d’apprentissage et de mémoire eux-mémes. Ces résultats
suggérent que ces deux stratégies thérapeutiques pourraient mettre en jeu des mécanismes d’action
différents (mémoire associative et spatiale) ou parfois similaires (mémoire type épisodique) en

fonction du type de mémoire engagé.

Contribution personnelle :

Au cours de ce travail :

e J'ai réalisé le suivi des animaux incluant la préparation et I'administration des traitements

pharmacologiques (traitement par la CORT et par la fluoxetine, préparation et implantation

des mini-pompes pour RS67333).

e J’ai mené I'ensemble des tests comportementaux émotionnels et cognitifs.

e J'ai analysé les résultats et rédigé I'intégralité de I'article sous la supervision du Pr. Denis

David et du Dr Jean-Philippe Guilloux
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e Chronic fluoxetine only partially reversed these cognitive alterations.
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Cognitive disturbances are often reported as serious invalidating symptoms in patients suffering from
major depression disorders (MDD) and are not fully corrected by classical monoaminergic antidepressant
drugs. If the role of 5-HT4 receptor agonists as cognitive enhancers is well established in naive animals
or in animal models of cognitive impairment, their cognitive effects in the context of stress need to be
examined. Using a mouse model of anxiety/depression (CORT model), we reported that a chronic 5-HT4
agonist treatment (RS67333, 1.5 mg/kg/day) restored chronic corticosterone-induced cognitive deficits,
including episodic-like, associative and spatial learning and memory impairments. On the contrary, a
chronic monoaminergic antidepressant drug treatment with fluoxetine (18 mg/kg/day) only partially
restored spatial learning and memory deficits and had no effect in the associative/contextual task. These
results suggest differential mechanisms underlying cognitive effects of these drugs. Finally, the present
study highlights 5-HT, receptor stimulation as a promising therapeutic mechanism to alleviate cognitive
symptoms related to MDD.

© 2016 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Increasing evidence suggests that cognitive disturbances are
closely associated with depressive symptoms observed in major
depression disorders (MDD) [1,2]. In addition to the emotional and
behavioral alterations characterizing this pathology, patients suf-
fering from MDD display a broad range of cognitive deficits, varying
from executive functions, attention, processing speed, working
memory to visual learning and memory domains [3,4]. Cognitive
processes such as attention and memory may not only be correlates
of depressive episodes; they may also play a critical role in increas-

* Corresponding authors at: UMR-S 1178, Univ. Paris Sud, Fac Pharmacie, 5, rue
Jean-Baptiste Clément, 92296 Chatenay-Malabry, France.
E-mail addresses: denis.david@u-psud.fr (D.]. David),
jean-philippe.guilloux@u-psud.fr (J.-P. Guilloux).

http://dx.doi.org/10.1016/j.neulet.2016.01.055
0304-3940/© 2016 Elsevier Ireland Ltd. All rights reserved.

ing individuals’ vulnerability for the first onset and recurrence of
depression (for review see Ref. [5]). Currently, these cognitive signs
are not fully corrected by classical monoaminergic antidepressant
drugs [6,7]. New antidepressant drug strategies that target mood-
related symptoms as well as cognitive symptoms are needed to
improve long-term outcomes, and particularly functional recovery
[8].

It has been proposed that not only 5-HT4 receptor agonists such
as RS67333 may bring new hope for treating depression ([9,10]
for review), but also represent a promising drug candidate to treat
cognitive impairments [11]. During the past few years, the role
of 5-HT4 receptor agonists as cognitive enhancers has been well-
established under basal conditions in rodents [12,13], in young
or aged macaques [14] or in animal models of cognitive impair-
ment [11,15,16], but their pro-cognitive effects in the context of
anxiety/depression-like state has not been examined yet. A variety
of studies have assessed cognitive disorders in different anxiety
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or depression models in adult rodents [17-19]. Specifically, we
previously showed that chronic corticosterone exposure in mice
(CORT model) induces an anxiety/depressive-like phenotype [20],
associated with episodic-like, associative and spatial learning and
memory impairments [21]. Moreover, sub-chronic and chronic
5-HT,4 receptor stimulations reversed the CORT-induced higher
emotional state [9,22]. The aim of the present study was to deter-
mine whether chronic activation of the 5-HT, receptor (RS67333),
in comparison to fluoxetine, a chronic serotonergic antidepressant
drug treatment, could reverse CORT-induced cognitive deficits. To
this end, we selected a range of cognitive behavioral paradigms
that allows investigation of different memory systems including
episodic-like memory, associative/contextual memory and spatial
reference learning and memory.

2. Materials and methods
2.1. Animals

Eight to 10-weeks old male C57BL/6]JRj mice (Janvier Labs,
France) were maintained ona 12L:12D schedule (Lights ON at 7AM)
and were housed 5 per cage. Food and water were provided ad libi-
tum. All testing were conducted in compliance with the laboratory
animal care guidelines, with protocols approved by the Institutional
Animal Care and Use Committee (CEE26 authorization 2012-099)
and with the European directive 2010/63/EU.

2.2. Drugs and treatments

Corticosterone (CORT, 4-pregnen-11b-DIOL-3 20-DIONE 21-
hemisuccinate (35 pg/ml equivalent to 5 mg/kg/day) from Sigma-
Aldrich (France) was dissolved in vehicle (0.45% hydroxypropyl-$3-
cyclodextrin, 3-CD), Sigma-Aldrich, France). Fluoxetine hydrochlo-
ride (Anawatrading, Switzerland) was dissolved in 0.45% 3-CD [20].
RS67333 hydrochloride (1-(4-amino-5-chloro-2-methoxyphenyl)-
3-(1-butyl-4piperidinyl)-1-propanone) (Tocris Bioscience, United
Kingdom) was dissolved in 0.9% saline solution. Corticosterone
was delivered for 28days in drinking water to induce the
anxio-depressed phenotype in mice (Supplementary Fig. 1).
Thereafter, while administration with 3-CD or corticosterone
continued, mice were treated with vehicle (0.45% B-CD), flu-
oxetine (160 mg/ml delivered in drinking water, equivalent to
18 mg/kg/day) or RS67333 (delivered by osmotic mini-pumps
at a dose of 1.5mg/kg/day). The dose, route and duration of
fluoxetine or RS67333 treatments were selected based on our pre-
vious report [9], to ensure a similar anxiolytic/antidepressant-like
effect of treatment. Osmotic minipumps (42 days, model 2006,
Alzet, USA) were implanted subcutaneously under light anesthesia
(ketamine/xylazine: 75/20 mg/kg, Sigma Aldrich, France). Vehicle,
CORT and CORT/Fluoxetine groups were also implanted with a
mini-pump containing 0.9% saline. Treatment was maintained until
the end of the experiments.

2.3. Behavioral testing

Cognitive and anxio/depressive effects of pharmacological
treatments were conducted within the same cohort. Each animal
was successively subjected to the behavioral tests as shown in Sup-
plementary Fig. 1. At least one day resting was given to animals
between each test. Animals were placed in the experimental room
30min before the start of the behavioral experiments. A detailed
description of materials and methods can be found in supplemental
information.

2.3.1. Anxiety and depression behavior paradigms

Anxiety parameters and motor activity were quantified during
10 or 30 min respectively in Open Field (OF) boxes as described in
[9]. Depressive-like behavior was assessed in the Splash test (ST)
as previously described [20].

2.3.2. Cognition behavioral paradigms

2.3.2.1. Episodic memory: novel object recognition test (NORT). The
procedure was adapted from the Sahay study [23] and was per-
formed as previously described in [21]. Briefly, the NORT was
divided into 4 training sessions and one test session. During train-
ing sessions, two identical objects were present in the box and
the mouse was allowed to freely explore the apparatus and the
objects. Results for this test were expressed as: 1) exploration (in
percent) of each object during the test session and 2) a discrimina-
tion index (DI) between objects during the test session, calculated
as the difference between the time spent exploring the novel object
(N) and the familiar object (F) divided by the total time exploring
both objects (DI=(N — F)/(N+F)).

2.3.2.2. Associative/contextual memory: one-trial contextual fear
conditioning. Associative/contextual memory was evaluated as
previously described in [21], adapted from previous studies [24].
The experimental design ran over two consecutive days. On Day 2,
animals returned to the conditioning chamber for a 4-min period,
for a test of context-elicited freezing. Scoring was measured using
Freezing software version 2.0.04 (Packwin, Harvard apparatus,
Bioseb, France).

2.3.2.3. Spatial reference learning and memory: Barnes maze. The
Barnes maze (BM) procedure was conducted as previously
described [21]. Briefly, spatial acquisition was organized in 4 train-
ing sessions (Day 1 to Day 4) followed on day 5 by a retention probe
trial (90s) during which the target box was removed and the tar-
get hole was closed. Primary latency and primary errors to identify
the target hole were manually scored. Latency to reach the target
hole for the first time, number of errors before reaching the tar-
get hole, number of visits in the target hole and time spent in the
target quadrant were recorded using ANY-maze Software version
4.99 (Stoelting, Bioseb, France).

2.4. Statistics

Results from data analyses were expressed as mean 4 SEM. Sta-
tistical analyses were processed with Statview 5.0% Software (SAS
Institute, Cary, NC). Detailed statistical methodology and results are
provided in Supplementals.

3. Results

In the present study, we confirmed previous reports showing
chronic corticosterone-induced anxiety/depression-like pheno-
type in mice [20]. Physiological (weight) and physical (fur coat)
changes are indicators of depressed-like state in animals: here, a
significant increase in body weight and coat state score in CORT-
treated animals compared to controls was observed (p<0.01, Fig.
S2A and B). Moreover, CORT-treated mice displayed anxiety- and
depressive-like phenotypes in the OF and the ST compared to con-
trols. Interestingly, both chronic fluoxetine and 5-HT,4 receptor
activation with RS67333 were able to significantly reverse chronic
CORT-induced increase in body weight and deterioration of coat
state (p<0.05 and p<0.01). In the OF, a trend and a significant
increase in time spent in the center were observed in chronic
R67333 or fluoxetine-treated mice, respectively (p=0.09; p<0.05),
without affecting the total ambulatory distance (p>0.1) (Fig. S2C
and D). In the ST, both pharmacological treatments significantly
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Fig. 1. Effects of chronic fluoxetine or 5-HT, receptor agonist treatments on CORT-induced episodic-like memory impairment and associative/contextual memory deficit.
Novel Object Recognition test (A and B): the exploration time was expressed in percent of both novel object and familiar object with the red dot line indicating the chance
level (A). Total ambulatory distance during the retention session was monitored (B). One-trial Contextual Fear Conditioning (C and D): contextual fear conditioning was
induced by placing a mouse in the conditioning chamber and delivering a 2-s footshock 180's later. Mice were returned to the conditioning chamber 24 h later to assess for
context-elicited freezing. During Day 2, context-elicited freezing (C) and the number of freezing episodes (D) were analyzed during the whole session. Values are mean + SEM,
n=10-15 animals per group; **p <0.01 versus vehicle group; #p<0.05, ##p <0.01 versus CORT-treated group, 3 p<0.05 compared to chance level 50%. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

reversed the chronic CORT treatment-induced decrease in groom-
ing duration (p<0.01) (Fig. S2E). Altogether, these data confirmed
that 5-HT4 receptor activation produces both anxiolytic-like and
antidepressant-like effects comparable to those of fluoxetine in the
chronic CORT model [9].

3.1. Effects of chronic fluoxetine or 5-HT,4 receptor agonist
treatment on episodic-like memory in mice chronically treated
with corticosterone

In the NORT, all experimental groups were able to discriminate
the novel object from the familiar one, indicated by a significant
increase in relative exploration time (p<0.01 versus the chance
level 50% for each groups, Fig. 1A). However, CORT-treated animals
displayed a lower distinction for the novel object than vehicle ani-
mals, as suggested by a decrease in discrimination index (Fig. S3A,
see also Ref. [21]). Both chronic fluoxetine or RS67333 treatments
reversed CORT-induced episodic-like impairment by increasing
novel object exploration time and consequently increasing the

discrimination index (p<0.01, Figs. 1 A and S3A). No signifi-
cant difference was found between groups on control parameters
(exploration duration across sessions and ambulatory distances)
(p>0.1, Figs. 1 B and S3A-C).

3.2. Effects of chronic fluoxetine and 5-HT, receptor agonist
treatment on associative/contextual memory in mice chronically
treated with corticosterone

During the Day 2 trial, CORT-treated mice exhibited a lower
freezing duration than controls, associated with a decrease in freez-
ing episodes (p<0.01, Fig. 1C and D). RS67333 treatment restored
CORT-induced associative/contextual memory deficit, by increas-
ing freezing time and episodes (p<0.05, Fig. 1C and D). On the
contrary, fluoxetine failed to improve the freezing duration during
the context-elicited fear trial and even showed a decrease in freez-
ing episodes compared to CORT-treated mice (p <0.05, Fig. 1D).
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3.3. Effects of chronic fluoxetine and 5-HT, receptor agonist
treatment on spatial learning and memory performances in mice
chronically treated with corticosterone

Motivational behavior to move and search for the target hole
was controlled by measuring mean speed during the training ses-
sion of Day 1, and did not differ between groups (p > 0.1) (Fig. S4D).

3.3.1. Acquisition

Learning occurred in all groups, as latency to identify the tar-
get hole was decreased across learning sessions (p<0.01, Fig. 2A).
However, an increase in primary latency and errors in CORT-treated
mice compared to controls confirmed the altered spatial learning
performances in these animals compared to controls (p < 0.01, Figs.
2 A and S4C, see also [21]). Interestingly, both CORT/Fluox and
CORT/RS67333 animals were able to partially recover of learning
abilities, as indicated by a progressive significant decrease in pri-
mary latency across time compared to CORT-treated mice (p<0.01,
Fig. 2A). Paradoxically, while CORT/RS67333 showed a classical
simultaneous decrease in primary errors across trials (p<0.01),
CORT/Fluox animals failed to improve this parameter, suggesting
that research strategy of the target hole is different between treat-
ments (Fig. S4A and B).

3.3.2. Retention trial

On Day 5, reference memory was assessed by a retention trial
in which the target hole was removed and replaced by a false hole.
Increases in primary errors and primary latency in CORT-treated
mice compared to controls (p<0.01, Fig. 2B and C) associated with
a decrease in time spent in the target quadrant (p<0.05, Fig. 2D)
and a decrease in the number of visits in the target hole (p<0.01,
Fig. 2E) suggested that anxio/depressive-like animals have difficul-
ties to remember the location of the target quadrant. Interestingly,
a chronic RS67333 treatment improved all of the retention param-
eters when compared to CORT-treated mice (p<0.01, Fig. 2B-E),
suggesting that a chronic 5-HT,4 receptor stimulation can restore
CORT-induced learning and retention spatial deficits. Intriguingly,
whereas learning performances were reversed after a chronic flu-
oxetine treatment, most of the retention parameters remained
impaired in CORT/Fluox animals (Fig. 2B-D), except the number
of visits into the target hole (p <0.05, Fig. 2E).

4. Discussion

The present study reveals the cognitive consequences of
chronic fluoxetine or 5-HT4 receptor agonist treatments in
a neuroendocrine-based mouse model of anxiety/depression.
Because memory functions are not limited to a single aspect,
episodic-like (novel object recognition test), associative/contextual
(one-trial contextual fear conditioning) and spatial (Barnes maze)
learning and memory tasks were tested. Our results highlight that
altered emotional phenotype after chronic CORT treatment induced
a cognitive deficit that affects all aspects of learning and memory,
especially episodic (NORT), associative/contextual (CFC) and visuo-
spatial systems in mice (BM) [21]. A chronic 5-HT4 receptor agonist
treatment restored all the cognitive CORT-induced deficits. By con-
trast, a chronic fluoxetine treatment was able to reverse deficits in
episodic-like memory (NORT) and some of learning parameters in
the Barnes maze, but failed to improve the CORT-induced decrease
in freezing behavior in the associative/contextual test and most of
retention parameters in a spatial task.

The majority of preclinical research focused on the effects of
5-HT4 receptor agonists in the cognitive domain (acute: [12,25];
chronic: [13]). Likewise, numerous studies described RS67333 as
a potential antidepressant drug [9,22,26,27], and that fluoxetine

antidepressant effects are blocked by a 5-HT,4 receptor antago-
nist, GR125487 [9]. This is the first report of the cognitive effects
of a chronic systemic RS67333 treatment in a model of anxi-
ety/depression. Identification of neuronal circuits involved in the
cognitive effects elicited by activation of 5-HT4 receptor under
anxiety/depression-like phenotype still need further investiga-
tions. Although RS67333 displays a partial agonist activity on 5-HTy4
receptors, previous studies showed its similar behavioral effects
compared to other full receptor agonists [16,26]. Additionally, the
agonist efficacy of a drug also depends on the system in which it is
evaluated as the receptor density or coupling efficiency can differ
[28]. RS67333 shows high binding affinity for the 5-HT,4 receptor
with a pKi of 8.7 [29,30]. Except for the sigma receptors, which are
bound at affinities comparable to 5-HT, receptors (o1: pKi=8.9;
and o2: pKi=8.0), RS67333 has a pKi of less than 6.7 for other neu-
rotransmitters’ receptors [31]. While we cannot rule out a role of
the sigma receptor, GR125487 a 5-HT,4 receptor antagonist with no
sigma receptor affinity blocked the RS67333-induced precognitive
effects [32,33], supporting our hypothesis that 5-HT, receptor is
prominently implicated in the modulation of mood and cognitive
behaviors of RS67333.

