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RESUME

Bien que les troubles anxio-dépressifs représenteatdes principales causes d’invalidité et un des
plus sérieux problemes de santé dans le mondepdeanismes neurobiologiques a l'origine de ces
affections demeurent méconnus. Les processus mjsuesemblent multiples et complexes : passant
par des déséquilibres au niveau des neurotransmeefiesqu’a des modifications de la plasticité
neurale et du remodelage cellulaire. Les neurotngshétant considérées comme les principaux
régulateurs de la plasticité, I'hypothése d'un lieausal entre le niveau de neurotrophine,
principalement de I'une d’entre elles, le Brain-Ded Neurotrophic Factor (BDNF) et I'apparition de
troubles anxio-dépressifs a ainsi été proposéereNwavail a donc eu pour objectif I'étude de
I'implication du BDNF dans I'étiopathogenese etrigitement des troubles anxio-dépressifs a travers
l'utilisation de modéles murins.

Etant donné que plusieurs études cliniques etiprgees ont montré une implication du BDNF dans
plusieurs traits psychologiques et comportementawoys avons cherché a déterminer si des
différences dans le géne BDNF pouvaient étre dgilme de la grande hétérogénéité comportementale
des différentes souches de souris. Nous rappodans cette étude I'existence d’un polymorphisme
sur un seul nucléotide (SNP) a I'origine d’'un chemgnt d’acide aminé (une leucine est remplacé par
une méthionine) en position 32 dans la séquengeailomaine du BDNF. Nous démontrons ensuite
gue, bien que ce SNP ne modifie par I'expressiaaleade BDNF dans le cerveau, ce polymorphisme
est associé au phénotype «anxieux » des souris.c®are, il n'est pas impliqué dans le
comportement alimentaire, le toilettage, I'actiyitépprentissage et la mémoire. Une analyse pgécis
des données montre que les souris portant I'aN&de présentent une propension plus importante a
développer des réactions néophobiques et des ctenpts d'anxiété de trait. Ainsi, ce
polymorphisme pourrait contribuer aux difféerencegpdofils comportementaux des différentes lignées
de souris dans les tests d’anxiéte.

Ensuite, nous avons réalisé une comparaison ddige@es de souris dans un modeéle chronique de la
dépression et de l'action thérapeutique des anmdépurs. Ce paradigme, le stress chronique léger
imprédictible (UCMS), modélise [linfluence des sBe socio-environnementaux dans
I'étiopathogenese de la dépression et est senaibllaction chronique des antidépresseurs. Nous
montrons dans cette étude que I'application d’'umméacteur étiologique (les stresseurs) est capable
d'induire presque autant de profils différents tBedtions physiques, comportementales et
physiologiques, et de réponses au traitement guiguiges de souris testées. De plus, les différents
profils obtenus se rapprochent des différents sguess de la pathologie humaine suggérant que le
patrimoine génétique des patients pourrait étrerdéhant dans I'apparition clinique d’un sous-type
particulier. Par contre, aucune association ergrgpdlymorphisme Leu32Met du BDNF et les
altérations « dépression-like » ou la réponseaitetment antidépresseur n’émerge de notre étude.

Nous avons enfin étudié I'effet d'un déficit en BBMur la vulnérabilité au stress chronique et la
réponse aux antidépresseurs par I'utilisation deisdétérozygotes BDNF. Nous montrons ici que
I'expression monoalléliqgue du BDNF n’induit pas diéérences dans la sensibilité a 'UCMS sur
toutes les mesures physiques (état du pelage, )paidmportementales (alimentations, activité,
anxiété, agressivité, résignation) et neuroendesr{corticostéronémie). Par contre, certains etfats
traitement sont perturbés chez les souris BONFFinalement, notre étude suggére que le BDNF n’est
pas impligué dans l'apparition des altérations pregsion-like » mais qu'il est nécessaire a
I'efficacité des antidépresseurs.

Ce travail a donc permis de mettre en évidencerealaion entre le BDNF et les comportements
anxieux ainsi que l'action des antidépresseurs.plds, en utilisant deux modeles différents (le
polymorphisme d’'un géne ou son ablation partielf®us avons montré I'absence de lien entre le
BDNF et I'étiopathogenese de la dépression



LISTE DES ABREVIATIONS

5-HT : 5-hydroxytryptamine

ACTH : adrenocorticotropin hormone (hormone adrémnicotrope)
BDNF : brain-derived neurotrophic factor

BZDs : benzodiazépines

CCK : cholécystokinine

CRF : corticotrophin-releasing factor or hormoner{icolibérine)
DA : dopamine

GABA : acidey(gamma)-amino butyrique

HPA: hypothalamus-pituitary-adrenals (hypothalarhygephyse-surrénale)
IMAO : inhibiteurs de la monoamine oxydase
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UCMS: unpredictable chronic mild stress (stres®wcigue Iéger impredictible)
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1. Les troubles anxio-dépressifs

Les troubles anxio-dépressifs sont les désordrgehpriques ayant la plus forte
prévalence dans la population générale. En effeestime que plus de 20% de la population
des pays industrialisés va souffrir de ce troubl@ anoment de sa vie (Nestletrcoll, 2002a,
Valle Fernandez, 2002). En outre, parmi les patiaiteints d’'un trouble anxieux, 30%
développeront une dépression secondaire ou biererpéesentent une dépression comorbide
au trouble anxieux. Habituellement, on considere tp dépression et I'anxiété sont des
entités nosologiques indépendantes mais dansrawd il est plutbt rare de trouver une
pathologie strictement confinée a l'un des dewulites. En effet, ces deux désordres
partagent des symptébmes communs; ce qui contribne doute a leur comorbidité. Ces
observations ont conduit & une modification deldsgification des troubles anxio-dépressifs

au cours de ces dernieres années (Valle Ferna2@@2).

1.1. Le trouble dépressif

La notion de dépression, en tant qu'entité pathgleg s’est construite au cours du
temps. Hippocrate, au Veme siecle avant JC, a'wtédes premiers auteurs a avoir decrit
cette pathologie. Pour lui, il s’agissait d'un dfsiébre des fluides du corps gu'il attribuait a
un exces de bile noire, d’ou son nom : la mélaecdu ler siécle apres JC, Galien et Aréte
de Cappadoce considerent la mélancolie et la n@mene des troubles associés. Plus tard,
au cours du Moyen Age, cette maladie est consid#réene liée a une cause diabolique. Il a
fallu attendre 1725 pour trouver pour la premigis fe mot « dépression » sous la plume du
britannique Richard Blackmore. Au cours du XXemeckd, I'intérét se porte sur la
classification des troubles psychiatriques. L’'uee gremieres contributions dans ce domaine
est un article d’Emil Kraepelin, paru en 1921 ditihé «Maniac depressive insannity and
paranoia». Bien que ne mentionnant pas explicitement laet&ion, (Krapelin distingue la
folie, la schizophrénie et la psychose maniaco-ekgive), il s'agit d'un premier pas dans la
direction de la classification de ces désordresrgiiés nosologiques distinctes. Ces travaux
allaient aboutir a des outils diagnostiques comme @roposés par I'Organisation Mondiale
de la Santé (OMS) ou par I’Association AméricaieeR$ychiatrie (les différentes versions du
DSM). Ces derniers sont les plus utilisés actualeindans le domaine de la recherche. Ce
n'est que dans la version la plus récente, le DSMeu'apparait I'idée de distinguer les



différents types de dépression. Ainsi, actuellement distingue la dépression majeure, la
dépression aigle, la dépression épisodique, etaefian Psychiatric Association, 2000).

Le DSM-IV (1994) définit le trouble dépressif majquar la présence de un ou plusieurs
épisodes de dépression majeure sans antécédenisod€p maniaque, mixte ou
hypomaniaque. Un épisode majeur doit durer au na@ux semaines et se caractérise par la
présence d’au moins cing symptémes sur les nevsis:

1. Humeur dépressive,

. Diminution de I'intérét et du plaisir,

. Perte d’appétit et de poids d’au moins 5 % paism

. Insomnie ou hypersomnie,

. Agitation ou retard au niveau psychomoteur,

. Fatigue et perte d’énergie,

. Sentiment de culpabilité ou manque de valonsatie soi,

. Trouble de la concentration,

© 00 N O o~ W DN

. Pensée de mort et de suicide.

La dépression majeure est un trouble psychiatroguactérisé par une forte prévalence et
frequemment sous diagnostiqué. En outre, lorsquéité diagnostiqué, le traitement préconisé
est parfois mal adapté. Son incidence est estint8é de la population mondiale, et, dans les
pays développés, la prévalence peut atteindre @206 (Nestleet coll, 2002b, Tamminga
et coll, 2002). La dépression est plus fréquente dangxe &minin. D’apres 'OMS, la
dépression est la principale cause de handicamdial. Ce méme organisme estime que la
dépression est actuellement Fél“?lpathologie la plus fréquente et qu’en 2020 il sagle la
2°Mpathologie la plus fréquente aprés les troublediceasculaires. Ainsi, la dépression est a
la fois un vrai probléeme de santé publique et uabl@me économique en raison de
'absentéisme au travail induit par la maladie et @bt des traitements. En effet, les
antidépresseurs représentent 51% des prescripienssychotropes et, d’aprés une étude

pilotée par la SOFRES et parue en 1996, 3.4% dagdis consomment des antidépresseurs.

1.2. Les troubles anxieux

L’anxiété est un état émotionnel susceptible d’agip@ chez chaque individu lorsqu’il
est confronté a une situation comportant une mepatentielle. Lorsque cet état perdure

dans le temps et se manifeste dans des situatnanxiogenes et sans proportion avec des

11l s'agit ici de la définition du handicap de I'CB/



causes objectives, on considére qu’il s’agit d’toulble anxieux. Ces troubles sont décrits

dans le DSM-IV et concerne les pathologies suivante

-Trouble panique sans agoraphobie

-Trouble panique avec agoraphobie

-Agoraphobie sans antécédent de trouble panique

- Phobie spécifique

- Phobie sociale

- Trouble obsessionnel compulsif

- Trouble de stress post-traumatique

- Trouble lié a un état de stress aigu

- Trouble de 'anxiété généralisée

- Trouble anxieux d( a une affection médicale geleer

- Trouble anxieux induit par une substance

- Trouble anxieux non spécifié.

Parmi les troubles décrits ci-dessus, I'anxiétéégdlisée est la pathologie ayant la
plus forte prévalence (Tammingd coll, 2002). En effet, on estime que 30% des patients
ayant un trouble anxieux sont atteints d’anxiétéégalisée. Les autres troubles anxieux sont
caractérisés par une fréquence moindre : le treulidsessionnel-compulsif touche 1.7% des
patients ayant un trouble anxieux, la phobie sec@ncerne de 1 a 3.5 % des patients,
I'agoraphobie concerne de 1.3 a 3% des patiens$tdes post-traumatique touche 17% de ces
patients. Ceci montre qu'il s’'agit d'un groupe dathmlogies trés fréquentes dans la
population(Hunkeleet coll, 2003).



1.3. Comorbidité anxiété-dépression

La relation entre la dépression et les troubleseamxest mal évaluée. L'anxiété n'est pas
un critére de diagnostic pour la dépression majéD&M-IV) alors que la dépression et les
troubles anxieux sont clairement reconnus comme ndaadies distinctes. Cependant, la
guestion d'un continuum n'a jamais été abandomtéeété décrite chez de nombreux patients

ou coexistent des symptomes anxieux et dépressgdit coll, 1997).

Leibowitz a bien décrit la co-occurrence des deoutiles anxieux et de la « dépression »,
et recommande la prise en compte de symptdmeswangair une évaluation plus appropriée
de la dépression dans le but d’optimiser les gir@sé&hérapeutiques et le taux de guérison. En
effet, les patients dépressifs qui présentent desax élevés d'anxiété mettent plus de temps
a se rétablir, présentent une récurrence plus fbete épisodes dépressifs, un taux plus
important de traitements médicamenteux multiplesnetisque de suicide plus élevé que les

personnes souffrant de dépression sans symptomiesiariLiebowitz, 1993).

La prévalence du trouble comorbide anxiété/déprassierait de 10 a 20% ; toutefois,
d’autres travaux rapportent une prévalence plugeggRouillon, 1999). L'épidémiologie des
troubles psychiatrigues montre que 50 a 60% dematidiagnostiques pour une dépression
majeure disent avoir expérimenté un ou plusieussiblies anxieux antérieurement a la
survenue de leur trouble dépressif (Fatacoll, 2000), suggérant qu'’il pourrait s’agir d’un
facteur de vulnérabilité favorisant une dépressides études sur les sous-types d’anxiété et
de dépression montrent une forte association desrdroubles de panique ou une anxiété
généralisée et un trouble dépressif majeure (coidit¥brespective de 56-73% et 62-67%)
(Kaufman et Charney, 2000), ce qui précise un peiature de ce trouble.

2. Neurobiologie des troubles anxio-dépressifs

2.1. Neurobiologie de la dépression

2.1.1. Bases neuro-anatomiques

Les modeéles neurobiologiques actuels du troubleedé sont le résultat de plusieurs
décennies d’investigations ayant pour objectif @iiger I'étiologie et le traitement de ce
trouble. Les recherches initiales s’appuyaient Isbservation de I'efficacité clinique des

antidépresseurs et se sont donc focalisées sgiblles de ces traitements, en particulier sur

'étude des récepteurs et des neurotransmetteessaires cérébrales d’intérét étaient donc
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celles dans lesquelles se trouvaient ces ciblegaulalires. Au fur et mesure de la progression
dans la connaissance des altérations associéedasxdépressifs, la caractérisation du réseau
cérébral altéré dans ce trouble s’est élargi. Aiisbservation d'un déficit de I'axe
neuroendocrinien du stress a conduit a la notiofiiméplication de I'hypothalamus, I'aire
cérébrale qui orchestre la libération des hormahestress (Van Den Hoofdakker, 1994,
Zhou et coll, 2001). D’'autres progres sont liés a I'apparitid@ nouvelles techniques
d’exploration cérébrale comme la Tomographie parsBion de Positons (TEP) ou I'lmagerie
par Résonance Magnétique (IRM) qui ont permis dentreo I'implication du cortex
préfrontal, du striatum ou de 'amygdale (Doughestycoll, 2004, Driessert coll, 2000,
Thomaset coll, 2001). Petit a petit, les connaissances sur seatg se sont précisées,
aboutissant a la description de I'implication dee®de plus en plus spécifiques, comme par
exemple lI'implication de la partie la plus antéreewlu gyrus cingulaire dans la dépression
familiale (Drevetset coll, 1997, Hirayaswet coll, 1999), celle des aires dorsolatérale et
dorsomédiale du cortex préfrontal dans la modulatie I'expression émotionnelle et de
lanxiété dans les états dépressifs ou celle diatstn ventral dans les mécanismes de

récompense et la régulation de I'hnumeur (Cagtezoll, 2002, Drevets, 1999).

2.1.2. Hypotheses

Pour comprendre la physiopathologie des troublegioatépressifs et éviter des
interprétations trop réductionnistes, il est néaeesd’avoir une vision de lintrication des
différents niveaux d’intégration (systémique, clite, moléculaire) dans les événements
impliqués dans I'étiologie et le déroulement dedaéhologie. Les facteurs impliqués dans ces
différents niveaux interagissent entre eux et domént tous a I'explication de la maladie. Par
exemple, 'altération de I'expression d’'une pro&ou d’'un groupe de protéines peut affecter
le fonctionnement cellulaire, aboutissant a unération de la neuroplasticité qui, a son tour,
va agir sur les circuits neuronaux chargés de eggithhumeur. Ces dysfonctionnements
moléculaires peuvent donc produire des symptémessegtraduisent par une pathologie. La
figure 1 fournit une illustration de ces mécanisrgMan;ji et Lenox, 2000).
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Figure 1. Modeéle étiophysiopathologique des troubles anxio -dépressif ,
montrant différents niveaux d'organisation impliqués (non exhaustif). Modifié
d’'aprés Maniji et Lenox (2000).

2.1.2.1. Hypothése monoaminergique

L’explication de I'étiologie du trouble dépressitammenceé au milieu du XXeme siecle
grace a l'utilisation de la réserpine, un alcaloidiéisé dans le traitement de I'hypertension
artérielle. En effet, 'administration de cette stamce produisait une altération de I'humeur et
des symptbmes dépressifs chez 15% des patientéstrassociée a une déplétion de la
neurotransmission monoaminergique cérébrale. Cesradtions ont abouti a I'hypothese
gu’un déficit monoaminergique pourrait étre a kgume de la dépression. Cette hypothése
allait recevoir un crédit supplémentaire avec lasanien évidence des propriétés
antidépressives d’inhibiteurs de la monoamine osgddMOA) comme celle de l'isoniazide,
un traitement antituberculeux. En effet, les IMA&gssent en augmentant la concentration
de monoamines comme la sérotonine et la noradnendins le cerveau. Les effets de ces
substances ont d’abord été testés chez des patieitsts de tuberculose, et ont ensuite été
étudiés chez des dépressifs non tuberculeux, asanti & I'observation que cette substance

était efficace dans le traitement de la dépression.
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2.1.2.2. Lesnouvelles hypotheses concernant I'étiopathogénee gathophysiologie
de la dépression

Plus réecemment, de nouvelles hypotheses permetaiendre compte de I'étiopathogénie
et la pathophysiologie de la dépression ont ét@gs@es, en particulier 'hypothese d’'une
dys-régulation de [Il'axe hypothalamus-hypophyseénaie (hypothalamus-pituitary-
adrenals : HPA), d’'un déficit immunitaire ou un idéfde la plasticité cérébrale. En ce qui
concerne I'axe HPA, nous aborderons plus en désiknomalies du Corticotropin Releasing
Factor (CRF) et des glucocorticoides et, pour ¢eegjiude la plasticité, nous aborderons plus

particulierement des altérations des facteurs neapoigues comme le BDNF

2.1.2.2.1. Dysfonctionnement de I'axe HPA

Chez les mammiferes, I'axe HPA est I'un des sysgemermettant la régulation des
hormones du stress. Différentes structures, cdesbed endocrines, sont impliquées dans ce
systeme. Au niveau cérébral, I'hypothalamus intdgee stimuli émotionnels, cognitifs et
endocriniens, et détermine I'amplitude et la dutég réponses neuronales et hormonales dans
des situations de stress. Lors de lactivation @eel HPA, les neurones du noyau
paraventriculaire (paraventricular nucleus : PVI) lthypothalamus sécrétent le facteur de
libération de I'hormone corticotrope, le CRF, qtinaile la synthése et la libération de
I'adrénocorticotropine (ACTH : adrenocorticotropiormon) par I’hypophyse antérieure. Une
fois sécrétée, 'ACTH parvient, par la circulatisanguine, au niveau des glandes surrénales
induisant la libération de glucocorticoides (cattishez les Primates, corticostérone chez les
Rongeurs)(Nestleret coll, 2002a, Sapolsky, 2001). Les glucocorticoides ledjula
physiologie cellulaire et le comportement par ieation de différents mécanismesconduisant
a une mise en alerte de I'organisme: augmentatiotodus cardiovasulaire, suppression de
I'activité anabolique, néoglucogenese, etc. Ce méoee est présenté en détail dans la figure
2. L’ensemble de ces processus sont adaptatiésssifiviennent de facon aigie et pendant une
durée limitée; par contre, s'ils surviennent deofa@rolongée, ils produisent des conditions
défavorables pour I'individu, conduisant a des phkttiies (Sapolskyet coll, 2000). Par le
biais des récepteurs aux glucocorticoides, lesoghiuticoides exercent un rétrocontrole
négatif sur 'axe HPA, si bien qu’une forte libéoat de ces hormones aboutit, par le biais
d’'une cascade impliguant I’hypothalamus puis I'hypgse antérieure, a une réduction de leur
sécrétion (Nestleet coll, 2002a, Sapolsksgt coll, 2000).
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La dépression se caractérise par des altératiamseraocrines, en particulier une hyper-
activité de I'axe HPA et un déficit du rétrocone@iégatif. Ces altérations peuvent étre mises
en évidence grace a différents tests neuroendensnlLe premier, le test de suppression a la
dexaméthasone, consiste a injecter un corticoidgemne, la dexaméthasone, ce qui induit
dans les heures suivantes une diminution des ghutcaides endogéenes grace a l'activation
du rétrocontrdle négatif. Ce test montre qu'unande proportion de patients dépressifs
conserve une concentration en glucocorticoidesgamis élevée, indiquant une altération du
rétrocontrble négatif de 'axe HPA. Un autre tdsasé sur le méme principe mais plus
sensible pour détecter les dysfonctionnements alee IHPA est le test de suppression de
dexaméthasone-CRF qui combine l'injection de dexhas®ne suivi plusieurs heures aprés
d’une injection de CRF. Si l'intégrité du rétrocdiie négatif est conservée, I'injection de
CRF doit entrainer une augmentation limitée d’AC&Hde cortisol. Il a été montré qu’un
grand nombre de patients dépressifs présente wreestation importante d’ACTH et de

cortisol apres dexaméthasone et CRF (Holsboer,,20818boer, 2001c).

Figure 2. Régulation de l'axe hypothalamique -

hypophysaire-surrénalien (HPA). Les neurones

a CRF (Corticotropin Releasing Factor) du PVN

(paraventricular nucleus) intégrent l'information

liée au stress. Les entrées neuronales incluent des

afférences excitatrices de Il'amygdale et des

afférences inhibitrices a partir de I'hippocampe.

D'autres entrées importantes peuvent provenir de

la voie monoaminergique ascendante (non

indiqué). Le CRF est libéré par ces neurones dans

el dle PVN Hippocampe I le systeme porte hypophysaire et agit sur les
Hippocampe T + " récepteurs CRF de I'hypophyse antérieure ; leur
g 2 activation va entrainer la libération de I'ACTH

{ Aiyedsie (adrenocorticotropin hormone). L'ACTH atteint le
il cortex surrénalien par voie sanguine, ou elle
stimule la libération de glucocorticoides. En plus

Glococorticoides de ses nombreuses fonctions, les glucocorticoides
dexametasone | ACTH (y compris les formes synthétiques comme la
g dexaméthasone) répriment la synthése et la

libération de CRF et d'ACTH. De cette facon, les
glucocorticoides peuvent inhiber leur propre
e synthése. A des niveaux supérieurs, les
f || Surrenal glucocorticoides peuvent aussi affaiblir, et méme
endommager en cas d’exces, I'hippocampe ce qui
pourrait  initier ou  maintenir les  états
hypercortisolémiques retrouvées fréquemment
dans la dépression. Modifié d’aprés Nestler et coll.
(2002).
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Il a été remarqué que le maintien des perturbating§axe HPA sous traitement était
associé a un risque élevé de rechutes ou de ré&mstwux antidépresseurs tandis que la
normalisation de I'axe HPA était la condition né@se a la rémission clinique. Ainsi, il
semble que la perturbation de I'axe soit un mecaaislef dans I'établissement d’'un état
dépressif. Plusieurs études chez I'animal ont caoréfiet affiné cette hypothese. Il a en effet
été montré que le stress chronique, qui est souvidigé dans la modélisation des états
dépressifs chez les murins, atténue le rétrocantmépatif que les glucocorticoides exercent
sur l'activation de I'axe HPA. Des structures comlaecortex préfrontal et I'hippocampe
possedent de nombreux récepteurs aux corticosgéreidoarticipent significativement a cette
boucle de rétrocontrdle négatif. Leur capacité ldber cet axe est atténuée par un stress
chronique. Enfin, des souris déficientes en cesta@téments de I'axe HPA comme les
récepteurs aux glucocorticoides sont aujourd’hilisées comme modeles de dépression par
plusieurs équipes. Par conséquent, cette hypothesé a I'origine du développement de
nouvelles molécules qui ciblent notamment les neeptides de I'axe HPA, comme par
exemple des antagonistes des récepteurs au CRpalé bu de la Vasopressine de type 1b.
En effet, des antagonistes CRF1 ont montré destalites antidépressives et anxiolytiques

dans des études chez I'animal et chez ’'Homme @éels 2000).

2.1.2.2.2. Hypothese du systeme immunitaire

Aujourd’hui, il est clair qu'il existe une commuaiton entre le cerveau, le systéme
immunitaire et le systeme endocrinien. Ces intevastsont importantes pour comprendre
comment une dysfonction du systeme immunitaire pgpliquer la pathogenese d’affections
psychiatriqgues et, a son tour, comment ces patheslogsychiatriques peuvent altérer la
fonction immunitaire (Mcewen, 2000b, Pollak et Yiyan, 2002, Raison et Miller, 2001). Une
dysfonction des cytokines (messagers chimiquesét&crpar les cellules du systéme
immununitaire) et des autres médiateurs d’inflamomatibérés par le systeme immunitaire
sont associés a la dépression (Leonard, 2001a,, 1885, Pollak et Yirmiya, 2002). Ainsi, il
existe des évidences qui associent 'augmentati@ncgtokines pro-inflammatoires dans le
cerveau avec la production des symptdmes card@éas du comportement de maladie
comme l'anhédonie, I'anorexie, les altérations dmmeil et la diminution de la libido,
symptomes qui sont aussi présents dans les éfatasdés. L’augmentation périphérique des
cytokines peut étre impliquée dans d’autres masadiemme I'ostéoporose, les maladies
cardiovasculaires et les pathologies auto-immunes spnt des maladies associées

frequemment a la dépression (Carney coll, 2002, Mcewen, 2000a). En outre,
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laugmentation des cytokines pro-inflammatoireitdes par la microglie et les astrocytes
conduit a une augmentation de l'activité de I'axBA{ en particulier de la production de
glucocorticoides, ce qui dans les conditions noesiaboutit & un effet immunosuppresseur
(Leonard, 2001a, Leonard, 2001b). Cette augmentaliés glucocorticoides et des cytokines
pro-inflammatoires conduit a une altération des t&yes noradrénergiques et
sérotoninergigues dans le cerveau. De plus, l&poésde récepteurs des cytokines a été mise
en évidence dans les neurones sérotoninergiquesii centribue a modifier la production de
sérotonine et a altérer le fonctionnement de csteB)es. Cette hypothése immunitaire de la
dépression prend aussi en compte les changemaeatdsranens et immunitaires qui jouent un
réle important dans [|'étiologie de la dépressiom @&utre, elle peut expliquer I'action
thérapeutique des antidépresseurs, en raison deatdion sur le systeme endocrinien et
sérotoninergique. Cependant, malgré ce constatésestats sur le réle de 'immunité dans la
dépression sont parfois contradictoires. Il estcdoéicessaire de déterminer si les altérations

du systéme immunitaire sont la cause ou la conseguee I'état dépressif (Leonard, 2001b).

2.1.2.2.3. Altération de la neuroplasticité

La neuroplasticité correspond a un grand nombrprdeessus comme la production de
nouvelles cellules (neurones ou glie), le dévelapp® de I'arborisation dendritique
neuronale et de nouvelles connexions synaptigeeshangement de volume de régions du
cerveau, des altérations moléculaires qui peuvenduyre une altération dans la réponse
cellulaire. Elle correspond a la capacité des tedleérébrales de s’adapter aux différentes
situations et reflete linteraction du sujet avemn amilieu. |l existe une grande quantité
d’études qui portent sur le remodelage de la cgtomcture cérébrale chez les sujets
dépressifs. En effet, une grande partie des hypethactuelles expliquant I'étiopathogenése

de la dépression postulent une altération de Kipige neuronale.

Des études d’'imagerie cérébrales et des étpdssmortenont révélé de nombreuses
anomalies neuroanatomiques chez des patients a&ouftle dépression : diminution du
volume de 'hippocampe corrélée a la durée de paiedSion, atrophie ou perte de neurones de
I'hippocampe ou dans le cortex préfrontal (Kemparmat Kronenberg, 2003), réduction de
la myéline ou des cellules gliales (Sapolslkeg coll, 1985) -en particulier des
oligodendrocytes- dans le cortex préfrontal et ygdale, anomalie du flux sanguin cérébral

et du métabolisme du glucose au niveau des airabidues et du cortex préfrontal
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(Magarinoset coll, 1996). En outre, les antidépresseurs, adminiskeémaniéere chronique,
contrecarrent certaines de ces altérations (Bretvigoll, 1999, Santarellet coll, 2003,
Sapolskyet coll, 1985, Sheline, 1996).

De nombreuses études précliniques et des rechefohdamentales ont permis de
déterminer différents facteurs capables d’interagéc la plasticité cellulaire, en relation avec
le stress et avec les antidépresseurs. Ainsi, &téamontré que le stress était capable de
produire atrophie, mort cellulaire et diminution ldeneurogenése au niveau de I'hippocampe
ainsi que de réduire le volume de I'hippocampe ehtdainer des dysfonctions du cortex
préfrontal chez les rongeurs et des primates nonams. Des études ont démontré que
'administration chronique d’antidépresseurs atéédes changements morphologiques et
structuraux induits par le stress dans I'hippocartidalberg et coll, 2000, Malberg et
Schechter, 2005). En particulier, les antidéprassaugmentent la prolifération et la survie
des cellules granulaires de I'hippocampe. Enfinailété montré que l'abolition de la
neurogenese hippocampique induisait une ineffi€adés antidépresseurs dans un modéle
murin de dépression (Santaredit coll, 2003). Le fait que la régulation positive de ce
phénomene de remodelage cérébral par les antidépresnécessite une administration a long
terme (plus de 2 ou 3 semaines) est a mettre aetigdaravec le délai nécessaire en clinique
pour I'apparition des premiers effets bénéfiques tes traitements des troubles dépressifs.