In the novel object recognition test, RS6733 and fluoxetine had
similar effects. Interestingly, neurochemical and behavioral stud-
ies suggest that 5-HT, receptors may play an important role in
cognition processes through an interaction between the cholin-
ergic and/or histaminergic systems in the hippocampus or in the
cortical areas ([11,34,35] for review). Stimulation of 5-HT,4 recep-
tors increases extracellular histamine and acetylcholine levels in
rodents in these brain regions involved in cognitive function. In bul-
bectomized mice, a mouse model of depression, chronic fluoxetine
was able to restore normal exploratory behavior in the novel object
test. In this model in which a 2.5 fold increase in corticosterone
levels in serum was observed, chronic fluoxetine was also able to
reverse the stress-induced increase in hippocampal acetylcholine
esterase (AChE), but also to reduce AChE activity in the prefrontal
cortex, corroborating the notion that this SSRI modulates cholin-
ergic neurotransmission [36]. These cholinergic mechanisms may
participate to chronic RS67333 and/or fluoxetine-reversed corti-
costerone induced behavioral deficit in the novelty in the novel
object.

In the present study, differential fluoxetine and RS67333 behav-
ioral cognitive effects also rely on different mechanisms of action
characterizing these drugs. Whereas RS67333 selectively stimu-
lates 5-HT4 receptors [29], fluoxetine acts as an indirect 5-HT
receptors’ agonist, by selectively inhibiting serotonin re-uptake.
Beneficial as well as detrimental cognitive effects of fluoxetine may
thus involve other serotoninergic receptors, which play a crucial
role in learning and memory processes [14,37,38]. For instance,
current strategies blocking 5-HT3, 5-HTg and 5-HT; receptors have
been shown to improve cognition [13,39,40]. Inregards to the detri-
mental effects of fluoxetine, a recent report using the novel object
recognition, suggest that 5-HT,4 receptors activation is involved.
Indeed, fluoxetine (10 mg/kg i.p.) impaired mice performance test
24 h post-administration [41]. Multiple medication therapy, based
on the modulation of these receptors, may represent a more effi-
cient strategy than the use of each drug alone to alleviate cognition
deficits in MDD.

Preclinical evidences for cognitive efficacy of SSRIs in animal
models of depression are inconsistent (See [42] for review). Effects
of chronic fluoxetine on stress-induced memory impairments vary
according to the nature of the task and the chronic stress proce-
dures. For example, stress-induced deficits in episodic-like memory
was reversed [43] or unchanged in the recognition task [44] fol-
lowing a chronic fluoxetine treatment. Depending on the spatial
navigation task, a chronic fluoxetine treatment produced either
reversal in deficits [45,46], no effect in the Morris water maze or
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Fig. 2. Effects of chronic fluoxetine or 5-HT4 receptor agonist treatments on CORT-induced spatial memory deficit. Animals were trained during 4 days to learn the location
of the target box. A probe trial estimates reference memory (Day 5). During acquisition (Day 1-4), learning was monitored by recording primary latency during the training
sessions (A). During retention trial (Day 5, B-E), the target box was removed and blocked. Reference memory retention was evaluated by measuring the latency to identify
the target hole (B), primary errors (C), the time spent into the target quadrant (D) and the number of visits in the target hole (E). Values are mean+ SEM, n=10-15 animals
per group; *p <0.05; **p<0.01 versus vehicle group; ##p <0.01 versus CORT-treated group.

impairment in the Radial arm water maze [47]. In our study using strategy, by randomly choosing a hole and visiting adjacent holes
the Barnes Maze, opposing results regarding learning parameters until they found the target hole (see Fig. S4A and B). This suggests
(latency and errors) after a chronic fluoxetine treatment reopen the that these mice correctly learned the rule (since their latency to
question whether mice actually used a spatial strategy to solve the identify the hole decreased over time), but did not use, or partially,
task [48]. Here, fluoxetine-treated mice adopted a “serial” search the spatial visual cues to locate the target hole.
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To our knowledge, no study has focused on the effects of flu-
oxetine in the contextual fear-conditioning task in animal models
of depression. Indeed, most of the studies investigating effects of
SSRIs in conditioned fear response were conducted in naive animals
(see Ref. [49] for review). Following sub-chronic or chronic SSRI
treatments in rats, freezing behavior was found to be decreased
[50-52] or unchanged [53] compared to controls. Interestingly, Kar-
pova et al. [54] showed that a 3-weeks fluoxetine treatment did
not change fear-conditioning behavior, but had a positive synergis-
tic effect when combined with extinction episodes to lose fearful
memories. Additionally, chronic citalopram (another SSRI) treat-
ment has been reported to impair the acquisition of contextual
fear conditioning in naive rats because of its anxiolytic-like activity
[52]. Adirect role of the NR2B subunit in the amygdala in mediating
these effects, i.e.,, a downregulation of the NR2B subunit, has been
suggested [49]. Similar mechanism cannot be ruled out for fluox-
etine since anxiolytic-like effects have been observed in our study
and elsewhere in the CORT model [9,20]. Nevertheless, additional
studies are needed to understand the link between SSRIs and fear
conditioning in a pathological stressful context.

From a clinical point of view, several studies support the idea
that monoaminergic antidepressant drugs may ameliorate the cog-
nitive functions of depressed patients. Specifically, fluoxetine was
found to improve memory and mental processing speed [55,56].
However, some studies did not observe any improvement in cog-
nitive functions after antidepressant drug treatment in depressed
patients [6,57], or that medication is ineffective without additional
psychotherapeutic intervention [7].

By restoring all of the CORT-induced cognitive deficits as well
as anxio/depressive-like symptoms, the present study highlighted
5-HT4 receptor agonists as a promising antidepressive strategy that
may also treat cognitive-associated symptoms in MDD. Since 5-HT,4
receptor density does not decrease with age, it may also represent
a new strategy to treat cognitive deficits in elderly patients with or
without MDD.
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1 Supplementary Methods

1.1 The mouse CORT model

The model of elevated glucocorticoids (also named “CORT model”) is able to blunt the response
of the hypothalamic-pituitary-adrenal axis (HPA) as shown by the markedly attenuated stress-
induced corticosterone levels observed in these mice [1]. This model displays hallmark
characteristics of anxiety and depression. The dose and duration of corticosterone treatment

was selected based on previous studies [1, 2].

1.2 Anxiety and depression behavior paradigms

1.2.1 Mouse body weight

Mouse body weight for each animal was followed once a week during all the procedure.

1.2.2 Fur Coat State

The score corresponding to the state of the coat resulted from the sum of the score of five
different body parts: head, neck, dorsal/ventral coat, tail and fore-/hind paws. For each body
area, a score of 0 was given for a well-groomed coat and 1 for an unkempt coat [1, 3]. Fur coat

state and mouse body weight was followed weekly during the whole treatment period.

1.2.3 Open Field paradigm (OF)

Motor activity was quantified in Plexiglas OF boxes 43x43 cm (MED associates, Georgia, VT,
USA) during a 10-min session [4]. Two sets of 16 pulse-modulated infrared photobeams were
placed on opposite walls 2.5 cm apart to record x-y ambulatory movements. Activity chambers
were computer interfaced for data sampling at 100 ms resolution. The center was defined as a

32x32-cm central arena. Dependent measures were: total time spent in the center, the numbers
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of entries into the center and distance travelled in the center divided by total distance travelled.

Overall motor activity was quantified as the total distance travelled (cm).

1.2.4 Splash Test (ST)

This test consisted in squirting a 10% sucrose solution on the mouse’s snout. The grooming

duration was then recorded over a 5 min period in the home cage of the animal [5].

1.3 Cognition behavioral paradigms

1.3.1 Episodic memory: novel object recognition test (NORT)

The NORT was divided into 4 training sessions and one test session as described previously [6].
Each exposure lasted 5 minutes with a 3-min inter-trial interval. During training sessions, two
identical objects were present in the box and the mouse was allowed to freely explore the
apparatus and the objects. During the test session, one of the familiar objects was removed
from the cage and replaced by a novel object. Object exploration was defined as the orientation
of the nose to the object at a distance < 2 cm. Ambulatory activity was controlled during the
entire experiment and objects exploration was hand-scored by an experimenter. Objects were
cleaned with 70 % ethanol between trials to avoid olfactory cues. Results for this test were
expressed as: 1) exploration (in percent) of each object during the test session and 2) a
discrimination index (DI) between objects during the test session, calculated as the difference
between the time spent exploring the novel object (N) and the familiar object (F) divided by the

total time exploring both objects (DI=(N-F)/(N+F)).

1.3.2 Associative/Contextual memory: one-trial contextual fear conditioning (FC)
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The experimental design ran over two consecutive days. On Day 1, mice were placed in the
conditioning chamber and, 3 min later, received one shock (2 sec., 0.75 mA). Mice were
removed 15 sec after the shock. On Day 2, animals returned to the conditioning chamber for a
4-min period in the exact same conditions of Day 1, but without electrical shock, for a test of
context-elicited freezing. Training chambers were cleaned with 70% ethanol solution before and
after each trial. Scoring was measured using Freezing software version 2.0.04 (Packwin, Harvard

apparatus, Bioseb, France).

1.3.3 Spatial reference learning and memory: Barnes maze paradigm (BM)

Spatial acquisition was organized in 4 training sessions (Day 1 to Day 4). Each training session
consisted in four 3-min trials, with 15-20 min intertrial intervals during which animals were
returned to their home cage. Primary latency and primary errors to identify the target hole were
manually scored during all learning trials. A hole was considered visited when mice tilted their
head over it (nose poke) or introduced their paws into the hole. On Day 5, reference memory
was evaluated by a retention probe trial (90 sec) during which the target box was removed and
the target hole was closed. Mice were allowed to explore the maze and to visit the target and
the adjacent holes. Latency to reach the target hole for the first time, number of errors before
reaching the target hole, number of visits in the target hole and time spent in the target

guadrant were recorded (ANY-maze Software)

1.4 Statistics

Results from data analyses were expressed as mean + SEM. Statistical analyses were processed
with Statview 5.0® Software (SAS Institute, Cary, NC). For all experiments, comparisons between

CORT-treated and control animals were performed by using t-tests or one-way ANOVA with
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repeated-measures when appropriate. One-way ANOVA alone or with repeated-measures were
applied to the data as appropriate. Significant main effects and/or interactions were followed by
Fisher’s PLSD post hoc analysis. One sample t-tests were used to compare the percent of time
exploring the novel object versus the chance level (50%) in the novel object recognition test and
the time spent in the target quadrant versus the chance level (22.5 sec) in the BM test.
Statistical significance was set at p<0.05. A summary of statistical measures is included in

Supplementary Tables 1 and 2.

2 Supplementary Figures

2.1 Supplementary Figure 1: Experimental design.

C57BL/6JRj mice received a 4-weeks corticosterone treatment in drinking water to induce the
anxio-depressed phenotype. Mice were then given a 4-week chronic fluoxetine treatment in
drinking water or the 5-HT, receptor agonist (RS67333) treatment via osmotic mini-pumps. Mice
were then subjected to a complete characterization of cognitive functions in episodic-like,
spatial and associative domains. Each animal was successively tested in the open field paradigm,
the novel object recognition test, the Barnes maze, the one-trial contextual fear conditioning

and the Splash test.
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2.2 Supplementary Figure 2: 4 weeks of fluoxetine (18 mg/kg/day) or RS67333 (1.5
mg/kg/day) reversed increase in mouse body weight, deterioration of the coat state and

anxio-depressed phenotype induced by chronic corticosterone.

The effects of 4 weeks of RS67333 (1.5 mg/kg/day) and fluoxetine (18 mg/kg/day) treatments
started after 4 weeks of corticosterone regimen (35 pg/ml) on mouse body weight (in g) (A), on
coat state (B), on anxiety (C) and depression-like (D) phenotypes were followed during all the
procedure.

Chronic RS67333 and fluoxetine treatments reversed chronic corticosterone induced increase in
mouse body weight (A) and deterioration of the coat state (B).

Anxiety, measured for various parameters in the center of OF paradigm, is expressed as mean
total of the time-spent (in seconds) for the entire 10-min session (C) and also for the total
ambulatory distance (D). A 4-week corticosterone regimen inducing anxiety-like phenotype was
abolished with fluoxetine treatment. A trend for an increase in time spent in the center was
observed for RS67333 treatment. Both drugs did not affect locomotor activity (D). Depressive-
like phenotype assessed in the ST is expressed as mean duration of grooming (in seconds) after
receiving a 10 % sucrose solution on the snout. Decrease in grooming duration induced with
chronic corticosterone was abolished with a 4 week RS67333 and fluoxetine treatment (E)
Values are mean * SEM (n=10-15 animals per group). PLSD post hoc test: **p<0.01 versus

vehicle group; # p<0.05, ## p<0.01 versus CORT-treated group.
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2.3 Supplementary Figure 3: 4 weeks of fluoxetine (18 mg/kg/day) or RS67333 (1.5
mg/kg/day) did not affect exploration behavior or motor activity in the novel object

recognition test.

The effects of 4 weeks of RS67333 (1.5 mg/kg/day) and fluoxetine (18 mg/kg/day) treatments
started after 4 weeks of corticosterone regimen (35 pug/ml) on both objects exploration time
along learning sessions (A) and ambulatory distance during training (B) and test (C) sessions
were followed during the NORT. None of these parameters was affected by either chronic
corticosterone or drugs (RS67333, fluoxetine) treatments. Values are mean + SEM (n=10-15

animals per group).
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2.4 Supplementary Figure 4: Distinct pattern searching strategies observed between
fluoxetine (18 mg/kg/day) and RS67333 (1.5 mg/kg/day) —treated animals in Barnes

maze paradigm.

Contradictory learning parameters revealed distinct pattern of searching strategies between

CORT/Fluoxetine and CORT/RS67333 groups as shown with representative cartoons of 4

III III

different animals per group (A). Percentage of animals displaying either a “non-serial” or “seria
search strategy during at least 2 out of 4 trials during the learning period (B). Number of errors
before visiting the target hole (primary errors) scored along training sessions (C). Average speed

during the first four trials of Day 1 training was measured to detect motivational variations

between experimental groups (D).

Darcet et al. — Supplementary Elements — Page 10/19



Figure S4

Vehicle

=
¢

«Non-serial» Search Srategy

100

o

J1.J2J3 J4 J1.J2 J3 J4 J1.J2 J3 J4 J1.J2J3 J4

B [=2] ©
o o o

search strategy (in %)

N
o

Animals dsiplaying a «direct»

o

Vehicle CORT CORT/ CORT/
Fluox RS67333
CORT/Fluox ‘h
_ «Serial» Search Srategy )
"y,
. J 8% g0
23 60l
. £8 60
5 E 40
£
0 J1.J2J3 44 J1.J2J3 J4 J1.J2J3 J4 J1.J2J3 44
Vehicle CORT CORT/ CORT/
Fluox RS67333
C D
*%
159 0.67
3
e £ T
s 107 5 0.4
= )
(0] [0}
2 &
(] - H (0]
g 5] Vehicle & 02
= -~ CORT 2
, 4.5.% . 5 - CORT/Fluoxetine <
0- ) 0.0-
-o- CORT/RS67333 <
. é@ %S
i & & &

Day 1 Day 2 Day 3 Day 4 cPQ



2.5 Supplementary Table 1: complete statistical summary analysis for behavioral data after

chronic corticosterone treatment

Behavioral D f
€ aw.ora Measurement Statistical Test Comparison Statistics egrees o p Fig.
paradigm freedom
* %k
t-test CORT vs Veh F=76.179 27 p<0.01
Exploration time CORT vs 50% t=17.967 13 p<0.016 1A
(%) One sample
t-test =3. .
es Veh vs 50% t=3.835 14 p<0.016
. P . - k%
Discrimination ttest CORT vs Veh F=76.179 27 p<0.01 1B
Index
- * %k
Factor 1 Treatment F=9.814 1,39 p<0.01
One-way F=15.376 3,39 0.01%*
. =15. <0.
ANOVA with Factor 2 Time ’ P
. . repeated
N  obiect Exploration time measures S3A
reczvﬁ't(')o:\etcest across sessions Interaction F=3.056 3,39 p>0.1
gnit (F1X F2)
PLSD CORT vs Veh p<0.05*
Post-hoc test (Session 1, 3)
Factor 1 Treatment F=0.670 181 p>0.05
One-way , F=24.289 3,81 p<0.01%*
Distance travelled ANOVA with Factor 2 Time S3B
across sessions repeated
measures Interaction F=1.492 3,81 p>0.1
(F1 X F2)
Distance travelled t-test CORT vs Veh F=0.559 27 p>0.5 S3C
(Probe test)
F ing durati F=12.669 27 <0.05* 1C
. reezmgo uration t-test CORT vs Veh P
One-trial (%)
contextual fear
conditionin F=10.694 27 <0.05* 1D
& Freezing episodes t-test CORT vs Veh P
- * %k
Factor 1 Treatment F=136.7 1,416 p<0.01
One-way
ANOVA with . F=11.69 15, 416 p<0.01**
Factor 2 Time
. repeated
PrlmarY I.a.tency measures Interaction F=1.366 15, 416 p>0.1 2A
(acquisition) (F1 X F2)
Barnes maze
PLSD CORT vs Veh p<0.01**
Post-hoc test (Day 1 to Day 4)
H = * %k
Primary grrors ttest CORT vs Veh F=13.210 27 p<0.01 2B
(retention)
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H = * %k
Primary Iartency t-test CORT vs Veh F=10.985 27 p<0.01 2C
(retention)
Time in target
F=7.423 27 0.05* 2D
quadrant t-test CORT vs Veh p<
(retention)
Visits of the
F=24.568 27 0.01%* 2E
target hole t-test CORT vs Veh p<
(retention)
- * %k
Factor 1 Treatment F=82.26 1,432 p<0.01
One-way
= * %k
ANOVA with Factor 2 Time F=10.95 3,432 p<0.01
. repeated
Primary errors S4B
measures )
(Acquisition) Interaction F=0.6566 3,432 p<0.05*
(F1 X F2)
PLSD CORT vs Veh p<0.01**
Post-hoc test (Day 1 to Day 4)
Average speed on t-test CORT vs Veh F=1.842 27 p>0.5 S4C
Day 1
- * %k
Factor 1 Treatment F=45.50 2,390 p<0.01
One-way
ANOVA with Factor 2 Time F=41.42 9, 390 p<0.01**
repeated SIA
Weight Weight gain measures Interaction F=3.108 18, 390 p<0.01**
(F1 X F2)
PLSD CORT vs Veh p<0.01**
Post-hoc test (from week 6 to 10)
- * %k
Factor 1 Treatment F=580.6 1,224 p<0.01
One-way
ANOVA with . F=110.6 7,224 p<0.01**
Factor 2 Time
repeated
measures Interaction F=55.80 7,224 p<0.01**
(F1 X F2)
S28B
Coat state Score
CORT vs Veh p<0.05*
(Week 2 and 3)
PLSD
Post-hoc test
CORT vs Veh p<0.01**
(Week 4 to week 7)
Time in center t-test CORT vs Veh F=10.362 27 p<0.01** S2C
10’
Open Field (107
Ambulatory t-test CORT vs Veh F=2.274 27 p>0.1 S2D
distance
Splash test Grooming t-test CORT vs Veh F=53.04 27 p<0.01** S2E
duration

Legend: CORT: corticosterone; Veh: Vehicle
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2.6 Supplementary Table 2: complete statistical summary analysis for behavioral data after

chronic fluoxetine and RS67333 treatments

Behavioral D f
€ aw.ora Measurement Statistical Test Comparison Statistics egrees o p Fig.
paradigm freedom
One-way _ 2.37 p<0.01##
ANOVA Factor Treatment F=32.28
CORT/Fluox versus p<0.01##
CORT
PLSD
Post-hoc test 0.014# 1A
<0.
Exploration time CORT/RS versus CORT P
CORT/Fluox vs 50% t=8.161 1 p<0.016
One sample
t-test
t=17.069 14 p<0.016
CORT/RS vs 50%
One-way Factor Treatment F=32.28 2,37 p<0.01##
ANOVA
Novel object Discrimination CORT/Fluox versus p<0.01## 1B
Index CORT
recognition test PLSD
Post-hoc test
CORT/RS versus CORT p<0.014#
Factor 1 Treatment F=0.8210 2,56 p>0.1
One-way
Exploration time | ANOVA with Factor 2 Time F=1.384 3,56 p>0.1 S3A
across sessions repeated
measures Interaction F=0.7885 6, 56 p>0.1
(F1XF2)
Factor 1 Treatment F=0.4758 2,160 p>0.05
One-way
Distance travelled ANOVA with . F=9.027 3, 160 p<0.01## S3B
. Factor 2 Time
across sessions repeated
measures Interaction F=1.840 6, 160 p>0.1
(F1XF2)
Distance travelled One-way Factor Treatment F=1.184 2,39 p>0.5 S3C
(Probe test) ANOVA
One-way F=8.131 2,39 p<0.05#
. ANOVA Factor Treatment
One-trial Freezing duration 1C
textual f (%) PLSD 0.05#
<0.
contextualtear CORT/RS versus CORT P
Post-hoc test
conditioning
Freezing episodes One-way Factor Treatment F=8.826 2,39 p<0.01## 1D
gep ANOVA
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CORT/Fluox versus

PLSD p<0.05#
Post-hoc test CORT
CORT/RS versus CORT p<0.05#
F=44.37 2,576 <0.01##
One-way Factor 1 Treatment ’ P
repeated
measures Factor 2 Time F=15.74 15,576 p<0.01##
ANOVA
Interaction F=0.8778 30,576 p>0.6
(F1XF2)
Primary latency 2A
CORT/Fluox versus p<0.01##
PLSD CORT(Day1, Day 2)
Post-hoc test
CORT/RS versus CORT
p<0.01##
(Day1, Day 2, Day 3)
One-way _
ANOVA Factor Treatment F=6.248 2,37 p<0.01##
Primary errors CORT/Fluox versus
p<0.05# 2B
(retention) PLSD CORT
Barnes maze
Post-hoc test
CORT/RS versus CORT p<0.01##
One-way Factor Treatment F=4.497 2,37 <0.05#
_ ANOVA = ' p<t
Primary latency
2C
(retention) PLSD
CORT/RS versus CORT p<0.01##
Post-hoc test
Time in target One-way
ANOVA Factor Treatment F=9.801 2,37 p<0.01##
quadrant
2D
(retention) PLSD
CORT/RS versus CORT p<0.01##
Post-hoc test
. One-way _
Visits of the ANOVA Factor Treatment F=18.73 2,37 p<0.01##
target hole 2E
PLSD CORT/Fluox versus
(retention) p<0.01##

Post-hoc test

CORT
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CORT/RS versus CORT

p<0.01##

Factor 1 Treatment F=61.51 2,576 p<0.01##
Factor 2 Time F=8.904 15, 576 p<0.01##
Primary errors One-way
ANOVA with Interaction F=0.8484 30, 576 p<0.05# S4B
(Acquisition) repeated (F1XF2)
measures
CORT/RS versus CORT
p<0.01##
(Day1 to Day 4)
Mean speed on One-wa
Y Factor Treatment F=1.073 2,37 p>0.1 S4C
ANOVA
Day 1
One-way Factor 1 Treatment F=81.74 1,280 p<0.01##
ANOVA with . F=67.46 9, 280 p<0.01##
Factor 2 Time
repeated
Interaction F=7.043 9,280 p<0.01##
measures (F1XF2)
CORT/Fluox versus
p<0.05#
Weight Weight gain CORT (Week 5) S2A
CORT/RS versus CORT
PLSD p<0.05#
(Week 6)
Post-hoc test
CORT/Fluox and
CORT/RS versus CORT p<0.01##
(Week 7-8)
One-way F=42.74 2,328 p<0.01##
Factor 1 Treatment
ANOVA with 252.9 328 0.01##
Factor 2 Time F=252. 7 p<0.
repeated
Interaction F=8.870 14, 328 p<0.01##
measures (F1X F2)
Coat state Score CORT/Fluox and S2B
CORT/RS versus CORT p<0.05#
PLSD
(Week 5)
Post-hoc test
CORT/Fluox and p<0.01##

Darcet et al. — Supplementary Elements — Page 17/19




CORT/RS versus CORT
(Week 6-9)
One-way Factor Treatment F=3.262 2,39 <0.05#
ANOVA > ' p<t
Time in center CORT/Fluox versus
p<0.05# S2C
(10%) CORT
Open Field PLSD
Post-hoc test
CORT/RS versus CORT p=0.09
Ambulatory One-way
. ANOVA Factor Treatment F=2.78 2,39 p>0.1 S2D
distance
One-way _
ANOVA Factor Treatment F=28.02 2,39 p<0.01##
Grooming CORT/Fluox versus
Splash test p<0.01## S2E
duration PLSD CORT
Post-hoc test
CORT/RS versus CORT p<0.01##

Legend: CORT: corticosterone; Fluox: fluoxetine; RS: RS67333

Additional References

[1]

[2]

[3]

[4]

D.J. David, B.A. Samuels, Q. Rainer, J.W. Wang, D. Marsteller, I. Mendez, M. Drew, D.A.
Craig, B.P. Guiard, J.P. Guilloux, R.P. Artymyshyn, A.M. Gardier, C. Gerald, LA.
Antonijevic, E.D. Leonardo, R. Hen, Neurogenesis-dependent and -independent effects of
fluoxetine in an animal model of anxiety/depression, Neuron 62 (2009) 479-493.

I. Mendez-David, D.J. David, F. Darcet, M.V. Wu, S. Kerdine-Romer, A.M. Gardier, R. Hen,
Rapid anxiolytic effects of a 5-HT(4) receptor agonist are mediated by a neurogenesis-
independent mechanism, Neuropsychopharmacology : official publication of the
American College of Neuropsychopharmacology 39 (2014) 1366-1378.

A. Surget, M. Saxe, S. Leman, Y. Ibarguen-Vargas, S. Chalon, G. Griebel, R. Hen, C.
Belzung, Drug-dependent requirement of hippocampal neurogenesis in a model of
depression and of antidepressant reversal, Biological psychiatry 64 (2008) 293-301.

J.P. Guilloux, I. Mendez-David, A. Pehrson, B.P. Guiard, C. Reperant, S. Orvoen, A.M.
Gardier, R. Hen, B. Ebert, S. Miller, C. Sanchez, D.J. David, Antidepressant and anxiolytic
potential of the multimodal antidepressant vortioxetine (Lu AA21004) assessed by

Darcet et al. — Supplementary Elements — Page 18/19




behavioural and neurogenesis outcomes in mice, Neuropharmacology 73 (2013) 147-
159.

[5] C. Ducottet, C. Belzung, Behaviour in the elevated plus-maze predicts coping after
subchronic mild stress in mice, Physiology & behavior 81 (2004) 417-426.

[6] F. Darcet, I. Mendez-David, L. Tritschler, A.M. Gardier, J.P. Guilloux, D.J. David, Learning
and memory impairments in a neuroendocrine mouse model of anxiety/depression,
Frontiers in behavioral neuroscience 8 (2014) 136.

Darcet et al. — Supplementary Elements — Page 19/19






Résultats expérimentaux

Commentaires sur Article 3 :

Ce travail a étudié pour la premiere fois les activités cognitives de la fluoxetine et d’un agoniste du
récepteur 5-HT, (RS67333) chez des souris présentant un phénotype anxio/dépressif. Si
I"administration chronique de RS67333 a permis de corriger le déficit cognitif observé chez les souris
dans tous les domaines cognitifs testés, il n’en n’a pas été de méme avec la fluoxetine. Son efficacité

concernant le versant cognitif reste modérée et test-dépendante.

En effet, seules les capacités de mémoire de type épisodique et d’apprentissage en mémoire spatiale
sont restaurées apreés le traitement chronique par la fluoxetine. Ces résultats suggerent que les effets
pro-cognitifs de la fluoxetine sur ces types de mémoire pourraient é&tre médiés, entre autre, par la
stimulation des récepteurs 5-HT,. Afin de confirmer cette hypothése, une administration simultanée
de fluoxetine avec un antagoniste spécifique des récepteurs 5-HT, (tel que le GR125487) permettrait
de déterminer si les effets pro-cognitifs de la fluoxetine impliquent une activation du récepteur 5-HT,

suite au blocage du transporteur sérotoninergique.

La correction compléte du déficit cognitif suite a I'administration de RS67333 chez les animaux
anxio/dépressifs comparés aux effets plus modérés de la fluoxetine souléve aussi des interrogations
sur I'implication éventuelle d’autres récepteurs sérotoninergiques dans la réponse cognitive a la

fluoxetine.
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ARTICLE 4: Conditional B-arrestin 1 deletion in adult stem cells of the dentate
gyrus alters emotional state and dampens antidepressant effects in adult
mice

Flavie Darcet’, Jean-Martin Beaulieu?, René Hen®, Fabienne Agasse4, Caroline Benstaali®, Indira
Mendez-David*, Alain M. Gardier, Jean-Philippe Guilloux’, Denis J. David"

JCESP, INSERM, Univ. Paris-Sud, UVSQ, Université Paris-Saclay, Chdtenay-Malabry, 92290, France
2Department of Psychiatry and Neurosciences, Université de Laval, Québec, QC
*Neuroscience and Psychiatry, Columbia Univ., New York City, NY

4 . .
Institut des Neurosciences, Grenoble, France

En préparation

Questions posées :

Quelles sont les modifications phénotypiques émotionnelles suite a la suppression spécifique
génétique de la protéine B-arrestine 1 dans les cellules souches du gyrus dentelé ? Quelles sont les
conséquences comportementales et neurogéniques d’un traitement chronique par de la fluoxetine

chez ces animaux ?

Résumé de I'étude

De récentes études montrent que les protéines B-arrestines, qui régulent les récepteurs couplés aux
protéines G, jouent un réle important dans la physiopathologie des troubles de I'humeur et des
mécanismes reliés a I'action des antidépresseurs (Avissar et al., 2004 ; Matuzany-Ruban et al., 2005).
De récentes études précliniques ont confirmé |'utilisation de la protéine B-arrestine 1 comme un
potentiel biomarqueur d’un état de type anxio/dépressif et de la réponse aux antidépresseurs
(Mendez-David et al., 2013, Mendez-David et al., 2015). Ces études reportent une diminution de
I’expression de la B-arrestine 1 dans I’hypothalamus dans un modéle d’anxiété/dépression basé sur
I"administration chronique de corticosterone exogéne qui a été restauré apres un traitement
chronique par de la fluoxetine (David et al., 2009). Ces résultats ouvrent la possibilité que
I’'expression de la B-arrestine 1 soit un substrat potentiel pour les effets comportementaux et

neurogéniques des antidépresseurs monoaminergiques.
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Puisque d’une part la neurogenese hippocampique et notamment les jeunes neurones du GD
agés de 4-6 semaines semblent jouer un réle prépondérant dans I'activité cognitive ou antidépressive
(Sahay et al., 2011, Denny et al., 2014),nous avons souhaité étudier les conséquences de I'absence
d’expression de la protéine B-arrestine 1 dans les jeunes neurones dgées de 4/7 semaines. Dans ce
travail, nous avons caractérisé les conséquences comportementales d’'une délétion sélective de la
protéine B-arrestine 1 dans les cellules souches du gyrus dentelé de I"hippocampe dans plusieurs
tests prédictifs d’une activité anxiolytique et/ou antidépressive en présence ou non d’un traitement
chronique a la fluoxetine. Les conséquences neurogéniques de cette délétion sélective ont

également été étudiées.

Contribution personnelle :

Au cours de ce travail :

e J’ai mis en place les cohortes d’animaux tissus-spécifiques et leurs contréles avec la méthode

de génotypage et induit la suppression génétique spécifigue avec les injections de

tamoxiféne.

o Jai réalisé le suivi des animaux incluant la préparation et I'administration des traitements

pharmacologiques (traitement par la fluoxetine).

e J'ai mené I'ensemble des tests comportementaux émotionnels.

e Jai réalisé I'ensemble des analyses immunohistochimiques des étapes de la neurogenése

hippocampique depuis la perfusion, le prélevement et la coupe des cerveaux jusqu’au

comptage des cellules.

o J'ai analysé les résultats et rédigé I'article sous la supervision du Pr. Denis David et du Dr.

Jean-Philippe Guilloux.
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Conditional B-arrestin 1 deletion in stem cells of the dentate gyrus alters
emotional state and dampens antidepressant effects in adult mice

Flavie Darcet’, Jean-Martin Beaulieu’, René Hen>, Fabienne Agasse®, Caroline Benstaali’, Indira Mendez-
David'Alain M. Gardier”, Jean-Philippe Guilloux®, Denis J. David"

ICESP, INSERM, Univ. Paris-Sud, UVSQ, Université Paris-Saclay, Chdtenay-Malabry, 92290, France
2Department of Psychiatry and Neurosciences,Université Laval, Québec, QC
*Neuroscience and Psychiatry, Columbia Univ., New York City, NY
*Institut des Neurosciences, Grenoble, France

En préparation

INTRODUCTION OF THE STUDY:

Elucidating the neurobiological basis of depression and anxiety are one of the foremost challenges
for today’s society. Severe forms of depression affect 2-5% of the U.S. population and mood
disorders impact 7% of the world’s population and rank among the top ten causes of disability.
Selective Serotonin Reuptake Inhibitors (SSRIs) are the most commonly prescribed drugs for the
treatment of depression and several anxiety disorders. However, key questions remain regarding the
molecular and cellular mechanisms underlying the effects of SSRIs and other antidepressants (ADs).
In accordance with the idea that ADs exert essential effects in multiple brain regions, we previously
demonstrated that chronic corticosterone regimen induces anxiety/depression-like phenotype and
subsequent fluoxetine treatment elicits effects on genes’ expression not only in the hippocampus,
but also in the hypothalamus in adult mice. Among the genes investigated, only 3, including B-
arrestins 1 and 2, displayed a change in mRNA levels in the chronic corticosterone group that was
reversed by fluoxetine treatment. Molecular functions of B-arrestins have placed them in pathways
associated with mood and responsiveness to lithium, a drug currently used to treat bipolar disorders.
This includes regulation of an Akt/GSK3 complex and classical functions such as desensitization of G-
protein coupled receptors including serotonin and dopamine receptors. Finally, there is also evidence

in humans implicating B-arrestins in depression and in response to stress, and that these changes are
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reversible by various AD treatments. Thus, B-arrestins could be an important molecular determinant
of the effects of fluoxetine and more generally to ADs. Recently, clinical data from Avissar’s group
(Avissar et al., 2004) suggest that B-arrestin-1 mRNA and protein levels are highest in peripheral
blood leukocytes of MDD patients. Therefore, B-arrestin-1 may be a putative candidate biochemical
marker in clinical practice for depressive pathophysiology and the response to antidepressants (for
review see (Schreiber et al., 2009). B-arrestin mRNA levels and B-arrestin-1 protein levels in
mononuclear leukocytes of untreated patients with MDD are lower than the levels found in healthy
subjects. Furthermore, reduced levels of B- arrestin-1 protein and mRNA are significantly correlated
with the severity of depressive symptoms (Avissar et al., 2004; Schreiber et al., 2009). However, the
low B-arrestin-1 protein and mRNA levels are alleviated by antidepressant treatment. Therefore,
these low levels may predict clinical improvement (Avissar et al., 2004; Golan et al., 2010). Finally,
SSRIs are potent stimulators of adult hippocampal neurogenesis (David et al., 2009; Santarelli et al,
2003) and some of these effects are required for the anxiolytic/antidepressant-like effects of SSRIs
(David et al., 2009). These results raise the possibility that B-arrestin 1 expression is a potential
substrate for the behavioral antidepressant effects, including the neurogenic effects of
antidepressant drugs. Here, we characterized the behavioral consequences of B-arrestin 1 (ARRB1)
conditional deletion in stem cells in the dentate gyrus of the hippocampus in various behavioral
paradigms predictive of anxiolytic/antidepressant therapy in presence or not of a chronic fluoxetine

treatment.
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MATERIALS AND METHODS:

Animals

Inducible tissue-specific male mice were created by interbreeding Nestin-CreER™ (René Hen,
Columbia University, USA) mice and ARRB1"Y"* mice (Jean-Martin Beaulieu, Université Laval,
Canada). Nestin-CreER™%; ARRB1"™"* and ARRB1"" mice from F1 were then crossed to generate
NestinCreER™”*; ARRB1""* mice (ARRB1”" mice). NestinCreER™>”*; ARRB1"* mice (ARRB1"*) were
used as controls. ARRB1 mice were maintained on a mixed (C57BL/6-129/Sv) genetic background. To
induce CreER™ mediated recombination in neural stem cells in the adult brain, ARRB1”" mice were
given 2 mg of tamoxifen (TAM) (Sigma, France), once a day, intraperitoneally for 5 consecutive days.
TAM solution (10 mg/mL) was prepared in corn oil containing 10% ethanol. Control mice were
injected with an identical volume of corn oil with 10% ethanol. Animals were maintained on a
12L:12D schedule (Lights ON at 7AM) and were housed 5 per cage. Food and water were provided ad
libitum. All testing were conducted in compliance with the laboratory animal care guidelines, with
protocols approved by the Institutional Animal Care and Use Committee (CEE26 authorization 2012-
099) and with the European directive 2010/63/EU. Experiments were conducted on male transgenic

mice between 12 and 14 weeks of age.