2.2. Neurobiologie de I'anxiété

Certains auteurs comme Gray et McNaughton (Mcnaungét Gray, 2000) proposent un
modele théorique associant les différentes patiedognxieuses avec différentes structures
cérébrales, difféerents types de relation avec tgda(réel ou potentiel), difféerentes réponses
possibles (évitables ou non) et différents étayslpsiogiques. En résumé, on peut dire que si
le danger est réel et qu'il est possible d’'y écleappn observe une réponse de fuite associée a
de la peur. En cas d’exces d’activation de I'amygdeette réponse devient excessive et la
personne présenterait une phobie. Si par conttariger est réel mais qu’il n’est pas possible
de s’y soustraire, le sujet présente une répond$eedeing. En cas d’anomalie de ce systeme,
le sujet serait atteint de trouble de panique.d@atre, lorsque le danger est vague, potentiel
et qu'il est possible d’'y échapper, deux situatismst possibles : soit le danger est détectable,
soit il ne I'est pas. Dans le premier cas, on oleseles réponses d’exploration qui mettent en

ceuvre le septum et I'hippocampe ; en cas d’anomalieobserverait un état d’anxiété
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généralisée. Dans le second cas, le cortex cimguist sollicité et une anomalie de ce
systeme induirait un trouble obsessionnel-compulsif

Les différentes pathologies anxieuses, méme s$ @l se traduisent pas par une
phénomeénologie identique, impliquent des modifaadi neurobiologiques et des facteurs
étiologiques communs. En outre, elles sont soigpaeses mémes molécules. Cela souligne
a I'évidence que les facteurs neurobiologiques-$endant des pathologies n'agissent pas de
facon mécanique. En effet, si c'était le cas, lesdifications comportementales et
physiologiques induites seraient toujours les mégpeénomeénologie identique). Or cela est
loin d’étre le cas. Bien au contraire, ces factenanst interprétés par I'organisme en fonction
du contexte (environnement psychologique, nutnt@n etc.), aboutissant a diverses
expressions phénomeénologiques.

Etant donné la grande diversité des troubles arxiaudescription précise des bases
neurobiologiques de chaque sous-type de troublgsewan se serait avérée fastidieuse et
inadaptée par rapport a nos travaux. Nous nous ssnaionc restreints aux troubles les plus
communs et les plus appropriés par rapport a nagaux, particulierement l'anxiété

généralisée.
2.2.1. L’anxiété généralisée

Peu d’études d'imagerie ont été réalisées chepatints atteints d’anxiété généralisée.
On peut mentionner une étude d’IRM morphologiqué aumontré une augmentation du
volume de I'amygdale droite chez les patients spares d’autres aires du systeme limbique
(hippocampe par exemple) ne soient modifiées (DésBet coll, 2000). Ceci suggere gu'il
existe chez ces patients une augmentation du vollumeircuit cérébral sollicité par les
situations de peur, ce qui est tout a fait cohéesmic la symptomatologie observée. Plus
récemment, peu d’études se sont focalisées swrgatistion et les rares expériences réalisées
concernent un nombre trop restreint de sujets fmunir des données indiscutables.

Les hypotheses de la pathophysiologie de I'anxgété principalement basées sur les
cibles pharmacologiques des traitements utilise&émt donné que I'anxiété généralisée est
traitée des benzodiazépines (BDZs), debloguants ou des facteurs agissant sur la
neurotransmission sérotoninergique, on peut légitient se demander si les patients atteints
d’anxiété généralisé présentent des anomaliesiedd neurotransmission GABAergique (le
récepteur aux BDZs est associé au récepteur GABAoit de la neurotransmission

noradrénergique, soit de la neurotransmission @éiretrgigue. Peu de données existent pour
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linstant mais on peut signaler que les sujetsiratied’anxiété généralisée présentent une
diminution de la fixation des BDZs dans le lobe penal gauche (Tiihoneat coll, 1997). En
outre, le nombre de récepteurs aux BDZs périphésiglans les plaguettes est augmenté chez
les patients (Chiwet coll, 2001), une anomalie qui est corrélée avec largéwdu trouble
anxieux. Par contre, en ce qui concerne la neursitngssion monoaminergique, aucune étude
n'a essaye de vérifier I'hypothése d’une anomaéidad neurotransmission sérotoninergique
ou noradrénergique chez les patients atteints demgénéralisé.

Les points communs des mécanismes neurobiologdgi¢anxiété et de la dépression
sont nombreux et confortent I'observation d’une odoidité trés fréquente entre troubles
anxieux et dépression. Il est donc envisageablecgsalifférentes pathologies ne constituent

pas des réalités indépendantes.

2.2.2. Les états de stress post-traumatique (ESPT)

Plusieurs études (Liberzon et Phan, 2003) utilisks paradigmes expérimentaux de
provocation des symptémes de 'ESPT montrent gu#eserdre est associé a une diminution
du flux sanguin dans I'hippocampe et a une augmnientalu flux sanguin dans le cortex
cingulaire antérieur, le cortex préfrontal, le earbrbito-frontal, I'insulae et 'amygdale.

En particulier, les patients atteints d’'un ESPTspri#ent une réduction importante du
volume de I'hippocampe, allant de 5 a 8% selon éegles. Les mécanismes de cette
réduction ont été largement discutés: il a d'abéré proposé qu’elle soit la conséquence
d’une libération excessive de cortisol. On saie#fat que le stress induit une forte libération
de glucocorticoides (cortisol chez 'THomme), quitsdes substances possédant des propriétés
neurotoxiques. L’hippocampe est riche en récepteasx glucocorticoides. L'idée
généralement admise est donc qu’un excés de dorsiéorété en réponse a I'événement
traumatique, est libéré au niveau de I'hippocang@mérant la mort des neurones et, par la
suite, une réduction du volume de cette aire catébCependant, les résultats d’'une étude de
comparaison de jumeaux monozygotes discordantsli&&PT montrent que cette hypothese
est incorrecte(Gilbertsoet coll, 2002). En effet, cette étude montre que la réoiuotu
volume de I'hippocampe n’est pas une conséquenckédénement traumatique, mais un
facteur déterminant la susceptibilité pour le déppement de 'ESPT suite a un événement
traumatique.

De plus, une réduction du nombre des récepteurd8Bus a été trouvée par la technique du
SPECT (=Single Photon Emission Computer Tomograpimg technique de tomographie
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détectant des rayonnementscomme la PET, mais avec une résolution moindreps da
cortex préfrontal(Bremneet coll, 2000). On trouve aussi des modifications de faction
sérotoninergigue chez les patients. Ces patiegteptent une diminution des transporteurs a
la sérotonine au niveau plaquettaire, qui est tbr@dvec lintensité des symptémes.
Néanmoins, le neurotransmetteur le plus étudié EenESPT est la noradrénaline. En effet,
de tres nombreuses études ont montré une hypeitisécde noradrénaline chez ces patients.
Par exemple, le taux urinaire de noradrénalingplest élevé chez les sujets atteints de cette
pathologie. Le niveau plasmatique est lui aussi ifitodbrsque I'on présente des stimuli
associés au traumatisme. En outre, il y a une ditioin du nombre de récepteurs a la
noradrénaline de typ®2 plaquettaire, qui est & mettre en relation a\eegymentation du taux
de noradrénaline. En effet, laugmentation du tdiwn neurotransmetteur entraine souvent,
grace a un mécanisme compensatoire, une réguldtionombre de récepteurs. Ainsi, les
modifications neurochimiques les plus marquantesz des patients atteints d’ESPT sont

celles concernant le systéme noradrénergique.

2.2.3. Les attaques de panique

Il a été constaté que la stimulation électriqudatwis coeruleus et de régions voisines
comme la substance grise périaqueducale dorsatie ¢hypothalamus médial induisent des
états de peur intense ressemblant a une attaqgpanigue. De plus, ceci est associé a des
modifications de l'activité du systeme nerveux agtme, ressemblant a celles existant dans
les attaques de panique. Des études morphologigpestent une diminution du volume des
lobes temporaux des patients atteints de troublgade@ue. Cette anomalie est corrélée avec
la sévérité de la maladie. Une région particuliemeimtouchée est I'amygdale, qui est
curieusement atrophiée chez les patients. Par esongtte diminution ne concerne pas
'hippocampe. Des études fonctionnelles permetwntout de montrer des asymétries
gauche/droite chez ces patients : ces anomaliebeatien particulier I'hnippocampe, le gyrus
parahippocampique et toutes les régions du coytemmpris le cortex préfrontal. Les auteurs
interpréetent ce résultat en suggérant que celdleatune augmentation anormale de I'activité
droite.

En outre,on constate une hyperactivation noradrénergiquecgucerne en particulier
un sous-type de récepteurs a la noradrénalineétepteursi2 : cela se traduit en particulier
par une hyper-sensibilité pour les antagonisteséspteurs&ri2 comme la yohimbine et une
hyposensibilité pour les agoniste2(Abelson et coll, 1992, Brambillaet coll, 1995,
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Charneyet coll, 1992). Une autre explication concerne I'impliocatides récepteurs aux
BDZs. En effet, on trouve chez les patients unamition du nombre de sites de liaison aux
BDZs, en particulier dans le cortex temporal etdetex frontal (Kaschkat coll, 1995,
Schlegelet coll, 1994). L'une des hypothéses avancée est celleedaltération de la
sensibilité des recepteurs aux BDZs (Naittoll, 1990). D’aprés cette hypothése, il y a chez
les patients une anomalie des récepteurs danfisedden décalage de la pharmacologie des
récepteurs: les antagonistes se comportent comsmeagimnistes inverses et les agonistes
voient leur efficacité trés réduite, voire nullen @ouve aussi une association entre ce trouble
et un polymorphisme du transporteur d’un neuropeptia cholécystokinine, induisant une
modification du nombre de transporteurs, et, paséquent, du taux de cholécystokinine. Ce
polymorphisme est cohérent avec I'observation gesames formes de cholécystokinine
déclenchent des crises de panique. En outre, desadies dans la zone du promoteur du géne
codant le récepteur a la cholécystokinine de tyg€Q@K-2, anciennement récepteurs CCK-
B), qui est le principal type de récepteur a lalétystokinine exprimé au niveau cérébral,
sont aussi observées chez les sujets atteintsaqlegs de panique. Par contre, aucune
anomalie dans le gene codant le récepteur a laécysibkinine de type 1 (CCK-1, ex
récepteur CCK-A) n’est décrite, ce qui suggere lgudéficit est central, et non périphérique.
Une anomalie du gene codant le récepteur a l'adénate type A2 est aussi décrite. La
encore, ce résultat est parfaitement cohérent Bwkservation que la caféine, qui est un
antagoniste des récepteurs a I'adénosine de typdékenche des crises de panique chez ces
patients. Finalement, des associations signifieatisont aussi observées entre trouble de
panique et modification des genes codant pour dasporteur de cholécystokinine, le
récepteur a I'adénosine du type A2, et des enzyiaategradation des monoamines, comme
le gene de la MA@ (Monoamine oxydase de type A) et celui de la CO{Tatéechol-O-
méthyl-transférase).

Ces différentes études démontrent que différenstesies de neurotransmetteurs et
différents génes sont impliqués dans les troubegahique. Il est vraisemblable que ces
facteurs interagissent entre eux de facon complax&grant une susceptibilité accrue a des

agents ou a des environnements panicogenes.

2.2.4. Les troubles obsessionnels-compulsifs (TOC)

Les données des diverses études de neuro-imagerghologique sont convergentes

et montrent généralement une diminution du voluinaelrégion des ganglions de la base, le
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noyau caudé, chez les patients atteints de TOCeétuetes de neuro-imagerie fonctionnelle
peuvent étre réalisées soit chez des patientspas,reoit lorsque I'on présente aux patients
des stimuli déclenchant les compulsions. Dans o&ietecas, on observe une augmentation de
'activité dans le cortex orbito-frontal et le oext cingulaire antérieur plus importante.
L'implication du cortex cingulaire est confirméerpla fait que son ablation chirurgicale
constitue un excellent traitement des TOC. Patrepaucune anomalie n’est détectée dans
d’autres régions généralement impliqguées dansréesbles anxieux, comme I'amygdale et

I'hippocampe. (Martiset coll, 2002)

Une hypothése sérotoninergique des TOC a été éwatiaprés I'observation d‘une
corrélation positive entre 'aptitude des traitemsea soigner les symptdomes du TOC et la
diminution induite par le traitement du taux deos@énine dans les plaquettes et du taux de
son meétabolite dans le liquide céphalo-rachidiene dutre hypothése postule I'implication
du systéeme dopaminergique. En effet, ce neurotrattenr est trés abondant dans les
structures des ganglions de la base qui présedésnanomalies chez ces patients et, lorsque
'on administre des agents augmentant la neuratressson dopaminergique (amphétamine,
apomorphine, L-DOPA) a des animaux, des comport&snsteréotypes, répétitifs, assez
semblables a des comportements compulsifs appam&igsn outre, la fréquence des TOC est
beaucoup plus élevée parmi les patients souffrantcertaines maladies neurologiques
impliquant le systeme dopaminergique, comme pameke le syndrome de Gilles de la
Tourette. En effet, 50% des patients atteints dagyndrome de Gilles de la Tourette
développent un TOC. Par conséquent, ceci a doanéli’hypothése d’'un déséquilibre entre
dopamine et sérotonine dans la maladie. Les garglae la base, qui sont un maillon
essentiel dans la motricité et qui sont perturliéesz ¢des patients atteints d’'un TOC, sont sous
la double influence de la sérotonine et la noraalée.(Martiset coll, 2002, Parket coll,
2000, Weizman et Weizman, 2002).

3. Les traitements des troubles anxio-dépressifs

Dans I'histoire du traitement de la dépressiontroave, vers la fin des années 1880, les
premiers essais pharmacologiques avec l'amphétardaress sa forme racémique, un
médicament qui avait été initialement proposé pgeuraitement de la narcolepsie. Ensuite,
dans les années 1920, la teinture d'opium gqueabiomnistrait combinée avec des vitamines,
est devenue le traitement phare de la dépressiatre EL957 et 1970, une tentative

infructueuse pour améliorer les phénothiazinesraleib a la découverte des Antidépresseurs
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Tricycligues. A la méme époque et pour amélioreeffitacité des substances
antituberculeuses comme l'iproniazide, la rechelpermis la synthése des inhibiteurs de la
monoamine-oxydase. Dans les décennies 1970 et E38@hibiteurs sélectifs de la recapture
de la 5-HT (ISRS) ont été découverts dans le biialement de diminuer les effets
secondaires des antidépresseurs tricycliques. €agédes années, se sont développés les
inhibiteurs réversibles de la monoamine-oxydasayde A (IRMAS), les molécules dotées
d'une action mixte (5-HT et NA), les antidépressespécifiquement noradrénergiques ou
sétotoninergiques et les inhibiteurs sélectifsadeetapture de NA (ISRN).

En ce qui concerne l'anxiété, on peut mentionnmtrbduction, au début du XIXe
siécle, de I'hydrate de chloral et le paraldéhydesdla thérapie de cette pathologie. Au XXe
siécle, des protocoles de traitement ont été pespbasés sur l'utilisation de barbituriques,
d’antihistaminiques et de BDZs. Les BDZs, créées pemcipe pour traiter d’autres
pathologies, se sont avérées dotées de propriéxésygiques. Plus récemment, I'utilisation
d'agonistes des récepteurs de 5-HTla, d’Antidépuess Tricycliques, I'ISRS et les
antidépresseurs mixtes NA/5-HT se sont développésne alternative thérapeutique. (Ban,
2001).

3.1. Les traitements des troubles dépressifs

3.1.1. Les antidépresseurs tricycliques

Découverts par hasard au milieu du XXeme siécles gedicaments ont été
certainement efficaces pour produire une améliomatihez les patients déprimés ainsi que
chez ceux souffrant de diverses pathologies anegeuseur effet typique est d'augmenter
immédiatement la fonction monoaminergique en inhmibla recapture des monoamines :
certains ont une action préférentiellement séraengique (comme la clomipramine) et
d’autres une action préférentiellement noradrénerg(comme la désipramine, la maprotiline
ou la nortriptiline) En outre, tous les tricycliques bloquent les pémagrs muscariniques
cholinergiques, les récepteurs H1 de I'histaminlesetécepteura-adrenérgiques. Cependant
cette action n’est pas suffisante pour expliquerd#ets thérapeutiques de cette substance
puisque des adaptations cérébrales spécifiquagrsamt plusieurs semaines apres le début du
traitement et aprés la stimulation monoaminergidpieent se mettre en place pour observer
I'effet thérapeutique.(Artigast coll, 2002)

Le blocage de la recapture des monoamines estneaple de I'effet thérapeutique de
ces substances alors que leur action sur les adttepteurs est responsable de leurs effets
secondaires. Certains antidépresseurs tricyclidpleguent aussi les récepteurs de type 5-
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HT2A, ainsi que les canaux Nadans le cerveau et dans le coeur, causant desnagth

cardiaques, des arréts cardiaques et des conwll@ancas de surdosage). En particulier, le
blocage des réceptewrd provoque une hypotension orthostatique et detigyesr les effets

anticholinergiques sur les récepteurs muscarinigueduisent des troubles de la mémoire, le
blocage des récepteurs H1 peut causer de la séddtine augmentation du poids corporel
(Holsboer, 2001a, Holsboer, 2001b). Cependant,épit de leurs effets secondaires, les AD
Tricycliques continué a étre des AD de choix dalsipurs pays, surtout en raison de leur

codt.

3.1.2. Les inhibiteurs de la monoamine oxydase

Les inhibiteurs de monoamine-oxidase (IMAOs) okt lés premiers ADs découverts
et cliniguement efficaces. lls ont été découversidentellement lorsque, en observant
'action de certains médicaments antituberculeuxnroe l'iproniazide, il s'avéré qu'ils
amélioraient la dépression qui coexistait chezaued uns de ces patients. Par la suite, il fut
montré que ces substances agissaient en inhibamdnaamine oxydase (MAO). Les IMAOs
utilisés dans les années 50-60 étaient des inbikiieréversibles de la MAO, ce qui signifie
que l'activité enzymatique de la MAO redevenaitnmale uniqguement lorsque de I'enzyme
était synthétisée ddouva (Moncrieff, 2008, Slattergt coll, 2004)

La MAO peut étre subdivisée en deux sous-clasted$arme A et la forme B. Les
premiers ADs agissaient en inhibant les deux forrdesMAO puisquiils n'étaient pas
sélectifs. La MAO de type A interagit préférengsiient avec le métabolisme de monoamines
impliquées dans les états dépressifs, comme la,3d1NWA et la DA, le type B étant plutdt
impliqué dans le métabolisme des protoxines emasxcausant la dégradation neuronale.
L'inhibition de la MAO-A produit des effets antidé@gsseurs mais aussi un effet secondaire
hypertenseur alors que linhibition de la MAO B est relation avec linterruption de
processus dégénératif comme ceux survenant damsliie de Parkinson. L'un des effets
secondaires les plus ennuyeux des IMAOs non silagdtiirréversibles consiste dans le fait
gu’ils puissent causer de graves altérations ghedasion artérielle, aboutissant par exemple a
une maladie cérébrovasculaire Ce risque peut émtr@é par la restriction diététique et en
empéchant l'usage de certains médicaments (paf#XS, agents sympathicomimétiques).
Par la suite, des inhibiteurs de synthese de la Mg&(ctifs et réversibles comme le
moclobémide sont apparus sur le marché. Ces suwestasont plus adéquates que les
premieres et, en outre, ils possedent des propraigiolytiques, ce qui élargit leur spectre
d’action. (Moncrieff, 2008, Youdim, 2006)
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3.1.3. Les nouveaux antidépresseurs

Au cours, de la décennie 1980s, des substancewelseat structures commencent a
se développer. Souvent, ils sont aussi efficacesIMAOs, mais avec moins d'effets
collatéraux et avec une action thérapeutique @lpgle. Ces substances agissent elles aussi en
augmentant la disponibilité des monoamines darsyteapse. Cependant, malgré I'énorme
développement de la recherche, il y a eu peu dgr¢sadans la recherche de nouvelles cibles
dans le traitement de la dépression, ceci peutegtraison des gains astronomiques obtenus
grace a la commercialisation des inhibiteurs detapture de la 5-HT, des médicaments de

maniement facile et pourvus de peu d'effets cobabé

3.1.3.1. Les inhibiteurs sélectifs de la recapture de 5-HT (ISRS)

Dans ce groupe de médicaments, on trouve la Flunexégui est apparue sur le
marché en 1988 et qui est devenue l'un des médntartes plus vendus dans le monde), la
sertraline, la paroxétine et le citalopram. Bierilg| appartiennent a des familles chimiques
distinctes, toutes ces substances ont des casdicjgeis communes : leur aptitude a la
recapture de 5-HT. Bien qu’agissant aussi sur larateansmission noradrénergique,
cholinergique ou histaminique, leurs effets théutipeies sont dus a I'action sur la recapture
de 5-HT. lls ont peu a peu remplacé les tricyclggjuspécialement chez des patients
ages.(Carrasco et Sandner, 2005, Rudolph, 200, &teoll, 2002)

3.1.3.2.  Les substances agissant préférentiellement sur la NA

Ces substances agissent en stimulant la neurotissiem noradrenergique, ce qui
peut étre obtenu de plusieurs facons: linhibitisélective des récepteurs2 a la
noradrénaline présynaptique ou l'inhibition de éaapture de NA. Les effets thérapeutiques
de ces substances ont été expliqués par l'actiota ddA sur les récepteurfl post-
synaptiques localisés sur les neurones projetamoglau du locus coeruleus jusqu'au cortex
frontal. Une amélioration des fonctions cognitiwesussi été observée qui peut étre due a
I'action de la NA sur les récepteurs post-synapig@ noradrenérgigues dans la voie qui va
du locus coeruleus vers dautres aires du cortertdl. Cependant, ces données sont

exclusivement basées sur des modeles animaux flle¢s secondaires de ces substances ont
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éte expliqués par la stimulation des réceptgdrsitués dans le cervelet, le Systeme Nerveux
Périphérique, le systéme limbique, le tronc céilélaa récepteurs de l'aorte et dans la moelle
épiniére. (Invernizzi et Garattini, 2004, Kobayashcoll, 2008, Weis®t coll, 2007)

3.1.3.3.  Les inhibiteurs mixtes de la recapture de 5-HT et de NA

Les inhibiteurs sélectifs de la recapture de 5-HTNé\, tout comme les AD
tricycliques, stimulent la neurotransmission 5-HTN&, et donc les récepteurs de ces deux
neurotransmetteurs. On peut noter qu'a la diffegedes autres molécules précédemment
citées, ces substances sont dépourvues d’effelesurécepteursil, sur les récepteurs
cholinergiques ou sur les récepteurs histaminigsidsien que leur effet sur la 5-HT et la NA
est sélectif. L’action mixte, a la fois sur la newansmission NA et sur la neurotransmission
5-HT, associée a I'absence d’action sur les auffdes moléculaires, induit une synergie de
'action que ces composés exercent sur l'expresgi@Emétigue, synergie qui n'est pas
observées en cas d’action moins ciblée. La Veniaéaest le prototype des inhibiteurs
sélectifs de la recapture mixte 5-HT/NA : admiréstra faibles doses, elle inhibe la 5-HT.
Lorsque la dose augmente, on observe en outredadp de la recapture NA. La Venlafaxine
est un AD d'action plus rapide que les autresjsatichez des patients atteints d’'une
dépression réfractaire a d'autres traitements. i@wslet coll, 1996, Montgomeryet coll,
2007)

3.1.3.4. Les antidépresseurs atypiques

Ce sont des médicaments avec différents profisaohimiques. La tianeptine est un
représentant de cette catégorie de substancerusement, elle augmente la recapture de 5-
HT et qui module la transmission glutamatergiquec{iset coll, 2004). On peut aussi citer
la Mirtazapine (dérivée de la Miansérine) qui gt le biais d’'un effet antagoniste sur les
récepteurs de type, situés sur les neurones noradrénergigues, ce ogue une
augmentation de la libération de NA, cette NA amisssur les récepteurd situés sur les
neurones 5-HT, augmentant la libération de 5-HT. @h&s, ce médicament inhibe les
hétérorécepteurs, localisés sur des terminaisons 5-HT, il exerceassa une action
inhibitrice sur des hétérorécepteurs 5-k€t 5-HT; (Holsboer, 2001b, Quitkiet coll, 2001,
Tammingaet coll, 2002)
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3.2. Lestraitements des troubles anxieux

Différents types de pharmacothérapies sont utdisgsns le traitement des troubles
des patients atteints d’anxiété généralisée : Hasacothérapies a action rapide comme les
BDZs et le3-bloquants, et des pharmacothérapies a actiorré@i#féomme la buspirone et les
antidépresseurs. Ces composés agissent sur diffésgmptomes de l'anxiété généralisée.
Ainsi, les BDZs réduisent I'hypervigilance et camsa symptomes liés a I'activation du
systeme nerveux autonome, alors que [ebloguants agissent exclusivement sur la
composante autonome. Par contre, les agents siér@tgiques comme les inhibiteurs de la
recapture sélectifs de la sérotonine (qui sontahtglépresseurs) et la buspirone, réduisent,
apres un traitement chronique, I'anxiété et lexcsoexcessifs que présentent ces patients. En
réalité, I'idée de traiter I'anxiété généraliséee@wdes antidépresseurs est une idée qui est
apparue dans les années 90 et a présent les aasiseprs de la classe des inhibiteurs de
recapture de la sérotonine comme la fluoxétinez@&psont le traitement le plus fréquent de
la plupart des troubles anxieux, incluant les attsqde panique, les troubles obsessionnels
compulsifs, les états de stress-post-traumatiquesephobies. Les anxiolytiques classiques

tels que les BDZs ne viennent que compléter léstraent.

3.2.1. Benzodiazépines

Depuis le début des années 1960, les BZDs sonnhdesalisponibles et de plus en plus

prescrits a partir des années 1970 (Lader, 199%9.BZDs agissent en se liant au récepteur
I'acide y-aminobutyrique (GABA) et vont alors accroitre fie&cité du GABA lui-méme a
induire des afflux de chlorure inhibiteur (Nutt Malizia, 2001). Le GABA est le principal
neurotransmetteur responsable de l'inhibition neakAinsi, les BZDs en renforcant I'action
du GABA aura comme action de diminuer I'activit®lghle du systeme nerveux central. Par
conséquent, les BZDs auront des propriétés myaptas, sédatives, amnésiantes,
antiépileptiques et anxiolytiques.
Dans la lutte contre les troubles anxieux, les B&£Ds plusieurs avantages dont celui de
soulager rapidement et efficacement les patieist €én ayant peu d’effets secondaires
(Rickels et Rynn, 2002), au contraire des barlgjtwes, molécules a la pharmacologie
similaire auxquelles les BZDs ont succédé. Ellas/prt aider a réduire la gravité, la durée et
la frequence des symptdmes (Association Des Pdyebi®u Canada, 2006). Il semble que
les personnes susceptibles de tirer le meilleur dam traitement a I'aide d’'une BZD sont

celles ayant des symptbmes somatiques aigus, akieik est nécessaire d’obtenir un effet
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anxiolytique rapide (Goodman, 2004, Rickels et Ry2002, Sramelkt coll, 2002). La place
des BZDs en monothérapie est controversée et détrai réservée a un traitement a court
terme en l'absence de symptdomes dépressifs oure&kuabmorbidités (Goodman, 2004,
Rickels et Rynn, 2002). Il faut garder a I'esputentre 33 et 50 % des patients n'auront pas
de rémission avec une BZD seule et qu’il y a uquisde récurrence plus élevé qu’avec un
autre type de traitement lorsqu’on cesse le tratgniGoodman, 2004). Les patients qui ne
répondent pas a une BZD apres deux semaines thartesit devraient recevoir un autre type
de thérapie (Rickels et Rynn, 2002). Pour ces maistes BZDs demeurent un traitement a
privilégier comme thérapie associée aux antidépresssurtout dans les cas de comorbidité
anxio-dépressive, avant que l'efficacité de I'a@ficesseur commence a se manifester
adéquatemerfAssociation Des Psychiatres Du Canada, 2006).

Par contre, plusieurs effets indésirables resteab@és aux BZDs. En effet, ils peuvent
causer de la sédation et la relaxation musculaiegs aussi avec des déficits de I'attention, de
déficit cognitif, de la mémoire et des capacitégchemotrices (Shader et Greenblatt, 1993).
Surtout, lors de traitement a long-terme, l'utiia des BZDs est associée a un risque de
dépendance (Rickelst coll, 1999), un risque plus élevé d'accidents et ddeshiwet des
perturbations cognitives (Taylaet coll, 1998). Les BZDs ont également été associés a
plusieurs autres inconvénients en lien avec la m#gece, comme une tolérance et surtout
I'apparition de symptébmes de sevrage a l'arrétraleetment, en particulier si cela se produit
soudainement (Romad coll, 1995).