Two cohorts of male animals were generated to assess the behavioral and the neurogenic
consequences of the conditional deletion of B-arrestin 1 in adult hippocampal stem cell in baseline

and under chronic antidepressant treatment.

Control of selective deletion

In order to control the conditional and selective deletion of B-arrestin 1 protein in stem cells of the
dentate gyrus, in situ hybridization and western blot from stem cells cultures were applied in ARRB1

” mice and their littermates.
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In situ hybridization

Coronal hippocampal sections (20 um thickness) from ARRB1"* and ARRB1” mice were collected
fixed with paraformaldehyde and dehydrate in ethanol at room temperature. Slices were first
treated with Pretreat solution for 10 minutes, rinsed and hybridize for 2h at 40°C with a
complementary oligodeoxyribonucleotide probe of B-arrestine 1 protein in mice. Sections were then
hybridized with different stabilizer reagents at 40°C from 15 to 30 minutes. To amplify the signal,
sections were incubated in DAB during 10 minutes at room temperature then colored with 50%
hematoxylin and a 0.02% ammoniac solution for 2 minutes. Finally, slices were dehydrated in
successive baths: 70% ethanol, 100% ethanol and xylene. B-arrestin 1 mRNA was visualized with a
microscope and scanned by ZEISS Axio Scan.Z1 apparatus. B-arrestin 1 expression was counted using

Guide ZEN 2012 - Slidescan and FlJI softwares.

Stem cells culture

Neural stem cells were grown in monolayers according to the protocol of Babu et al, 2011 with
modifications. Adult mice (2 to 4 month-old) were killed by cervical dislocation; dentate gyrus and
subventricular zone were rapidly dissected and placed in sterile saline solution. The tissues were
digested for 20 min at 37°C in PBS containing papain (2,5 U/ml), DNase 1250 U/ml (both from Sigma)
and dispase (8 U/ml) (Roche) and viable cells were separated from myelin and cell debris by
centrifugation on a percoll gradient (see Babu et al., 2011). Then, cells were diluted in serum-free
culture medium (SFM) composed of Dulbecco's modified Eagle's medium/Ham's (DMEM) F-12
medium GlutaMAX-l supplemented with 100 U/ml penicillin, 100 ug/ml streptomycin, 1% B27
supplement, 20 ng/ml epidermal growth factor (EGF) and 20 ng/ml basic fibroblast growth factor
(FGF-2) (all from Life Technologies) and grown as monolayers for 7 days (SVZ stem cells) or 14 days
(dentate gyrus stem cells) in petri dishes coated with 20 pg/ml poly-D-Lysine and 20 pg/ml laminin (

both from Sigma) in a 95% air—5% CO, humidified atmosphere at 37°C.
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Western Blot

For Western Blot analysis, protein concentration from stem cells cultures was quantified using BCA
Protein Assay Kit (Pierce Biotechnology). Equal amount of proteins were separated by 10% sodium
dodecyl sulfate—polyacrylamide electrophoresis (SDS-PAGE) and transferred to polyvinylidene
difluoride membranes (PVDF), (Amersham Biosciences, Les Ulis, France). After blocking in 10 Mm
Tris-HCI, pH:7,6, 200 mM NaCl, 0,1% Tween-20 and 5% BSA, membranes were incubated with
primary monoclonal antibody Mouse Anti- B-Arrestin 1 (BD Bioscience Pharmigen) and B-Actin (Santa
Cruz Biotechnology, CA).Primary antibodies were detected with appropriate HRP-coupled secondary
antibodies and ECL signals (SuperSignal West Pico Chemiluminescent Substrate (Pierce,

Erembodegem, Belgium) were quantitated with Image lab software (Bio-Rad).

Drugs and administration

Fluoxetine hydrochloride (160 mg/mL, equivalent to 18mg/kg/day) was purchased from Anawa
Trading, (Zurich, Switzerland) and administered in the drinking water in opaque bottles for 4 weeks.
The dose of fluoxetine was based on previous data showing the ability of fluoxetine to produce

antidepressant-like activity (David et al., 2009).

Behavioral testing

For each cohort, the same animal was tested in five different behavioral paradigms of anxiety and
depression. Each animal, over a week, was successively tested in: Open Field (1), Elevated Plus maze
(2), 4-plate test (3), Novelty Suppressed Feeding (4), Splash test (5) and Tail Suspension test (6). Z-
score methodology was used to investigate the potential of combining results within and across the
different behavior tests for depressive/anxious-like behaviors and investigate the
anxiolytic/antidepressant-like response of fluoxetine treatment in ARRB1” mice and controls

(Guilloux et al., 2011).
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Open Field (OF)

This test was performed as described by David and colleagues (David et al, 2009). Motor activity was
quantified in four 43 x 43 cm2 Plexiglas open field boxes (MED Associates, Georgia, VT). Two sets of
16 pulse-modulated infrared photobeams were placed on opposite walls 2.5-cm apart to record x—y
ambulatory movements. Activity chambers were computer interfaced for data sampling at 100-ms
resolution. The computer defined grid lines that divided each open field into center and surround
regions, with each of four lines being 11 cm from each wall. Dependent measures in the center were
the total time and the number of entries over a 30-min test period. The activity in the center was

qguantified as distance traveled in the center divided by total distance traveled.

Elevated Plus Maze (EPM)

This test was performed as described by David and colleagues (David et al, 2009). The maze is a plus-
cross-shaped apparatus, with two open arms and two arms closed by walls linked by a central
platform 50 cm above the floor. Mice were individually put in the center of the maze facing an open
arm and were allowed to explore the maze during 5 min. The time spent and the number of entries
into the open arms were used as an anxiety index. All parameters were measured using a

videotracker (EPM3C, Bioseb, Vitrolles, France).

4-plates test (4-PT)

The 4-plates test (Aron et al.,, 1971) is a fear-related anxiety paradigm in which the natural
exploration of a novel environment is inhibited by the delivery of a footshock. The equipment
consists in a small cage (25x18x16 cm) in which the floor is composed of 4 similar rectangular metal
plates (11x8 cm) separated from each other with a 4-mm space (Bioseb, France). Each plate is
connected to a foot shock generator (0.6 mA; 0.5 s). After a 15-sec habituation period, a foot shock is
administrated to animals when they move from one plate to another. Anxiety parameter is measured

by the number of punitions administered to animals over a 60-sec period.
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Novelty-Suppressed-Feeding (NSF)

The NSF is a conflict test that elicits competing motivations: the drive to eat and the fear of venturing
into the center of a brightly lit arena. The latency to begin eating is used as an index of
anxiety/depression-like behavior, because classical anxiolytic drugs as well as chronic antidepressants
decrease this measure. The NSF test was carried out during a 10-min period as previously described
(David et al, 2009). Briefly, the testing apparatus consisted of a plastic box (50x40x20 cm), the floor
of which was covered with approximately 2 cm of wooden bedding. Twenty-four hours prior to
behavioral testing, all food was removed from the home cage. At the time of testing, a single pellet of
food (regular chow) was placed on a white paper platform positioned in the center of the box. Each
animal was placed in a corner of the box, and a stopwatch was immediately started. The latency to
eat (defined as the mouse sitting on its haunches and biting the pellet with the use of forepaws) was
timed. Immediately afterwards, the animal was transferred to its home cage, and the amount of food
consumed by the mouse in the subsequent 5 min was measured, serving as a control for change in

appetite as a possible confounding factor.

Tail Suspension Test (TST)

The TST is an antidepressant activity-screening test (Steru et al, 1985) used to test compounds that
are expected to affect depression related behaviors. Mice are suspended by their tails with tape, in a
position that they cannot escape or hold on to nearby surfaces. During this 6 minutes test, the
resulting escape oriented behaviors are quantified using an automated tail suspension test apparatus
(Bioseb, Vitrolles, France). A specific strain gauge linked to a computer quantifies the time spent by

the animal trying to escape.

Splash Test
This test consisted of squirting 200 ul of a 10% sucrose solution on the mouse’s snout. The grooming
duration was assessed at the end of the corticosterone regimen in the presence or absence of 4-

weeks of drug treatment according to a protocol previously described (David et al, 2009).
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Saccharine test

This test relies on the natural preference of mice for a sweet beverage (saccharine or sucrose
solution) instead of water. This test measures the anhedonia behavior, known to be one of the core
symptoms in depression. Briefly, mice are housed singly the day before the start of the experiment
and are habituated to drink into water from 2 plastic Falcon tubes with a hole at the bottom during 3
consecutive days. On the 4™ day, mice have a free access to one tube containing water and one tube
containing 0.1% saccharin solution during a period of 48 hours. The amount of consumed liquid in
each tube is measured every 12 hours at 8AM and 8PM each day. Furthermore, tubes positions are
alternated every 12 h to avoid any place preference (left/right). Saccharin preference (in %) is
calculated as followed: Preference= [saccharin consumption (mL)/ total consumption (mL) (water +

saccharin)]*100.

Immunochemistry

The effects of chronic fluoxetine treatment on cell proliferation, cell survival and cell maturation of
newborn neurons were assessed in ARRB1"* and ARRB1”" animals. Mice were perfused transcardially
(cold saline for 2 min, followed by 4% cold paraformaldehyde at 4°C) after anesthesia with ketamine
and xylazine (100 mg/ml ketamine; 20mg/ml xylazine). Brains were then removed and post-fixed in
PFA during 24h. Brains were coronnaly sectionned (35 um thickness) to collect hippocampus slices
and free-floating sections were stored in PBS + 0.1% azide solution at 4°C until

immunohistochemistry methods were performed.

Proliferation of newborn cells

We first looked at proliferation of newborn cells using Ki-67 immunohistochemistry as described
previously (Xia et al, 2012). Sections were washed in PBS, blocked (PBS containing 0.3% Triton and

10% NDS) and incubated with primary antibody overnight at 4° C (Ki67 rabbit, 1:100, Vector,
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Burlingame, CA). Following washes in PBS, sections were incubated with fluorescence coupled rabbit
secondary antibody (Jackson ImmunoResearch, Beckman, France). Stereological quantification of Ki-

67 labeling was performed using an Olympus BX51 microscope (Germany).

Survival of newborn cells

Mice were administered with 5-Bromo-2-Deoxyuridin (BrdU) (100 mg/kg, twice a day during 3 days,
intraperitoneally, dissolved in saline) before the start of fluoxetine treatment. The identification of
survival cells was performed as previously described (David et al., 2009). Sections were mounted on
slides and boiled in citric acid (pH 6.0) for 5 min, rinsed with PBS and treated with 0.01% trypsin in
Tris/CaCl2 for 10 minutes. Brain sections were incubated for 30 minutes with 2N HCl and blocked
with 5% NGS. Sections were then incubated overnight at room temperature with anti-mouse BrdU
(1:100) (Beckman-Dickson, France). After washing with PBS, sections were incubated for 1h with
secondary antibody (1:200 biotinylated goat anti-mouse) followed by amplification with an avidin-
biotin complex. The staining was visualized with DAB. Stereological quantification of Ki-67 labeling
was performed using an Olympus BX51 microscope (Germany).

Maturation of newborn neurons

For doublecortin staining, the procedure consisted of the following steps: 1hr incubation in 0.1M TBS
with 0.5% Triton X-100 and 10% normal donkey serum (NDS), followed by goat anti-doublecortin
primary antibody (1:100) in TBS/Tx/NDS for 24 hrs at 4°C. The secondary antibody was biotinylated
donkey anti-goat (1:500) in TBS/NDS for 1 hr at room temperature, followed by a 1hr amplification
step using an avidin-biotin complex (Vector, USA). The immunohistochemistry protocol was adapted
from David et al. (David et al, 2009). DCX-positive (DCX") cells were subcategorized according to their
dendritic morphology: DCX" cells without and DCX" cells with tertiary (or higher order) dendrites. The
maturation index was defined as the ratio of DCX" cells possessing tertiary dendrites to the total

number of DCX" cells.
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Data analysis:

Results were expressed as mean * SEM for all experiments. T-tests, one-way or two-way ANOVA
(genotype and treatment factors) were applied when appropriate. Significant main effects and/or
interactions were followed by a Fisher's PLSD post hoc analysis. In the NSF test, we used the Kaplan-
Meier survival analysis due to the lack of normal distribution of the data. Mantel-Cox log-rank test
was used to evaluate differences between experimental groups. Statistical significance was set at

p<0.05.
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Figure 1: Conditional deletion of B-arrestin 1 protein in adult stem cells of the dentate gyrus. In situ
hybridization slices visualized with Image) software in ARRB1”* (A) and ARRB1” (B) animals. mRNA

+/+

quantification in ARRB1™" and ARRB1” animals in intern layer (1/3) of the dentate gyrus (C) and extern layer
(2/3) of the dentate gyrus (D). Representative western blot of B-arrestin 1 (E) and B-actin (F) levels in stem cells

of the dentate gyrus. B-actin was used as a control.
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Figure 2: Experimental design of the phenotype study. Tamoxifen was injected intraperitoneal-
ly once a day (2 mg/day) on 5 consecutive days at the beginning of the study. In week 4, all

animals were successively submitted to behavioral paradigms.



Figure 3 :

Open Field 4 plates
B C D
o5 2507 o 2507 0.25- 8
a a e g 2
T o200 T 520 T S o2 7 S T
[ [9] c o = 6
= € -2 S
g 150 g 1504 § S 0.154 a
o v &2 5 4
£ 1004 S 100 9 2 0107 5
£ < -g = 2
g 501 S 50 = c  0.05 E 7
= =] z 9 =z
0- & o 0.00- o
ARRB1"* ARRB1™ ARRB1** ARRB1™ ARRB1** ARRB1" ARRB1** ARRB1™
Elevated Plus Maze Splash test
E F G H
Y 80q 2 10q
2 £ 1 2 100 T 250-
%) T (5] g 9’
£ i c 8 5 | ) | =
= 60 . 8. T qc) - 80 T g 200 -
S o 6 & £ 60 g
[ *k B © 1504
Q404 e 2 © * 5 50
o + 3 2 ©
] S 44 ‘= O -
< : 52 40 o 100
= @ c L £
c 204 = wi g
‘o £ 2 o 207 5 501
€ w T e
= o 0 e« o © ol
ARRB1** ARRB1™ ARRB1"* ARRB1" ARRB1"* ARRB1™ ARRB1"* ARRB1”
Novelty Suppressed Feeding
| J
3001 1.51
— c
S —
a T % § T
T 200 g 2 104
[} 5 €
& v Y
o c O
o 1004 < O 054
c o £
I Qo =
©
—l
o- 0.0-
ARRB1** ARRB1™ ARRB1** ARRB1"

Figure 3: Behavioral consequences of conditional deletion of B-arrestin 1 protein in adult newborn granule cells of
the dentate gyrus on anxiety or/and depressive phenotype.

Effects of selective deletion of B-arrestin 1 protein in adult newborn granule cells of the dentate gyrus on anxiety
or/and depressive-like behaviors in the Open Field (OF) paradigm (A-C), the Four Plates test (FPT) paradigm (D),
the Elevated Plus maze (EPM) paradigm (E-G), the Splash test (H) and the Novelty Suppressed Feeding paradigm
(NSF) (1-)).

(n=10-12 per group).

*p< 0.05, **p<0.01 versus Vehicle/ARRB1** mice.
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Figure 4: Experimental design of the pharmacological study. Tamoxifen was injected intra-
peritoneally once a day (2 mg/day) on 5 consecutive days at the beginning of the study. In Day
30, ARRB1** and ARRB17 animals were subdivided into two groups. In place of normal drink-
ing water, one of the two groups was administered a 4-weeks fluoxetine treatment for each
genotype. The same cohort of mice performed successively all of the behavioral tests from

day 60 to day 72.
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Figure 5 : Arresting B-Arrestin 1 expression in adult newborn granule cells of the dentate gyrus
prevents fluoxetine induced anxiolytic/antidepressant-like activity in a neurogenesis-dependent

task.

Effects of 4 weeks of fluoxetine treatment (18 mg/kg/day) in ARRB1”-and ARRB1** mice on anxiety
or/and depressive-like behaviors in the Open Field (OF) paradigm (A), the Elevated Plus Maze
(EPM) paradigm (B), the Four Plates test (FPT) paradigm (C), the Novelty Suppressed Feeding para-
digm (NSF) (D-F), the Splash test (G), the Tail Suspension test (TST) (H) and the saccharine prefer-
ence test (I). Anxiety parameters are represented by time in the center in the OF, time in the open
arms in the EPM and number of punishments in the FPT. The depressive-like behavior in the Splash
test was expressed with grooming duration. In the TST, the immobility duration has been used as
parameter to predict antidepressant-like activity. In the NSF, the anxiety/depressive-like parame-
ter is represented with the latency to feed. In the saccharin preference test, the anhedonia is
measured by the percent of saccharin consumption. Emotionality score was used to normalize
emotionally-related data across tests. An increase of this score indicates a higher anxio-depressed
phenotype of mice (K).

(n=10-12 per group)

*p< 0.05, **p<0.01 versus Vehicle/ARRB1** mice;
**p<0.01 versus Vehicle/ARRB1** mice

##p<0.01 versus fluoxetine-treated/ARRB1** mice;
§p< 0.05 versus Vehicle/ARRB17 mice;

66 p<0.01 versus 50% saccharine consumption.
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Figure 6: Arresting B-Arrestin 1 expression in adult newborn granule cells of the dentate gyrus
prevents fluoxetine induced increase in proliferation of progenitor cells and survival of newborn
neurons. (A) Proliferation is represented as the total number of Ki67-positive cells in the dentate
gyrus of adult mouse hippocampus. (B) Survival was expressed as the total number of BrdU-posi-
tive cells in the dentate gyrus of adult mouse hippocampus. For the quantification of maturation
cells, DCX-positive cells were categorized according to their dendritic morphology: total DCX-posi-
tive cells (C) and DCX-positive cells with tertiary dendrites (D).

(n=7-9 per group). *p<0.05; **p<0.01 versus Vehicle/ARRB1+/+ mice.
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DISCUSSION OF THE STUDY:

In this study, arresting B-arrestin 1 expression in adult stem cells of the dentate gyrus did not
significantly change overall the emotionality in mice but altered behavior in specific tests such as
Elevated Plus Maze, 4-plates test and Splash test. Interestingly arresting B-arrestin 1 expression
dampened anxiolytic/antidepressant-like effects of chronic fluoxetine treatment, as revealed by an
absence of decrease of the emotionality score analysis, and prevents fluoxetine induced
anxiolytic/antidepressant-like activity in a neurogenesis-dependent task, the Novelty Suppressed

Feeding.

On another hand, neurogenesis study revealed that B-arrestin 1 protein expression in stem cells of
the dentate gyrus is necessary for survival of newborn cells. Interestingly, B-arrestin 1 protein
expression in stem cells of the dentate gyrus necessary for fluoxetine-induced proliferation and
survival of newborn cells. Finally, B-arrestin 1 protein expression in stem cells of the dentate gyrus is

not involved in fluoxetine-induced maturation of newborn granule cells

Further experiments using death cells staining (caspase-3) or triple staining (BrdU, NeuN and DCX)
could help to better determine neurogenesis modifications after the specific deletion of B-arrestin 1

protein in stem cells of the dentate gyrus.
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Résultats complémentaires:

Conditional B-arrestin 1 deletion in adult stem cells of the dentate gyrus
alters cognitive phenotype and prevents pro-cognitive effects of chronic
fluoxetine and 5-HT, receptor agonist treatments in mice

Flavie Darcet’, Jean-Martin Beaulieu?, René Hen®, Alain M. Gardier’, Jean-Philippe Guilloux®, Denis J.
David"

ICESP, INSERM, Univ. Paris-Sud, UVSQ, Université Paris-Saclay, Chdtenay-Malabry, 92290, France
2Department of Psychiatry and Neurosciences, Université de Laval, Québec, QC
Neuroscience and Psychiatry, Columbia Univ., New York City, NY

Questions posées :

La délétion conditionelle de la protéine B-arrestine 1 dans les cellules souches du gyrus
dentelé induit-elle des modifications dans les performances d’apprentissage et de mémoire ? Si
oui, quelles sont les conséquences comportementales d’un traitement chronique par de la

fluoxetine ou par le RS67333, un agoniste du récepteur 5-HT, chez ces animaux adultes ?

Résumé de I'étude

De récentes études montrent que les protéines B-arrestines, qui régulent I'activité des récepteurs
couplés aux protéines G, jouent un role important dans la physiopathologie des troubles de I’humeur
et des mécanismes reliés a I'action des antidépresseurs (Avissar et al., 2004 ; Matuzany-Ruban et al.,
2005). En plus d’étre impliqués dans les mécanismes émotionnels et de réponse aux antidépresseurs,
I’hippocampe d’une maniere générale est également étroitement lié aux mécanismes de cognition.
De plus, la relation fonctionnelle entre la protéine B-arrestine 1 et le récepteur 5-HT, est bien décrite
dans la littérature et pourrait constituer une nouvelle piste dans I'étude des effets des ligands du

récepteur 5-HT,, tel que le RS67333 (Marin et al., 2012).

Dans cette étude, nous avons dans un premier temps caractérisé les conséquences d’une délétion
conditionnelle de la protéine B-arrestine 1 dans les cellules souches du gyrus dentelé de
I’hippocampe de souris adulte dans plusieurs tests d’apprentissage et de mémoire. Dans un second
temps, les conséquences d’un traitement chronique a la fluoxetine ou d’un traitement chronique par
un agoniste des récepteurs 5-HT,, le RS67333 sur les performances cognitives de ces animaux ont été
examinées dans le test de reconnaissance d’objet, le Barnes maze et le test de conditionnement par

la peur.
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Les résultats montrent que la délétion conditionnelle de la protéine B-arrestine 1 dans les jeunes
neurones issus de la neurogenése provoque une altération globale des performances cognitives des
animaux, surtout au niveau de la mémoire de type épisodique et de la mémoire associative. De plus,
aucun des traitements pharmacologiques appliqués aux animaux génétiquement modifiés n’a permis
de corriger ces déficits d’apprentissage et de mémoire. Ces données suggerent donc que I’expression
de la protéine B-arrestine 1 dans les neurones nouvellement formés est nécessaire aux effets
pharmacologiques pro-cognitifs de la fluoxetine et du RS67333. Ce travail souligne le réle clé de la
protéine B-arrestine 1 dans le processus de neurogenéese pour la réponse aux différentes stratégies

thérapeutiques.

Contribution personnelle :
Au cours de ce travail :
e J’ai mis en place les cohortes d’animaux tissus-spécifiques et leurs contréles avec la méthode
de génotypage et induit la suppression génétique spécifigue avec les injections de

tamoxiféne.

e J'ai réalisé le suivi des animaux incluant la préparation et I'administration des traitements

pharmacologiques (traitement par la fluoxetine).

e J'ai mené I'ensemble des tests comportementaux d’apprentissage et de mémoire

e J'ai analysé les résultats et rédigé I'article sous la supervision du Pr. Denis David et du Dr.

Jean-Philippe Guilloux
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chronic fluoxetine and 5-HT, receptor agonist treatments in adult
mice

Flavie Darcetl, Jean-Martin Beaulieuz, René Hen3, Indira Mendez-Davidl, Alain M. Gardierl,
Jean-Philippe Guilloux, Denis J. David’

1CESP, INSERM, Univ. Paris-Sud, UVSQ, Université Paris-Saclay, Chdtenay-Malabry, 92290, France

’Department of Psychiatry and Neurosciences, Université de Laval, Québec, QC

*Neuroscience and Psychiatry, Columbia Univ., New York City, NY

320



Résultats complémentaires

MATERIALS AND METHODS:

Animals

Inducible tissue-specific male mice were created by interbreeding Nestin-CreER™ (René Hen,
Columbia University, USA) mice and ARRB1™Y"™* mice (Jean-Martin Beaulieu, Université Laval,
Canada). Nestin-CreER™”*; ARRB1"™"* and ARRB1""™ mice from F1 were then crossed to generate
NestinCreER™”*; ARRB1""** mice (ARRB1” mice). NestinCreER™*; ARRB1"* mice (ARRB1"*) were
used as controls. To induce CreER™ mediated recombination in neural stem cells in the adult brain,
ARRB1”" mice were given 2 mg of tamoxifen (TAM) (Sigma, France), once a day, intraperitoneally for
5 consecutive days. TAM solution (10 mg/mL) was prepared in corn oil containing 10% ethanol.
Control mice were injected with an identical volume of corn oil with 10% ethanol. Animals were
maintained on a 12L:12D schedule (Lights ON at 7AM) and were housed 5 per cage. Food and water
were provided ad libitum. All testing were conducted in compliance with the laboratory animal care
guidelines, with protocols approved by the Institutional Animal Care and Use Committee (CEE26
authorization 2012-099) and with the European directive 2010/63/EU. Experiments were conducted

on male transgenic mice between 12 and 14 weeks of age.

Drugs and administration

Fluoxetine hydrochloride (160 mg/mL, equivalent to 18mg/kg/day) was purchased from Anawa
Trading, (Zurich, Switzerland) and administered in the drinking water in opaque bottles for 4 weeks.
The dose of fluoxetine was based on previous data showing the ability of fluoxetine to produce
antidepressant-like activity (David et al.,, 2009). Hydrochloride (1-(4-amino-5-chloro-2-
methoxyphenyl)-3-(1-butyl-4piperidinyl)-1-propanone hydrochloride) (RS67333), was purchased
from Tocris Bioscience (Bristol, United Kingdom) and dissolved in 0.9% saline solution. RS67333 was
chosen based on previous work (Lucas et al, 2007). RS67333 shows high binding affinity for the 5-HT,
receptor with a pKi of 8.7 (Bockaert et al, 2004; Eglen et al, 1995). Except for the sigma receptors,

which are bound at affinities comparable to 5-HT4 (sigma 1: pKi = 8.9; and sigma 2: pKi = 8.0),
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RS67333 has a pKi of less than 6.7 for other neurotransmitter receptors including 5-HT;4, 5-HT4p, 5-
HT,as, 5-HT,c, dopamine D,, D, and muscarinic My.; receptors. However little is known about the

function of sigma receptors. However little is known about the function of sigma receptors.

Behavioral testing

In the cognitive phenotype study, different cohorts of mice were used to assess learning and memory
performances in ARRB1”" animals. To prevent any confounding effects between cognitive tasks, each
animal was subjected to only one type of learning and memory test. Cognitive performances were
evaluated using behavioral tests measuring episodic (novel object recognition test, NORT and novel
object location test, NOLT), visuo- spatial (MWM; Barnes maze, BM) and associative (one-trial
contextual fear conditioning, CFC) learning/memory. Animals were placed in the experimental room

30 min before the start of the behavioral experiments.

In the pharmacological study, the same cohort of animals was tested in three different learning and
memory behavioral paradigms. Each animal, over 2 weeks, was successively tested in: the novel
object recognition test (NORT), the Barnes maze (BM) and the one-trial contextual fear conditioning
(CFC). To determine the effects of a chronic treatment of fluoxetine and RS67333 in episodic-like
memory, the novel object recognition test with a 2h-ITI was chosen because the cognitive alteration
in ARRB17 mice was the most pronounced with these conditions. The visuo-spatial Barnes maze was

added in the list of behavioral tests in order to assess another type of memory.

Episodic-like memory

Novel object recognition test (NORT)
Because of a decrease in exploration behavior in this particular strain (C57BL6/Jx129Sv), the
procedure was adapted from previous studies. The apparatus consisted in black plastic boxes
(28x41x18 cm) slightly filled with sawdust (= 0.5-1 cm thickness) in a room with a low level of light.

Locomotor activity was controlled during the entire experiment (parameter: ambulatory distance)
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using a videotracking procedure (ANY-maze Software, Bioseb, France). Objects exploration was hand-
scored by an experimenter.

The NORT was divided into one training session and one retention test session. Each exposure lasted
10 minutes separated with a 2 hours or 24 hours inter-trial interval. Between training and retention
session, mice returned to their home cage, bedding of apparatus was changed and boxes were
cleaned with 70 % ethanol solution. During the training session, two identical objects [cylindrical
glassware (J:3 cm, height: 8 cm) filled with white cotton) were present in the box. The mouse was
placed in the middle of the box facing the wall and was allowed to freely explore the apparatus and
the objects. During the test session, one of the familiar objects was removed from the cage and
replaced by a novel object [Lego® rectangular structure (7x3x9 cm). The objects had been previously
validated to ensure there was no inherent preference for either object (data not shown). The nature
(Lego® versus glass) and the position of the novel object (left versus right) were chosen randomly.
Object exploration was defined as the orientation of the nose to the object at a distance < 2 cm.
Placing the forepaws on the objects was considered as exploratory behavior, but climbing on the
objects was not. Objects were cleaned with 70 % ethanol between trials to avoid olfactory cues.
Results for this test were expressed as: 1) exploration of each object (in seconds) during training and
test sessions 2) exploration (in percent) of each object during the test session, calculated as time
spent exploring familiar or novel object divided by total time spent exploring both objects and 3) a
discrimination index (DI) between objects during the test session, calculated as the difference
between the time spent exploring the novel object (N) and the familiar object (F) divided by the total

time exploring both objects (DI=(N-F)/(N+F)).

Novel object location test (NOLT)
The place recognition task examines the animal’s ability to discriminate between an object that was
moved during the delay between the acquisition and the retention phase and an object that
remained stationary, adding a spatial component to the task. Briefly, the procedure was divided in

one training session in which 2 identical objects are placed at the left side of the box, and one
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retention session, in which one of the object was moved to the right side of the box. The initial
position of objects (left/right) alternated between animals to avoid any side preference. Similarly as
the NORT, training and retention session lasted 10 min with a 2 hours delay. Parameters to analyse

were the same as in the NORT.

Spatial learning and memory: Barnes maze (BM)

The BM procedure was modified from a previous work (Sunyer et al., 2007). The apparatus consisted
in a clear gray circular platform (@: 92cm, height: 100 cm; Bioseb, France) with 20 equally spaced
holes (@: 5cm) located 2 cm from the border. In this open environment, mice naturally seek a dark
enclosed surrounding place, provided by a black goal box (20x9x9 cm) located beneath one of the
holes. During training sessions, the 19 other holes are closed. From the surface of the maze, the open
escape hole looks identical to the closed holes so that mice can locate the target box only with the
spatial extra cues surrounding the maze. The circular platform was virtually divided in 4 zones
(including the target quadrant with the escape hole). To reduce anxiety behavior, mice were
habituated to the platform and the target box on the day before the beginning of the experiment.
Each trial began by placing the animal in a black starting cylinder (@: 8 cm, height: 12,5 cm) at the
center of the platform that was removed after 10s, allowing mice to freely explore the apparatus.
Spatial acquisition was organized in 4 training session (Day 1-4). Each training session consisted in
three 3-min trials, with 20 min inter-trials interval during which animals returned to their home cage.
Mice that failed to find the target box within 3 min were gently guided to its location. For those mice,
180 sec were recorded as the escape latency. All animals remained in the target box for 60 sec after
entering.

All trials were recorded by a camera and analyzed by ANY-maze Software version 4.99 (Stoelting,
Bioseb, France). The following parameters were scored during all training trials : primary latency,
latency to escape (total latency), primary errors and total errors. Primary latency was defined as the

time required for mice to make initial contact with the target hole. Latency to escape was defined as
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the time it took animals to completely enter in the target box (all 4 paws out of the platform).
Primary errors were defined as the number of holes visited before the first contact with the target
hole and total errors were defined as the total number of holes visited during the trial that did not
lead to the target box. A hole was considered visited when mice tilted their head over it (nose poke)
or introduced their paws into the hole.

On Day 5, reference memory was evaluated by a retention probe trial (90 sec) during which the
target box was removed and the target hole was closed. Mice were allowed to explore the maze and
to visit the target hole and the adjacent holes. Latency to reach the target hole for the first time,

number of errors before reaching the target hole and time spent in target quadrant were recorded.

Associative memory: one-trial contextual fear conditioning (CFC)

Fear conditioning was conducted in Start Fear Combined system from Harvard apparatus (Bioseb,
France) in chambers with internal dimensions of 25 x 25x 25 cm. The chambers had metal walls on
each side, clear plastic front and back walls and ceilings, and stainless steel bars on the floor. A house
light mounted directly on the side of the chamber provided illumination. Each chamber was located
inside a larger insulated plastic cabinet (67 x 53x 55 cm) that provided protection from outside light
and noise. Each cabinet contained a ventilation fan that was operated during the sessions. Mice were
held outside the experimental room in their home cages prior to testing and transported to the
conditioning apparatus individually in standard mouse cages. Training chambers were cleaned with
70% ethanol solution before and after each trial to avoid any olfactive cues. The experimental design
was adapted from previous studies (Drew et al., 2010) and ran over two consecutive days. On Day 1,
mice were placed in the conditioning chamber and 3 min later received one shock (2 s, 0.75 mA).
Mice were removed from the chamber 15 s after the shock. On Day 2, animals returned to the
conditioning chamber for a 4-min period in the exact same conditions of Day 1, but without electrical
shock, for a test of context-elicited freezing. Scoring was measured using Freezing software version

2.0.04 (Packwin, Harvard apparatus, Bioseb, France). The StartFear system allows recording and
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analyzing the signal generated by the animal movement through a high sensitivity weight transducer
system. The behavior of mice was also recorded with digital video cameras mounted above the
conditioning chamber.