Au cours des derniéres années, le taux de préwalata consommation de BDZs dans
un grand nombre des pays est estimé étre stalda Ggere baisse, mais reste a des niveaux
variant entre 2% et 3% de la population généralan@&traet coll, 2002). Bien que
l'utilisation thérapeutique a long-terme des BDZt eontroversée, il semble que son
efficacité soit limité aux troubles paniques eaghobie sociale (Schweizer et al, 1993; Otto
et al, 2000). Néanmoins, la prévalence de ces lesubutefois, est relativement faible par
rapport a d’autres troubles anxio-dépressifs (Zaads coll, 2004).

3.2.2. Les autres molécules utilisées contre les troubles anxieux

La buspirone, un agoniste partiel des récepteutaenergiques 5-HT1A, peut étre
une solution de remplacement intéressante des BBUFes.possede I'avantage de ne pas
entrainer de dépendance physique, de symptdbmesvitage ou de troubles cognitifs.

Plusieurs études ont démontré que son efficacaé étipérieure a celle du placebo et
semblable a celle des BDZs (Gammatscoll, 1992, Grimsley, 2005, Rickels et Rynn,
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2002). Cependant, a I'inverse de ceux-ci, la basgrserait plus efficace pour traiter les
symptébmes psychiques plutbt que somatiques et gib@tre envisagée chez les patients
ayant des symptdmes dépressifs associés a I'anfEammanset coll, 1992, Rickels et
Rynn, 2002). Son début d’action est cependant fgus et se rapproche de celui des
antidépresseurs, soit environ deux semaines (Rick¢l Rynn, 2002). Elle doit étre
administrée de facon réguliere en trois doses dieotnes Il semblerait que les patients
récemment traités (< 1 mois) avec une benzodiagégpondraient moins bien a la buspirone
et auraient plus d’effets secondaires (Riclatl€oll, 2000). On peut cependant éviter cette
situation en diminuant trés lentement la benzogiseelorsqu’on envisage I'administration
de buspirone3. Son profil d’effets secondaires aageux fait de la buspirone un choix de
traitement intéressant lorsque la dépendance plgsigt l'altération des fonctions
psychomotrices et cognitives sont préoccupantes lemavantages cliniques par rapport aux
antidépresseurs n’est pas toujours clairs (Asdooi@es Psychiatres Du Canada, 2006).

L’hydroxyzine, un antihistaminique, a démontré weetaine utilité dans le traitement de
trouble anxieux. Son effet sédatif pourrait étre emplication a son effet anxiolytique, mais
rien n'a été clairement démontré. Il aurait unécatffité a long terme, mais son début d’action
serait encore plus lent (Goodman, 2004, Grims|egs52.

Les B-bloquants, comme le propranolol, peuvent aideo@ager certains symptémes
physiques de I'anxiéte, tels les tremblementshtegfées congestives et la tachycardie.
Par contre, leg-bloquants ne sont pas aussi efficaces que les BBZ8s ne sont plus
recommandés pour le traitement du trouble d’anxigénéralisée (Association Des
Psychiatres Du Canada, 2006, Grimsley, 2005).

Quelques anticonvulsivants ont été étudiés dangaiéeement de divers troubles
anxieux. Particulierement, la prégabaline a déndouire efficacité supérieure au placebo et
équivalente aux BZDs sur des suivis de quatre desmxaines (Pohdt coll, 2005, Rickelset
coll., 2005). Elle possede un début d'action rapide retprofil d’effets indésirables plus
favorable que les BZDs.

Les recherches actuelles tentent également de apperl de nouvelles stratégies
thérapeutiques pour les troubles anxio-dépresshAmsi, les antagonistes de la
cholécystokinine (Charriest coll, 1995, Harro, 2006), des neurokinines (Ebner rge&vald,
2006, Mclean, 2005), du CRF (Griebat coll, 2002b), de la vasopressin (Grieleglcoll,
2002a) et du neuropeptide Y (Heilig, 2004) ainsie des agonistes de la mélatonine
(Delagrange et Boutin, 2006, Loiseaticoll, 2005, Loiseatet coll, 2006, Mocaeet coll,
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2005) et des endocannabinoides (Chaperon et Thiek@®, Hill et Gorzalka, 2005, Vinod et
Hungund, 2006) s'imposent comme de futures cibtdsmiielles.

4. Le BDNF

4.1. Les Neurotrophines

La diversité cellulaire du systeme nerveux troume grigine dans l'action de différents
processus de différenciation, de maturation et dgration cellulaire, ainsi que dans la
synaptogenese. L'ensemble de ces processus nepsssibles que grace a des facteurs
neurotrophiques, c'est-a-dire grace a des protéuiesontrélent la survie et la fonctionnalité
de populations spécifiques de neurones. Ces facteurotrophiques sont groupés dans la
superfamille des neurotrophines, qui sont préset#ss des neurones cholinergiques,
dopaminergiques et noradrenergiques du systemeuwnerentral (SNC) ainsi que dans les
neurones sympathiques et sensoriels du systemesuxerpériphérique. Six protéines
structurelles font partie de la famille des newplhines : le NGF (Nerve Growth Factor), le
BDNF (Brain Derived Neurotrophic Factor), la NT3 INT4/5, la NT6 et la NT7
(respectivement, neurotrophines 3, 4/5, 6 et 7)s@dn et coll, 1998). Initialement, les
neurotrophines sont synthétisées a partir d’'unypséeir, la pro-neurotrophine qui est clivé
par différentes enzymes, donnant origine a de®imed matures une fois qu’ils sont libérés
dans le milieu extra-cellulaire. Dans sa forme metla protéine constitue un complexe avec
une protéine jumelle, formant ainsi un dimere, g@rmet I'activation de récepteurs

spécifiques (Lessmaret coll, 2003).

Les neurotrophines agissent grace a deux typeséckpteurs : les récepteurs TrK
(tyrosine kinase), qui présentent une grande &ffipour les neurotrophines matures, et les
récepteurs p75, qui présentent une faible affip@ar les protéines matures mais une forte
affinité pour les protéines immatures et les pragiprécurseurs (Let coll, 2005). Il existe
plusieurs récepteurs TrK (TrK A, TrKB, TrK C) ; ladifférents types de récepteurs TrK
identifiés jusqu'a présent sont activés principaampar un ou plusieurs membres de la
famille des neurotrophines. Ainsi, les récepteuts A ont une affinité préférentielle pour le
NGF, les récepteurs TrK B fixent principalemenBIBNF et la NT 4/5 et les récepteurs TrK
C ont une forte affinité pour la NT 3 (Chao, 2008gci est illustré sur la figure 3, qui
présente les neurotrophines et linteraction aveasl récepteurs d’'une facon détaillée. Il
existe aussi des recepteurs TrK tronqués car lilfenque un résidu de tyrosine kinase. Les

récepteurs tronqués sont capables de fixer letiephines mais ne peuvent pas initier la
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phosphorylation nécessaire pour la traduction dgnad Ainsi, la distributon et la
concentration dans la membrane des récepteursuisnupurraient potentiellement modt
l'activité des neurotrophines en limitaneur possibilité d’interagir avec les récepte
complets. Tres longtemps, il était admis que lagrateophines grticipaient aux premiére
étapes du développement du systeme nerveux madecagres années il a été montré

les neurotrophines, et en particulier le BDNF, sanssi intriquées dans la plastic
synaptique, la survie et la prolifération neuronahez le sujet adult¢(Bramham et
Messaoudi, 2005, Schinder et Poo, 2.

O NGF O NT4, O NT3 O NGF.BONF, Figure 3. Modéles d'activation des
‘ ‘BDNF ‘ ‘NTS, NT4  récepteurs Trk et p75. La liaison de
neurotophines entraine la dimérisation

de chaque récepteur. Les
neurotrophines se lient sélectivement a
des récepteurs Trk, alors que toutes les
neurotrophins se lient a p75. Les
récepteurs Trk  contiennent des
x domaines extracellulaires a
“% immunoglobuline G (IgG) pour la liaison
du ligand et un domaine intracellulaire
avec plusieurs tyrosines kinases
catalytiques. Chaque récepteur active
plusieurs voies de transduction du
TrkC signal. La partie extracellulaire de p75
contient quatre sequences riches en
cystéine tandis que la partie
intracellulaire contient un « death
domain ». L'interaction entre les
récepteurs Trk et p75 peuvent entrainer
des modifications dans l'affinité pour les
neurotrophines. BDNF, brain-derived
neurotrophic factor; JNK, Jun N-
, terminal  kinase; MAPK, mitogen-
A% activated protein kinase; NGF, facteur
de croissance nerveuse; NT,
Neurotrophine;PI3K, hosphatidylinositol
3-kinase; PLC, phospholipase C.
modifié d’aprés Chao et coll. (2003).

TrK + p75 = Sites de haute affinité
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4.2. Caractérisation du BDNF

4.2.1. Geéne et transcription

Le géne BDNF a été cartographié sur le chromosome 11 chez Bimmsur le
chromosome 2 chez la souris et sur le chromosoraee? le rat (Ozcelilet coll, 1991).
Jusqu’en 2005, les travaux sur le geéBENF étaient incomplets et, par conséquent, la
notation des exons n’était pas adéquate. En elffétait jusqu’alors admis que le géne du
BDNF comportait 7 exons, la partie codante correspdr@éexon V. Dans cette version, les
épissages alternatifs étaient décrits, mais unign¢whans la partie non codante. En 2005, Liu
et coll. montrérent que le géne comportait en t€ad exons et que la partie codante
correspondait a I'exon VIII. En outre, en 2006, kiucoll. ont fourni des études détaillées du
géneBDNF humain indiqguant un modele de régulation beaugdup complexe. En effet, ils
ont montré que des épissages alternatifs sont mqigestans la partie codante du gene,
aboutissant a 10 transcrits différents (BDNF 1, BDRA, BDNF 2B, BDNF 2C, BDNF 3,
BDNF 4 ; BDNF 5, BDNF 6A, BDNF 6B, BDNF 7) (Liat coll, 2006, Liuet coll, 2005b).

PalyA Palyi

: ¢

| ExonVill |

ExanVil

| Exonl || E:crnll| |Emn|||| |E*°“W“Em"" ||Em"‘-"'|

ABC
[Exont|[  Exonvm BDNF1 [Exonv [ Exonvm |  BDNF4
[Exontia]  Exonvin BDNF2A
|Exun\l‘ || ExanVIil | BDNES
| Exontia | ExonVIl | BDNF2B
[Exonvt || ExonVill |  BDNF6A
[Exonlic]|  Exonvii | BDNF2C
|Exenvt || Exenvir || ExonVil | BDNF6B
| Exonm || ExonVill | BDNF3

Figure 4. Géne du BDNF de souris et de rat et I'épissage alternatif.

Les boites représentent les

exons. Les lignes connectent deux et trois exons formant les différents variants selon I'épissage
alternatif. Les fleches indiquent les sites d'épissage et de polyadenylation alternative a I'intérieur des

exons. D'apreés Liu et coll. (2006).
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La structure génomique du geBBNF de la souris et du rat est tres proche de celle du
géne humain. Le géne du BDNF du rongeur possedeisisi 8 exons dont 1 seul exon codant
pour la protéine, I'exon VIII. La nomenclature vand refléter la structure du géne humain.
On trouve une homologie étroite entre 'Homme streurins pour toutes les sections sauf
pour I'exon VII qui ne possede pas de site d'itibia de la transcription chez les rongeurs,
mais qui peut étre associé a I'exon VI, qui luipasséde un. Chez ces espeéces, le gene du
BDNF est a l'origine non pas de 10 mais de 8 traissdifférents liés a des associations
d’exons (BDNF1 (exons | +VIIl), BDNF2A, BDNF2B, BDR2C (exon I+ VIII), BDNF3
(exons 1l + VIII), BDNF4 (exons IV + VIII) ; BDNFgexons V + VIII), BDNF6A (exons VI
+ VIII) et BDNF6B (VI + VII + VIII) (Liu et coll, 2006). Pour plus de détails sur la structure

du géne murin, voir la figure 4.

Chez 'Homme, quelques polymorphismes du gBD&NF ont été répertoriés mais un
seul variant génétique fonctionnel a été idenjifigqu’a présent, le SNP (single nucléotide
polymorphism : polymorphisme du & une modificatidlun seul nucléotide) VaiMet
(rS6265)(Cheret coll, 2006, Egaret coll, 2003, Jianget coll, 2005, Schumachest coll,
2005, Szeszket coll, 2005, Tsaket coll, 2003). Ce polymorphisme est en effet localisésdan
la séquence codante pour la proforme du BDNF. Awhangement au niveau de I'activité
transcriptionnelle associé a ce polymorphisme méad&tecté jusqu’a présent. Il ne produit
pas non plus d’effet sur le ratio pro BDNF/BDNF orat mais perturbe le transport et la

distribution cellulaire ainsi que la sécrétion dDNB-, notamment vers les synapses.

4.2.2. La protéine BDNF

Le BDNF est synthétisé a partir de I'exon VIII deng qui code pour le pré-propeptide
contenant le peptide signal (18 acides aminéspréedomaine (110 et 112 acides aminés
respectivement chez les rongeurs et chez I'Hommdp eséqguence mature (119 acides
aminés) (Bishopet coll, 1994, Timmusket coll, 1993). Le polypeptide mature présente
autour de 55% de ressemblance avec les acides sadeséautres membres de la famille des
neurotrophines. Le BDNF est une protéine de 27 tkibatlans la forme dimérique qui
posséde 6 résidus cystéine qui permettent la totieti de ponts disulfure, lesquels sont
d’'une importance primordiale pour la structure itnidnsionnelle et donc pour l'activité du
BDNF. Une faible immunogénicité a été décrite peuBDNF, qui est probablement due au
fait que la protéine mature est extraordinairencamservée entre les especes (Acheson
coll., 1991, Bardeet coll, 1982, Leibrocket coll, 1989, Murphyet coll, 1993) Le BDNF est
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initialement produit sous une préforme (le pro-BDNR protéine précurseur qui, au sein de
la cellule, peut étre clivée en protéine mature BBNF). Néanmoins, il a été montré
récemment que les neurotrophines et en partideliBDNF peuvent aussi étre secrétées sous
la forme de pro-neurotrophines pour étre ensuiees en dehors de la cellule. Une mutation
peut agir spécifiqguement sur le clivage intra- atraecellulaire. Par exemple, elle peut ne
concerner que le clivage intra-cellulaire, auqued e BDNF sera toujours produit au niveau
extra-cellulaire. Ainsi, la protéine pourra étreljturs présente, en dépit de la mutation. En
effet, des études récentes ont confirmé un roletimmnel pour les pro-neurotrophines, en
particulier pour le pro-BDNF. Notamment, le prodaneaest impliqué dans I'établissement
de la structure tridimensionnelle de la protéingéumea En outre, la proneurotrophine pourrait
également agir au niveau extracellulaire sur lescires cibles des neurotrophines, en se
fixant sur les récepteurs aux neurotrophines, higayant une affinité moindre que la forme
mature (Chao, 2003, Chao et Bothwell, 2002, Farkadboll, 2000, Kolbecket coll, 1994,
Lessmannet coll, 2003).Les différentes voies de stockage et de sécrévon iustrées

figure 5.

4.2.3. Les récepteurs du BDNF

Les neutrophines se fixent a un méme récepteunitie faffinité (p75NTR), mais |l
existe également des récepteurs plus sélectifsute tedfinité, a I'origine des spécificités
fonctionnelles de chaque neurotrophine. Le BDNR gedier au récepteur de faible affinité
pour le NGF (p75NTR), de facon similaire au NGFaNoins, la découverte d’'une part que
le BDNF et le NGF peuvent agir sur des populatidesheurones différentes et d’autre part
gue les neurones qui répondent au NGF n’exprimergeméral pas de récepteurs de haute
affinité pour le BDNF, a suggéré que le BDNF potngai lier, lui aussi, a un récepteur de
haute affinité spécifique. Le récepteur TrkB a a&ié caractérisé. Le proBDNF, quant a lui,
présente une affinité opposée : haute pour le pFobdtTraible pour le TrkB.

Le récepteur p75NTR fixe avec une faible affinitéde facon non sélective toutes les
neurotrophines matures, tandis que les récepteairta cclasse TrK sont des récepteurs
sélectifs de haute affinité. L'activation des réeaps p75NTR peut susciter des événements
pro-apoptotiques (Bamgt coll, 1998, Yoonet coll, 1998) ce qui ne survient pas dans la
signalisation des récepteurs de type TrK. Toutefmissqu’ils sont co-exprimés avec les
récepteurs TrK, les récepteurs p75NTR peuventdgteravec les récepteurs TrK, ce qui a
comme effet d’augmenter I'affinité des deux types rédcepteurs pour les neurotrophines
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matures. En outre, dans ce cas, les récepteursTpZaldquierent des caractéristiques qu’ils
ne présentent pas lorsqu’ils sont exprimés sewols\nte la possibilité d’interférer avec la
survie cellulaire, la croissance des neurites eplésticité synaptique (Lt coll, 2005,
Martinowichet coll, 2007).

Synthése, stockage et libération de neurotrophines
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Figure 5. De la synthése a la sécrétion du BDNF. L'’ARNm du BDNF
est transporté des ribosomes (gris clairs) au réticulum endoplasmique
(RE) et le pré-pro-protéine naissant est alors séquestrée dans le RE
(symboles noirs). Le BDNF atteint I'appareil de Golgi, puis le réseau
Trans-Golgien (TGN) ; il est ensuite accumulé dans des vésicules. Des
convertases présentes dans le TGN peuvent alors cliver la pro-
séquence, puis le BDNF mature est groupé dans des vésicules qui
seront libérées constitutivement. Alternativement, le pro-BDNF peut
quitter le TGN dans des granules de sécrétion immatures (blanches) qui
contiennent un type différent de convertases. Le BDNF mature pourra
alors étre produit dans les granules de sécrétion en route vers la
membrane plasmique et donner des granules de sécrétion matures
(gris). Les granules de sécrétion peuvent s’accumuler prés de la
membrane plasmique et étre finalement libérés a la suite d’'un signal
approprié. Modifié d'aprés Lessmann et coll. (2003).

4.2.4. La distribution du BDNF et de ses récepteurs

Différents patterns d’expression de 'ARNm codaatiple BDNF ont été décrits dans
les régions du cerveau au cours du développemetinatal, suggérant un gradient caudo-
rostral dans I'expression du BDNF pendant le déymdment du cerveau ; ceci peut étre mis
en parallele avec le développement du cerveaauksi caudo-rostral et suggére lI'implication

du gene du BDNF dans la prolifération et la différation neuronale. Chez I'adulte, le BDNF
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est particulierement exprimé dans différentes zowtescerveau antérieur, en particulier
I'hippocampe, 'amygdale et différentes zones dueco On le trouve aussi dans le clastrum,
le noyau endopiriforme ou le cervelet (Ernfetscoll, 1990b, Wetmoreet coll, 1990). En
outre, chez ’'Homme adulte, le BDNF a aussi étaaarisé en dehors du Systeme Nerveux
Central (SNC) dans le cceur, les poumons et leslesusquelettiques (Hofeat coll, 1990),

les reins, la glande submaxillaire, les ovairesf@s et coll, 1990a), la rétine (Scarisbriek
coll., 1993) et les plaquettes (Leibroak coll, 1989, Yamamoto et Gurney, 1990).

Finalement, chez le rat, on le trouve aussi auauiae I'aorte (Scarisbrioét coll, 1993).

4.3. Fonction du BDNF

Actuellement, plusieurs fonctions du BDNF ont ééerites: la régulation de l'activité
de la synapse par des phénomeénes de plasticitbtafatcila transmission synaptique
(Lessmann, 1998, Lu, 2003, Lu et Chow, 1999), wretion trophique, le BDNF agissant
comme un facteur promoteur de la survie de pomuriatneuronales lors du développement et
chez l'adulte ; une fonction dans le remodelage pdeulations neuronales (Connor et
Dragunow, 1998, Mureet coll, 2001). Les neurones liberent le BDNF au niveas de
dendrites, agissant soit sur le neurone qui leés&csoit au niveau des neurones adjacents
(respectivement boucles autocrines ou paracrings}, encore au niveau des neurones
afférents (BDNF transporté de facon antérograde}, enfin au niveau des tissus cibles
(BDNF transporté de facon rétrograde) (Altar estB®iano, 1998, Mufsoet coll, 1999).

Ceci est illustré dans la figure 6.

4.3.1. Fonction dans la plasticité cellulaire

Le BDNF n’est pas seulement impliqué dans une edigul au cours du développement
mais aussi dans le maintien des synapses chedtéadin effet, 'application chronique de
BDNF module la croissance des axones et des desddans le SNC de [ladulte,
particulierement dans le cortex visuel (Akaneyaoll, 1996, Lein et Shatz, 2000). Le BDNF
participe aussi a la mise en place des synaps¢asmgtegigues et GABAergiques dans le
SNC (Luikart et Parada, 2006, Seil, 2003).
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En ce qui concerne le développement, les travawec ales souris génétiquement
invalidées pour le géne du BDNF (BDNF -/-) ont miénfjue ces animaux souffrent
d’altérations du développement cérébral, aboutiseatres autres a des déficits sensoriels
incompatible avec la survie des jeunes. Cela aoefite rle primordial joué par le BDNF
dans le développement normal du systéme nerveuwg(fsret coll, 1994, Jone®t coll,
1994).
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Figure 6. Transport antérograde et rétrograde du BDNF. En
haut: selon la vue classique, le BDNF est sécrété par la cellule
cible innervée (par la voie de sécrétion constitutive ou régulée), se
lie a son récepteur et est ensuite accumulé dans une vésicule
d’endocytose avec son récepteur. Apres le transport rétrograde de
la vésicule endocytotique (appelé « endosome de signalisation »),
le complexe BDNF/récepteur commence la signalisation dans le
soma de la cellule, en plus des processus de signalisation au
niveau des terminaisons axonales. En bas: Les vésicules
contenant du BDNF peuvent aussi étre transportés du soma de la
cellule aux terminaisons axonales des neurones a BDNF. A la
suite d’'une sécrétion présynaptique, le BDNF peuvent avoir une
action autocrine ou paracrine, selon le site d'expression du
récepteur TrkB. Les endosomes de signalisation (vésicules
endocytotiques) peuvent donc étre générés dans des
compartiments pré- ou post-synaptiques. Un transport
antérograde n’exclut pas la possibilité d'un transport rétrograde
dans le méme neurone. Modifié d’aprés Lessmann et coll. (2003).

Chez l'adulte, le BDNF est impliqué a la fois dahess changements structurels et

fonctionnels. En effet, il participe a l'activatioshe voies de signalisation intracellulaires
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complexes qui conduisent non seulement a régulégdrité structurale des neurones dans le
cerveau, leur survie, la prolifération et la craisse cellulaire mais aussi a moduler la
plasticité synaptique, la potentialisation a loegre (LTP), la dépression a long terme (LTD)

et le remodelage d’assemblées de neurones (Branehakhessaoudi, 2005, Spedding et

Lestage, 2005, Speddirg coll, 2003, Tapia-Arancibiat coll, 2004).

4.3.2. BDNF et mémoire

Certains de ces processus sont essentiels dapsehtipsage et la mémoire. Ceci est
confirmé par la localisation du BDNF : en effet,pi@@sence d’'un taux élevé de BDNF dans
I'hippocampe, une région cérébrale clef dans la oiréndéclarative, souligne une implication
probable du BDNF dans les processus qui sous-termprentissage et la mémoire.
Plusieurs données expérimentales viennent a I'agigoette hypothése. En effet, il existe une
bonne corrélation entre I'apprentissage a coug lmng terme, la formation de la mémoire et
I'expression de 'ARNm du BDNF dans I'hippocamp®&oet coll, 2002, Mizuncet coll,
2000, Yamadeet coll, 2002, Yamada et Nabeshima, 2003). En outre, ¢hemngeur,
'apprentissage spatial (labyrinthe de Morris) etdonditionnement de peur contextuelle
(deux apprentissages qui dépendent de I'hippocampgnentent I'expression des ARNm du
BDNF dans I'hippocampe (Chest coll, 2006). D'autre part, les stratégies expérimestale
visant a réduire I'expression du BDNF ou de la aigation des récepteurs TrkB (utilisation
d’anticorps antisens ou de souris génétiquemendliddes) induisent un déficit de la
formation, du stockage et de la récupération denéanoire spatiale, de la mémoire de
référence ou de la mémoire de travail (Aloretocoll, 2002, Linnarssoret coll, 1997,
Minichiello et coll, 1999, Mizuncet coll, 2000, Muet coll, 1999, Saarelainest coll, 2000).

En outre, chez ’'Homme, le polymorphisme BDNF V&g a une incidence sur la mémoire,
ainsi que sur la fonction et le volume hippocampidiganet coll, 2003, Haririet coll,
2003, Montkowski et Holsboer, 1997, Szesakocoll, 2005). Ainsi, la perturbation de la
signalisation et de la fonction du BDNF pourraitrvie de substrat aux déficits
d'apprentissage et de mémoire qui se produisents dausieurs neuro-et/ou
psychopathologies.
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4.3.3. BDNF et addiction

Par ailleurs, le BDNF joue un réle important daaddnction d'un certain nombre de
circuits cérébraux, notamment ceux impliqués daes e&ffets comportementaux et
physiologiques de I'addiction (Bolanos et Nest0®04). On peut mentionner les effets du
BDNF sur la morphologie et la fonction des neurodepaminergiques impliqués dans les
circuits de réecompense cérébraux. Ceci a été marigdois dans des étudesvitro (Hyman
et coll, 1991, Kontkanen et Castren, 1999) et dans dee®iu vivo (Shen et coll., 1994)
Des perfusions de BDNF dans le noyau accumbensame tegmentale ventrale, deux
régions fortement impliquées dans les processuflat#on et/ou de récompense, renforcent
les effets locomoteurs, hédoniques ou consommatdieela cocaine (Horget coll, 1999,

Lu et coll, 2004). En outre, I'inhibition du BDNF dans le oy accumbens réduit la
libération de dopamine induite par les amphétam{Nesita et coll, 2003). De plus, l'auto-
administration de cocaine et son sevrage indugesithangements du niveau de BDNF dans
les aires cérébrales impliquées dans I'addictionroe la zone tegmentale ventrale, le noyau
accumbens et 'amygdale ; ces changements petsisggrdant 90 jours aprés la derniére
exposition a la cocaine (Grimet coll, 2003). Des souris hétérozygote pour le géene du
BDNF (BDNF +/-), qui produisent environ la moitiésiniveaux normaux de I'expression du
BDNF, présentent une diminution de moitié du niveludopamine dans le striatum par
rapport aux souris sauvages (Dluzen coll, 1999) et sont moins sensibles aux effets
locomoteurs et hédoniques de la cocaine (Eattoll, 2003b). Finalement, chez 'Homme,
des marqueurs génétiques liés au locus du BDNEténdécrits et associées aux différences
individuelles dans la vulnérabilité a I'abus deypmibstances (Liet coll, 2005a, Uhkt coll,
2001).

4.3.4. BDNF et troubles anxio-dépressifs

Durant la derniere décennie, des perturbations adeplésticité cérébrale ont été
soulignées dans un nombre significatif de trouldgchiatriques dont la dépression majeure
(D'sa et Duman, 2002), les troubles bipolaires ({Mancoll, 2000), les états de stress post-
traumatique (PTSD post-traumatic stress disord@&neriner et coll, 2008), l'anxiété
généralisée (Kalueff, 2007, Martinowicht coll, 2007) et les troubles obsessionnels
compulsifs (OCD : obsessive-compulsive disorderjay{dr et Liberzon, 2007). Les
phénomenes de plasticité neurale doivent étre wposial’hui comme un processus adaptatif

permettant au cerveau de réaliser les changememhologiques et fonctionnels nécessaires
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au sujet pour répondre de facon adéquate a unét&ate signaux complexes provenant de
différentes régions cérébrales, du systéme nerpétighérique et de I'environnement. Ainsi,
les altérations de ces processus pourraient affantéarge spectre de fonctions cérébrales et
pourrait étre un facteur étiologique menant a @t pathologique, en particulier a certains
troubles neuropsychiatriques.