Data analysis:

Results were expressed as mean + SEM for all experiments. T-tests, one-way or two-way ANOVA
(genotype and treatment factors) were applied when appropriate. Significant main effects and/or
interactions were followed by a Fisher's PLSD post hoc analysis. In the NSF test, we used the Kaplan-
Meier survival analysis due to the lack of normal distribution of the data. Mantel-Cox log-rank test
was used to evaluate differences between experimental groups. Statistical significance was set at

p<0.05.
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Figure 1: Behavioral consequences of conditional B-arrestin 1 deletion in adult newborn granule cells of the dentate
gyrus on episodic-like memory. (A-D-G) Exploration time of the novel (or moved) object and the familiar (or station-

ary) objects were measured during the test session, with different intertrial intervals. (B-E-H) The exploration time

was also expressed in percent of novel object exploration. The red line indicates the chance level (50%). (C-F-1)
Discrimination index for each protocol was calculated. Values are mean + SEM (n=7-12 per group)
*p< 0.05, **p<0.01 versus ARRB1** mice; 8p< 0.05, 66p< 0.01 versus the chance level (50%)
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Figure 2: Behavioral consequences of conditional B-arrestin 1 deletionin adult newborn gran-
ule cells of the dentate gyrus on associative memory. Contextual fear conditioning was
produced by placing a mouse into the conditioning chamber and delivering one footshock 180
sec later. Mice were returned to the conditioning chamber 24h later to assess for context-elicit-
ed freezing. During Day 2, context-elicited freezing was analyzed for each minute of the test (A)
and during the whole session (B). Values are mean + SEM (n=-10-15 per group)

*p< 0.05, **p<0.01 versus ARRB1** mice
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Figure 3: Chronic fluoxetine or RS67333 treatments are not able to reverse

episodic-like memory deficits in ARRB17 mice. Novel object exploration time was

measured in second (A) and in percent (B). Discrimination index was calculated in

each group (C). Values are mean + SEM (n=-12-15 per group)
**p<0.01 versus ARRB1** mice.
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Figure 4: Chronic fluoxetine or RS67333 treatments are not able to reverse
associative memory impairment in ARRB17 mice in the one-trial contextual
fear conditioning. Context-elicited freezing was analyzed by measuring freez-
ing duration (%) (A) and the number of freezing episodes (B). Freezing behavior
was also monitored for each minute of the test (C). Values are mean + SEM
(n=-12-15 per group)

*p< 0.05, **p<0.01 versus ARRB1+/+ mice.



Figure 5:
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Figure 5: Chronic fluoxetine or RS67333 treatments are not able to reverse spatial memory deficits

in ARRB1” mice.

Animals were trained during 4 days to learn the location of the target box. During this acquisition
period, learning was monitored by recording primary latency (A), total latency (B), primary errors
(C) and total errors (D). At Day 5, a retention probe trial estimates reference spatial memory, by
removing the target box and closing the target hole. Spatial retention was evaluated by measuring
primary latency (E), primary errors (F), time in target quadrant (G) and the number of visits in the

target hole (H). Values are mean + SEM (n=-10-15 per group)

*p< 0.05, **p<0.01 versus ARRB1** mice;

#p<0.01 versus ARRB1” mice.



Supplemental Figure 1:
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Supplemental Figure 1: Experimental design of the pharmacological study. Tamoxifen was injected
intraperitoneally once a day (2 mg/day) on 5 consecutive days at the beginning of the study. From
Week 4, in place of normal drinking water, 2 groups of ARRB1”- mice were administered a 4-weeks
fluoxetine or RS67333 treatment. The same cohort of mice performed successively all of the cognitive
tests from week 8 to week 10: 1) novel object recognition test; 2) Barnes maze; 3) one-trial contextual

fear conditioning.
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DISCUSSION OF THE STUDY:

e (Conditional deletion of B-arrestin 1 in stem cells of the dentate gyrus alters cognitive

performances in adult mice

This study shows that conditional deletion of B-arrestin 1 in stem cells of the dentate gyrus alters
cognitive performances in adult mice, especially episodic, associative and spatial memory. Indeed,
discrimination index was significantly lower in ARRB1” mice in the novel object recognition test for
both intertrial interval (2h and 24h) compared to ARRB1"* animals. Episodic-like memory was also
impaired in the novel objet recognition location with a decrease in time exploring the object that
moved in ARRB1” mice compared to controls. Performances in the one-trial contextual fear
conditioning revealed a decrease in freezing duration in ARRB1”" mice, suggesting a deficit in
associative memory in these mice. Finally, ARRB1”" mice showed difficulties in learning and memory
parameters in the spatial task, the Barnes maze. During learning trials, ARRB1”" mice were longer to
find the target hole and committed more errors before finding the target hole compared to ARRB1**

animals. During the probe session in Day 5, primary latency and primary errors were increased and

the number of visits in the target hole was decreased in ARRB1”" mice compared to controls.

e B-arrestin 1 expression in stem cells of the dentate gyrus is required to chronic fluoxetine and

5-HT, receptor agonist RS67333-induced pro-cognitive effects in adult mice

Four weeks after tamoxifen injection, 2 groups of ARRB1” mice were administered during 28 days
either fluoxetine or RS67333 in the drinking water or using Alzet® mini-pump respectively. The same
cohort of mice performed successively all of the cognitive tests from week 8 to week 10: 1) novel
object recognition test; 2) Barnes maze; 3) one-trial contextual fear conditioning. Based on
discrimination index results (Figure 1), the novel object recognition test with 2h intertrial interval was
chosen for the pharmacological study. Interestingly, chronic fluoxetine or RS67333 treatments were
not able to reverse learning and memory deficits induced by the depletion of B-arrestin 1 in stem

cells of the dentate gyrus, in all the cognitive tasks tested.
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The conditional deletion of B-arrestin 1 prevents fluoxetine and RS67333-induce improvement of
episodic-like, associative and spatial memory. In the novel object recognition test, chronic fluoxetine
and RS67333 treatments were not able to correct the discrimination deficit observed in ARRB1”
mice. In the one-trial contextual fear conditioning, freezing duration was still decreased in ARRB17
/Fluox and ARRBl'/'/R567333—treated mice compared to ARRB1"* animals, indicating that the
alteration of associative memory is maintained in ARRB1”" animals despite pharmacological
treatments. Finally, ARRBl'/'/FIuox and ARRBl’/’/RS67333-treated mice failed to restore spatial

performances, in both learning and memory parameters.

These data suggest that B-arrestin 1 expression in stem cells of the dentate gyrus is required to pro-
cognitive effects of chronic fluoxetine and 5-HT, receptor agonist in adult mice and confirm that B-
arrestin 1 protein is a key element in cognitive mechanisms and pharmacological cognitive

responses.

335



Discussion générale

336



337



Discussion générale

A ce jour, les déficits cognitifs pourtant présents chez plus de 94% des patients souffrant de

dépression majeure, sont trés peu pris en charge. Identifier des molécules thérapeutiques traitant les

symptoémes dépressifs au méme titre que les symptomes cognitifs reste un probleme majeur de

santé publique. D’autre part, des données cliniques montrent que le déficit cognitif persiste aprés la

rémission des symptomes dépressifs et pendant les épisodes récurrents de dépression (Hasselbalch,

2015; Hasselbalch et al., 2011) (Figure 29). Jusqu’a aujourd’hui, les études cliniques mettant en

évidence l'efficacité des antidépresseurs et notamment des ISRS quant a la correction du déficit

cognitif sont contradictoires (Bastos et al., 2013; Ferguson et al., 2003; Gallassi et al., 2006; Herrera-

Guzman et al., 2010).
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Figure 29: Représentation schématique de la trajectoire possible d’un patient dépressif.

Les lignes bleues pleines et pointillées représentent les formes variées de progression des symptomes

dépressifs au cours de la dépression. La ligne rouge pointillée représente 'ampleur des symptomes
cognitifs associés a la pathologie de la dépression selon le stade de I'épisode dépressif.

Une réelle évaluation d’abord préclinique, puis clinique des co-morbidités associées aux symptomes

dépressifs est nécessaire afin de déterminer ensuite quelle approche thérapeutique pourrait le mieux

les corriger.
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Ce travail de recherche préclinique, décliné en 3 objectifs a permis d’approfondir la compréhension
du réle du récepteur 5-HT, et de la protéine B-arrestine 1 dans la modulation des processus
émotionnels et cognitifs dans un modeéle d’anxiété/dépression chez la Souris. Pour cela, nous avons
caractérisé les troubles de la mémoire et de l'apprentissage dans un modele animal murin
d’anxiété/dépression : le modeéle CORT. Nous avons ensuite évalué I'efficacité pro-cognitive de 2
stratégies thérapeutiques a I'aide d’'un antidépresseur ISRS de référence (la fluoxetine) et d’une
molécule a visée antidépressive possédant des propriétés agonistes du récepteur 5-HT, (le RS67333).
Enfin, nous avons mis en évidence le réle joué par la protéine B-arrestine 1 au niveau des jeunes
neurones du GD, dans la physiopathologie des troubles de I’"humeur et de la mémoire et dans la

réponse aux traitements et notamment celle de I'agoniste du récepteur 5-HT,.

1.1 Le phénotype anxio/dépressif induit par un traitement chronique de

corticostérone chez la Souris est associé a des déficits cognitifs.

Pour mieux comprendre les mécanismes responsables des déficits cognitifs dans les épisodes
dépressifs majeurs, la modélisation chez I'animal est essentielle. De nombreuses études se sont
d’ailleurs intéressées aux troubles d’apprentissage et de mémoire dans différents modéles
d’anxiété/dépression chez le rongeur (cf. Revue). Malgré des résultats trés hétérogenes, il semble
néanmoins que les troubles des fonctions exécutives et de I'attention soient constants, quelle que
soit la procédure de stress chronique utilisée. D’autre part, les modeles de stress chronique induits
pendant I'dage adulte (comme le UCMS et le modele CORT) présentent de plus fortes similarités avec
les symptomes cognitifs observés chez les patients déprimés, par rapport aux procédures de stress

pré- ou périnatal.

Dans ce travail, le phénotype anxio/dépressif a été induit suite a I’administration chronique
de corticostérone a faible dose chez la souris C57BL/6J (le modéle CORT) (David et al., 2009). Une
revue de la littérature, reprenant différents travaux ayant étudiés I'impact d’une exposition
chronique de corticostérone chez le Rongeur dans différentes taches cognitives montre que la
majorité des différents types de mémoires est affectée par ce protocole de stress chronique. Seule la
mémoire de travail (alternation ou spatiale) semble insensible au stress généré par la CORT (Tableau

16).
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Tableau 15: Effets d'une administration chronique de corticostérone sur les performances cognitives chez le Rongeur - Partie 1

Type de Test Corticostérone
Espéce/Souche | Sexe Effets observés Références
mémoire comportemental (dose, voie d’administration, durée)
Souris
I 100 pg/mL, v.o., 28 jours Solas et al 2013
NORT C57BL/6) J indice de discrimination
Rat Wi I3 5 mg/kg, s.c., 21 jours Walesiuk et al 2005
Rat SD 3 40 mg/kg/j, s.c., 21 jours Memps de latence et |, rétention Lee et | 2014
MWM
Memps de latence
Episodique
Rat Wi 3 5 mg/kg/day, s.c., 21 jours Trofimiuk et al 2015
Mnombre erreurs
BM Rat F-BN 3 150 mg/ Implant (s.c.), 21 jours N nombre d’erreurs et latence Maclay et al 1998
Coburn-Litvak et al
Rat SD 3 26.8 mg/kg, 10 mg/day, s.c., 21 jours N nombre d’erreurs
2003
4 100 mg, Implant (s.c.), 22 days J temps pour entrer dans la chambre Bisagno et al 2000
Evitement passif Rat SD
3 40 mg/kg/j, s.c., 21 jours sombre Lee et | 2014
Associative
tativ Rat LE a 5 mg/kg or 40 mg/kg, s.c., 21 jours Effet dose-dépendant Marks et al 2015
CFC 50 ug/mL 14 jours, 25 pug/mL 3 jours, 12.5 pg/mL
Rat SD g Mreezing, 1 de I'extinction Gourley et al 2009

3 jours

ove




Tableau 16: Effets d'une administration chronique de corticostérone sur les performances cognitives chez le Rongeur - Partie 2

Type de mémoire

Test

comportemental

Espéce/Souche

Sexe

Corticostérone

(dose, voie d’administration, durée)

Effets observés

Références

26,8 mg/kg, 10 mg/day, s.c., 21 jours ou 56 jours

@ aprés 21 jours de traitement

{ alternation aprés 56 jours de

Coburn-Litvak et al

2 2003
LI panse d traitement
Travail 200 mg/L, v.0., 21 jours @ Gururajan et al 2015
Rat SD 3 40 mg/kg/j, s.c., 18 jours [0)] Workman et al 2015
Spatiale
Rat Wi 3 25 mg/kg, s.c., 28 jours @ Cerquiera et al 2005
50 pg/mL 14 jours, 25 pug/mL 3 jours, 12.5 ug/mL 3 J action impulsive et T choix Terregrossa et al.
5-CSTT Rat SD IS
jours impulsifs 2012
N nombre essais pour atteindre le
Fonctions
ASST Rat Lister I} 50 pug/mL, v.o., 15 jours critére Wallace et al 2014
exécutives
(REV1, ID, REV2, REV3)
Flexibilité mentale
Rat Wi 4 25 mg/kg, s.c., 28 jours { apprentissage inversé Cerquiera et al 2005

(MWM)

14743

Abréviations : NORT : test de reconnaissance d’objet ; MWM : test de la piscine de Morris ; BM : labyrinthe Barnes; CFC : test de conditionnement par la peur ; 5-CSTT : test d’attention s.c :

sous-cutanée ; v.o : voie orale (eau de boisson) ; LE : Long-Evans ; SD : Sprague-Dawley ; Wi : Wistar ; F-BN : Fischer 344 x Brown Norway




Discussion générale

Au cours d’un premier travail expérimental effectué avec le modele CORT (Article 1), nous
avons caractérisé les performances d’apprentissage et de mémoire dans plusieurs domaines de

cognition. Le Tableau 17 résume les effets observés au cours de ces expériences.

Tableau 17 : Récapitulatif des effets d'une administration chronique de corticostérone sur les différents
types de mémoires. (= : capacité de mémoire intacte ; {, : mémoire altérée)

Rétention a 7 jours =

Mémoire a composante
associative

Type de mémoire Test cognitif

Mémoire de type épisodique Reconnaissance d’objet Rétention a 5 min = J
Apprentissage (acquisition) = J
Rétention a 24h = J

Piscine de Morris
Apprentissage (flexibilité) = J
Mémoire spatiale Rétention a 24h = NA
Apprentissage = J
Labyrinthe de Barnes Rétention a 24h = NA
N
N

Conditionnement par la peur Rétention a 24h =

Meécanismes neurobiologiques expliquant les troubles cognitifs dans le modéle CORT

Bien que nous n’ayons pas directement vérifié cette hypothése, il est plausible qu’une
diminution de la neurogenése hippocampique puisse étre responsable d’une partie des déficits
cognitifs observés aprés traitement chronique de corticostérone, notamment dans le NORT et dans
le CFC (Article 1). En effet, de précédentes études, utilisant une stratégie d’ablation génétique de la
neurogenése hippocampique adulte, ont montré que les jeunes neurones de 4 a 6 semaines
participaient aux processus cognitifs (Sahay et al., 2011 ; Denny et al., 2014). Par ailleurs, I'activité
des cellules granulaires adultes issues de la neurogenése hippocampique participe grandement a
I’encodage d’une nouvelle information et donc a I'apprentissage (Danielson et al., 2016). A ce jour,
I'implication ou non de la neurogenése hippocampique adulte dans les processus d’apprentissage et

de mémoire reste un débat (cf Revue).
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Méme si la survie des jeunes neurones n’est pas affectée, il a été observé dans le modéle CORT
une diminution d’environ 30% de la prolifération cellulaire (David et al., 2009). Par ailleurs, de
récentes données obtenues au laboratoire avec une analyse de Sholl de I'arborisation dendritique
des jeunes neurones, montre une diminution de la longueur de l'arborisation dendritique et du
nombre d’intersections suite a une administration chronique de corticosterone. Cependant, il serait
insuffisant de résumer les déficits d’apprentissage ou de mémoire observés dans ce modeéle a un
effet exclusivement neurogenéese-dépendant. D’autres modifications, par exemple des systémes
glutamatergiques, gabaergiques ou cholinergiques centraux peuvent expliquer en partie I'apparition

de ces troubles cognitifs.

Des structures cérébrales autres que I’hippocampe peuvent voir leur fonctionnement altéré suite
a une exposition chronique a la CORT. Ainsi, la mémoire associative est en étroite relation avec
I'amygdale (Roozendaal et al., 2009), et la mémoire épisodique comme la discrimination d’objets est
aussi reliée au cortex entorhinal (Reagh and Yassa, 2014; Wilson et al.,, 2013). Des modifications
moléculaires et structurelles au sein de ces régions cérébrales peuvent également étre a I'origine des

difficultés cognitives induites par un stress prolongé.

Récemment, il a été démontré que les glucocorticoides altéraient la mémoire spatiale et la
consolidation en diminuant I'excitabilité des synapses dans le subiculum (temporo-ammonique)-TA-
CA1 (Kvarta et al., 2015). Ces auteurs ont montré qu’un traitement chronique de corticostérone, en
mimant les effets d’un stress chronique, réduirait I’excitation induite par 'activation des récepteurs
AMPA du glutamate. Ces effets, dus a I’activation des récepteurs aux glucocorticoides, diminuent la

plasticité synaptique et affectent notamment la consolidation de la mémoire.