En particulier, en ce qui concerne les troubleseanxet la dépression, on peut signaler
gu’une diminution du niveau de BDNF a été carasé&ichez des patients dépressifs dans
une étudepost-mortem(Chen et coll, 2001). De plus, plusieurs études ont trouvé une
diminution des taux sanguins de BDNF chez les d8ffeetandis qu’un traitement aux AD
semble rétablir les niveaux de BDNF au niveau dei deouvé chez des sujets sains.
Cependant ces résultats ne sont pas toujours caHi(Leeet coll, 2007, Shimizwet coll,
2004), si bien que I'on peut s’interroger sur latipence de ces données. Par ailleurs, un
polymorphisme dans la région codante du gene duBNi produit du pro-BDNF avec soit
de la méthionine soit de la valine en position &6été associé a plusieurs troubles de
I'humeur. Fait intéressant, ce polymorphisme estlefgent associée a d'autres troubles,
notamment I'anxiété pathologique (Chetncoll, 2006, Honget coll, 2003c, Hwanget coll,
2006, Jianget coll, 2005), les OCD et les troubles de I'alimentaton,sont tous traités avec
succes par des antidépresseurs (ketadloll, 2003a, Hemmingst coll, 2007, Lebruret coll,
2006). Néanmoins, ici aussi, la littérature offre mombre non négligeable de résultats
contradictoires (Hongt coll, 2003b, Hwanget coll, 2006, Schumachet coll, 2005, Seret
coll.,, 2003, Tsaiet coll, 2003). En outre, récemment Chen et coll en 20ti6généré des
souris knock-in pour le géne BDNF humain avec kaliele Val66 soit I'allele Met66. Les
souris BDNFMet/Met ont reproduit plusieurs phénetymui rappellent ceux associés a ce
polymorphisme chez 'homme. En particulier, les rsotBDNFMet/Met présentent une
diminution du volume de I'hippocampe, une augmeéonasignificative des comportements
de type anxieux dans plusieurs tests comportementtu une résistance aux effets
anxiolytiques de la fluoxétindChen et coll, 2006). Ainsi, tout comme pour l'étude
précédente, I'utilisation de modeles animaux perdegbporter des indications utiles quant a
limplication du BDNF dans les troubles anxio-dégsiés. Etant donné que le stress est une
cause principale capable d’induire des troubles|'liemeur, des paradigmes basées sur
'application de stresseurs ou de ses médiateurmdmaux ont été utilisés comme modele
animaux des troubles affectifs (Fuchs et Fliuggeg06?2 Santarelliet coll, 2003, Willner,
1986).Ces modeles peuvent eux aussi contribuer a éclamgiication du BDNF dans ces

troubles affectifsEn effet,'administration de corticostérone ou I'expositidlanimaux a des
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stress aigus ou chroniques induisent une diminwtehexpression des transcrits d’ARNm du
BDNF et du taux de BDNF, en particulier dans I'eppmpe (Murakanet coll, 2005).

Par contre, des résultats divergents ont émegads avec des souris génétiquement
modifiees pour le gene du BDNF. Les souris KO luggotes (+/-) pour le BDNF, qui
présentent environ moitié moins de BDNF dans lgezar que les souris sauvages, présentent
différentes altérations (changements dans le volimppocampique, dans l'arborisation
dendritique, dans le systeme monoaminergique, pyiagie, obésité, hyperactivité,
agressiviteé, perturbation de la potentialisatiotorgg terme, déficit d’apprentissage) mais
aucune d’entres elles n'est en relation directec awe éventuel état de type dépressif ou
anxieux (Bartolettiet coll, 2002, Cheret coll, 2006, Chourbajet coll, 2004, Deltheilet
coll., 2007, Duaret coll, 2003, Guiarcet coll, 2008, Hallet coll, 2003a, Halkt coll, 2003b,
Kernie et coll, 2000, Linnarssoet coll, 1997, Liuet coll, 2004a, Liuet coll, 2004b, Lyons
et coll, 1999, Macqueeast coll, 2001, Montkowski et Holsboer, 1997, Ren-Pattesstoroll,
2006, Saarelainest coll, 2003, Sayloet coll, 2006). De la méme maniére, un modele murin
utilisant la méthode du knock-out inductible daasckrveau antérieur ne produit pas de
comportements « dépressif-like » chez les souriséesu (Monteggiaet coll, 2004). Par
contre, des délétions conditionnelles postnataleBRINF dans le cerveau antérieur induisent
une augmentation des comportements anxieux daestleles boites claire/obscure (Rets
coll., 2001) ainsi qu'une augmentation de l'immobilitéind le test de Porsolt mais
uniquement chez les femelles.

Ainsi, une relation entre BDNF et troubles anxéprkssifs est clairement établie a
travers ces études. Néanmoins, I'existence d’'undeusal entre les changements de niveau
de BDNF et I'apparition de ces troubles parait éantétant donné le nombre relativement

élevé de résultats contradictoires.

4.3.5. BDNF et les effets des ADS

Il a été constaté récemment que les réponses ctammntales produites par les
antidépresseurs dans le test de la nage forcéesgpptimées chez les souris hétérozygotes
pour le géne BDNF ainsi que chez des souris dordigaalisation du TrkB est inhibé
(Saarelaineret coll, 2003). Ces observations ont par la suite étéircoéés avec des souris
KO inductibles ou conditionnelles pour le BDNF ddascerveau antérieur (Montegget
coll., 2004, Monteggiaet coll, 2007). Ces données suggérent que l'augmentagota d

signalisation du BDNF est nécessaire pour l'effiigades antidépresseurs, au moins dans des
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modeles animaux. De plus, la signalisation du B3Nmble étre suffisante pour induire cette
action, comme le montre le fait que l'injectionedie de BDNF dans le cerveau médian ou
dans I'hippocampe induise des effets de type grdsifs (Duman et Monteggia, 2006). En
outre,in vitro 'augmentation de la signalisation de TrkB, prddsipar la sur-expression du
gene du TrkB, induit une action similaire aux effahtidépresseurs (Koponencoll, 2005).

On peut du reste noter que les effets des antigdggues et de la surexpression de TrkB ne
sont pas cumulatifs.

La signalisation normale du BDNF pourrait étre &ola nécessaire et suffisante pour
l'action des ADs. L'équipe de Castrén a découvédemment que des antidépresseurs
agissant par différents mécanismes stimulent Vatibn des voies de signalisation liées au
BDNF/TrkB dans I'heure qui suit I'administration e substance (Castrezt coll, 2007,
Rantamaket coll, 2006).

Apres plusieurs jours de traitement, la quasi-tétales thérapies antidépressives, y
compris les électrochocs et les pharmacothérapesne les antidépresseurs et le lithium,
augmentent I'expression de 'ARNm du BDNF dangpbcampe et dans le cortex (Duman et
Monteggia, 2006, Nibuyat coll, 1995, Russo-Neustadt coll, 1999, Saarelaineat coll,
2003, Tsankoveet coll, 2006). Ainsi, tous les antidépresseurs, indépanaent de leur
mécanisme d'action primaire, ont en commun la déepakactiver rapidement les voies de
signalisation du TrkB et d’'induire une augmentatthmable de la production de BDNF. Le
BDNF, lui-méme, quand il est administré ou quandslgnalisation BDNF/TrkB est
génetiquement augmentée, est capable d’induirefiets antidépresseur-like dans plusieurs
tests comportementaux (Koponenh coll, 2005, Shirayamat coll, 2002, Siuciaket coll,
1997).

Sachant que la voie de signalisation principaleTckB implique la voie des MAP
kinases (Mitogen-activated protein kinase ou ER&xtracellular signal-regulated kinase), il
a été suggéré que celle-ci soit le substrat déet'ehtidepresseur-like du BDNF. Néanmoins,
la phosphorylation dépendant de la tyrosine du TinkBite par les antidépresseurs active non
pas la voie des MAP kinases mais celle de la plogase-G (gamma) et mene a la
phosphorylation du CREB (cAMP-released element ibopdprotein), un facteur de
transcription dirigeant I'expression de nombreureg

Une étude a révélé gue le stress et/ou les traitesnamtidépresseurs le réle excercent
un effet sur le remodelage de la chromatine (Tsemket coll, 2006). En effet, des
remodelages de la chromatine, telles que la métbglau I'acétylation des sous-unités des

histones qui enveloppent TADN chromosomique, régul'activité de transcription des genes
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en facilitant ou non l'ouverture de la chromatingar conséquent l'acces au promoteur des
complexes multiprotéiques d’initiation de la tramsiton. En particulier, cette étude a indiqué
gu’'un modele chronique de dépression basé surftateléociale chez la souris produit une
méthylation a long terme de sous-unités d’histanésur de régions promotrices du géne du
BDNF dans [I'hippocampe ; cette modification estrélgre avec la répression de la
transcription du gene du BDNF. Cela suggére questiess chronique peut marquer
durablement la répression du gene du BDNF, au mainsois apres I'arrét de I'application
de l'agent stressant. Le traitement chronique @ptesseur est capable de reverser les effets
comportementaux de la défaite sociale ainsi qua deminution de I'expression du BDNF.

Néanmoins, il convient de noter que le traitemeermigit sur I'expression du BDNF
non pas en reversant le méthylation décrite plug heais en agissant par le biais d'un autre
mécanisme : I'acétylation de cette méme sous-usiéqui va faciliter I'ouverture de la
chromatine. Ainsi, bien que l'imipramine (I'antidépseur utilisé dans I'étude) rétablisse le
niveau d’expression de 'ARNm du BDNF réprimée leastress social, il s'agissait d'un effet
de compensation au niveau de la chromatine et pamt’une réversion stricto sensu.

Le traitement antidépresseur chronique induit plus changements dans la plasticité
du cerveau antérieur chez le rongeur (Castren,&0Ddstren, 2004b, Castrehcoll, 2007,
Chen et coll, 2001). En effet, les électrochocs et les antiggg®urs augmentent la
neurogenése hippocampique et le turnover des nesirgmanulaires dans I'hippocampe
(Sairanen et coll, 2005, Warner-Schmidt et Duman, 2006). Lorsquen&urogenese
hippocampique est empéchée, les réponses compottdete aux antidépresseurs sont
supprimées (Santarebi coll, 2003). Bien que la signalisation du BDNF ne senas jouer
un réle direct dans la neurogenése induite paamtisiépresseurs, elle est nécessaire pour la
survie a long terme des nouveaux neurones graeslippocampiques (Sairanen coll,
2005). En plus de la neurogenese, les traitememgsentent I'arborisation dendritique dans
I'hippocampe, et cet effet est atténué chez legssayant des niveaux réduits de BDNF dans
le cerveau (Vaidyaet coll, 1999). En outre, les traitements antidépresstawsrisent la
maturité morphologique des nouveaux neurones etentgnt la synaptogénése dans de
nombreuses régions de [I'hippocampe (en particdkerrégion CA1l) dépourvues de
neurogenése (Hajszaat coll, 2005). Il a été observé récemment que le traiéme
antidépresseur chronique induit I'expression dadaticité liée a certaines protéines, comme
la CREB phosphorylée et les molécules d'adhésisncdliules neurales, en particulier dans
I'hippocampe et le cortex préfrontal (Sairaretncoll, 2007). L’ensemble de ces données

suggere que le traitement antidépresseur induitaugenentation relativement importante de
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la plasticité neuronale, au moins dans l'hippocanijpemesure dans laquelle cet effet est
tributaire de la signalisation du BDNF reste a étterminée.

Ainsi, contrairement aux données concernant I'dafoa entre BDNF et troubles
anxio-deépressif, les études portant sur le lienecist BDNF et les effets antidépresseurs sont
plus convergents et le traitement de ces troubtasrait nécessiter un renforcement de
'activité du BDNF. Néanmoins, des évidences desctlans des modeéles chroniques de
dépression ainsi que des confirmations cliniqueserd a établir. En outre, Berton et coll
(Berton et coll, 2006) (2006) ont montré que le modele de défsdteiale induisait une
augmentation de BDNF dans l'aire tegmentale veatedlqu'un knockdown du BDNF dans
cette région induit par un vecteur viral généresffat antidépresseur. Ainsi, une implication
du BDNF dans les troubles anxio-dépressifs et aoson antidépressive apparait bien plus
complexe qu’une simple diminution ou augmentationniveau de BDNF dans le cerveau

total.

5. Les modeéles animaux

Les modéles animaux de maladies psychiatriquesnmént saisir divers aspects de la
pathologie humaine, comme les changements physipleg et comportementaux qui
surviennent dans ces désordres, I'étiologie de ddadie et les effets des interventions
thérapeutiques. Selon McKinney (Mckinney, 1984)s Imodeles animaux sont «des
préparations expérimentales développées dans upecegsdans le but d'étudier les
phénomeénes qui se produisent dans une autre esjiZaes le cas des modeles animaux de
psychopathologie, les chercheurs essayent de gperlales syndromes chez les animaux
ressemblant aux symptdémes humains. Plus tard,reaauteurs comme Willner (Willner,
1991) ont proposé des criteres supplémentaireteguaodeles animaux doivent remplir. Les
modéles devraient avoir unalidité de face(isomorphisme), unealidité de prédiction
(corrélation pharmacologiques), et wadidité de constructioffHomologie et similitude dans
les mécanismes neurobiologique). Actuellement, déhsde des pathologies psychiatriques,
le critere de validité de construction est congidé@@mme ayant une valeur heuristique, parce
gue les changements neurobiologiques qui condugséanxiété ou a la dépression doivent
encore étre élucidées. Par conséquent, ce criséreoasidéré comme souhaitable, mais pas
essentiel (Cryaet coll, 2002). Ainsi, I'idéal pour qu'un modele soit phacde la pathologie

humaine serait qu’il soit basé sur des causes iglerg, qu’il induise des profils des
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symptémes similaire et qu’il soit sensible aux meértraitements que ceux qui sont efficaces
dans la pathologie humaine.

En ce qui concerne les modeles animaux de dépressid’anxiété pathologique, ils
doivent prendre en compte entre autres le phénonh&ige-occurrence entre les symptémes :
par exemple, des troubles du sommeil, de l'agmatide lirritabilité, une difficulté a se
concentrer, la perte de contrble, la fatigue, larpet la détresse se trouvent dans les deux
pathologies. En effet, la comorbidité des troulalesieux et dépressifs est la régle plutdét que
I'exception (Kaufman et Charney, 2000, Nemeroff02@t il est avéré qu'un grand
pourcentage des patients souffrant de dépressiésement également des symptomes
anxieux ; De plus, la plupart des antidépressexigtamts atténuent avec succes l'anxiété en
tant que composante de la dépression (Nelson, 1999)

5.1. Modéliser la dépression

Le diagnostic de la maladie dépressive repose peesgclusivement sur |'observation
des comportements et des relations interpersosnallesi que sur des sentiments subjectifs et
des appréciations rapportées par le patient (AmerRsychiatric Association, 2000). Il est
difficile de développer un modele idéal des trosldépressifs chez I'animal, puisque que la
maladie humaine peut comporter des aspects spgémifignt humains. En particulier, les
symptémes typiques des patients déprimés, comméclarence des idées de suicide ou de
mort ainsi qu’'un excés de pensées de culpabilitd, inpossible a modéliser chez I'animal.
La création et la validation des modeles animaug dwladies psychiatriques ont été
difficiles, principalement en raison de la natuo®jective des symptdomes a modéliser. C’est
par exemple le cas de la tristesse. De plus, ononeait pas toujours avec précision les
facteurs étiologiques de ces pathologies.

Les premiers modeéles d'états dépressifs chez lesaar étaient basés sur des
expeériences de séparation maternelle infantile ceszprimates non humains (Jesberger et
Richardson, 1985). Chez les rongeurs, la manimuatie I'environnement autour de la
naissance, tels que le stress prénatal et la $&paraaternelle, produisent des changements
comportementaux qui persistent méme a l'age adeéteui modélise un facteur de risque
pour ces psychopathologies (Sanchaeeoll, 2001).

Une autre approche pour simuler le comportementaimuatans un état dépressif chez

les animaux est la résignation acquise (learnepldssdness model). Initialement décrite chez
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des chiens soumis a des chocs électriques inégtgBleligman et Maier, 1967), ce modele
induit des altérations comportementales et neulodiigques voisines de celles existant dans la
dépression. Ce modeéle a donc été utilisé danduee® sur la «dépression» chez la souris et
le rat (Nestleret coll, 2002b, O'neil et Moore, 2003). Plusieurs limitesce modele ont été
mentionnées comme la difficulté de reproduire lemséquences d’'un choc électrique
plantaire entre laboratoires (Vollmayr et Henn, PO& les inconvénients sur le plan éthique,
qui rendent son utilisation difficile dans un certaombre de pays (O'neil et Moore, 2003).

Un certain nombre de modeles de comportement @t a explorer la dépression
en manipulant les relations sociales chez les amim@n peut évoquer ['utilisation de la
perturbation psychosociale comme facteur déclenctianstress (Blanchard et Blanchard,
1990). Un exemple de cette approche est le sti@smique chez le méale Tupaia adulte
(Tupaia belangeri) qui consiste a faire vivre ummah subordonné en présence d’'un animal
dominant, les deux étant séparés par une cloisorevpermeéable aux odeurs. Cette situation
représente une condition valable pour étudier Impmtement ainsi que les changements
neurobiologiques et endocriniens qui sous-tendémblution des troubles liés au stress et a la
dépression (Fuchs et Flugge, 2002)

Dans le cas spécifigue des modéles animaux deblésysychiatriques comme la
dépression chez le rongeur, il est souhaitablelgumrodéle induise des traits pathologiques
mesurables a long terme et de fagon durable. Caepgndans la pratique, les chercheurs
utilisent souvent des tests qui permettent d’évalles phénoménes ponctuels ; le terme
modele est alors employé par beaucoup d’auteursdhie les situations utilisées soient des
bio-essais plutét que des modéles de pathologiatilidation du terme « modéle » est dans
ce cas probablement un abus de langage. On cogstEtpar exemple dans des cas ou les
effets d’'un AD ont été observés dans le test estgureapres injection aigue.

Dans ce document, on parlera de modele quand l&raora subi un certain nombre de
manipulations expérimentales (manipulation génétigstress survenant au cours du
développement du sujet, manipulation pharmacolagigtress chronique chez I'adulte, etc.)
aboutissant a certains changements phénotypiquablds qui pourront étre détectés a l'aide
de certains tests. On appellera «test» une puoeédui permet de déceler un effet
pharmacologique, sans que ce test ne mesure néepssa des comportements homologues
a ceux que I'on observerait chez un humain subigeanéme traitement.

Il existe plusieurs tests permettant d’évalleephénotype dépressif, comme le test de la
nage forcée, celui de la suspension par la queld,de la préférence au sucrose, etc. lls sont

détaillés ci-dessous.
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5.1.1 Tests du phénotype dépressif-like

5.1.1.1. Test de la nage forcée

Ce test crée par Porsolt (Porsstlicoll, 1977a, Porsokt coll, 1977b) a été tres utilisé
classiqguement dans I'étude de la pharmacologieaddépression surtout en raison de sa
rapidité d’utilisation, de sa facilité de mise emvoe et de sa reproductibilité. Ainsi, les
animaux sont placés dans un bocal de verre rerigaudi’'une température comprise entre 23
a 25°C et dans lequel ils restent pendant six regivAinsi, les animaux sont mis dans une
situation de laquelle ils ne peuvent pas échapgans un premier temps, ils vont se débattre
de fagon vigoureuse jusqu’au moment ou ils vonindbaner cette stratégie et se laisser
flotter (immobilité), un comportement qualifié demsportement de « désespoir ». Ce test
permet ainsi d’évaluer les effets de certains ABsrgolt, 1997, Porsolet coll, 1977a,
Porsolt et coll, 1977b) puisque ces composés réduisent ce commpamted immobilité.
Cependant, il existe plusieurs limites tel quedi due ce test a été validé avec des animaux
non pathologiques et que l'efficacité des subswmrest généralement observée apres un
traitement aigu alors que les traitements chezfilh@ ne sont efficaces qu’apres plusieurs

semaines. Un exemple de dispositif est présentéefig.

Figure 7. Dispositif du test
de la nage forcée
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5.1.1.2. Test de suspension par la queue

Ce test de suspension par la queue est égalemestaniard en pharmacologie du
comportement dépressif (Steeticoll, 1985). De la méme facon que pour le test de d¢g na
forcée, on peut considérer ce paradigme comme h permettant d'évaluer les
comportements dépressifs-like. Les protocoles mésétativement similaires d’un laboratoire
a l'autre, avec des variations de procédures maselEn général, I'animal est accroché par la
gueue pendant environ 6 minutes, et on quanti§igéiodes d'immobilité (interprété comme
des périodes de résignation). Les limites et lexlogions que I'on peut tirer de ce test sont
les mémes que celles formulées pour la nage fo@erains auteurs s’accordent a préférer ce
paradigme car il serait moins « stressant » quedge forcée. Bien que I'eau soit un élément
trés aversif pour les souris qui sont des animawestres (Whishaw et Tomie, 1996), peu
d’'informations permettent cependant de confirmed@firmer cette conjecture. Un exemple

de dispositif est présenté figure 8.

Figure 8. Dispositif du test de suspen sion par la
queue

5.1.1.3. Test de préférence au sucrose

Ce test repose sur les observations faites chearlile qui montrent la présence
d’'une anhédonie dans les pathologies dépressig. Willner a été l'un des premiers a

introduire et valider ce test comme « détecteutum domportement mimant la dépression
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chez le rat. Les animaux peuvent accéder a deueities de liquide. L’'une contient de I'eau
ordinaire, I'autre contient une solution sucrée.g@nt ainsi comparer la préférence gustative.

Apres un stress chronique, la préférence pourllgiso sucrée est en général réduite
(Forbes et coll, 1996, Willner et coll, 1992, Willner et coll, 1987). L’administration
chronique, mais pas aigué, d’antidépresseurs pelimetrsion de ces effets (Monleoset
coll., 1995, Willneret coll, 1987). Ce test peut se révéler conceptuelleméitdadl dans son
interprétation et sa mise en place (Weiss, 1997 yé$lication semble problématique (Cryan
et Mombereau, 2004). L'expérimentation peut, makpe apparente simplicité, étre I'objet
de variations qui pourront entrainer des difféerenbe résultats comme la facon de placer les
bouteilles, la concentration en sucrose, la dutétest (quelques heures ou tout au long de la
journée), le moment de la journée (pendant la dérid'activité ou non), etc. Le concept
d’anhédonie est en lui-méme discutable. Il seiffitide de différencier «l'anticipation de la
stimulation plaisante», la « sensation de plaisirta « conscience du plaisir » (Berrios et
Olivares, 1995). De plus, bien que I'anhédonie shiservée chez une portion élevée de
dépressifs, c'est également le cas dans d'autresblés psychiatriques comme la
schizophrénie et le désordre bipolaire (Silverstd®®1). L'utilisation de sucrose peut aussi
induire en erreur : I'attrait des animaux ne conegpeut-étre pas I'aspect de plaisir du goUt
sucré, mais plut6t I'attrait pour I'aspect calogguC’est pourquoi certains auteurs utilisent de
la saccharine, sans calorie. Cependant, des tramdiguent que ces deux phénomenes sont
indépendants (Willneet coll, 1996).

5.1.2. Les modéles empiriques

Il s’agit de modeéles qui ont été fondés non paseatant d’'imiter I'étiologique de la
pathologie humaine mais sur I'apparition d’'un phgpe « dépressif » ou « antidepressif-
like ». Ainsi ces modeles empiriques ont I'inconieé de présenter peu de relation avec les
étiologies cliniques de ce trouble.

L’hypomotilité induite par l'administration de répine ou le traitement
antidépresseur néonatal (administration de clomipra) se basent sur une étiologie
pharmacologique, ce qui ne représente qu’'une poftidble des causes de dépression chez
’lhomme.

Le modele de récompense retardée consiste a apprames rongeurs a différer leur
appui sur un levier pour obtenir une récompenseir [prformance serait améliorée par

'administration des antidépresseurs. L’autostirtiata facilitée consiste a augmenter la

49



sensibilité des rongeurs a une procédure d’autatdiion de zones cérébrales de récompense
par administration des antidépresseurs. Bien qusugts dépressifs présent des perturbations
de leur réponse a la récompense, ces deux modelgspas de réel équivalent étiologique
chez 'homme.

Le modele de bulbectomie olfactive consiste a lésebulbe olfactif de rongeurs.
L'anosmie qui en résulte entraine des modificatimmnportementales (hyperactivité,
diminution de [Il'apprentissage d'un évitement passigression) assimilées a des
comportements de type dépressif et reversés paaitement antidépresseur.

Les modéles génétiques sont des lignées consasguindes lignées sélectionnées de
rats : souches Flinders sensitives (FSL), Fawn-lddo(FH) et Roman Low-Avoidance
(RLA) qui présent des caractéristiques physiologgjet comportementales proches de celles
observées chez les patients dépressifs. Cepemgantpuches sont sélectionnées initialement
pour un phénotype précis ou un gene unique ebnepas représentatifs d’une population
générale.

Les modeéles génomiques s’appuient quant a eux 'swalldation d’'un unique
caractére génétique (géne des récepteurs aux glticotdes, au CRF, géne du transporteur
de la sérotonine). Or, I'ablation d’'un gene unicpst rarement un facteur impliqué dans

I'étiologie d'un état dépressif chez 'Homme.

5.1.3. Le stress chronique léger imprédictible (Unpredictable Chronic Mild
Stress, UCMS)

Parmi les facteurs les plus puissants connus poovoguer ou déclencher des
épisodes dépressifs, on trouve les événementsatites(Kendleret coll, 1999, Kessler,
1997, Paykel, 2001) Le stress cause une perturbdgo'homéostasie de I'organisme, mais
seulement lorsqu’il est de longue durée ; il péotsaconduire entres autres a un déseéquilibre
des neurotransmetteurs cérébraux, a des dysfonetients neuroendocriniens, favorisant
I'apparition d’'une maladie psychiatrique comme &prssion et I'anxiété (Willnest coll,
1992, Yadidet coll, 2000).

Le modele dUCMS est basé sur l'exposition des aonkna des stresseurs
imprédictibles. Ainsi, ils sont soumis & une susm@s de stresseurs comme une légére
perturbation du cycle de lumiere-obscurité, I'hn@esnent sur de la sciure humide,
l'inclinaison de la cage, etc (Ducottet coll, 2004, Ducottet et Belzung, 2005, Mineair

coll., 2003, Willneret coll, 1992). Ces stresseurs sont dans tous les cashiie ihtensité et
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la caractéristigue fondamentale du protocole régggentiellement dans la chronicité et
limprédictibilité de l'application des stresseur$.faut noter que les caractéristiques de
'application des stresseurs peuvent varier d’'lnotatoire a I'autre (O'neil et Moore, 2003).

5.2. Les modeéles animaux d’anxiété

En ce qui concerne les modeles d’évaluation deiéad une distinction s'impose entre
anxiété normale et anxiété pathologique. En eff@txiété normale est une réponse a une
situation menacante ou potentiellement dangerqusaccompagne de nombreux aspects de
la vie quotidienne ; en revanche, l'anxiété patiigiee est une réponse inappropriée a un
stimulus externe ou interne. Compte tenu de ladgaomplexité des troubles de l'anxiété et
de la comorbidité avec la dépression, il sembleossfble de mettre au point un paradigme
expérimental qui modéliserait uniquement un trowrrieux particulier, comme les attaques
de panique, I'anxiété généralisée, etc (Shekbhaoll, 2001). La encore, la modélisation des
états pathologiques nécessiterait sans doute pesdisde sujets expérimentaux ayant subi un
certains nombreux de manipulations isomorphiquesligs contribuant a la vulnérabilité a
'anxiété pathologique chez I'Homme. Cependant,nbsuvent le terme de « modéles
animaux d’'anxiété » est utilisé a tort pour désigies tests d’anxiété normale, permettant de

révéler les effets de certains anxiolytiques.

5.2.1. Test d’anxiété normale

Chez les rongeurs, différents systemes de cat@gjorisont été proposés pour classer
ces tests. L'un des plus répandus est celui qusisttna séparer les tests fondés sur les
réponses inconditionnées de ceux fondés sur lesngép conditionnées. La premiere
catégorie est divisée en trois sous-groupes: ks teasés sur le comportement exploratoire
(par exemple, le labyrinthe en croix surélevé ozé&m et le test de la boite claire-obscure),
les tests basés sur le comportement social (tehtiraction sociale) et les modéles fondés
sur les réactions de stress somatique (par exetipyperthermie induite par le stress). Il
existe d'autres paradigmes qui ne rentrent pakefaent dans ces sous-groupes tels que les

batteries de tests d'anxiété/peur.

5.2.1.1.  Le labyrinthe en croix ou en zéro surélevé

Aujourd'hui, la majorité des études utilisant desdales animaux d'anxiété normale
sont des procédures basées sur le comportementlndis animaux. Parmi ceux-ci, le
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labyrinthe en croix surélevé est devenu I'un téstsomportement des plus populaires.(Lister,
1987, Rodger®t coll, 1997) . Sa popularité est principalement due sirdesons pratiques,
parce que ce test permet un dépistage rapide duntptanxiogene ou anxiolytique d’'une
substance ou de modifications génétiques. Le lathgien croix surélevé se compose de
deux bras ouverts et de deux bras fermés (figured@¥que I'animal est pris directement de
la cage, il explore les différents bras et le natbtal d'entrées dans chaque bras est compté.
Le comportement de peur se traduit dans cettetisitupar une inhibition de I'exploration des
bras ouverts. Les traitements anxiolytiques penmattde surmonter la peur, induisant une
augmentation des entrées dans les bras ouveris tanglles agents anxiogéniques ont |'effet
opposé. Malheureusement, dans ce test, les compote peuvent étre influencés par
différents facteurs comme, par exemple, la soutidiée, les conditions d’élevage, l'intensité
de la lumiere. Pour surmonter ces problemes, RedgerJohnson (Rodgers et Johnson,
1995) , ont développé une version "éthologique'cddabyrinthe qui consiste a inclure la
mesure de postures spécifiques (par exemple, Ugtah des risques) en plus des mesures
spatio-temporelle comme I'évitement des bras osivert

Il existe une version modifiée de ce test : le tatiie en zéro surélevé (Shephetd
coll., 1994). Il est similaire au labyrinthe en croixé&avée par le fait qu’il est aussi surélevé
et qu’il contient des zones fermées avec des niutssrégions ouvertes sans murs (figure 9).
Dans les deux cas, le rongeur montre une évictes zbnes ouvertes (Shepheatcoll,
1994). Néanmoins, le labyrinthe en zéro suréleésgnte plusieurs avantages par rapport au
labyrinthe en croix surélevée : il n'a pas de zoastrale qui peut conduire a des mesures
ambigues et il a une forme circulaire ce qui doanerongeur la possibilité d’exploration

ininterrompue.

Figure 9. Dispositif du labyrinthe en croix surélevée (a gauche) et en zéro surélevé
(a droite)
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5.2.1.2. Laboite claire-obscure

La boite claire-obscure se fonde également suroppesition entre une partie aversive
(boite vivement éclairée) et une partie plus ditraqboite obscure) (Belzurgt coll, 1987,
Crawley et Goodwin, 1980). Les deux cages sontoartliées par un tunnel. En général,
I'animal est observé pendant cing minutes. Un tempms importants dans le partie éclairée
est considéré comme un comportement de type adkétéUn exemple de dispositif est
présenté figure 10.

Figure 10. Dispositif du test de da boite claire-ob  scure

5.2.1.3.  Novelty-Suppressed Feeding Test (NSF)

Le NSF test consistait en une boite en bois de mBioes qui varient entre les
expériences et les différentes laboratoires comaneeyemple 33x33x30 cm (Surggtt coll,
2008) ou 50x50x20 cm (Santaredt coll, 2003) avec une lumiéere indirecte rouge. Le
plancher est couvert de sciure. Douze heures #easai, I'alimentation est retirée de la cage.
Au moment du test, une seule croquette de nowreat placée sur une plate-forme de papier
blanc placé au centre de la boite et I'animal ¢éstépdans un coin de la boite de test. La
latence mise pour commencer a consommer la creqestt enregistrée au cours des 3
minutes suivantes. Ce test induit un conflit mdtanel entre la motivation pour manger la
nourriture et la peur de s'aventurer dans le cedrdaréne. Ce paradigme est en mesure
d’évaluer les effets du traitement chronique a%Bs chez des souris stresses et non stresses.
Un exemple de dispositif issu de Surgetoll.(2008) est présenté figure 11.
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5.2.1.4. Testde l'interaction social

Le test de l'interaction sociale qui a été introduil'origine par File en 1985 (File,
1985). Il consiste a quantifier le nombre de cortggoents sociaux entre les animaux, dans
un environnement plus ou moins stressant (lumieréode ou faible intensité, nouveauté de
'arene dans laquelle se produit la rencontre,).etics’agit d'un modele de comportement
utile pour des essais de médicaments anxiolytigoeseffet, les anxiolytigues augmentent

généralement le temps passé dans les interactorases.

5.2.2. Modéeles pour I'anxiété pathologique

5.2.2.1. Exploration dans la boite de Hughes

Ce test a été décrit initialement par Hughes (Hagh®68). Il est réalisé a I'aide d'un
dispositif composé de deux secteurs séparés papaltss mobiles. Chaque secteur est
subdivisé en trois parties connectées par des tugsr(figure 12). Le rongeur est restreint,
avec de la nourriture et de la boisson, pendarite2des dans I'un des deux secteurs afin de
'habituer a cette partie du dispositif. Puis lesg@ge vers le second secteur inconnu est
permis. Les comportements observés concernentelgstives d’entrées dans le secteur
nouveau, le temps passé dans cette partie, legrepgtirées, les redressements dans chaque
partie et le nombre de transitions entre les degkesirs et a I'intérieur de chaque secteur. La
fréquentation du secteur inconnu est donc librenmarmise ici; il a été montré que
contrairement a ce qui se produit lorsque l'animestl contraint dans une aréne inconnue,
'exploration libre n'est pas stressante. En effés animaux ne présentent pas

d’augmentation de la cortisolémie dans cette sangiCigranget coll, 1986). Ainsi, ce test
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permet d’évaluer les comportements anxieux danssiination qui n’est pas stressante chez
des animaux normaux. Si toutefois les animaux ptésé un comportement néophobique,
comme c'est le cas avec certaines lignées de sourdpres certaines mutations, on peut dire
gue ces animaux constituent des modeles de patbslagxieuses, puisqu’ils présentent des
comportements anxieux dans une situation non aar®ghez le sujet normal. Il a été
proposé que cette anxiété excessive correspondecanportements survenant dans I'anxiété
généralisée chez 'Homme (Belzung et Griebel, 2001)

Figure 12. Dispositif de [I'exploration
libre

5.2.2.2.  Exploration libre en champs ouvert

Ce test est réalisé dans une aréne circulair@ima est introduit dans une cage connecté a
'arene et a la possibilité d'y entrer librementalene est souvent éclairée par une lumiere
rouge afin de proposer a I'animal une zone grandecennue, mais elle ne possede pas de
caractéristiques aversives, tout comme dans le destexploration libre. Les variables
observées sont similaires a celles enregistréssdi®ia procédure classique a I'exception de
la latence a entrer dans 'arene ainsi que des edpmpents d’évaluation du risque (Hughes
et Beveridge, 1986)

5.2.2.3. Batterie de tests de défense chez la souris (MDTB)

Le paradigme de la « batterie de tests de défdresela souris » (MDTB) utilise une
vaste analyse éthologique pour générer un praf pbmplet de comportement en fonction
du traitement (Blancharét coll, 1997, Griebelet coll, 1995). Il a été suggéré que les
comportements défensifs chez les mammiféres inférieonstituent un modéle efficace pour

la compréhension de troubles émotionnels (BlangH&#84). Les comportements défensifs se
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produisent en réponse a un nombre de stimuli mehagaompris les prédateurs, les attaques
des congénéres, et les objets ou situations damgeDe tels comportements peuvent
facilement étre étudiés chez les rongeurs qui reahtun large répertoire défensif face au
danger. Le dispositif utilisé est MDTB est une @istvale. Le MDTB se compose de cing
essais, baseés soit sur la confrontation avec umaceepotentielle (défense contextuelle) soit
sur la présence réelle d'une menace proximale &ty Cette derniere situation induit des
modifications du comportement de fuite, d'évaluatitu risque et de menaces défensives et
de comportements d’attaque, tandis que la prermdret des tentatives d’échappement.
D’une maniere générale, les composés anxiolytiqudastendance a diminuer les
comportements défensifs. Cependant, un point fertal modeéle est de générer différentes
réponses comportementales en fonction du type pasé anxiolytique utilisé (Blanchaed
coll., 1997). Ainsi, les BDZs diminuent I'évaluation degjues des animaux poursuivi par les

rats, les menaces défensives ainsi que les compamts d'attaque, tandis que les agonistes 5

HT1A affectent principalement la défense contexéyeles menaces défensives et des
comportements d'attaque. En outre, les inhibitdark recapture 5-HT et les antagonistes du
récepteur de la cholécystokinine B ont un impaus pinportant sur les réponses de fuite que
sur d'autres réactions défensives. Pris ensemideoploservations suggerent que I'évaluation
des risques, la fuite, les menaces défensiveszdegportements d’attaque et les tentatives
d’échappement refletent chacun différents aspectothportements anxiété-like.

Etant donné le répertoire comportemental affectécptie procédure, il a été proposé que ce
paradigme modele plus particulierement les attaggepanique (Belzung et Griebel, 2001,

Griebelet coll, 1995)

5.2.2.4. Modeles PTSD : Test d’exploration libre avec exposition a un chat

Un modéle animal valable du PTSD doit étre un modglginal d’'une expérience
traumatisante. Pour qu’'un stress soit percu commeéuwgnement traumatisant, il doit étre
incontrélable et imprévisible. En effet, la préhisté et la controlabilité déterminent
l'intensité et la gravité du PTSD ainsi que la ig¢asce voire I'aggravation des symptémes.
Parmi ces symptébmes, on trouve des modificationbgiques et comportementales a long
terme. Bien que le PTSD ait des dimensions psydmplies hors de portée d’'un modéle
animal, les modifications biologiques et comportetakes pourraient étre induites et
mesurables dans un tel modéle. Le modéle du PTO&Rule en mesure de simuler les effets

du traumatisme d'une origine exogéne et de traiterédiatement une expérience aigué ainsi
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gue les séquelles a long terme du traumatisme.y@e de modele est donc basé sur
I'exposition des rongeurs a des prédateurs naturels

Un exemple de modele de PTSD est une version ndéedifu test d'exploration libre
(Griebel et coll, 1993) dans lequel est évalué le comportementsdeds a la suite d'une
exposition a un chat ou alternativement a des fdeeshats (Belzungt coll, 2001). Environ
20 h avant l'exposition au chat, la souris estg#atans une des deux moitiés d'un dispositif
similaire a la boite de Hugues. Le dispositif sempose d'une boite de PVC (30 x 20 x 20
cm) recouvert de plexiglas et subdivisé en sixésamgxploratoires de taille égale, qui sont
toutes reliées entre elles par de petites entiépsut étre divisé en deux dans la longueur
avec trois compartiments de chaque c6té. De cettriare, la souris va se familiariser
pendant 20h & une moitié du dispositif. Le sol elitecmoitié est couvert de sciure et I'animal
a un acces illimité a la nourriture et l'eau. Etesuia souris va étre placée dans un dispositif
ou elle sera confrontée a un chat pendant 5 minuéeshat est placé dans une cage de PVC
(82 x 56 x 62 cm) divisé en deux compartiments, dontenant le chat, dans l'autre est placée
la souris. La séparation se compose d'une pargpeaente avec des trous permettant au chat
de passer ses pattes de l'autre c6té. Apres lesseairremise dans le dispositif initial avec la
possibilité de réaliser une exploration libre dempartiments non familiers, dans lesquels se
trouve un stimulus rappelant le traumatisme (crddechat) ou un stimulus neutre (patte a
modeler). Certains comportements d’évitements mé¢ glservés que chez les animaux preé-
exposes au chat et aux féces de chat ; ils sermdsntiés a des comportements ressemblant
a ceux des sujets PTSD.
D’autres modéles animaux de stress post-traumatigoat aussi utilisés comme de brefs

chocs électriques avec des expositions répétésedituations de rappel chez la souris.
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Objectifs de la these

Comme nous l'avons vu, le BDNF est impliqué dange womultitude de fonctions
essentielles pour la fonction et la survie des owes. De ce fait, il est impliqué directement
ou indirectement dans de nombreux circuits cérébigqui sont associés a des fonctions
supérieures et complexes comprenant notamment lads t psychologiques et
comportementaux d’un individu. Des perturbationd'aetivité du BDNF pourraient, au-dela
de certains dysfonctionnements cellulaires, con¢rila la mise en place de processus néfastes
a l'origine de troubles du comportement ou de tlesilaffectifs. Ainsi, il été suggéré que des
altérations de l'activite du BDNF soient a l'originde maladies psychiatriques et
particulierement des troubles anxio-dépressifs.

Au cours de ce travail, nous avons donc voulu pegdia relation entre le BDNF et
'apparition des troubles anxio-dépressifs ainse gon implication dans [l'efficacité des
traitements antidépresseurs. Pour cela, nous aitise différents modeles d’anxiété et de la
dépression chez la souris. Nous avons privilégiélisation de modéles éthologiques et
inconditionnés puisque ces derniers présentent plng grande validité de face et de
construction. En outre, nous avons choisi d'étudiette question en utilisant deux types
d’approches difféerentes et complémentaires :

- une approche corrélationnelle, en étudiant l'asgimn entre un
polymorphisme du gene BDNF et le phénotype des amm

- une approche «Iésionnelle », par la délétiomndaliele du gene BDNF

(utilisation de souris hétérozygote BDN(P.

En effet, différentes approches sont nécessairas gécrire comment des genes ou des
facteurs environnementaux contribuent a des tpmyshologiques ou a des comportements
complexes. Dans ce contexte, les lignées de samsanguines fournissent un outil
appréciable pour évaluer I'influence des genedestwnctionnement normal et pathologique
du cerveau grace a leur isogénicité (individu géunément identique). Une large
hétérogénéité phénotypique a été décrite parmiigeses pour plusieurs comportements. I
n'est donc pas impossible que certaines de cedreliftes soient causées par I'existence de
variants alléliques du gene BDNF. Dans un prengigpis, notre but a donc été de rechercher
un éventuel polymorphisme fonctionnel dans la négiodante du gene BDNF dans six
lignées de souris consanguines (A/J, BALB/c, C3bI7/EBL/6, CBA et DBA/2) parmi les plus
utilisées dans la recherche. Ayant constaté umpailghisme Leu32Met, notre objectif a été
d’examiner le phénotype de ces souris en foncties whariants alléliques dans plusieurs
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mesures : expression hippocampique du BDpiGids, comportement alimentaire, activité
locomotrice, anxiété, apprentissage et mémoirel@).

Dans un deuxieme temps, notre but a été d’exaniimeplication du polymorphisme
Leu32Met dans la survenue d’'un syndrome dépreksifdhez des souris confrontées au
modele de dépression UCMS ainsi que son implicatians I'action des ADs. Dans cette
optique, nous avons tenté d’'identifier des ligrneassibles a plusieurs types d’altérations dues
a 'UCMS ainsi qu’a leur réversion par un traitemantidépresseur. Des souris provenant de
sept lignées différentes (A/J, BALB/c, C3H, C57BL/6BA, DBA/2 et FVB) ont été
exposees a un régime de 9 semaines de stressqiieoApres 4 semaines, les souris ont été
traitées quotidiennement soit au sérum physiolagighaCl 0.9%) soit a l'imipramine
(20mg/kg/jour, ip). Les effets de 'UCMS et du teament ont été évalués par des mesures
physiques (état du pelage, poids) comportementaieselty-suppressed feeding test et
actimetre) et neuroendocrines (taux fécaux de roéteb de la corticostérone) (articlg 2

Enfin, dans un troisitme temps, nous avons cheeclaéterminer le réle du niveau
d’expression du BDNF dans la vulnérabilité au strebronique et dans l'action des
antidépresseurs. Pour cela, nous avons utilis&alass hétérozygotes BDNF qui ont une
expression monoallélique du BDNF (diminution de 50%aaux d’expression de la protéine).
Des souris sauvages BDNFE et des souris hétérozygotes BDKFont été exposées a un
régime de 8 semaines de UCMS et, apres les 2 mesrséemaines de UCMS, a un traitement
de 6 semaines a I'imipramine (20mg/kg/jour, ip)etat du pelage, le poids, la consommation
de nourriture, I'activité locomotrice, I'agress#i{resident/intruder test), le niveau d’anxiété
(novelty-suppressed feeding test) et de résignaftest de la queue suspendue), la
concentration de corticostérone plasmatique et ilean d’expression de BDNF dans
I’hippocampe ont été évaluées (articje 3

Dans le présent manuscrit, les résultats seront gogsentés sous forme de ces 3 articles.
Etant donné que la méthodologie employée est désaigneusement dans chacun de ces
articles, nous n’avons pas rédigé de partie « Matér méthode » spécifique au manuscrit de
these, pour éviter les redondances. Apres lesidesiton trouvera une discussion générale
qui fera une synthese des conclusions que l'on pitkgr de I'ensemble de ces 3
contributions. Enfin, comme jai aussi participé’autres études en cours au laboratoire, j'ai
mis les autres articles rédigé en Annexes, pergantcela permettrait au lecteur d’avoir une

idée de I'ensemble de mon travail.
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Article 1 - Association of a mouse BDNF
polymor phism (Leu32M et) and the behavioral
phenotypesin six inbred strains

Dans cet article nous avons recherché et trouymlymorphisme (Leu32Met) dans la région
codante du gene BDNF dans six lignées consanguwaesouris. En autres, nous avons
examiné le phénotype et en particulaire le compweteé anxieux en fonction des variants

alléliques.
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Abstract

Clinical correlates as well as basic research pexvi accumulative evidences for an
involvement of the Brain-Derived Neurotrophic FactBDNF) in several complex
behavioral traits. Inbred mouse brain surveys destnated obvious phenotypic differences in
various measures and behaviors. Taken togethisrpitssible that variations in BDNF gene
account for these differences. Hence, the aimedi®tudy was first to investigate functional
polymorphisms of the moudednf gene in six inbred mouse strains (A/J, BALB/c, C3H
C57BL/6, CBA, and DBA/2). We reported a single matide polymorphism (SNP) of the
mouse BDNF gene which induces an amino acid substit (Leu32Met) at codon 32 in the
prodomain of the precursor BDNF protein. We furtBeamined whether this polymorphism
could affect the behavioral phenotypes of theseemhbmouse strains. While thiednf
Leu32Met polymorphism was not found to be assodiatéh body weight, food intake,
locomotor activity, learning or memory, the alleticstribution among strains significantly
paralleled with anxiety-related behaviors. Indesthins carrying Met allele displayed greater
propensity to elevate anxiety level. A precise wsial of the data highlights a specific
contribution of this polymorphism in neophobia atrdit anxiety. Finally, our findings
suggest that the bdnf Leu32Met polymorphism cartrimrie to the behavioral inter-strain

differences and support a role for BDNF in anxiety.
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I ntroduction

Brain-derived neurotrophic factor (BDNF) is invotien a variety of neural processes and
brain functions which may impact complex behavigoakenotypes. Indeed, accumulative
evidences suggest that BDNF plays a role in fooaki (Lebrunet al, 2006, Ungelet al,
2007), activity (Kentet al, 2005, Tapia-Arancibiat al, 2004), social interactions (Taylet
al., 2008), drug addiction (Tsai, 2007), learning ameimory (Tyleret al, 2002), as well as in
mood and emotional reactivity (Martinowicht al, 2007). Because alterations of these
behaviors have frequently been associated with ahdhtesses, current research focuses on
BDNF dysfunction as a putative primary cause uryileglpsychiatric disorders.

Accordingly, thebdnfgene is attracting much interest as a putativelidate gene involved
in behavioral disturbances. Studies based on taggetvalidation of thebdnf gene in mice
brought some informative evidences suggesting amlvement of BDNF in complex
behavioral traits. For example, heterozygbdsf*~ mice which have roughly half reduced
levels of BDNF display various significant behawaldisturbances including hyperphagia and
obesity (Lyonset al, 1999), hyperlocomotion (Kernigt al, 2000), aggressiveness (Lyogis
al., 1999) as well as learning and memory deficiteiflarssoret al, 1997). Moreover, these
results were corroborated by a clinical case repbi monoallelic expression of theinf
gene which was associated with increaaddibitum food intake, severe early-onset obesity,
hyperactivity and cognitive impairment (Grayal, 2006).

Nevertheless, other research approaches are rédqaicescribe all genetic components and
environmental factors contributing to complex bebeat traits. In that context, the
isogenicity of inbred mouse strains provides analnable tool for investigating gene-
environment interactions. Large phenotypic diffees have been described among inbred
mouse strains in various measures and behavioenv€y et al, 1997). These differences
might also be explained by variations of thénf gene in particular strains. Hence, we
analyzed the sequence of the coding region of BIMNKix inbred mouse strains (A/J,
BALB/c, C3H, C57BL/6, CBA and DBA/2) and reported unique single nucleotide
polymorphism (SNP) responsible for a Leu32Met suligin in the pro-domain of BDNF
(recently registered with dbSNP number rs275243W8). next examined the phenotype of
these mouse strains for various physical (body kigigind behavioral measures (free
exploratory paradigm, splash test, food intakeineeter, social learning of food preference,
as well as reviewed results in the elevated zerpelnaWe here report several strain
differences and evidences for a putative Leu32Méyrporphism association with anxiety-

like behaviors.
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Materials and methods

Animals

Male mice from six inbred strains: A/J obtaineanir Harlan (Gannat, France) and
BALB/cByJ, C3H/HeJ, C57BL/6J, CBA/J and DBA/2J fro@entre d'élevage Janvier (Le
Genest Saint Isle, France). Different cohorts ofemivere used in the different behavioral
paradigms. Mice were aged 7-8 weeks at their dramnd 3-4 months when tested (except for
body weight, 10-11 weeks). All animals were houisegroups of 5 under a 12/12h light/dark
cycle (lights on at 20:00), 22+2°C, food and waddrlibitum The treatment of the animals

was in accordance with the European Community Gbdmective 86/609/EEC.

Sequencing of BDNF coding region

DNA was extracted from the extremity of tails. P@Rplification generated two overlapping
fragments on the BDNF exon VIII, containing theientoding sequence of pro-BDNF (Liu
et al, 2006). PCR was performed in a final volume of j80containing 100 ng DNA, 1X
buffer, 1 mM MgClI2, 200 uM dNTP, 0.5 pL recombindiatg DNA polymerase (Invitrogen)
an 1 uM of each of the forward and reverse primdg region of exon VIII: F 5'-
CTTCCTTCCCACAGTTCCAC-3, R 5-CGGCATCCAGGTAATTTTTG", 399 bp, Tm
60°C) (3 region of exon VII. F 5-CTCTACTCTTTCTGGGG-3, R 5'-
GAATAATTTACCCTGTTATG-3, 505 bp, Tm 54°C). The amfitation included an initial
step at 94°C 5min, 35 cycles of 30 sec 94°C, 30Tse¢see before), 1 min 72°C, and a final
step at 72°C 1 min. PCR products (5 pL) were sépadran 1.5 % agarose gel and visualized
by ethidium bromide staining. Sequencing was peréat on each strand of PCR products
using Big Dye Terminator chemistry (Perkin EImérhe primers used for sequencing were
the same as for amplification. Electrophoresis andlysis were done on an ABI Prism 377

sequencer (Perkin Elmer).

Hippocampus sampling and real time quantitative PCR

Mice were killed by C@asphyxiation and decapitated. The hippoccampusdigaected and
immediately frozen on dry ice before conservatibrR88°C until analysis. This brain region
was selected because it is one of the main sit&D)F release. Total RNA was extracted
using Trizol (Invitrogen, Cergy Pontoise, Francet@ading to manufacturer’'s instructions

and treated with DNAsel (Invitrogen, 1 pL/ug RNAeverse transcription reaction was
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performed at 42°C 45 min in a final volume of 50 gdntaining 500 ng of total RNA, 100 ng
random hexamers, 1 mM dNTP, 10 mM DTT, 1X buffed, W superscript Il reverse
transcriptase (Invitrogen). The reaction mixturerfal time quantitative PCR consisted in 10
ng cDNA from reverse transcription reaction, 125 @f Platinium SYBR Green gPCR
SuperMix UDG (Invitrogen), 0.4 pmol/pL of both foand and reverse primeigactin F: 5'-
gacaggatgcagaaggagattact-3’, R: 5’-atctgctggaaggéag3’; BDNF (Alfonsoet al, 2006).
Threshold cycle (Ct) values were obtained andixadevels of transcription were calculated
by the 2**“* method.

Free exploratory paradigm

The apparatus consisted of two parts (30x10x10arh)eseparated by sliding-doors. Each

part was divided into three sections (1010 cm)e @art was covered with fresh sawdust and
contained free available food and water. Mice wet®duced in this part 24h before the start

of the test, the sliding-doors being closed. Tgstook place during the dark phase, under red
light and began with the opening of the sliding«dodime spent in the new part and attempts
(partial entry in the new part followed by a withdral) were scored during 10 min (Belzung

& Berton, 1997).

Splash test
This test was conducted as previously describedté8zlli et al, 2003, Surgeet al, 2008). It
consisted in squirting a 10% sucrose solution enntiouse in its home cage. The grooming

frequency was recorded during five minutes afteriporization.

Body weight and food intake
Mice were weighed two weeks after their arrivaltie lab allowing them to adapt to their
new housing conditions.

Twelve hours before testing food intake, food wasieved from the cage. The feeding
drive of each animal (3-4 months of age) was tresessed by replacing regular food pellets
in the cage and measuring the amount of food coedwwer a period of 15 minutes (15-min

food consumption).

Actimeter
The actimeter allowed the assessment of the actofitmice in their home cage, thus

excluding the possibility of biasing the result®da novelty-induced anxiety. The home cage
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was placed in the centre of a device, which coedigif a 20x20cm square plane with
photoelectric beams, crossing the plane from midptm midpoint of opposite sides, thus
dividing the plane into four quadrants. The actenetutomatically detects the movement of
the animal when it crossed through, allowing torgiia the number of beam breaks. The
higher the score, the more the mouse moved. Tesi@sgcarried out from 10:00h and lasted

4 hours to allow a better estimation of the basebinotor activity.

Social learning of food preference (SLFP)

This test was a modified version of the one usedldwyy and colleagues (Lewst al, 2003).
One mouse was chosen randomly in each cage toebdetimonstrator and the others were
then called the observers. Cued diets consistgmbwilered regular chow mixed with either
2% cocoa (COC) or 1% cinnamon (CIN). The cued dietee mixed 1 week before they were
needed. The demonstrator animals were isolated.:@0B. The next day, from 09:00h to
11:00h, the regular food was replaced by cued(didter one COC or one CIN pellet) for 2h
in the cage of the demonstrator. After this conation of the demonstrator with the cued
diet, it was placed back into the cage with theoeissed observers. The demonstrators
remained with the observers for 30min and furthe@revagain isolated. Experimentators
ensured that contacts between demonstrators amavebs occurred. At 21:00h, the observer
mice were isolated. The next day, from 09:00h t®Qb, after removal of the regular food,
one COC and one CIN pellet (only one of them was ildentical to the cued diet consumed
by the demonstrator) were introduced in the cdghe observer at the opposite side of the
mouse. Observer animals were allowed to eat bdtatpeindisturbed for 1h, when CIN and
COC were weighed. The proportion of the total chédke that was the same as the cued diet
consumed by the demonstrator to which a given mewse confronted was computed for
each animal (proportional intake of cued diet =dcdiet intake / total food intake) and then it
was expressed in percentage. As a control, nonerefe for either COC or CIN was found
without learning session (data not shown).

Statistical analysis

When assumptions for parametric statistics wereireds(normality and homoscedasticity),
ANOVAs were performed to examine the effects oistrand of polymorphism (mice with
Leu allele versus mice with Met allele), followed & Fishempost hocanalysis when required

(i.e., p<0.05). Otherwise, data were analyzed ey ibn-parametric procedures: Kruskal—
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Wallis “ANOVA by ranks” and Mann-Whitney’s U-testA. t-test for one sample was used in
the SLFP to compare the distribution of the steaimple to the theoretical distribution.

With the aim of facilitating the understanding bétresults in the main test, a representation
of the inter-strain differences in the main textrevanade as follow: when a virgule
separates two strains, it indicates both that goifstant difference occurred between them
and that the strains displayed identical profilgpaired comparison; a&" indicates that both
strains were not significantly different but theiofiles of paired comparisons were distinct
allowing a classification; a “<” between two strmindicates that the result of one strain is
significantly lower than the one of the other stralAll tests required a p<0.05 for

significance. The number of mice per group is iatkd in the figure legends.

Results

Analysis of bdnf gene sequence and expression & hippocampus

A single substitution of a thymine by an adeninesweé@served at base 94 (94T>A) in the
coding sequence of the exon 8 of thdnf gene (Fig. 1a) in several mouse strains when
compared with the published sequence (AY05790# flwe C57BL/6 strain (Fig. 1b). This
substitution changed a leucine to a methionineoattipn 32 (Leu32Met) in the pro-domain
of the BDNF protein. This substitution occurredAnJ, BALB/c, CBA and DBA/2 strains
while C3H and C57BL/6 strains exhibited the initmlblished sequence with a thymine at
base 94 (Fig. 1c).

Using real time quantitative PCR, we next analyzlee level of bdnf mRNA in the
hippocampus of the different strains (Fig. 1d). dié not observe significant variation in
bdnf expression when comparing the strains (Kruskalig/aHs1s = 3.74, p=0.587). We
could not detect any relationship between the le¥dddnf expression and the allele of the
Leu32Met polymorphism (Mann-Whitney UZ1.26, p=0.21).
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Figure 1. Mouse bdnf gene and hippocampal expression in six inbred stra ins. (A) Mouse BDNF
gene structure. Open boxes indicates exons, dark box represents the coding sequence (Liu et al.,
2005). (B) Deduced primary sequence of the prepro-BDNF protein of the C57BL/6 mouse strain. The
prepro-domain is in italic, the pro-domain is underlined. The 94T>A polymorphism modifying a leucine
to a methionine is indicated (leucine in bold and higher police size at position 32). The valine (bold in
the sequence) corresponds to the Val66Met polymorphism observed in the human BDNF protein. (C)
Genotypes at position 94 in the coding sequence of BDNF gene and deduced amino acids at position
32 of BDNF protein in the mouse strains analyzed. (D) Relative level of BDNF mRNA expression in
the hippocampus of several inbred mouse strains (n=3-4 per group). Data represent mean + SEM.

Association between Leu32Met polymorphism and bebeal phenotype

Free exploratory paradigmBecause involvement of BDNF in anxiety-like behasiovas
suggested in mice, we firstly examined the poggjtolf an association of thednfLeu32Met
polymorphism with anxiety-like phenotypes. Mice rfrothe six strains were confronted
simultaneously with familiar and novel compartmentshe free exploratory paradigm. Low
time in the novel areas along with high level deatpts to enter is usually considered to
parallel greater neophobic behaviors (Belzung &t@er1997). Statistical analysis revealed
significant strain differences in both the time ihe novel compartments (ANOVA:
Fs5/72.83, p < 0.001) and the number of attemptss§50.8, p < 0.001)Post hoc
comparisons divided the six strains into three gmtes for both the time in the novel areas
(lowest to highest duration: A/J < BALB/c, CBA < B3C57BL/6, DBA/2; Fig. 2a) and for
the number of attempts (smallest to largest vallk:BL/6, DBA/2, C3H < CBA < BALB/c,
A/J; Fig. 2b). It is noteworthy that C3H and C57Blthice were found in the same category
for both measures. Indeed, significant effectshef iteu32Met polymorphism emerged from
our results with higher time in the novel compantise(Z,=3.84, p<0.001) and lesser
attempts (4=4.64, p<0.001) for the Leu allele carriers tham et allele carriers.