D’autre part, la neurotransmission glutamatergique joue un réle majeur dans les processus de
PLT, de DLP et de mémorisation via I'activation des récepteurs NMDA du glutamate, suivie de la
cascade d’évenements provoqués par l'influx calcique (McEwen and Sapolsky, 1995; Riedel et al.,
2003). Or, si un stress aigu semble avoir des effets bénéfiques sur la transmission glutamatergique et
sur les performances cognitives, un stress chronique provoquerait a l'inverse des changements
structurels déléteres tels qu’une perte et une simplification dendritique ou encore une réduction de
la densité d’épines dendritiques dans le cortex et dans I’hippocampe (Popoli et al., 2012; Sandi,
2011). Ces modifications quantitatives et qualitatives affectent la transmission synaptique et sont
alors responsables des déficits cognitifs comportementaux. Dans le cadre du travail expérimental de
I’Article 1, et comme viennent de le démontrer Kvarta et collaborateurs (2015), nous pouvons
émettre I'hypothese que I'administration chronique de CORT freine la plasticité synaptique

notamment dans le circuit TA-CA1.
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Le systéme cholinergique central est lui aussi un systeme clé dans la modulation des fonctions

cognitives dans un contexte de stress (Gold, 2003; Hesen and Joels, 1996; Mizoguchi et al., 2008;

Mizoguchi et al., 2001; Picciotto et al., 2015). Il a d’ailleurs récemment été montré qu’un traitement

chronique par la CORT réduit I'expression des récepteurs nicotiniques de type a4 et a7 dans des

neurones cholinergiques (Baier et al., 2014). Une autre étude montre que la nicotine serait capable

de restaurer les déficits cognitifs induits par un stress psychosocial dans le test hippocampe-

dépendant de la piscine de Morris (Alzoubi et al., 2013), confirmant le role essentiel de la

transmission cholinergique centrale dans les altérations cognitives en environnement stressant.

1.2 L’activation du récepteur 5-HT4, une cible privilégiée du traitement des

épisodes dépressifs associés a des troubles cognitifs.

En utilisant le modele CORT, nous avons montré qu’un traitement chronique avec un

agoniste du récepteur 5-HT, (RS67333, 1,5 mg/kg/jour) induit, tout comme un ISRS (fluoxetine, 18

mg/kg/jour), des effets de type anxiolytiques et antidépresseurs, mais aussi une augmentation de la

neurogenése dans le gyrus dentelé (Article 2). Nous avons également mis en évidence, que

I'antagonisme du récepteur 5-HT, par le GR125487, est suffisant pour bloquer les effets

comportementaux et neurogéniques de la fluoxetine. La sérotonine a une forte affinité pour les

récepteurs 5-HT, humains et de rats (pKd = 8,4 et 7,7, respectivement) (Adham et al., 1996; Bender

et al., 2000). L’activation des récepteurs 5-HT, suite a 'augmentation de la sérotonine synaptique

induite par le blocage du SERT participe en partie aux effets de type anxiolytiques/antidépresseurs de

la fluoxetine. Dans un second temps, nous avons voulu déterminer si des traitements chroniques par

de la fluoxetine ou par le RS67333, parvenaient a restaurer les fonctions cognitives chez les animaux

traités par la corticostérone. Le Tableau 18 rassemble les principaux résultats de cette étude

expérimentale (Article 3). L’activation du récepteur 5-HT, corrige le déficit cognitif chez des animaux

présentant un phénotype anxio/dépressif.

Tableau 18: Récapitulatif des effets d’un traitement chronique de fluoxetine ou d'agoniste du récepteur 5-
HT, (RS67333) sur les performances cognitives chez les animaux anxio-déprimés (@: capacité de mémoire non
corrigée ; : capacité de mémoire restaurée).

Type de mémoire Test cognitif Parametre testé Fluoxetine RS67333
Mémoire de type épisodique Reconnaissance d’objet Rétention a 5 min t M
Apprentissage 0N T
Mémoire spatiale Labyrinthe de Barnes
Rétention a 24h 1)) N
Mémoire a composante Conditionnement par la Rétention & 24h @ N

associative

peur
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Comment expliquer une efficacité supérieure du RS67333 comparée a celle de la
fluoxetine?

Alors que le traitement chronique par le RS67333 corrige la totalité des déficits induits par la
corticostérone, les effets du traitement chronique par la fluoxetine sont moins nombreux puisque
seuls les déficits de mémoire épisodique et d’apprentissage spatial sont corrigés. L’avantage principal
du RS67333 est d’étre un composé sélectif qui active uniquement le récepteur 5-HT,. La fluoxetine,
quant a elle, inhibe la recapture de la sérotonine, provoquant alors une augmentation des taux de
sérotonine disponible dans la fente synaptique. Cette grande quantité de 5-HT se fixe alors de facon
non sélective sur les récepteurs sérotoninergiques pour exercer ses effets comportementaux. Il est
donc probable qu’il existe des effets inhibiteurs induits par la stimulation de récepteurs 5-HT qui
limitent ainsi I'efficacité de la fluoxetine dans certains tests de cognition. De facon a mieux
comprendre les mécanismes mis en jeu dans la réponse cognitive a la fluoxetine, il serait intéressant
d’identifier le ou les récepteur(s) sérotoninergique(s) postsynaptique(s) responsable(s) de I'absence
d’effets pro-cognitifs. Une fois ce(s) récepteur(s) déterminé(s), il faudrait alors identifier un
antagoniste de ce récepteur 5-HT qui, associé a la fluoxetine permettrait d'atteindre I'efficacité du
RS67333 dans les tests de cognition. Parmi les 14 sous-types de récepteurs sérotoninergiques
existants, 'activation des récepteurs 5-HT;, 5-HTg et 5-HT; semble étre un frein a l'activité pro-
cognitive bien gu’ils soient tous les trois associés a une dépolarisation/excitation membranaire. Ainsi
des antagonistes de ces récepteurs pourraient étre de bons candidats pour corriger les déficits

cognitifs (pour revue, (Meneses, 2015)).

Le récepteur 5-HT;, canal ionotropique, fait partie des récepteurs sérotoninergiques d’intéréts en
raison de son influence excitatrice sur la libération d’acétylcholine et de GABA suite a sa stimulation
par la sérotonine endogéne (Giovannini et al., 1998). Dés les années 1990, des études ont montré
qgue le blocage du récepteur 5-HT; par I'ondansetron améliorait certaines fonctions cognitives telle
que la navigation spatiale dans la piscine de Morris (Fontana et al., 1996). Plus récemment, des
travaux ont mis en exergue le réle du tropisetron, antagoniste sélectif du récepteur 5-HT3;, non
seulement dans le traitement des vomissements induits par la chimiothérapie mais aussi lors de
déficits cognitifs, et notamment dans le contexte clinique de la maladie d’Alzheimer (Fakhfouri et al.,

2015; Hashimoto, 2015).

Au méme titre que le récepteur 5-HT,, I'activation du récepteur 5-HTs méne a une activation
de la voie de signalisation de I’AMPc via une augmentation de I'adénylate cyclase. Pourtant, la
plupart des études rapportent un effet bénéfique du blocage du récepteur 5-HTg sur les fonctions

cognitives, probablement di a I'existence d’une voie alternative de type inhibitrice, activée par le

345



Discussion générale

récepteur 5-HTg. (Ramirez et al., 2014). Parmi ces travaux, la majorité est conduite dans un contexte
pathologique bien précis. Ainsi, le blocage du récepteur 5-HTg par un antagoniste sélectif provoque
globalement des effets de type anti-amnésiques voire pro-cognitifs chez les animaux agés (Callaghan
et al., 2012), chez les animaux présentant des déficits cognitifs induits par la scopolamine (Da Silva
Costa-Aze et al., 2012). Cela a aussi été observé chez les patients atteints de la maladie d’Alzheimer
(Claeysen et al., 2015; Wilkinson et al., 2014). Récemment, il a été démontré qu’une administration
chronique chez la souris naive d’un antagoniste du récepteur 5-HTs; le SB271046, permettait
d’améliorer la capacité de discrimination des animaux dans le test de la reconnaissance d’objet
(Quiedeville et al., 2015). Cependant, a notre connaissance, aucune étude préclinique ou clinique n’a
encore exploré les propriétés pro-cognitives des antagonistes des récepteurs 5-HTs dans le contexte
de la dépression majeure. L'ensemble de ces données fait donc du récepteur 5-HTs une cible a

privilégier dans les perspectives de ce travail de théese.

Enfin, une revue récente suggére des perspectives encourageantes concernant le role du
récepteur 5-HT, dans différentes pathologies du SNC (anxiété, épilepsie, schizophrénie) (Nikiforuk,
2015). Des études précliniques ont d’ailleurs montré que I'utilisation d’antagonistes des récepteurs
5-HT; entrainait des effets anti-amnésiques (Gasbarri and Pompili, 2014) voire pro-cognitifs (Gasbarri
et al., 2008) si la tache cognitive présente un degré élevé de difficulté. Cependant, d’autres travaux
rapportent ces mémes effets favorisant la mémoire suite a la stimulation des récepteurs 5-HT; par un
agoniste (Di Pilato et al., 2014; Freret et al., 2014; Perez-Garcia and Meneses, 2005) (Figure 30). En
raison de ces résultats hétérogenes, le récepteur 5-HT; ne constitue pas I’hypothese prioritaire dans

notre recherche du (des) récepteur(s) impliqué(s) dans la réponse cognitive a la fluoxetine.

Il est important de disséquer le mécanisme d’action impliqué dans les effets cognitifs de la
fluoxetine induits par l'activation du récepteur 5-HT,. Les arguments précédemment développés
donnent quelques pistes a explorer pour de prochaines études. La Figure 30 ci-apres récapitule les
conséquences de la liaison de la fluoxetine sur le transporteur du 5-HT, puis I'activation des

différents types de récepteurs sérotoninergiques par le 5-HT endogene sur le comportement cognitif.
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Fluoxetine

|

A du 5-HT @ dans la fente synaptique

Récepteurs i

i . T
sérotoninergiques o

Facilite I'activité Prévient I'activité
pro-cognitive pro-cognitive

Figure 30: Représentation schématique du role facilitateur ou limitant de I'activation des récepteurs
sérotoninergiques sur I’activité pro-cognitive. Les ISRS en bloquant le transporteur sérotoninergique et en
permettant I'augmentation des concentrations extracellulaires de sérotonine aprés traitement chronique, sont
aussi communément appelés agonistes « indirects » des récepteurs postsynaptiques. La 5-HT endogéne en
activant certains sous types de récepteurs sérotoninergiques (5-HT1a, 5-HT1g/1p, 5-HT,) facilitera I'activité pro-
cognitive tandis que |'activation des sous-types de récepteurs 5-HT3, 5-HTg aura des effets opposés. Le sens de
modulation du récepteur 5-HT; reste encore un point a identifier.

1.3 Implication de la protéine B-arrestine 1

1.3.1 Implication de la B8-arrestine 1 dans le phénotype anxio-dépressif et dans la réponse a un
traitement par la fluoxetine

Bien que I'expression des protéines B-arrestines soit ubiquitaire, de nombreuses études se sont

donc intéressées a leur implication dans les pathologies du SNC en tant que nouvelle cible

thérapeutique potentielle (Latapy and Beaulieu, 2013). A titre d’exemple, les réles de la protéine B-

arrestine 1 dans la physiopathologie de la maladie d’Alzheimer (Liu et al., 2013), de la maladie de

Parkinson (Wu et al., 2013) ou de la dépendance a la nicotine chez les fumeurs (Sun et al., 2008) sont

disséqués avec un intérét grandissant. La diminution d’expression de B-arrestine 1 périphérique chez
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les patients dépressifs a été, quant a elle, mise en évidence en 2004 (Avissar et al., 2004).
Rapidement, I'implication de la B-arrestine 1 dans la réponse aux traitements antidépresseurs a été
étudiée aussi bien en clinique (Avissar et al., 2004 ; Matuzany-Ruban et al., 2005) qu’en préclinique
(Mendez-David et al., 2015; Golan et al 2009). Dans le domaine préclinique, I'étude de I'implication
des protéines B-arrestines (1 et 2) peut faire appel a des lignées de souris génétiquement modifiées.
De maniére intéressante, la double mutation KO ARRB1/ARRB2 est |étale chez la Souris, alors que les
modéles de souris constitutives ARRB1” ou ARRB2” sont viables. Il semble donc que ces deux

protéines aient des propriétés chevauchantes.

Puisque la neurogenese hippocampique et notamment les jeunes neurones du GD agés de 4-6
semaines semblent jouer un réle prépondérant dans I'activité cognitive ou antidépressive (Denny et
al., 2012; Sahay et al, 2011), nous avons souhaité étudier les conséquences de I'absence
d’expression de la protéine B-arrestine 1 dans les jeunes neurones nouvellement formés. Pour cela,
nous avons induit une délétion conditionnelle de la protéine B-arrestine 1 dans les cellules souches
et attendu 4/7 semaines avant de caractériser leur phénotype. Les résultats obtenus dans I’Article 4
sont regroupés dans le Tableau 19 et le Tableau 20. Au regard du score d’émotionalité, la délétion
conditionnelle, a I'age adulte, de I'expression de la protéine B-arrestine 1 dans les jeunes neurones
issus de la neurogenése du GD de I'hippocampe n’a pas modifié globalement le phénotype
émotionnel. Pourtant des différences apparaissent quand on analyse les résultats de chaque test
séparément. Un phénotype anxio/dépressif est apparu dans le labyrinthe en croix surélevée, le test
des 4 plaques et le Splash test. Ceci confirme que I'expression de la B-arrestine 1 au niveau des
jeunes neurones issus de la neurogenese a des conséquences bien au-dela du GD (Bergami and
Berninger, 2012). Il apparait que le score d’émotionalité est beaucoup plus pertinent dans le cadre
d’une étude de criblage que lors d’une étude mécanistique. De plus, I'absence d’expression de la B-
arrestine 1 dans les jeunes neurones issus de la neurogenese, a bloqué les effets de type
anxiolytiques et antidépresseurs d’un traitement chronique par la fluoxetine, comme le révéle le

score d’émotionalité, méme si la encore des disparités entre les tests existent (Tableau 20).
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Tableau 19: Conséquences comportementales et neurogéniques de la délétion conditionnelle de la protéine
B-arrestine 1 dans les cellules souches du gyrus dentelé (@ : absence d’effets ; 1 : effets anxiolytiques et/ou
antidépresseur ; | : effets anxiogéniques et/ou dépressiogénes)

Tests D
ARRB1'* ARRB1”

Open Field )} @
EPM @ N
NSF @ @
Splash test 1) N
TST 1) @
Test des 4-plaques @ N%
Test a la saccharine @ @
Prolifération @ NJ
Neurogenése hippocampique Survie )] @
Maturation )} )}

Tableau 20: Conséquences comportementales et neurogéniques de la délétion conditionnelle de la protéine
B-arrestine 1 dans les cellules souches du gyrus dentelé aprés un traitement chronique de fluoxetine (@ :
absence d’effets ; 1 : effets anxiolytiques et/ou antidépresseur ; |, : effets anxiogéniques et/ou
dépressiogénes)

Tests
ARRB1"* ARRB1”

Open Field ) @

EPM @
NSF 0 @
Splash test @ ™
TST ™ ™
4-plates T @
Saccharine test ™ ™
Prolifération 0 )}
Neurogenese hippocampique Survie ™ )]
Maturation ™ T
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Concernant l'analyse de la neurogenése hippocampique, ces travaux ont montré que
I’expression de la protéine B-arrestine 1 dans les cellules souches du gyrus dentelé de I'hippocampe
participe a lI'augmentation de la prolifération des progéniteurs ainsi qu’a la survie des jeunes
neurones induit par I'administration chronique de fluoxetine. En revanche, cette expression ne
semble pas indispensable aux effets de la fluoxetine sur I'étape de maturation des cellules

granulaires. Ces effets passent donc par un mécanisme B-arrestine 1 indépendant.

Devant I'augmentation de I'étape de la maturation chez les animaux ARRB1” traités par la
fluoxetine et I'absence d’effets de type anxiolytiques/antidépresseurs dans le test neurogenése-
dépendant du NSF, on peut se demander si les jeunes neurones dépourvus de protéine B-arrestine 1
s'integrent pleinement au réseau neuronal préexistant. Pour répondre a cette question, il est
primordial d’étudier I'intégration de ces jeunes neurones en regardant leur devenir en présence ou
non de la protéine B-arrestine 1. Seul un triple marquage BrdU/DCX/NeuN permettrait de
différencier les neurones en phase de maturation (BrdU+/DCX+/NeuN+ ou-) des neurones matures
(BrdU+/NeuN+). Nous pouvons imaginer que |'absence d’expression de la protéine B-arrestine 1 dans
les cellules souches du GD induise une augmentation de cellules présentant le phénotype
(BrdU+/DCX+/NeuN+ ou-) sans aboutir au stade de neurone mature (BrdU+/NeuN+). D’autre part, un
marquage a la caspase 3 permettrait de savoir si la diminution de la prolifération a I'état basal et
I'absence d’augmentation des étapes de prolifération et de survie neuronale en présence de
fluoxetine chez les animaux ARRB1”'est associée & une augmentation du nombre de cellules en

apoptose.

1.3.2 Implication de la 8-arrestine 1 dans les performances cognitives et dans la réponse a un
traitement par la fluoxetine ou un agoniste du récepteur 5-HT4

Les données générées dans les résultats complémentaires sont récapitulées dans le Tableau 21 et

dans le Tableau 22 ci-apres.
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Tableau 21: Conséquences de la délétion conditionnelle de la protéine B-arrestine 1 dans les cellules souches
du gyrus dentelé sur les performances cognitives (@ : absence d’effets ; | : capacité de mémoire altérée)

VEHICULE
Tests Parametres testés

ARRB1** | ARRB1”

Rétention & 2H @ J

Reconnaissance d’objet
Rétention a 24H

Reconnaissance de place Rétention a 2H

Apprentissage

Labyrinthe de Barnes
Rétention a 24h

LSS R S U R S U R S B R S S
clele|e

Conditionnement par la peur Rétention a 24h

Tableau 22: Conséquences de la délétion conditionnelle de la protéine B-arrestine 1 dans les cellules souches
du gyrus dentelé aprés un traitement chronique de fluoxetine ou de RS67333 sur les performances cognitives
(@ : absence d’effets ; | : capacité de mémoire altérée)

FLUOXETINE | RS67333
Tests Parametres testés
ARRB1** | ARRB1” | ARRB1** | ARRB1”
Rétention a 2H 1)) (1)}

Reconnaissance d’objet
Rétention a 24H

Reconnaissance de , L
Rétention a 2H

place
Apprentissage 1) 0]
Labyrinthe de Barnes
Rétention a 24h 1)} 1)
Conditionnement par la Rétention 3 24h ) @

peur

Comment expliquer I'altération différentielle des comportements émotionnels et cognitifs
suite a la délétion conditionnelle de la B-arrestine 1 dans les cellules souches du GD de
I’hippocampe ?

Contrairement au phénotype émotionnel faiblement impacté par cette délétion, I'altération
du phénotype cognitif est beaucoup plus prononcée. Tous les types de mémoire que j'ai étudiés sont
altérés suite a I'absence d’expression de la B-arrestine 1 dans les jeunes neurones du DG issus de la
neurogenése. En effet, ces résultats révelent un déficit de la mémoire de type épisodique, de la

mémoire spatiale ainsi que de la mémoire associative (Résultats complémentaires).

351



Discussion générale

Dans une récente revue de la littérature, Miller et Hen concluent que si I'ablation de la
neurogenése hippocampique induit un déficit cognitif relatif aux fonctions émotionnelles, une
minorité d’étude montre que cette ablation induit un phénotype anxio/dépressif (Miller and Hen,
2015). Nos résultats suggérent que la délétion de la B-arrestine 1 dans les jeunes neurones
nouvellement formés n’est pas suffisante pour affecter le comportement émotionnel basal. Ce
constat est au final en accord avec une étude clinique montrant que I'altération de la neurogenese
adulte n’est pas a l'origine de I'apparition des symptémes de la dépression (Cameron and McKay,
2001) et plus généralement avec la littérature. La protéine B-arrestine 1 serait donc impliquée de
facon plus importante dans les processus mnésiques plutot que dans la physiopathologie des
troubles de I'humeur. Cependant, aucune étude clinique visant a préciser le réle de la protéine B-
arrestine 1 dans les troubles cognitifs n’a été menée a ce jour. Finalement, trés peu d’études
précliniques et cliniques se concentrent sur I'implication de la B-arrestine 1 dans les troubles
émotionnels ou cognitifs. Ces thématiques gagneraient a étre plus largement examinées afin de

mieux comprendre les mécanismes mis en jeu dans ces pathologies mentales.
Considérations et limites méthodologiques

Impact de la souche de souris

Il est aujourd’hui bien reconnu que le fond génétique des animaux, et notamment chez la
Souris, influence les phénotypes comportementaux (Clement et al., 2002; Crawley et al., 1997). Dans
le cadre de ce travail conduit chez des animaux dans un contexte d’anxiété et de dépression, il est
impératif de faire la distinction entre des troubles du comportement d’un apprentissage réel versus
des altérations sensorielles, inhérentes aux différentes souches, pouvant mener a une performance
cognitive amoindrie. Par exemple, le parametre d’acuité visuelle pour les taches spatiales, la capacité
auditive dans les tests de conditionnement incluant un son, et le seuil de sensibilité au choc
électrique peuvent varier d’'une souche a une autre. Les différences de motivation des animaux,
devant un stimulus appétant ou aversif, doivent étre rigoureusement dissociées des troubles réels de
I'apprentissage et de la mémoire. D’autre part, les capacités d’apprentissage different selon les
souches de souris. Dans la piscine de Morris, les souris de souche C57BL/6J possédent de meilleures
capacités d’apprentissage que la souche 129Sv/J (Crawley et al., 1997) tandis que les deux souches
semblent apprendre de la méme maniére dans le test de conditionnement par la peur (Crawley et al.,
1997). Une étude comparant les performances cognitives spatiales de 13 souches de souris
différentes dans le « Barnes maze », a montré que les souris 12951/SvimJ mettent significativement
plus de temps a localiser le trou cible, a entrer dedans et commettent plus d’erreurs que les autres

souches. Ceci serait probablement plus di a une hypoactivité plutét qu’a une altération de
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I'apprentissage (O'Leary et al., 2011). Ce niveau plus faible d’exploration des souris 12951/Svim)
semble pourtant spécifique aux tests « aériens » puisque ces souris mettent autant de temps que les
autres souches a rejoindre la plateforme dans le test de la piscine de Morris (Brown and Wong,
2007). A l'inverse, les souris C57BL/6J sont plus rapides a localiser et entrer dans le trou cible et
commettent moins d’erreurs que les autres souches (O’Leary et al., 2011).

Durant cette thése, il m’a fallu adapter certains protocoles de tests cognitifs en fonction de la
souche utilisée. La mise au point des tests de cognition a été réalisée chez des souris C57BL/6 tandis
que les souris ayant servies a I'étude du réle de la B-arrestine 1 sont de fond mixte C57BL/6 -
129Sv/J. De fagon surprenante, le protocole dont nous nous sommes inspirés pour la caractérisation
du phénotype cognitif dans le modéle CORT (fond C57BL/6, Article 1) était basé sur un protocole
validé pour des animaux de fond génétique mixte C57BL/6 - 129Sv/J (Sahay et al., 2011). Pourtant, ce
méme protocole s’est avéré inopérant lors des essais chez nos souris de fond génétique mixte
C57BL/6 - 129Sv/J (Article 4). Ceci est bien la preuve gu’un méme protocole, utilisé dans des
laboratoires différents, par des expérimentateurs différents, avec du matériel différent est
susceptible d’induire des comportements différents méme si le fond génétique est similaire et

souligne toute la difficulté et la rigueur a tenir dans les études comportementales.

Devant le manque d’exploration, la peur de la nouveauté, différentes stratégies peuvent étre
développées (Leger et al., 2013) (Tableau 23):

- diminuer le nombre de sessions d’apprentissage,

- instaurer des sessions d’habituation,

- augmenter la durée des sessions

Tableau 23: Modifications des protocoles de tests de cognition en fonction de la souche de souris utilisée.

Test de reconnaissance d’objet Barnes maze

Nombre Durée des Session Nombre Durée des Session
sessions sessions habituation sessions sessions habituation
C57BL/6 5 5 min NON 4, 4 jours 3 min oul
Mixte C57BL/6 x . . .
1295v/J 1 10 min NON 3, 4 jours 3 min Oul

D’autre part, la réponse aux traitements peut varier d’'une souche a une autre. C'est

pourquoi il n’est pas possible aujourd’hui d’affirmer avec certitude que des traitements chroniques

par le RS67333 ou par la fluoxetine ont un effet pro-cognitif chez les souris ARRB1 contrdles, de fond

génétique mixte C57BL/6 - 1295v/J.
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Développement d’un score de cognition

Lors de I'analyse des résultats des tests cognitifs dans le modele CORT, nous nous sommes
interrogés sur la pertinence et la possibilité de développer un outil statistique capable de fournir un
score cognitif global en regroupant les différentes mesures des tests de cognition. Un tel outil
pourrait permettre de considérer un état cognitif global en réponse aux différents traitements subis,
de facon similaire au score d’émotionalité ou « Z-score » développé au laboratoire pour les
symptémes anxio/dépressifs (Guilloux et al., 2013). Plus précisément, le z-score permet de regrouper
les résultats de plusieurs tests comportementaux prédictifs d’'une activité anxiolytique,
antidépressive ou anhédonique et de livrer a travers une valeur chiffrée un indice global de I'état
émotionnel de I'animal. La principale limite a I'application de ce concept dans le domaine cognitif
concernerait la différence entre les types de mémoire étudiée et l'implication de structures
cérébrales distinctes dans ces différents paradigmes (sachant que la réponse a un seul test a une
portée limitée). Cependant, cette méthodologie n’a pas pour but de s’affranchir de la spécificité de
chaque test, mais d’obtenir une vision globale de la cognition de la souris qui aura été soumise a
plusieurs tests. De plus, le comportement émotionnel d’une souris peut fluctuer en fonction de
différents facteurs externes (Ramos, 2008), ce qui peut affecter la réponse cognitive (Paul et al.,
2005). A ce jour, nous ne connaissons aucune analyse statistique capable de générer une telle

mesure mais la pertinence d’un tel outil reste un débat.

Nous avons néanmoins tenté de calculer ce «z-score cognitif » en suivant la méme
méthodologie d’analyse que pour le « z-score émotionnel » mais en remplagant les paramétres
anxio/dépressifs par les parameétres cognitifs. Ainsi, lorsque toutes les données sont normalisées par
rapport au groupe Véhicule, nous obtenons les scores de cognition indiqués dans la Figure 31A. Plus
ce z-score est élevé, plus le déficit est cognitif est fort. La Figure 31B permet de visualiser
guantitativement la participation de chaque type de mémoire selon les traitements a I'intérieur du z-

score de cognition global.
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Figure 31: Proposition de score de cognition global (A) et répartition des capacités de mémoire
selon les types de mémoire (B).

En combinaison avec les effets observés sur le comportement émotionnel (anxiété,
dépression, anhédonie), sur les paramétres physiologiques (poids, état du pelage), les troubles du
sommeil, nous pouvons proposer un graphique de type « radar», permettant d’apprécier les
altérations induites par la corticostérone, et leur éventuelle correction par un traitement chronique
avec de la fluoxetine et/ou du RS67333 (Figure 32). Ce graphique, encore incomplet, permet de
mettre en évidence les bénéfices d’un traitement par un agoniste du 5-HT, sur les différents

phénotypes mesurés dans notre modéle CORT.

355



Discussion générale

Ces deux outils méthodologiques comportent néanmoins des limites. Qu’il s’agisse du « z-score
cognitif » ou bien du radar, seuls les parameéetres de rétention sont visibles, excluant alors les
parameétres liés a la phase d’apprentissage. Or les processus mnésiques de d’apprentissage et de
restitution de I'information sont étroitement liés, et 'absence de prise en compte de ce parametre

rend ces analyses incompléetes. Cette réflexion doit étre poursuivie et débattue.

Spatiale

Troubles
locomoteurs”

Episodique

Troubles

périphériques/™ \\Associative

—\/éhicule

Sommeil (¢ \ Flexibilité
\ mentale = CORT
CORT/RS
= CORT/Fluox

Dépression 7/ Travail

Anhédonie Attention

Figure 32: Profil des capacités cognitives et émotionnelles dans les
différents groupes expérimentaux étudiés.
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Conclusions et perspectives

Dans ce travail expérimental, nous avons mis en évidence I'efficacité d’un traitement
chronique par le RS67333 aussi bien dans les troubles de I’humeur que dans les troubles cognitifs
associés au phénotype anxio/dépressif. Ces données placent le RS67333 comme un excellent
candidat dans le traitement de la dépression caractérisée, tant pour son action rapide, que pour son
activité dans la correction des altérations cognitives. Cependant, malgré ces propriétés anxiolytiques,
antidépressives et cognitives, la localisation variée du récepteur 5-HT, et de ses différentes fonctions
peuvent étre la source de possibles effets indésirables cérébraux et périphériques. Les études de
tolérance de molécules innovantes possédant des propriétés agonistes pour le récepteur 5-HT, telle
qgue le donecopride (RS67333 + Donepezil) permettront de mieux cerner les potentialités de cette

nouvelle stratégie thérapeutique.

D’autre part, nos études ont permis d’identifier la protéine B-arrestine 1 comme un élément

clé du phénotype cognitif et dans la réponse aux traitements (Figure 33).

Voie RCPG-dépendante Voie f-arrestine-dépendante
Récepteur
5-HT,
isation
——— (A B-Arrestinel
| 2 BDNF, Akt |
Second messager /1 AMPc l
l Effets anxiolytiques
Réponse cellulaire Effets antldepres_:«_eurs
Effets pro-cognitifs

Figure 33: Différentes voies activées par le RS67333 et médiées par la protéine B-arrestine 1 dans les
réponses comportementales anxiolytiques, antidépressives et cognitives.
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Les suites de ce travail peuvent s’articuler selon plusieurs axes :

Etudier les mécanismes moléculaires et cellulaires différentiellement mis en jeu par un

traitement par la fluoxetine et le RS67333

e  Vérifier si I'administration d’un antagoniste sélectif du récepteur 5-HT, tel que le
GR125487, bloque la réponse cognitive de la fluoxetine

e  Etudier les effets cognitifs des antagonistes sélectifs des récepteurs 5-HT; et 5-HTg en
association avec la fluoxetine

e Vérifier si la correction du déficit cognitif permet de prévenir la rechute des épisodes

dépressifs

Enfin, plusieurs questions restent également en suspens et mériteraient la mise en place et la

conception de nouvelles expérimentations :

e La correction des altérations cognitives est-elle préalable, associée ou consécutive a
I’amélioration du phénotype anxio/dépressif ?

e La réponse rapide observée aprés administration aigue de RS67333 induit elle également
une réponse cognitive ?

e Quels mécanismes expliquent les variations des différentes étapes de neurogenése

hippocampique adulte observées apres administration de fluoxétine chez les souris ARRB1"

-2
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Titre : Role du récepteur 5-HT, et de la protéine B-arrestine 1 dans la modulation des processus émotionnels et

cognitifs dans un modeéle d’anxiété/dépression

Mots clés : récepteur 5-HT,, B-arrestine 1, cognition, modéle d’anxiété/dépression, neurogenése

Résumé : Les troubles cognitifs constituent des
symptdmes quasi constants parmi les patients
souffrant de dépression caractérisée. De récentes
études indiquent que ces troubles mentaux
pourraient bénéficier de la modulation de Ia
signalisation du récepteur sérotoninergique 5-HT,
Dans ce travail de thése, nous avons dans un premier
temps caractérisé les troubles cognitifs dans un
modele d’anxiété/dépression chez la Souris, le
modele CORT. Nous avons ensuite évalué I'efficacité
d’un traitement chronique par un agoniste du
récepteur 5-HT,, le RS 67333, en comparaison a la
fluoxetine, un antidépresseur monoaminergique de
référence sur les altérations émotionnelles et
cognitives. D’autre part, des données de la littérature
indiguent que la cascade de signalisation de la
protéine B-arrestine 1 (impliquée dans la
désensibilisation et l'internalisation du récepteur 5-
HT,) serait un biomarqueur potentiel
préclinique/clinique des états dépressifs et de la
réponse au traitement antidépresseur.

Nous avons donc cherché a définir le phénotype
anxio/dépressif et cognitif chez des souris tissus-
spécifiques conditionnelles, dont I'expression de la
protéine B-arrestine 1 dans les cellules souches du
gyrus dentelé a été supprimée. L'ensemble de ces
travaux de thése met en avant le role prépondérant
de l'activation du récepteur 5-HT, non seulement
dans sa capacité a corriger les symptomes
d’anxiété/dépression mais aussi les troubles
cognitifs associés a la dépression dans un modeéle
d’anxiété/dépression chez la Souris. D’'un point de
vue mécanistique, ces données confirment
I'implication de la protéine B-arrestine 1 dans la
réponse a la fluoxetine au niveau comportemental
et directement au sein du processus de neurogenese
hippocampique chez la souris adulte. Enfin,
I'expression de la protéine B-arrestine 1 dans les
jeunes neurones de I'hippocampe se révéele aussi
étre un acteur déterminant dans les processus
cognitifs et la réponse a la fluoxetine et au RS 67333.

Title : Role of 5-HT, receptor and B-arrestin 1 protein in the modulation of emotional and cognitive processes in

an anxiety/depression model.

Keywords : 5-HT, receptor, B-arrestin 1, cognition, anxiety/depression model, neurogenesis

Abstract: Cognitive disturbances are often reported as
serious incapacitating symptoms by patients suffering
from major depressive disorders. Recent studies
showed that these mood disorders could benefit from
the modulation of 5-HT, receptor pathway. Here, we
performed a complete characterization of cognitive
functions in a neuroendocrine mouse model of
depression, the CORT model. We then evaluated
emotional and cognitive effects of either a chronic 5-
HT, receptor agonist treatment, RS 67333 or
fluoxetine, a classical monoaminergic antidepressant.
Recent data indicate that B-arrestins proteins could be
an important molecular determinant in depressive
states and in the effects of antidepressants.

We determined emotional and cognitive phenotypes
in conditional tissue-specific mice in which expression
of B-arrestin 1 in adult hippocampal stem cells was
deleted. This work suggests that the 5-HT, receptor

plays a major role to correct not only
anxiety/depression-related symptoms but also
cognitive alterations in a mouse model of
anxiety/depression model. Moreover, these data

confirm the involvement of B-arrestine 1 protein in
behavioral and neurogenic responses to fluoxetine
treatment in adult mice. Finally, B-arrestin 1 protein
expression in adult born neuron is critical for
cognition and also to fluoxetine and RS 67333
responses.