Splash testln this test, the arrival of a sudden stimulusu{gong a sucrose solution) initiates

a conflicting motivation between vigilance (reafirend grooming (Ducotte¢t al, 2004).
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Kruskal-Wallis test revealed significant inter-gtralifferences (Hgs=42.64, p<0.001). A/J,
C57BL/6 and DBA/2 mice displayed higher frequentymoming than BALB/c, C3H and
CBA (Fig. 2c). This classification does not parialieth the bdnfallele distribution which is
confirmed by the lack of significant effect duethe polymorphism (Fs=0.5, p=0.484).
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Figure 2. Effect of the bdnf Leu32Met polymorphism on the anxiety-like behavior s in six inbred
mouse strains. (A) Time spent in the novel compartments and (B) number of attempts to enter in the
novel compartments during the free exploratory test (=10 mice/group). (C) Grooming frequency in the
splash test (n=11-12 mice/group). Data represent mean + SEM. The strains not sharing a common
letter are significantly different (at least p<0.05). ***, p<0.001 indicates a significant effect of the
polymorphism.

Body weight and feeding behavidio determine whether this polymorphism could doote

to BDNF involvement in weight gain and feeding mation, we measured body weight of
each strain as well as food intake, and furthetyaed if these parameters correlated with
bdnfallele distribution. Although inbred mouse straitisplayed significant differences in the
body weight (E207~40.15, p<0.001) as follow A/J < DBAR C3H, C57BL/6< BALB/c <
CBA (Fig. 3a), these differences are not relatedhto Leu32Met polymorphism (Z1.41,
p=0.159). Moreover, the feeding drive was estimdigdl5-min home food consumption
following 12h food-deprivation (Fig. 3b). Food iktawas not significantly affected neither
by strains (Ees=2.11, p=0.076) nor by Leu32Met polymorphism ¢&0.014, p=0.907).
Actimeter Locomotor activity was assessed in the home dagdour hours during the
nocturnal phase. Considering that deficit in BDN&svassociated with hyperactivity, it was
therefore possible that thednf Leu32Met polymorphism underlie changes in locomoto
activity. Although strain differences emerged frtimese data @ss=4.03, p<0.01) as follow
CBA, C3H< A/J < DBA/2 < BALBI/c, C57BL/6 (Fig. 3c), no effect due to theu32Met
polymorphism was found (g=0.22, p=0.642).
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Figure 3. Effect of the bdnf Leu32Met polymorphism on body weight, food intake, locomotor

activity, learning and memory in six inbred mouse s trains. (A) Body weight (n=34-38 mice/group).
(B) 15-min food consumption in the home cage after a 12h-food deprivation (n=11-12 mice/group). (C)
Number of beam breaks in the actimeter (n=11-12 mice/group). (D) Percentage of cued diet intake in
the social learning of food preference (n=7-8 mice/group). Data represent mean + SEM. The strains
not sharing a common letter are significantly different (at least p<0.05). t p<0.05 indicates significant
differences between observed value and non-preference threshold (50%, black line).

SLFP paradigm Considering that learning and memory are alsai@mfted by BDNF, we
aimed to assess the impact of the Leu32Met polymsmnp on these functions. Nevertheless,
two (C3H and CBA) of the strains have the rld motatwhich causes retinal degeneration
(Wabhistenet al, 2003). As a result of which, testing mice usirggaligms with visuospatial
tasks (such as Morris Water Maze or contextual feamditioning) would have been
unproductive. Instead, we tested strain performam¢ke SLFP paradigm which is based on
olfactory cues. The proportion of the total digbke that was the same as the cued diet eaten
by demonstrator was computed for each animal. R ddidearning had to be characterized by
a 50% intake of the cued diet. Differences wereeplesd across strains for the acquisition of
the food preference (Fig. 3d). BALB/c (t=2.52, 13%), C57BL/6 (t=2.41, p<0.05) and CBA
(t=2.47, p<0.05) mice displayed a significant prefiee for the demonstrator diet, which was
not observed in A/J (t=1.53, p=0.171), C3H (t=1,450.289) and DBA/2 (t=0.95, p=0.374).
However, statistical analysis was unable to reaeal significant difference when comparing
strains (E45=1.71, p=0.154) or in function of theinfgenotype (F4+0.52, p=0.474).

Other data.Scientific literature abounds with inbred straggveys investigating specific
behavioral phenotypes. We found two studies emptpyogether the same six strains used

here and investigating behaviors relevant for dudys The first study was realized in our lab
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and investigated strain differences in a chroniclehof depression (the unpredictable chronic
mild stress) and of antidepressant reversal (Illargeargaset al, 2008). Indeed, BDNF has
frequently been associated with major depressivorders and antidepressant action
(Martinowich et al, 2007). This mouse model of depression inducembysistrain-dependent
alterations and antidepressant responses, butaaw aksociation was established with the

bdnfLeu32Met polymorphism (data not shown).
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Figure 4. Effect of the Leu32Met polymorphism in th e elevated zero-maze in a project of the
Mouse Phenome Database (A) Time proportion spent in open areas (n=19-20 mice/group) and (B)
number of fecal boli (n=17-20 mice/group) in the elevated zero-maze were tested in the same six
strains used in our study, as part of the Mouse Phenome Project (http://www.jax.org/phenome), MPD
accession number 118 (Flaherty et al., 2001). Data represent mean + SEM. The strains not sharing a
common letter are significantly different (at least p<0.05). ***, p<0.001 indicates a significant effect of
the polymorphism.

The second study arose from available resourcas fitee Mouse Phenome Database

(http://www.jax.org/phenon)e Anxiety-related behaviors were assessed in lgneated zero-

maze during a 5-min test period in different inbmeduse strains, including the six used in the
present study (Flahertgt al, 2001). This paradigm usually correlates loweretim open
versus closed quadrants and greater defecatidmgher anxiety-like behaviors (Shephestd
al., 1994). These data revealed significant interrstcafferences in both the time in open
areas (H11746.53, p<0.001) and the number of fecal boi,(519.36, p<0.001)Post hoc
comparisons sorted strains in several categoriethéotime in open quadrants (A/J, BALB/c
< DBA/2 < C57BL/6 < CBA, C3H; Fig. 4a) and for the numbeifedal boli (C57BL/6, C3H

< DBA/2, CBA < A/J < BALB/c; Fig. 4b). These classifications seem toafial with bdnf
allele distribution among the strains. IndeedinfoMet allele carriers are significantly
associated with lower time in open quadrants;{§13.1, p<0.001) and greater number of
fecal boli (4,=6.71, p<0.001) thabhdnfLeu carriers.
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Discussion

In this study, we reported a SNP (94T>A) in the sedudnf gene inducing an amino acid
substitution (leucine to methionine) at codon 32hi& pro-domain of the precursor protein of
BDNF. C3H and C57BL/6 strains exhibited a thyminebase 94 similar to the published
sequence (AY057907), while A/J, BALB/c, CBA and DRAstrains had an adenine at base
94. Further, we examined thoinf expression and screened various behavioral pheesty
relevant for BDNF function in these six inbred mewsrains. While no relationship between
this SNP and thédnf expression was found in the hippocampus, ldaef Leu32Met
polymorphism was found to contribute to straineli@nces in anxiety-like phenotypes but not
in body weight, feeding and grooming behaviorsjvégt learning and memoryBdnf Met
allele correlated with higher anxiety-like behasgian the free exploratory paradigm as well as
in the elevated zero-maze from the Mouse PhenonebBse (Flahertgt al, 2001).

We firstly aimed to examine whether the Leu32MefPSN thebdnfgene could contribute
to possible inter-strain differences of the bdmhifexpression in the hippocampus. This brain
area was selected because it is known as one afdfresites of BDNF release as well as one
of regions the more studied for learning, memory amxiety (Chenet al, 2006). No
significant difference obdnf mMRNA level was found between strains suggestirag the
Leu32Met polymorphism does not influence the higpopalbdnf expression. Nevertheless,
it cannot be excluded that this SNP affectskitief expression in stimulated conditions or in
other regions. Indeed, the humaanfVal66Met polymorphism has no effect bdnf mMRNA
level but impacts cellular processing, traffickiagd activity-dependant secretion of BDNF
(Chenet al, 2004, Egaret al, 2003). Moreover, changes in complex behavior$ ag
contextual learning and anxiety have been obsemed transgenic mouse in which the
human bdnf Val66Met polymorphism is modeled (Chest al, 2006). The Leu32Met
polymorphism of the moudadnfgene displayed similar features to the human poipimsm
(located in the prodomain of the proBDNF, a substh from an aliphatic amino acid to a
Met), and it therefore might similarly affect BDN#Rysiology and complex behavioral traits.

By examining the behavioral profiles of the sixasts used here, our study revealed critical
differences among inbred mouse strains and higleldgthebdnfLeu32Met polymorphism as
a contributor to behavioral phenotypes, particyléslanxiety-related behaviors. Indeed, mice
carrying the Met allele displayed greater propgnsit develop anxiety-related behaviors.
Accordingly, Leu allele would be protective whileeballele would represent a risk factor for

anxiety. It is now assumed that anxiety shouldb@tonceptualized as a continuum but as a
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multidimensional construct with qualitative diffaees (Endler & Kocovski, 2001). From this
perspective, it is important to distinguish traitxeety from state anxiety as suggested by
Spielberger (Spielberger, 1966). State anxiety loardefined as a transitory emotion to a
stressful situation with physiological arousal wdes trait anxiety can be viewed as an
individual's predisposition and an enduring chagastic. In rodent, it has been suggested
that state and trait anxiety can be evoked digyirt#pending on the experimental paradigms
used (Belzung & Griebel, 2001). From this pointvedw, the free exploratory paradigm is
thought to model trait anxiety (Belzung & Berto®9Y). In this test, mice have free access to
novelty and do not display neuroendocrine chanddss(in & Cigrang, 1986), as a
consequence of which this paradigm can be conslderbe devoid of stressful components.
Therefore, neophobic reactions (i.e. avoidance @k rcompartments) in this procedure
indicate a constant feature of the behavior asatedl to trait anxiety. Becaugenf allele
distribution among strains correlated with neophdbvel in the free exploratory paradigm,
the contribution of thddnf Leu32Met polymorphism in anxiety-related phenotypay be
related to changes in trait anxiety.

On the other hand, behavioral tests based on thkcagon of an anxiogenic stimulus are
presumed to model state anxiety. Both the elevated-maze and the splash test belong to
this category. The former is built on the forcedhfcontation with unfamiliar aversive place
while the latter is performed in the context of theme cage but based on the arrival of a
sudden stimulus (squirting sucrose solution). Havestrains behaved distinctly in these
paradigms: while strain performances in the sptashwere unrelated to thenf Leu32Met
polymorphism, this SNP seemed to contribute tortbhehavior in the elevated zero-maze.
This result indicates that both tests underlieediéht aspects of state anxiety. Indeed, it can be
important to take into account the multiple facefsstate and trait anxiety. Endler and
Kocovski (2001) suggested that the level of stateety is dependent on the congruence of
the facet of trait anxiety and the stressful sitiratin this light, considering that the elevated
zero-maze is based on exposure to a new environrienbdnf Leu32Met polymorphism
might be involved more specifically in a neopholaspect of anxiety. This outcome
strengthened the results obtained in the free exigy paradigm.

In any case, our findings are consistent with eadiudies underlining a role of BDNF in
anxiety. Indeed, a relationship between tanf Val66Met variant and anxiety-related
phenotypes in human was previously demonstratezhitdesome inconsistencies(Surtets
al., 2007). The Met66 allele was found alternatelybt® protective against neuroticism

(Hunnerkopfet al, 2007) and anxiety-related traits (Laegal, 2005), or to be a risk factor
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for anxiety and for depression-anxiety comorbidi@nochet al, 2007, Jianget al, 2005).
Other informative reports arose from strategiestam targeting invalidation dfdnf gene.
Conditional deletion ofbdnf in the adult mouse forebrain led to increased etgdike
behaviors (Rioset al, 2001), although conflicting results were repor(€thanet al, 2006,
Monteggia et al, 2007). Furthermore, mice lacking oibenf allele exhibit exaggerated
anxiety-like behaviors when associated with deficiein the serotonin transporter (Ren-
Pattersoret al, 2005), suggesting potential epistasic interastioatweerbdnfand serotonin
system in anxiety.

All other traits investigated in our study were naffected by thebdnf Leu32Met
polymorphism. Indeed, we examined body weight, ifeggdehaviors, activity, learning and
memory but no relationship with thebenf allelic variants was found. When regarding the
results from a similar strain survey in the unpctatle chronic mild stress (Ibarguen-Vargas
et al, 2008), the occurrence of depression-like statesardidepressant responses was
independent of thédnf allelic variant. Taken together, thenf Leu32Met polymorphism
seems constrictively related to the sole anxidg-behaviors. However, thenf Val66Met
polymorphism was more largely associated with sdvef these traits in human genetic
studies such as learning and memory (Egtaial, 2003, Haririet al, 2003), hyperactivity
(Kent et al, 2005), depression-related disorders (Hwahgl, 2006, Post, 2007, Ribeirt
al., 2007), antidepressant reversal (Cabal, 2006), despite some discrepancies (Commer
al.,, 2008, Honget al, 2003, Tsaiet al, 2003). Actually, complex behaviors and
psychological traits are often variable and inflcesh by a constellation of genes as well as
environmental factors. Even if theinf Leu32Met polymorphism contributes at least pdytial
to these traits, strain heterogeneity in genetickaound might perhaps mask detectable
phenotypes.

In summary, our findings demonstrated an associabetween thebdnf Leu32Met
polymorphism and anxiety-related phenotypes, paerty the Met allele correlated with
increases of neophobia and trait anxiety. Thesaltsesupport previous evidences of an
involvement of BDNF in anxiety behavior but refiite role in neophobic reactions and trait
anxiety level. Future studies should develop coigyerice in which botlbdnfallelic variants
would be present in the same genetic backgrounakder to unravel more accurately the

contribution of this SNP in complex behavioral tsai
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Article 2 - Multifaceted strain-specific effects in a
chronic mouse model of depression and of
antidepressant reversal

Dans cet article nous avons exploré la sensildité&ix lignées consanguines des souris dans
le modéle du stress chronique, ainsi que leur rpan un traitement chronique avec un
antidépresseur. Dans une deuxieme étape, nous a&todi& le lien entre des variantes
phénotypiques et le polymorphisme Leu32Met du geB&IF ; cette deuxieme partie du
travail n’est pas présentée dans I'article maisdare discussion complémentaire (page 108)
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SUMMARY

Etiopathogenesis of depression and origin of treatminsensitivity remain poorly
understood, although the contribution of the geneiakeup is established. The homozygosity
of inbred mouse strains provides a useful tooht@stigate linkage of genes to behaviors or
drug responses. Hence, we aimed to identify inbredse strains (among A/J, BALB/c, C3H,
C57BL/6, CBA, DBA and FVB) sensitive to a 9-weekpuadictable chronic mild stress
(UCMS) and, from the fifth week onward, to antidegsant (AD) reversal (imipramine,
20mg/kg/day i.p.) in different depression-relatettarges: physical, behavioral and
neuroendocrine states. UCMS induced a significatércbration of the coat state (in all the
strains), a blunted emotional reactivity in the eloy-suppressed feeding (NSF) test (A/J,
BALB/c, C57BL/6) and changes in the level of fecalticosterone metabolites (BALBI/c,
C57BL/6, DBA, FVB). Imipramine treatment reversé@ tJCMS-induced alterations on the
coat state (BALB/c, DBA), in the NSF test (A/J, BBIc, C57BL/6) and in fecal
corticosterone metabolites (BALB/c, C57BL/6). C3EBA and FVB mice were irresponsive
to imipramine treatment. It is noteworthy that phgé or behavioral changes due to UCMS
did occur without hypothalamo-pituitary-adrenal @jRaxis alterations in some strains (A/J,
C3H, CBA), although the AD reversal in BALB/c andTBL/6 was associated with HPA
axis normalization. Finally, UCMS is shown heraltscriminate various endophenotypes and
to replicate in a strain-dependent manner diversélgs reminiscent of the human disease
subtypes. UCMS may thus enable to select straitedsdior investigations of specific
depression-related aspects and can be an appeopriatiel to dissect genetic factors
associated with increased vulnerability, particldgmptoms of affective disorders, and AD

resistance.

KEYWORDS

inbred strains, unpredictable chronic mild strassipramine, corticosterone, HPA axis,

novelty-suppressed feeding.
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INTRODUCTION

Major depressive disorder (MDD) embodies one of tiest common and serious health
problems of western societies (Murray and Lopez97)9 MDD is not a well-defined
syndrome as it encloses various subtypes with rdifite patterns of alterations. While the
etiology of MDD is multifactorial and far from idia identified, chronic stress or stressful
events have been characterized as one of the reajronmental factors precipitating
depression (Kendler et al., 1999). This is corrabed by the frequent occurrence of
neuroendocrine stress system disturbances in MDizh sas hypercortisolemia and
hypothalamo-pituitary-adrenal (HPA) axis negatieedback impairments (Holsboer, 2000).
However, an adverse experience does not automwgticgger depressive episodes, but an
individuals’ vulnerability is related to personaistory of stressful life events as well as
developmental and genetic factors (Caspi et aD3R0Likewise, the large heterogeneity in
the symptom patterns, the presence of HPA distedmrand the frequently observed
insensitivity to antidepressants (AD) could maiolyginate from the genetic makeup. The
knowledge of the genetic basis of these individlif&rences could help to unravel the origin
of vulnerability, MDD subtypes and AD resistancenithal models are thus needed as they
enable to facilitate the discovery process of cdagi genes.

Studies on inbred mouse strains may provide a daiveol to understand the influence of
genes in normal and altered brain function. Intargly, a large variability in the response of
different inbred strains has been observed in mouséels of depression (Bai et al., 2001;
Liu and Gershenfeld, 2001; Lucki et al., 2001; Diawi al., 2003; Liu and Gershenfeld, 2003;
Mineur et al., 2003; Ripoll et al., 2003; Pothianaé, 2004; Crowley et al., 2005; Ducottet
and Belzung, 2005; Mineur et al., 2006). Nonetleld®e possibility to sort strains according
to their propensity to develop depression-like v&ra or ADs response seems vain related
to the discrepancy of results among models andiesudhis could be due to the large
diversity of models used. These models have in comio be sensitive to ADs, but they
thoroughly differ in the theoretical background lwivhich they are constructed. The most
widely used are the forced swimming test (FST) tuedtail suspension test (TST). Both tests
are based on the exposure to a single aversivanasdapable situation, which induces a
behavioral shift from struggling to immobility, erpreted as "behavioral despair”; a single
AD administration is able to decrease the duratibrmmobility (Cryan and Holmes, 2005;
Cryan et al., 2005; Jacobson and Cryan, 2007). Bkiengh they gained popularity as
pharmacological screening assays, the utilizatibthese bioassays of AD-like effects are

increasingly extended in studies prospecting faroleiology and pathophysiology as well as
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to identify causative genes of depression. Howether,fact that MDD is a chronic disease

and that ADs are clinically active only after aidé 3 weeks of treatment makes the validity of
such models questionable, in particular when exemgithe relevant mechanisms implicated

in the etiology, maintenance and treatment of MMBlidated chronic models of depression,

such as the Unpredictable Chronic Mild Stress (UGN&radigm, could represent an

alternative to avoid such drawbacks. Indeed, UCMflehis based on subjecting mice to a
chronic period (generally five to nine weeks) otiseenvironmental mild stressors. Such a
treatment recapitulates several behavioral andiplogscal depression-related impairments,

which can be reversed by a chronic but not acutetr@Btment (Belzung and Surget, 2008):

decreased sucrose consumption (interpreted as @mhgdincreased fearfulness/anxiety-

related behaviors, altered weight gain, degradaifathe coat state (interpreted as the loss of
interest in performing customary tasks).

An inbred mouse strain survey in the UCMS paradicgn be a first step toward the
discovery of additional genes involved in the vuaility to stress exposure, in the
development of different MDD-associated symptont iarthe ADs’ insensitivity. The major
goal of the present study was thus to identify ésbmouse strains sensitive to the UCMS
procedure and to AD reversal regarding differenpression-related changes. Mice from
seven different strains (A/J, BALB/c, C3H, C57BLGBA, DBA and FVB) were subjected
to a 9-week UCMS regimen. From the fifth week omyawe initiated a treatment by
administering i.p. vehicle or imipramine (20mg/kdaily. The effects of UCMS and of
imipramine treatment were assessed using physieakunes (coat state, weight), behavioral
tests (novelty-suppressed feeding [NSF] test artdnater) and, to consider HPA axis
functioning, the level of fecal corticosterone nhetites.
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METHODS

Animals

Male mice from seven inbred strains (A/J, BALB/€BA/J, C3H/HeJ, C57BL/6J, DBA/2J,
FVB/NJ ) were obtained from Centre d'élevage Janflie Genest Saint Isle, France) and
Harlan (Gannat, France). They were aged 7 weelteeatarrival in our lab. Before the onset
of the experiments, all animals were housed in gsoaf 5 and were maintained under
standard laboratory conditions under a 12/12h Aiglnk cycle (lights on at 2000h), 22+2°C,
food and watead libitum The treatment of the animals was in accordante thve European
Community Council directive 86/609/EEC.

Drugs
Imipramine hydrochloride (Sigma-Aldrich) was usedthis study. Imipramine was prepared
as solutions in physiological saline (NaCl 0.9%pnCentration was adjusted to administer a

final volume of 10ml/kg.

General procedure

At their arrival, mice were kept in the laboratoigr 2 weeks before the onset of the
experiments. Then, a 9-week UCMS procedure wasumiad. UCMS-exposed mice (2/3)
were maintained under the same standard laboratmmgitions but were isolated in small
individual cages (24x11x12cm) while non-stresseatrocd mice (1/3) were housed in groups
of 4 or 5 in standard laboratory cages (42x28x18dig first four weeks of UCMS regimen
were drug-free and treatment began from the fifdekvof UCMS to the end of behavioral
testing. Vehicle (NaCl 0.9%) or imipramine (20mdtkay) was administered i.p. once a day.
Each strain was divided in three groups of micentrd/vehicle, UCMS/vehicle and
UCMS/imipramine. Each group consisted of 9-13 atgméhe dose was chosen on the basis
of previous experiments showing that the composrakttive at this concentration (Santarelli
et al., 2003; Surget et al., 2008). The body wemid the state of the coat were assessed
weekly until the end of UCMS. The day after the lasdy weight and coat state evaluation,
behavioral testing was performed according to tllewing schedule: the first day NSF test
and the fourth day actimeter. Control animals weotated 2 days before the actimeter and
until the end of the actimeter session, while,\toié experimental bias, the cage of stressed
mice was changed at the same time. One week &ftetast body weight and coat state

evaluation, mice were sacrificed by CO2 asphyxian(f 1000h to 1500h), and then feces
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were collected. Testing and feces collection wénegs carried out during the dark period.

The experimental design is illustrated in figure 1.

Unpredictable Chronic Mild Stress(UCMYS)

The stress regimen is a variant of the UCMS proaedsed in our lab (Santarelli et al., 2003;
Surget et al., 2008). Mice were subjected to variaud repeated unpredictable stressors for a
period of nine weeks. The different stressors waltered bedding (sawdust change, removal
of sawdust, damp sawdust, substitution of sawdugt @1°C water), cage tilting (45°),
predator sounds (15 min), cage exchange (mice pasitioned in the empty cage of another
male), altered length and time of light/dark cydé&e body weight and the state of the coat
were assessed once a week until the end of thear@eks. The total score of the state of the
coat resulted from the sum of the score obtainech fseven different body parts: head, neck,
dorsal coat, ventral coat, tail, forepaws and havadgp For each body area, a score of O was
given for a well-groomed coat and 1 for an unkengotat. This index has been
pharmacologically validated in previous studiemmgsBALB/c mice (Griebel et al., 20023,
2002b; Ducottet et al., 2003; Santarelli et alQ20Alonso et al., 2004; Yalcin et al., 2005;
Surget et al., 2008).

Novelty-Suppressed Feeding (NSF) Test

The NSF Test was a similar version of the one use&urget and colleagues (2008). The
testing apparatus consisted of a wooden box, 33(3r with an indirect red light. The floor
was covered with 2 cm sawdust. Twelve hours betloeetest, food was removed from the
cages. At the time of testing, a single pellet @éd (regular chow) was placed on a white
paper platform positioned in the center of the béwx.animal was placed in a corner of the
test box. The latency to start consuming the pelas recorded within a 3-minute period.
This test induced a conflicting motivation betwéka drive to eat the food pellet and the fear
of venturing into the center of the arena. Thisadagm is able to reveal the effects of chronic
ADs treatment in non-stressed mice. In this stuwywanted to highlight the specific chronic
ADs effect in stressed mice. So, compared withsthey of Santarelli and colleagues (2003),
we reduced the dimension of the apparatus by 408onenused a red light instead a white
light in order to strongly decrease the fear of tuang into the center. Moreover,
antidepressants are known to have various effect@ppetite. To control this potential

confounding factor, the feeding drive of each amimas assessed by returning it to the
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familiar environment of the home cage immediatdtgrathe test, and measuring the amount

of food consumed over a period of 5 minutes (hoooel fconsumption).

Actimeter

The actimeter allowed the assessment of the actofitmice in their home cage, thus

excluding the possibility of biasing the result®da novelty-induced anxiety. The home cage
was placed in the centre of a device, which coadistf a 20x20cm square plane with two
light beams, crossing the plane from midpoint tamoint of opposite sides, thus dividing the
plane into four quadrants. The actimeter automiiticketects the movement of the animal
when it crossed through, allowing to establish arescThe higher the score, the more the
mouse moved. Testing was carried out from 1100h lastéd 2 hours to allow a better

estimation of the basal locomotor activity.

Collection of feces

Feces were collected at the time of euthanasiadagtvi000h to 1500h, which is during the
dark period, and further directly from the colondigsection. Fecal boli of each mouse were
immediately put into micro-centrifuge tubes andntlsored at -20°C until extraction. The

feces collection ensured avoiding urine contamamesti

Extraction procedure and analysis of fecal steroid metabolites

The collected fecal samples were analyzed for inoreactive corticosterone metabolites
(CM) using a b-pregnane-8,113,21-triol-20-one enzyme-immunoassay (EIA). Details
regarding development, biochemical characteristind, biological validation of this assay are
described by Touma and colleagues (2003; 2004prBdEIA analysis the fecal samples were
dried, homogenized and aliquots of 0.05 g wereaeiktd with 1 ml of 80% methanol. A
detailed description of the extraction proceduré te assay performance has been published
elsewhere (Touma et al., 2003). The intra- and-assay coefficients of variation were 9.1%

and 14.0%, respectively.
Statistics

One-way ANOVAs were performed for each strain (@ugs: control/vehicle, UCMS/vehicle
and UCMS/imipramine) followed by a Fishaost hocanalysis when required.
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RESULTS

Evaluation of coat state

The state of the coat was evaluated before thet ofiske UCMS regimen and then once a
week until the end of UCMS nine weeks later (FigThe total score resulted from the sum of
the score obtained from seven different body p@ge methods); the higher the score, the

more the coat state deteriorated worsened (Fig.2).

Behavioral
tests:

NSF Acti
| Unpredictable Chronic Mild Stress (UCMS)
WEE K. * » * » * » » » * .feces collection
0 2 3 4 5 6 7 8 9 10
Coatstate  Coatstate  Coatstate  Coatstate  Coatstate  Coatstate  Coatstate  Coatstate  Coatstate  Coat state
Weight Weight Weight Weight Weight Weight Weight Weight Weight Weight

_Treatment: vehicle (NaCl 0.9%, i.p.) orimipramine (20mg/kg/day, i.p.)_

Figure 1. Experimental design. Seven strains were used (A/J, BALB/c, C3H, C57BL/6, CBA, DBA and
FVB). The Unpredictable Chronic Mild Stress (UCMS) regimen lasted 9 weeks. Three groups per
strains (n=9-13 mice/group) were used: Control/Vehicle, UCMS/Vehicle and UCMS/imipramine. Each
week, the coat state was evaluated and the body weight measured by two experimenters blind to the
treatment. The first four weeks of UCMS regimen were drug-free. Imipramine or vehicle treatments
began after four weeks of UCMS and continued until the end of the experiment (week 10). Imipramine
(20mg/kg/day) or vehicle was administered intraperitoneally once a day. The week following the end of
the UCMS regimen, the Novelty-Suppressed Feeding (NSF) test and actimeter (acti) were carried out.
At the end, feces were collected at the time of euthanasia (Sac.) in the cage and directly in the colon
(4-6 mice/group). These feces samples were processed to evaluate the level of fecal corticosterone
metabolites

For A/J strain, the ANOVA revealed significant eifénces after 3 weeks of UCMS
regimen (week 0-2, £5<3.02, 0.07; week 3-9, £3:>9.93, p<0.001); the 9-week UCMS
protocol provoked a worsening of the coat statthabthe difference between control/vehicle
and UCMS/vehicle mice reached significance afteregks to the end (week 3-9, p<0.001);
imipramine treatment was found unable to revergse UEMS-induced deterioration of the
coat state apost hocanalysis revealed no significant difference betwd€MS/vehicle and
UCMS/imipramine groups.

Similarly, the UCMS regimen induced a degradatibthe coat state in BALB/c mice but
with a faster onset effect (ANOVA: week 0; #0.91, p=0.41; week 1,,5:=6.41, p<0.01;
week 2-9, E328.74, p<0.001), UCMS/vehicle mice were significgndifferent from
control/vehicle mice already after one week of UCWeek 1, p<0.01; week 2-9: p<0.001).
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The chronic imipramine treatment counteracted tkEMS3-induced deterioration of the coat
state after 4-week administration (p<0.01) and timgramine effect was sustained for the
last coat state evaluation (p<0.001).

Also C3H mice were sensitive to the UCMS-inducetkderation of the coat state after 3
weeks of UCMS regimen and this effect was presewdd the end (ANOVA: week 0-2,
F,31.24, 20.3; week 3, F337=3.88, p<0.05; week 4-9,E:>9.85, p<0.001; Fishgyost hoc
test: control/vehicle vs. UCMS/vehicle, week 3, B&) week 4-9, p<0.001). No significant
reversal effect by imipramine treatment was foumrdliis strain.

The UCMS procedure induced a relatively weak ingeeaf the coat state scores in
C57BL/6 mice, nevertheless sufficient to reachigiaal significance for the last 3 coat state
evaluations (ANOVA: week 0-6,,5<2.94, p»0.07; week 7-9, £3>3.49, p<0.05post hoc
analysis: control/vehicle vs. UCMS/vehicle, weeld,7p<0.05). This deterioration was,
however, not significantly improved by imipramimedtment.

The coat state of CBA mice significantly worsenéérad weeks of UCMS application and
further until the last evaluation (ANOVA: week 043 3<1.95, p»0.16; week 4, f3=4.21,
p<0.05; week 5, f5=6.1, p<0.01; week 6-9,,E>10.31, p<0.001; Fishegpost hoctest:
control/vehicle vs. UCMS/vehicle, week 4, p<0.0%®ek 5, p<0.01; week 6-9, p<0.001). The
imipramine treatment failed to reverse the UCMSdret deterioration of the coat state.

The DBA strain displayed a UCMS-induced deteriamatf the coat state from the third to
the last evaluation (ANOVA: week 0-1; £<0.96, p0.39; week 2, 3=3.5, p<0.05; week
3-9, Rk 32>17.64, p<0.001; Fishgrost hoctest: control/vehicle vs. UCMS/vehicle, week 2,
p<0.05; week 3-9, p<0.001). Imipramine treatmenprioved the coat state in a significant
manner during the last two weeks (p<0.01).

The coat state scores of UCMS-treated FVB mice aunged along the UCMS procedure,
to become significant from the fourth to the lagalaation (ANOVA: week 0-2, F,s1.86,
p>0.17; week 3, §»5=5.66, p<0.01; week 4-9,,F>12, p<0.001; Fishepost hoctest:
control/vehicle vs. UCMS/vehicle, week 3, p<0.05¢ek 4-9, p<0.001). No significant
difference due to the treatment was found in thé\3Greated FVB mice.

Taken together, the 9-week UCMS protocol inducedaalual deterioration of the coat state
in all strains but with strain-specific differencas the kinetic of alteration as well as the
amplitude. BALB/c and DBA strains were the mostss@ve strains to UCMS. The C57BL/6
strain displayed the least responsiveness withakwsensitivity to UCMS effect on coat state,
while A/J, C3H, CBA and FVB exhibited intermedigiefiles. Finally, chronic imipramine
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treatment counteracted the UCMS effects on coat staa statistically significant manner

only in the BALB/c and DBA strain.
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Figure 2. Effect of Unpredictable Chronic Mild Stress (UCMS) and of imipramine treatment on the coat
state in A/J (A), BALB/c (B), C3H (C), C57BL/6 (D), CBA (E), DBA (F) and FVB (G) mice. N = 9-13

mice/group. Data represent mean + SEM. P < 0.05,

® P <0.01 and © P < 0.001 between

control/vehicle and UCMS/vehicle. **, P < 0.01 and ***, P < 0.001 imipramine-treated versus vehicle-

treated mice.

Body weight

The body weight was measured before the onseteofJtiMS regimen and then once a
week until the end of the UCMS procedure nine welaltsr (Fig.1). ANOVA failed to
establish significant modifications due to UCMS laggiion or imipramine treatment in all
strains (Fig.3; week 0-9: A/J,»B<0.55, p0.56; BALB/c, F3<2.06, 20.14; C3H,
F,30.98, 0.39; C57BL/6, £3<0.73, 0.48; CBA, F3<0.72, 0.49; DBA, F3<1.13,
p>0.34; FVB, F,0.42, >0.66).
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Figure 3. Effect of Unpredictable Chronic Mild Stress (UCMS) and of imipramine treatment on the

body weight gain in A/J (A), BALB/c (B), C3H (C), C57BL/6 (D), CBA (E), DBA (F) and FVB (G) mice.
N = 9-13 mice/group. Data represent mean + SEM.

NSF Test

In this test, mildly food-deprived mice were expbge a novel environment in which a
food pellet is placed in the centre of the testaapius. The NSF test is thought to assess
emotional reactivity toward a new environment amdiuces a competition between
motivational states (drive to eat the food vs. f@laventuring into the centre of the arena). It
was first applied to reveal anxiolytic-like effectd drugs such as benzodiazepines or
antidepressant properties specifically followingarhic administration in healthy normal mice
(Dulawa and Hen, 2005). This test might thus hgjitian UCMS-induced increase of
anxiety-related behaviors. The NSF test was peddrafter 9 weeks UCMS and 5 weeks of
imipramine treatment, the day following the lastaicstate and body weight evaluation
(Fig.1). The latency to start feeding on the pellas recorded within a 3min period (Fig.4A).
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Figure 4. Effect of Unpredictable Chronic Mild Stress (UCMS) and of imipramine treatment in the
Novelty-Suppressed Feeding (NSF) test with A/J, BALB/c, C3H, C57BL/6, CBA, DBA and FVB mice:
(A) on the latency to chew the pellet and (B) on the home food consumption in the 5 minutes following

the test. N = 9-13 mice/group. Data represent mean + SEM. *, P < 0.05 and **, P < 0.01 between line-
connected groups.

Significant differences were found in the A/J sirék; 35=3.49, p<0.05). Indeed, UCMS
induced an increase of the latency to consume #illetpwhen compared with controls
(p<0.05) in vehicle-treated mice. Imipramine treamtnpermitted to reverse this detrimental
effect (p<0.05). Similar results were found in BAkBnice (k3:=3.4, p<0.05) and C57BL/6
mice (k37=5.94, p<0.01); the latency in the UCMS/vehicleugr® was significantly higher
than the one of controls (p<0.05 and p<0.01 respdyg}. Moreover, both strains were
responsive to the AD treatment, as a reversal etieegmipramine was found in UCMS-
subjected mice (p<0.05). On the contrary, no sigaiit effects due to UCMS or treatment
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were found in the four others strains, i.e. C3k36£0.05, p=0.95), CBA (}3=0.46, p=0.63),
DBA (F23=0.18, p=0.83) and FVB ¢(bs1.75, p=0.19).

None of these results can be explained by chamgagnger or motivation to feed due to the
UCMS or treatment as no significant differencesevirund for the 5-minute home food
consumption assessed immediately after the tesll strains and treatment groups (Fig.4B):
AlJ (R35=1.94, p=0.15), BALB/c (k3:=1.76, p=0.19), C3H @=3=0.37, p=0.69), C57BL/6
(F2,3=0.65, p=0.53), CBA (}3=0.22, p=0.8), DBA (F3=0.003, p=0.99), FVB (F»s0.88,
p=0.42).

In summary, three strains (A/J, BALB/c and C57BLW&re both sensitive to the UCMS-
induced detrimental effect and responsive to ADersal in the NSF test, while no change
due to UCMS or to imipramine treatment occurrethmfour other strains (C3H, CBA, DBA

and FVB). These results are not confounded by réiffees in feeding drive.

Actimeter

The actimeter was performed 5 days after the Izt state and body weight evaluation, i.e.
after 5 weeks plus 4 days of imipramine adminigirat(Fig.1). Actimeter allowed the
assessment of the locomotor activity of mice inrtheme cage. The higher the score, the
more the mouse moved. The ANOVA failed to reveghsicant differences in any strain
(Fig.5): A/J (kR350.83, p=0.44), BALB/c (£3~=0.07, p=0.93), C3H @F=s=1.17, p=0.32),
C57BL/6 (R 37=0.68, p=0.51), CBA (}3=0.23, p=0.79), DBA (F3=1.13, p=0.34), FVB
(F2,26=0.99, p=0.38).

Fecal corticosterone metabolites

Feces were collected one week after the last ¢at and body weight evaluation, i.e. after
6-weeks of imipramine administration (Fig.1), dgrithe dark phase over a period of 5 h.
Corticosterone metabolite concentrations are egpresn [ng/50mg feces]. Results are
illustrated in Fig.6.

On the one hand, neither UCMS nor treatment wasdoio have an effect on fecal
corticosterone metabolites in A/J,(=0.01, p=0.99), C3H ¢R:=1.36, p=0.3) and CBA
(F2,27=0.34, p=0.72) mice. On the other hand, the ANO&ealed significant changes in
fecal corticosterone metabolites in BALB/c ,(=6.8, p<0.01), C57BL/6 @H3+5.99,
p<0.05), DBA (F1:=8.1, p<0.01) and FVB @¢h=5.3, p<0.05). Nevertheless, these changes
differed in a strain-dependent manner. In BALB/c&iUCMS induced a significant increase

of fecal corticosterone metabolites (p<0.01), decatfthat could be restored by imipramine
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treatment (UCMS/vehicle vs. UCMS/imipramine: p<(.08n opposite pattern was observed
in C57BL/6. Here the UCMS regimen significantly desed fecal corticosterone metabolites
(p<0.01) while ADs reversed this diminution (p<Q.0%\ significant decrease of fecal
corticosterone metabolites was also found in DBA&enfrom the UCMS/vehicle group when
compared to controls (p<0.01); however imipramirgswnable to counteract this change.
Similar to C57BL/6 mice, FVB mice showed a sigrafit diminution of fecal corticosterone
metabolites induced by the UCMS procedure (p<0.68),were irresponsive to the reversal
effect of imipramine.

Taken together, the UCMS model induced alteratiohsthe concentration in fecal
corticosterone metabolites in 4 strains (BALB/c,/85/6, DBA and FVB), while imipramine
restored a control-like concentration in UCMS-sutgd mice only in two of these strains
(BALB/c and C57BL/6).
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Clucms/ Imipramine (20mg/kg/day, i.p.)
Figure 5. Effect of Unpredictable Chronic Mild Stress (UCMS) and of imipramine treatment in the

actimeter with A/J, BALB/c, C3H, C57BL/6, CBA, DBA and FVB mice. N = 9-13 mice/group. Data
represent mean +SEM.
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DISCUSSION

This study reports strain differences for the denti to UCMS, a chronic and naturalistic
model of depression, and for the response to A&itrtrent. All seven strains were sensitive to
at least one of the UCMS-induced changes, while $txains (A/J, BALB/c, C57BL/6 and
DBA) were responsive to at least one of the AD rsakeeffects. Interestingly, our results
revealed profiles of alterations and of imipramanion, depending upon the strain tested
(summarized in Table I). Therefore, each UCMS- anghramine-sensitive variable can be
independent of the others, as it may model an dretogiype related to a particular symptom
of MDD. Three fields of possible MDD-associatederdtions were tested in this study:
physical state (coat state, body weight), behaylocomotor activity, anxiety-related
behaviors using the NSF test) and neuroendocrineasuones (fecal corticosterone
metabolites). BALB/c and C57BL/6 strains were tmdycstrains exhibiting UCMS-induced
alterations in all 3 fields investigated, with sfgrant changes seen in coat state (though weak
for C57BL/6), the NSF test and the concentrationfexfal corticosterone metabolites.
Moreover both strains were also the most resportsivaD reversal, as imipramine restored
these alterations in BALB/c mice as well as in Cb/@Bmice (except for coat state in this last
strain). A/J, DBA and FVB were sensitive to the USkhodel for two parameters: the coat
state and the NSF test for A/J, the coat statetladevel of fecal corticosterone metabolites
for DBA and FVB. A reversal effect of imipramine svéound in A/J and DBA, but not in
FVB, for only one parameter: the NSF test for Aiddl éhe coat state for DBA. Lastly, C3H
and CBA were the sole strains exhibiting a simpleofile. They were the less sensitive to the
detrimental effects of UCMS as only a significaatatioration of the coat state was found for
both strains; moreover both strains were irresp@n® the imipramine treatment. Although
differences in inbred mouse strains are not exadlgirelated to genetic background but are
also influenced by epigenetic factors and parebé&dlaviors (Calatayud et al., 2004), the
existence of these six different profiles undesitige contribution of inheritable factors in the
sensitivity to stress exposure and to ADs' effeatsd thus could provide important
information for the understanding of the genetisibaassociated with stress vulnerability,

MDD-associated alterations and ADs-treatment rascs.

Strain-dependent changes in the physical state
Our results showed that a 9-week UCMS protocol ¢edua progressive deterioration of the
coat state in all strains, but with a strain-spediinetic and amplitude. BALB/c and DBA

strains were the most sensitive strains to the eving effect of UCMS on coat state, since
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significant deterioration occurred faster and witgher scores in these strains. The C57BL/6
strain displayed a different profile with a weakisigvity to UCMS effect on coat state, while
A/J, C3H, CBA and FVB exhibited intermediate pre§il These results confirmed those of
Mineur and colleagues (2003, 2006), who found aig@nt worsening of the coat state after
a 4-week UCMS application in BALB/c, C57BL/6, DBA& FVB strains. Another UCMS
study found significant deterioration in CBA buttrio C57BL/6 and DBA (Pothion et al.,
2004); however, assessment of coat deterioratidmisnstudy is questionable since no scoring
was used and could be responsible for the divesgenc

Table I. Summary of the effects of a nine-week Unpredictable Chronic Mild Stress (UCMS) regimen
and of the imipramine treatment.

EFFECTS OF UCMS &
IMIPRAMINE REVERSAL

STRAIN Coat NSF  Loco-
state Weight test motor [CORT]
score latency activity
A/J + o +/R o 0
BALBc +/R o +/R o +/R
C3H + 0 0 0 0
C57BL/6 + 0 +/R o -/R
CBA + 0 0 0 0

DBA +/R o© 0 0 -
FVB  + 0 0 o+

A “+” means a significant increase of the measure due to UCMS; a “-” indicates a significant decrease of the
measure due to UCMS; a “0” indicates a lack of significant change; a “R” indicates a significant reversal by
imipramine treatment. NSF, Novelty-Suppressed Feeding; [CORT], level of fecal corticosterone metabolites.

Chronic imipramine treatment counteracted the UCaMfects on coat state only in the
BALB/c and DBA strain. It is noteworthy that botkrans were the most affected by the
UCMS for this measure; imipramine was thus ableptevent the detrimental effects of
UCMS on this index when deterioration was relagnveigh. Thus, we cannot exclude that,
rather than being ineffective in the 5 other sgaithe lack of imipramine’s efficacy may be
explained by floor effects. Considering that the7BBE/6 strain was highly responsive to
imipramine in all other UCMS-induced alterationstbis study, this latter argument could
apply for this strain. Alternatively, this measurgeght be useless to assess adequately the
effect of UCMS on C57BL/6 strain due to the blaclicof this strain which renders coat state
difficult to assess. ADs effect in the UCMS modelsmever compared among various inbred

mouse strains to date; only BALB/c mice were prasly tested with fluoxetine, desipramine,
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CRF1 antagonists or V1b antagonist (Griebel et 2002a; 2002b; Ducottet et al., 2003;
Santarelli et al., 2003; Alonso et al., 2004; Yalet al., 2005; Surget et al., 2008). These
compounds were able to block or to reverse the U@M8ced deterioration of the coat state.
The body weight was measured each week from thet @ishe UCMS regimen to the end.
No change in body weight due to UCMS or imipramivees reported in any strain used in this
experiment. This result is in accordance with prasi studies using BALB/c mice in a 5-
week UCMS (Santarelli et al., 2003; Yalcin et &005; Surget et al., 2008). Nevertheless,
recent experiments in our laboratories found sigaift reductions of body weight gain in
BALB/c mice and recovery by fluoxetine treatmenteafa minimum of 5-week UCMS in
more intensive protocols in terms of stressor aerwre and combination (see Belzung and
Surget, 2008). Although body weight disruption wagt found in any strain in this
experiment, it can be induced, at least in BALB/icanby the UCMS model in a protocol-

dependent manner.

Strain-dependent changes in the behavioral tests

The behavioral effects of UCMS and imipramine tmeaiit were assessed in the NSF test
and in the actimeter. The NSF was used to highbght/CMS-induced increase of anxiety-
related behaviors. While the behavior of C3H, CEMBA and FVB in the NSF test was
altered neither by UCMS nor by imipramine treatméme A/J, BALB/c and C57BL/6 strains
displayed a significant augmentation of the lateimcthe NSF test for UCMS/vehicle mice,
suggesting an UCMS-related overstatement of emalticeactivity. Furthermore, the
imipramine treatment was able to restore the Iateacthe control level in these 3 strains.
Confounding effects of feeding drive or activityncke excluded as food consumption and

locomotion in the home cage remained unchanged.

Strain-dependent changes in the level of fecal eoosterone metabolites

Considering that HPA axis disturbances such as rogpigsolemia or blunted negative
feedback response are one of the most consistelughial markers of MDD (Holsboer,
2000), we assessed the level of fecal corticoseematabolites in order to investigate first if
the UCMS model is able to induce increased levetodicosterone, second if these changes
are strain-dependent, and third if they are rel&egglarticular UCMS-induced symptoms and
could be reversed by imipramine treatment. UCM&iaed alterations of the concentration of
fecal corticosterone metabolites in 4 strains (BAL,BC57BL/6, DBA and FVB), but this

effect was restored to control levels by imipramamdy in two of these strains (BALB/c and
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C57BL/6). Further, these changes were stronglyrssjaecific as we obtained four different
profiles in these four strains. As expected, BALBfd FVB mice displayed an increase of
fecal corticosterone metabolites after UCMS. Inmpiree treatment restored this increase of
fecal corticosterone metabolites to control lewelBALB/c, but not in FVB. Considering that
physical and behavioral changes due to UCMS werersed by imipramine in BALB/c but
not in FVB, the changes in corticosterone metabslib these two strains are consistent with
clinical data showing that, when MDD is associatedh HPA disturbances, clinical
remission parallels the normalization of HPA axi¥einheroff, 1996). On the other hand, a
significant UCMS-induced reduction of the level fefcal corticosterone metabolites was
found in C57BL/6 and DBA, but imipramine reversadtdiminution only in C57BL/6 mice.
This result is reminiscent of the atypical subtgbeMDD, which is characterized by reduced
activity of HPA axis, contrasting with the HPA odere seen in the melancholic subtype
(Gold and Chrousos, 2002; Antonijevic, 2006). Lasih/J, C3H and CBA showed no
significant change in fecal corticosterone metdbsldue to UCMS or imipramine treatment.
This result shows that the physical and/or behaVidCMS-induced symptoms, at least for
the ones investigated in this study, are not necigsassociated with disturbances of
corticosterone levels. This is clinically relevaitice MDD can also occur without HPA axis
dysfunction (Watson et al., 2002; Gervasoni et24104).

It should be noted, however, that only one timenpoif fecal corticosterone metabolites
level was analyzed in our study. Since glucocoiti€such as corticosterone display regular
circadian variations as well as episodic pulsatderetion pattern (Axelrod and Reisine, 1984;
Touma et al., 2004), corticosterone levels at amlg time point could be unrepresentative of
the whole perturbations of the HPA dysfunction. YWes cannot exclude that A/J, C3H and
CBA strains displayed significant changes in codterone levels at other time points and
that the HPA non-reversal profiles of FVB and DBiass were just specific to this time
point but not to others.

Besides investigating other time points, in futstedies the combined dexamethasone
suppression/CRF stimulation test which allows asegsthe HPA feedback integrity should
be used to highlight more accurately HPA axis dysfions, since HPA axis disturbances in
patients might be more associated with blunted thegdeedback than hypercortisolemia
(Swaab et al., 2005).
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Strain differences are relevant to the clinic

Our results emphasize how the UCMS model of defmessn generate several clinically-
relevant profiles, which mimic subtypes of MDD-asisted syndromes, using inbred mouse
strains. BALB/c and C57BL/6 were sensitive to theygical and behavioral alterations of
UCMS, these modifications were associated to HPAaumlown-regulation respectively and
they were AD responsive. DBA mice displayed phyisacad neuroendocrine UCMS-induced
modifications and imipramine reversal of the phgkiocut not of the HPA changes. The A/J
strain was sensitive to the physical and behavaltatations of UCMS, AD responsive in the
NSF test, but the HPA axis was not dysregulated Rvice were sensitive to the physical
alterations of UCMS, the HPA axis was up-regulatad, modifications were AD resistant.
C3H and CBA mice were sensitive to the physicakrations of UCMS, but the
neuroendocrine pattern remained unaltered and tuifications were AD resistant.

The MDD encompasses two major subtypes, the metéinchnd atypical depressions,
which display contrasting psychological and neugetative symptoms, particularly HPA
disturbances were found in the both subtypes baniropposing direction: up-regulated in
melancholia while down-regulated in atypical deprs (Gold and Chrousos, 2002;
Antonijevic, 2006). It is noteworthy that the UCMS®odel induced similar divergent
biological alterations with HPA overdrive and hypdtsolemia, reminiscent of the
melancholic and atypical features respectively. @saults show that a unique etiological
factor (chronic stress) was able to induce oppogiaiierns of alterations according to the
genetic background. Taken together, we can eagédgidate that the genetic makeup, more
than the environmental factors, contributes to distinct clinical phenotypes. In any case,
these findings highlight the UCMS model as a sugggerimental tool to dissect genetic

factors associated with particular subtypes of eéegion-related syndromes.

Comparison with other inbred mouse strain survepshio-assays

Briefly, we established that, in the seven stramestigated in this study, four strains were
responsive to the imipramine treatment at leasine measure: DBA on the coat state, A/J in
the NSF test, C57BL/6 in the NSF test and fecalicmsterone metabolites and BALB/c in
this three measures, while C3H, CBA and FVB weremsitive (Table 1). Among all the
strains tested, BALB/c and C57BL/6 were the onhaigs in which imipramine reversed at
least two parameters, which might limit the usefsk of this model particularly for
genetically-modified animals that are bred on otherkgrounds. However, the heaviness of a

UCMS procedure with seven strains made that thgerah behavioral alterations investigated
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here is quite limited (emotional reactivity anddawotor activity), it is thus possible that more
strains would be sensitive to imipramine reversalother depression-related behaviors
(anhedonia, despair, sleep disturbance, appetiteials behavior). Moreover, such a
shortcoming becomes an advantage to scrutinizetigefaetors involved in vulnerability,
pathophysiology or AD resistance.

The overwhelming majority of published studies e field are carried out with tests of
behavioral despair (FST and TST) in “normal” unstexl mice treated acutely with ADs.
Although these studies are assumed to investiga¢ask or treatment mechanisms, both FST
and TST present weaker face and construct vakdiiian UCMS; even their predictive
validity and reproducibility seem to be overestiethsince discrepancies arose from recent
inbred strain surveys in these bio-assays. Liu @edshenfeld (2001) found that DBA and
FVB were responsive to imipramine in the TST whild, BALB/c, C3H and C57BL/6 not,
whereas C57BL/6 mice were shown to be sensitiveniioramine in many other studies using
the TST (Cryan et al., 2005). In the FST, imipraenmas found to decrease immobility in
BALB/c (Schechter and Chance, 1979) and C57BL/6 @aal., 2001), while David and
colleagues (2003) found no effect in C57BL/6 andADBther discrepancies are also found
with other compounds: the tricyclic desipraminedkiuet al., 2001; David et al., 2003; Ripoll
et al., 2003), the selective serotonin reuptakéitdr (SSRI) citalopram (David et al., 2003;
Ripoll et al., 2003; Crowley et al., 2005), the $$RBroxetine (David et al., 2003; Ripoll et
al., 2003). Therefore, these bioassays detectafiaat results among laboratories and even in
the same group when both tests were used withusadompounds (David et al., 2003; Ripoll
et al., 2003). These findings, together with thet fdhat UCMS induced different effects
between the FST and the TST (Mineur et al., 2086¢gest that both tests correspond to
distinct entities. Nevertheless, it might be polesihat these differences could account for the
heterogeneity of the protocols used. In any casgleveonsidering that no correlation was
found between baseline immobility, saline immopgiland ADs response across strains in
these mouse strain surveys (Liu and Gershenfeld];20ucki et al., 2001; Crowley et al.,
2005), these results point out that is question&blese only these acute models in studies

prospecting for neurobiological processes involvethe human disease and ADs response.

Conclusion
Chronic models of depression such as the UCMS cdddsuitable to investigate
neurobiological mechanisms of pathophysiology aedtment of MDD. Indeed, the UCMS

model reproduces chronic features of depressionttandlinical time-course of ADs action,
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so that it exhibits higher face and construct vadid than the TST and FST. Moreover, our
results show that it can be possible to distingwighous UCMS-induced endophenotypes
which replicate specific symptoms and even subtypesMDD-associated syndromes,
reminiscent of the melancholic or atypical featusethe human disease. Indeed, UCMS may
enable to choose strains accurate for specificcéspé MDD. For example, some strains may
be relevant to model MDD associated with HPA dysfiom (strains sensitive to physical,
behavioral and neuroendocrine alterations), othersnodel ADs resistance (i.e. strains
sensitive to UCMS but insensitive to ADs). As atngtep, other MDD-associated symptoms
should be investigated to determine more accuratddyed strains profiles such as other
relevant behavioral alterations (anhedonia, slemspurdbance) or physiological measures
(Dex/CRF test, brain monoamines level, hippocanmgairogenesis). Given that mice were
shown to display these endophenotypes in a stegemlent manner, UCMS is an
appropriate model to dissect genetic factors aasmti with vulnerability, particular

symptoms of affective disorders, and AD resistance.
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Discussion complémentaire de I'article 2

Cette étude indique donc une variabilité de la népades lignées de souris aux effets
de 'UCMS et a ceux d’'un traitement chronique amxid®presseurs. A présent, dans cette
discussion complémentaire, nous allons tenter d¥xar le role du polymorphisme
Leu32Met du BDNFdans la survenue d’'un syndrome dépressif-like danmodele de
dépression de 'UCMS et dans l'action chronique algglépresseurs évaluée dans ce modéle.
Ce modele, comme le démontre l'article, est capdbteluire plusieurs type d’altérations
plus ou moins indépendantes ; il permet donc didralsi ce polymorphisme est plus
particulierement impliqué dans 'une ou l'autreads altérations.

Dans cette optique, notre objectif a été d’étaleliprofil des altérations physiques,
comportementales et neuroendocrines induites P&MS dans chacune des 7 lignées testées
(A/J, BALB/c, C3H, C57BL/6, CBA, DBA/2 et FVB), as que leur propension a répondre a
'action « thérapeutique » d’un traitement a l'imdmine, puis d’explorer une éventuelle
corrélation entre le génotype pour le gene BDNEestrésultats (la lignée FVB a entre-temps
été génotypée et nous avons montré que cette spodied’allele Met).

Les résultats obtenus pour chaque lignée ont élldé dans l'article. Ci-dessous, nous
tentons d’établir un lien entre les altérationsesbées avec le génotype pour le géne BDNF
(table 11).

Table Il. Synthése des effets du régime UCMS et du  traitement a I'imipramine en fonction des
variants alléliques (Leu32Met) et des lignées.

o alléle EFFETS DE L'UCMS & DE L'IMIPRAMINE
N
C3H Leu/Leu + 0 0 0 0
C57BL/6  Leu/Leu + 0 +/R 0 -IR
AlJ Met/Met + 0 +/R 0 0
BALB/c  Met/Met +/R 0 +/R 0 +/R
CBA Met/Met + 0 0 0 0
DBA/2 Met/Met +/R 0 0 0 -
FVB Met/Met + 0 0 0 +

Un « + » indique une augmentation significative due a 'UCMS de la mesure ; un « - » indique une
diminution significative due a 'UCMS de la mesure ; un « 0 » indique un manque de changement
significatif ; un « R » indique une réversion significative par le traitement a I'imipramine. Abréviations :
aa, acide aminé ; [CORT], concentration des métabolites de la corticostérone dans les fecés ; NSF,
novelty-suppressed feeding.
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Les profils obtenus ne montre aucun point commurs daes mesures explorées entre
les différentes lignées porteurs de l'allele Lea @3H et C57BL/6) d’'un coté et entre celles
porteurs de I'allele Met (ie A/J, BALB/c, CBA, DB2/et FVB) de l'autre c6té. En effet, nous
avons trouvé une grande hétérogénéité de pattéatigrdtions et de réversion due au
traitement. Les lignées BALB/c (Met/Met) et C57Bl(6u/Leu), distinctes pour le SNP, ont
étée sensibles aux altérations physiques et commpertles induites par 'UCMS, ces
modifications ont été associées respectivement ea augmentation ou une réduction de
l'activité de I'axe HPA et ces 2 lignées ont été fdus sensibles a I'effet thérapeutique de
limipramine. Les souris DBA (Met/Met) ont présentdes altérations physiques et
neuroendocrines dues a I'UCMS ainsi qu’une réversie I'imipramine des altérations
physiques alors que les A/J (Met/Met), pourtargnitues aux précédentes en ce qui
concerne le polymorphisme, ont été sensibles aukesemodifications physiques et
comportementales induites par 'UCMS, l'imipramiaygant contrecarré ces modifications au
niveau comportemental seulement. Les FVB (Met/Metles aussi identiques aux deux
précédentes sur le plan du polymorphisme du BDKEprésenté des altérations physiques et
neuroendocrines a la suite de 'UCMS alors queedaghée a été insensible aux traitements.
Enfin, les lignées C3H (Leu/Leu) et CBA (Met/Methtoété seulement sensibles a la
dégradation de I'état du pelage, laguelle n’est gagrecarrée par I'imipramine. On peut
remarquer qu’il N’y a sans doute aucune relatianeele genotype BDNF des lignées et leur
sensibilité a 'UCMS ou au traitement, étant domu& des lignées portant le méme alléle
peuvent montrer des profils opposés.

En outre, cette variabilité n’a méme pas permidétgager des tendances communes a
un génotype malgré une exploration comportememisdez diverse. En effet, il n’y a pas une
relation entre le polymorphisme Leu32Met du BDNR@imoins une des mesures étudiées.
Ainsi, une variété de réponses au modele de dépnessCMS et au traitement a été établie
indépendamment du SNP. On peut donc en déduirdegpelymorphisme Leu32Met du
BDNF n’est probablement pas impliqgué dans la surgettun syndrome dépressif-like ou
dans l'action des ADs. En fait, les traits psyclyadoes et les comportements complexes sont
souvent trés variables et sont généralement infkerpar une multitude de génes et de
facteurs environnementaux. Ainsi, la variabilitérerles lignées dépend en général plus de
I'arriere-fond génétique que d’'un simple gene. despméme si ce polymorphisme avait un
réle dans les effets étudiés ici, des phénoménegodepensation peuvent émerger et

empécher la détection d'un phénotype associé adages alleles. Des souris congéniques
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dans lesquelles les deux alleles seraient prés#aris un méme arriere-fond génétique
pourraient donc étre utiles afin d’évaluer plusc@&ment l'influence de ce polymorphisme
sur la vulnérabilité au stress chronique et sutibe des antidépresseurs.
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Article 3 - Deficit in BDNF level does not increase
vulnerability to stress but dampens antidepr essant-
like effectsin the unpredictable chronic mild stress.

Dans cet article, nous avons voulu déterminer lie dé niveau d’expression du BDNF dans
la vulnérabilité au stress chronique et dans kectiles antidépresseurs dans un approche
comparatif avec des souris hétérozygotes BDNFt#leg souris sauvages.
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Abstract

The neurotrophic hypothesis of depression is chgifey by the paucity of direct links
between brain-derived neurotrophic factor (BDNHjaieand depressive-like behaviors. The
unpredictable chronic mild stress (UCMS) paradigighintake our understanding a step
further by examining whether depletionddnfexpression can lead to enhanced vulnerability

+/+

to stress and prevent antidepressant efficacy. éjemtd-typebdnf

+/

and heterozygousdnf
“mice were exposed to an eight-week UCMS regimenfaoich the third week onward,
treated with either vehicle or imipramine (20 mdélay, ip). Heterozygousdnf*" mice
displayed half BDNF level but no enhancement ofsesitivity to stress exposure. While
imipramine reduced anxiety-like behaviors and iasezl hippocampéldnfexpression in
both genotypes, it decreased aggressiveness apdideshaviors in wild-type but not in
heterozygous mice. In summary, we demonstratethataepletion in BDNF level

dampened antidepressant-like effects but failad¢ceiase vulnerability to chronic stress.

Keywords
Animal model, depression, imipramine, neurotrophmvelty-suppressed feeding test,

resident/intruder test, tail suspension test.
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I ntroduction

Extensive studies over the last decade have higkligdisruptions of neural plasticity and
of neurotrophins equilibrium in a growing numberpsiychiatric diseases, such as major
depressive disorders (Duman and Monteggia, 200&§r€aet al., 2007). The "neurotrophic
hypothesis of depression” emerged from these fggjibhased on a causal association between
BDNF levels and depression-like states or antideganet response: a decrease in BDNF
synthesis and signaling is thought to generate hwogical and functional brain changes
precipitating depression, while its increase caulderlie antidepressant action.

Clinical correlates as well as basic research sppe involvement of BDNF in
antidepressant response. An increase in BDNF imneastivity was reported in post-mortem
hippocampal tissues of antidepressant-treatedrpat®mpared to the one obtained from
untreated patients (Chen et al., 2001). Administnadf BDNF itself or genetically-enhanced
signaling of BDNF/TrkB receptor produce antidepaggdike effects in rodent models of
depression (Siuciak et al., 1997; Shirayama e2@02; Hoshaw et al., 2005; Koponen et al.,
2005). Moreover, heterozygobsnf*~ mice, which have roughly half reduced levels of
BDNF in the brain, and mice with inducidbelnfdeletion in the forebrain exhibited blunted
antidepressant-like responses in the forced swst(&ST) (Saarelainen et al., 2003;
Monteggia et al., 2004).

Nevertheless, the "neurotrophic hypothesis"” islehging by inconsistent linkages between
BDNF dysfunction and depressive-like behaviorshéiligh some observations indicate that
corticosterone or stress, a factor known to presipidepression, are associated with a
decrease in BDNF levels in the rodent adult hippgmas (Barbany and Persson, 1992;
Ueyama et al., 1997; Murakami et al., 2005; Tsanketval., 2006), various strategies
reducing brain BDNF levels or signaling failed &ntbnstrate clear-cut involvements of
BDNF in depression-related symptoms. For exaniplef "~ mice display hyperphagia,
obesity, hyperactivity, aggressiveness and leardefgits, but neiher anxiety- nor
depression-like behaviors (Linnarsson et al., 129@ns et al., 1999; Kernie et al., 2000;
Duan et al., 2003; Saarelainen et al., 2003; Clauebal., 2004; Liu et al., 2004). In contrast
to induciblebdnfknockout mice (Monteggia et al., 2004), forebraamditionalbdnfknockout
mice was reported to exhibit depressive-like phgped, but these results are lacking
consistency: despair-like behaviors was only oletwith females in the FST in one study
(Monteggia et al., 2007), while only in the taispension test (TST) and with an opposite
pattern in the FST in another (Chan et al., 2086nther possibility is that deficiency in

BDNF activity yields to an enhanced vulnerabilibystress rather than to directly impact
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depression-like behaviors. The previous studiepareably irrelevant to address this point
considering that they were all performed usingstestoehavioral despair (FST and TST) in
“normal” rather than in “depressed” mice.

Moreover, Berton and colleagues (2006) showedalsaftcial defeat stress paradigm
increased BDNF levels in the ventral tegmental arehthat a specific knockdown ledinfin
this brain area caused an antidepressant-liketefiecordingly, the involvement of BDNF in
depression-related states and antidepressantféa appears to be more complex than a
single up- or down-change of the total BDNF levrlthe brain. A reduction of BDNF level
could thus be associated to vulnerability or resitie to chronic stress according to the brain
region where it occurred. Interestingly, such attome could perhaps account for the lack of
depressive-like phenotype béinf*" mice.

In order to unravel the role of BDNF deficit in mekrability to stress exposure, in specific
depression-related alterations and in antidepréssaponse, we exposed heterozydoarst
*"mice to the unpredictable chronic mild stress (U&)Mnd to imipramine, a tricyclic
antidepressant. The effects of an 8-week UCMS jpgmradlong with a chronic imipramine
treatment from the third week onward in wild-typeleneterozygoubdnf*’- mice were
assessed with physical measures (coat state, beigity in feeding (24h-home food
consumption), locomotor activity (home-cage actengtaggressiveness (resident/intruder —
R/I- test), anxiety (novelty-suppressed feeding FN&st), despair (TST), plasma
corticosterone levels armtinfMRNA levels (dentate gyrus of the hippocampus). Sudy
shows that, although theinf*~ mice did not display a higher vulnerability to UGM
regimen, they failed to respond effectively to defiressant treatment in various, but not all

measures.

Experimental procedures
Animals

Production of the gene-targeting construct wasiptesly reported (Korte et al., 1995).
Wild-type bdnf** and littermate heterozygous mutadnf*’~ mice were bred on a mixed
S129/Sv x C57BL/6 genetic background. All the arlgweere genotyped by Polymerase
Chain Reaction (PCR). Male mice of between 4 ambiths of age were used in the study
presented here. Before the beginning of the exmarinall animals were housed in groups of
4/5 and were maintained under standard laboratamgitions under a 12/12h light/dark cycle

(lights on at 20:00h), 22+2°C, food and wadedrlibitum The production of transgenic mice
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and all of the animal experiments were done in a@we to the guidelines with the

European Community Council directive 86/609/EEC.

Drugs

Imipramine hydrochloride (Sigma-Aldrich) was usadhis study. Imipramine was
prepared as solutions in physiological saline (ON&&l). The different solutions were
concentrated to administer a final volume of 1Ckml/

General procedure

An eight-week UCMS regimen was conducted. Mice weaintained under the same
standard laboratory conditions but were isolateshiall individual cages (24x11x12cm). The
first two weeks of UCMS regimen were drug-free &meditment began from the third week of
UCMS until the day of euthanasia. Imipramine (20kgflay) or vehicle was administered
intraperitoneally (ip) once a day for six weekseYhvere randomly assigned to the different
treatment groups. The antidepressant dose wasrchoshe basis of previous experiments
showing that the compound is active at this dosuige (Surget et al., 2008a). The body
weight and the state of the coat were assessedywg®k the end of UCMS. During the
eighth week of stress regimen, behavioral testiag performed according to the following
sequence: 24h-home food consumption, actimeteteR/INSF test and TST. Two days after
the TST, mice were sacrificed by g@sphyxia for brain sampling. The full experimental

design is depicted in figure

UCM S regimen

The stress regimen used has been previously deddi@antarelli et al., 2003; Surget et al.,
2008a,b). Mice were repeatedly subjected to varstessors according to a “random”
schedule for a total period of seven weeks. THemdift stressors were: altered bedding
(sawdust change, removal or damp; substitutiomwaftsist with 21°C water, rat or cat feces);
cage tilting (45°) or shaking (2 x 30”); cage exafja (mice positioned in the empty cage of
another male); induced defensive posture (repesdigat grips on the back until the mouse
showed a defensive posture) and altered lengthiaedof light/dark cycle. Combinations of
different stressors occurred sometimes. Imiprartreegment started at the beginning of the
third week of UCMS exposure. The body weight arelstate of the fur were assessed once a
week until the end of the eight weeks. The totatsof the state of the fur resulted from the

sum of the score of seven different body partsdheack, dorsal fur, ventral fur, tail,
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forepaws and the hindpaws. For each of the sevey &@as, a score of 0 was given for a
well-groomed fur and 1 for an unkempt fur. Thiserchas been pharmacologically validated
in previous studies (Santarelli et al., 2003; Yalet al., 2005; Surget et al., 2008a,b).

24h-home food consumption

The food intake of each animal was assessed byumegthe amount of food consumed
over a period of 24 hours in the home cage. Thd tmmsisted in the regular chow. Food was
weighted and presented to the mice at 12:00h. Tyfent hours later, food was weighted

and the amount of food consumed calculated.

Actimeter

The actimeter allowed the assessment of the acti¥itnice in their home cage, thus
excluding the possibility of biasing the result®da novelty-induced anxiety. The home cage
was placed in the centre of a device, which coagist a 20 x 20 cm square plane with two
light beams, crossing the plane from midpoint tdpoint of opposite sides, thus dividing the
plane into four quadrants, automatically detectmymovement of the animal when it
crossed through, allowing to establish a score.higleer the score, the more the mouse
moved. Cages were placed in the device 15 mingksdthe beginning of testing. Testing
was carried out in the nocturnal period from 11:@0H lasted 2 hours allowing a better

estimation of the basal locomotor activity.

R/l test

R/l test is a variant of the procedure previousgdiin our lab (Surget et al., 2008b).
Isolated mice were tested against an A/J intrutlee.opponent was placed into the cage of
the test animal (resident) in such a way that mieee placed in opposite corners and the test
started immediately, lasting for a maximum of 5 m@s. Tests were stopped two minutes
after the first attack occurred. We recorded theney of the first attack as well as the number

of attacks for two minutes following the first atka

NSF Test

The NSF Test was a modified version of the one byeBantarelli et al. (2003) and
performed as previously described (Surget et @D83). The testing apparatus consisted of a
wooden box, 33x33x30 cm with an indirect red lighte floor was covered with 2 cm of

sawdust. Six hours before the test, the food waeved from the cages. At the time of
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testing, a single pellet of food (regular chow) \péesced on a white paper platform positioned
in the center of the box. An animal was placed @omner of the test box. The latency to start
consuming the pellet was recorded within a 3-mimpeteod. This test induced a conflicting
motivation between the drive to eat the food pellel the fear of venturing into the center of
the arena. This version was shown to be able tafsgly reveal antidepressant effects only
in UCMS-treated, but not in control mice througregersal effect of the UCMS-induced
increase in the latency (Surget et al., 2008b).ddwer, antidepressants are known to have
various effects on appetite. To control this patronfounding factor, the feeding drive of
each animal was assessed by returning it to thaigamnvironment of the home cage
immediately after the test, and measuring the amoiufiood consumed over a period of 5

minutes (home food consumption).

TST

The procedure followed in this study was derivenhfithe protocol previously described
(Steru et al., 1985). Mice were suspended by théagaproximately 1 cm from the tip of the
tail) using adhesive tape to a rod at 80cm abosdldmr. Four animals were tested
simultaneously. The trials were conducted for agaeof 6 min, and were recorded by a video
camera positioned directly in front of the mice ehthe experimenter observed the session in
an adjacent room. Videotapes were subsequentlgddiind by a highly trained observer.
The behavioral measure scored from videotape weaduhation of immobility. Mice were

considered immobile only when they hung motionless.

Corticoster one radioimmunoassay

Mice were sacrificed by C{asphyxiation and decapitated. While brains wemngoresd for
dissection (see below), trunk blood was collectad @entrifuged at 15009 for 12min. Plasma
was stored at -20°C and analyzed for total cortarosie levels using&2-labeled
corticosterone double-antibody radioimmunoassayMR Biomedicals, NY). All samples
were run in a single assay; the intra-assay vditialias 8.26%. The percentage of cross
reactivity with steroids was corticosterone 100%sakycorticosterone 0.34%, testosterone
0.1%, cortisol 0.05%, aldosterone 0.03%, proges&e02%, androstenedione 0.01%; 5
dihydrotestosterone 0.01%, others <0.01%.

Brain areas sampling
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Mice were killed by CQ@asphyxiation and decapitated. Brains were rapighyoved and
placed in ice-cold slurry of 0.9%NaCl. Two millinees rostro-caudal sections were quickly
obtained on a brain tissue blocker. Two consecwwations roughly from Bregma -0.6 to
Bregma -4.6 were immediately transferred to wedstaining RNAlater (Ambion Inc.,

Austin, TX). Then, each section was microdissegted the assistance of a brain atlas
(Paxinos and Franklin, 2001). Dentate gyrus samp&e dissected from the first and second
sections. The samples were stored in RNAlater isolat -80°C until further analysis.

Extraction of RNA and Real Time PCR

Total RNA was extracted using Trizol (Invitrogerer@y Pontoise, France) according to
manufacturer’s instructions and treated with DNA$eVitrogen, 1uL/ug RNA). Reverse
transcription reaction was performed at 42°C 45 imia final volume of 5@L containing
500 ng of total RNA, 100 ng random hexamers, 1 M, 10 mM DTT, 1X buffer, 10 U
superscript Il reverse transcriptase (Invitrogdime reaction mixture for real time
guantitative PCR consisted in 10 ng cDNA from reedranscription reaction, 12u% of
Platinium SYBR Green qPCR SuperMix UDG (Invitroged pmoljiL of both forward and
reverse primers. GAPDH F: 5’-ctgcaccaccaactgcttag3b’-gtcttctgggtggcagtgat-3’; BDNF
(Alfonso et al., 2006). Threshold cycle (Ct) valwesre obtained and relative levels of
transcription were calculated by thé“2' method (GADPH).

Statistics

When the assumptions for parametric statistics waseired (normality and homogeneity of
variances), two-way ANOVAs were performed by usiiegotype ldnf** vs.bdnf*") or
treatment (vehicle vs. imipramine) as main facttodowed by a Fishepost hocanalysis
when required (i.e., p<0.05). Otherwise, data veera@yzed using non-parametric procedures:
an analysis was done following the Kruskal-WalANOVA by ranks” procedure, followed
by a Mann-Whitney test including corrections forltiple comparisons when required (i.e.,
p<0.05). The Friedman test, a non-parametric “ANOMAranks” for repeated measures, was
used to examine the changes of the coat statelwweight-week UCMS regimen. Moreover,
a Spearman’s correlation was performed to analyzeelationship between locomotor

activity and body weight in heterozygous mice.
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Results:

Evaluation of the coat state
The UCMS procedure induced a significant deterionabf the state of the coat in all the

groups independently of the genotype or of the diregtment (Fig.2A; Friedman tesidnf

** vehicle,%14,8733.42, p<0.001bdnf*"* -imipramine ;14 87=29.66, p<0.001bdnf*"-
vehicle,y138=35.04, p<0.001bdnf*" -imipramine 14 =29.83, p<0.001). Kruskal-Wallis
test failed to establish any differences betweerfalrr groups throughout the UCMS regimen
(weeks 0-8: Hs<4.6, 0.2). Accordingly, heterozygousinf™~ mice did not show a higher
sensitivity to stress exposure in this measurecéinonic imipramine treatment was unable to

counteract the worsening effect of UCMS on the state in any groups.

Behavioral
o4p tests:
food R/ TST
Acti|NSF
‘ Unpredictable Chronic Mild Stress (UCMS) >
4 N N N N N N BRAIN COLLECTION
WEE K. v v v M M v M DISSECTION (Dentate Gyrus)
0 1 2 3 4 5 6 7 8
Coat state  Coatstate  Coatstate  Coatstate = Coatstate  Coatstate  Coatstate  Coatstate  Coat state
Weight Weight Weight Weight Weight Weight Weight Weight Weight
20 Treatment s

wvehicle (0.9% NaCl, i.p.) or imipramine (20mg/kg/day, i.p.)

Figure 1. Experimental design. The Unpredictable Chronic Mild Stress (UCMS) regimen lasted 8
weeks. Each week, the coat state was evaluated and the body weight measured. The first two weeks
of UCMS regimen were drug-free. Imipramine or vehicle treatments began after two weeks of UCMS
and continued until the end of the experiment (week 8). Imipramine (20 mg/kg/day) or vehicle (0.9%
NacCl) were administered intraperitoneally once a day. The week before the end of the UCMS regimen,
behavioral tests were carried out once a day according to the following sequence (n=11-14 per group):
24h-home food consumption (24h food), actimeter (Acti), resident/intruder test (R/l), novelty-
suppressed feeding test (NSF) and tail suspension test (TST). Towards the end of the UCMS regimen,
dentate gyrus was collected for analysis of the bdnf expression (n=4-5).

Body weight and food intake

ANOVA revealed a significant effect of the genotypethe body weight, but not of the
drug treatment or of interaction factors (Fig.2Bhis genotype effect occurred intermittently
(weeks 0, 2, 4, 6-8:15>4.16, p<0.05; weeks 1, 3, 5 $<2.69, 0.11).Post hocanalysis
revealed frequent strong trends (p<0.1), but noiognt difference between both genotypes
for the same treatment in paired comparisons.

The 24h-home food consumption was evaluated ateganing of the eighth week of

UCMS (Fig.1). Neither genotype {f=3.07, p=0.086), nor drug treatmeni (&0.03,
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p=0.86) nor interaction (Rg=0.8, p=0.37) had a significant effect on food ketaalthough a
trend (p<0.1) for a genotype effect on this meastae found (Fig.2C).
These results demonstrate an elevated body weidteterozygoubdnf*™ mice compared

to wild-type mice, which can perhaps be explaingéhbreases in food intake.

>
w
o

Coat state Body weight Food intake
20 38 treatment

e > o+ bdnf +/+, 7

15 treatment 37 # # # # vehicle _g @6
# - T o oosbdnfe, 2G5 [] Vehicle
L& s imipramine 2 % 4 (0.9% NaCl, i.p.)

34 7 — = bdnf+- S ES3 ) )
£/ ' vehicle £22 Imipramine
1 ---0--- badnf +/-, ~ 8 2) (20mg/kg/day, i.p.)
imipramine
01 2 3 45 6 7 8 01 2 3 45 6 7 8 bdnf +/+ bdnf +/-

weeks of UCMS weeks of UCMS

Figure 2. Effect of the heterozygous bdnf * system and of the imipramine treatment on the coat state,
body weight and food intake in 8-week UCMS-exposed mice. (A) The UCMS model induced a
significant deterioration of the coat state in all the groups, but no significant effect of genotype or of
drug treatment was observed (n=13-14 per group). (B) Increase in the body weight of the bdnf * mice
was found in several time points (p<0.05, weeks 0, 2, 4, 6, 7, 8). No effect of imipramine was shown
(n=13-14 per group). (C) No significant change in the 24h-home food consumption was found (n=12-
14 per group). Data represent mean + SEM. #, p<0.05 between bdnf * and bdnf ™~ mice.

Behavioral testing

Behavioral testing occurred on the eighth weelhefWCMS regimen according to the
following sequence: actimeter, R/l test, NSF test ST (Fig.1).

In the actimeter (Fig.3AJdnf"" mice were more active thaminf** mice (genotype:
F1,47=6.05, p<0.05), while no effect of treatment {&=0.25, p=0.62) or genotype-treatment
interaction (k 4=0.009, p=0.93) was reported. Howeyaost hocanalysis revealed no
significant difference in paired comparisons, oalyend (p<0.1) for a higher activity in
heterozygousdnf*~ mice compared with the wild-type for the samettrent (i.e. vehicle or
imipramine). As a previous study found that an rseeelationship between locomotor
activity and body weight in heterozygoignf* mice (Kernie et al., 2000), we analyzed our
data with the Spearman’s correlation but no sigarit correlation was found between these
two parameters (R=0.099), which suggests that ex@thinody weight does not preclude
hyperlocomotor activity in heterozygobdnf* mice.

The R/I test consisted to test the aggressivenesgroducing an A/J mouse in the home
cage of the tested mouse. The number of attackd rian after the first attacks (Fig.3B) was
recorded in a maximum of 5-min period (Kruskal-Wsalest: H 55=9.47, p<0.05). While the
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number of attacks was similar in the vehicle-tréatece for both genotypes, imipramine was
able to reduce this parameter but only in the wjijge bdnf** mice (p<0.05).

To examine anxiety-related behaviors, a 6h fooddde@ mouse was exposed to the NSF
test. The latency to chew the pellet was similawiid-type bdnf** mice and heterozygous
bdnf*" mice for both vehicle and imipramine treatmenig.@C; ANOVA: genotype,
F15:=0.001, p=0.97; treatment; £=9.22, p<0.01; interaction;5;=0.0001, p=0.99).
Imipramine treatment yielded a significant decraagée latency to feed (p<0.05), indicating
an antidepressant-induced decrease in anxietyecebs®haviors independently of the
genotype. These results cannot be explained bygelsan motivation to feed as no significant
differences were found for the home food consunmptissessed immediately after the test

(Fig.3D; ANOVA: genotype, F5:=1.6, p=0.21; treatmenty 5;=0.024, p=0.88; interaction,
F1,5:=0.038, p=0.85).

A Actimeter B R/l test
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2000 4 T L 20
4 .
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Figure 3. Effect of the heterozygous bdnf * system and of the imipramine treatment on the behavior
in 8-week UCMS-exposed mice. (A) Heterozygous bdnf " mice displayed an enhancement of the
locomotor activity in the actimeter (p<0.05). No effect of imipramine was found (n=11-12 per group).
(B) In the resident/intruder (R/I) test, the treatment with imipramine was able to reduce the number of
attacks in bdnf *'* (p<0.05) but not in bdnf ** mice (n=13-14 per group). (C) In the novelty-suppressed
feeding (NSF) test, imipramine reduced the latency to chew the food pellet in both the bdnf e (p<0.05)
and the bdnf ™ mice (p<0.05; n=13-14 per group). (D) The latter result was shown to be independent
of a confounding effect due to variations in feeding drive as no difference in the 5min-home food
consumption directly measured immediately after the NSF test. (E) In the tail suspension test (TST),
duration of immobility was decreased after imipramine treatment in bdnf +’+ (p<0.001) but not in bdnf -
mice (n=12-14 per group). Data represent mean + SEM. #, p<0.05 between bdnf ** and bdnf "~ mice.

* p<0.05 and ***, p<0.001 between vehicle- and imipramine-treated mice or between line-connected
groups.
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To investigate whether the deficit of BDNF levekets an effect on the manifestation of
despair behaviors following UCMS and chronic antigssant treatment, we tested wild-type
bdnf*’* and heterozygousdnf*" mice in the TST (Fig.3E). Mice were suspendedHeytail
to a rod and the time past immobile (interpretetiedsavioral despair) was recorded during a
unique 6-min trial (ANOVA: genotype 1 ks=0.452, p=0.5; treatment; fz=12.29, p<0.001;
interaction, k 4g=3.05, p=0.08). No significant difference was folretween the vehicle-

+/+

treated groups, although the wild-typenf™" mice showed a trend (p<0.1) for a greater
immobility time than heterozygousinf*~ mice. Imipramine reduced the immobility time in

wild-type bdnf** mice (p<0.001), but not in heterozygdadgnf*" mice.

Plasmatic corticoster one level

Since changes in hypothalamo-pituitary-adrenal agiwity is often associated to
depression and antidepressant response (Holsif¥#}),2ve measured by radioimmunoassay
plasma corticosterone levels in mice after 8-we@€M$ (Fig.4). No significant difference
due to genotype (~2.07, p=0.16), treatment(k~=2.07, p=0.16) or their interaction
(F1,3/2.07, p=0.16) was found.
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Figure 4. Effect of the heterozygous bdnf - system and of imipramine treatment on the plasmatic
corticosterone level in 8-week UCMS-exposed mice. No significant difference in the plasmatic
corticosterone level was found (n=9-10 per group). Data represent mean + SEM.

bdnf mMRNA level

Because the dentate gyrus is thought to be eskentreediating central effects of BDNF on
depression-related states and antidepressanttaa Adachi et al., 2008), we analyzed the
total amount obdnfmRNA in the dentate gyrus by quantitative RT-PER).6; Kruskal-
Wallis test: H1=13.12, p<0.01). In vehicle-treated animals,iHaf*"~ mice exhibited

+/+

roughly a 50% lowebdnfexpression in the hippocampus thankbaf™" mice (p<0.05).

Imipramine treatment allowed duplicating the@nfmRNA level in the both genotypes
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compared with vehicle-treated mice (p<0.05). THeetknce between wild-type and

heterozygous was thus maintained after antidepnessatment (p<0.05).
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Figure 5. Effect of the heterozygous bdnf * system and of imipramine treatment on the total bdnf
MRNA expression level in the dentate gyrus of 8-week UCMS—exPosed mice. Imipramine induced a
twofold increase of bdnf expression in the dentate gyrus of bdnf " mice (p<0.05) as well as of bdnf "
mice (p<0.05). Compared with wild-type, bdnf * mice displayed roughly a half reduction of bdnf
expression in both the vehicle- (p<0.05) and imipramine-treated mice (p<0.05; n=4-5 per group). Data
represent mean * SEM. *, p<0.05 between vehicle- and imipramine-treated mice or between line-
connected groups.

Discussion

We investigated the consequences of the partiatiahlof thebdnfgene in an 8-week
UCMS paradigm and considered the results in the bfthe “neurotrophic hypothesis of
depression”. Indeed, the previous reports did magstigate the propensity of BDNF to
mediate depression-like behaviors or antidepresféioacy in chronic paradigms. However,
these models are very informative as they mimiadte of etiological factors leading to
depressive episodes. Hence, we examined whetheetamzygoubdnf* mice display,
first, an enhanced vulnerability to UCMS and, set@mn alteration of the antidepressant
efficacy. We demonstrate here that depletion in BDdVel leads to dampen the
antidepressant-like effects of imipramine in selvbedaviors but fails to increase
vulnerability to chronic stress exposure.

Findings from the present study are consistent prigvious data showing an association of
BDNF level with modifications of the body weightdatbcomotor activity. In line with a large
set of studies with heterozygobsnf*" mice (Lyons et al., 1999; Kernie et al., 2000; Dea
al., 2003; Coppola and Tessarollo, 2004), we foamelevated body weight in heterozygous
mutants compared to wild-types. Despite a trencfgenotype effect, this result arose in our
study without a significant elevation of food intakAlthough suggesting BDNF-related
changes in metabolic regulation, the latter reswist be carefully interpreted since it
contrasts with previous studies describing hypegjghas the primary cause of obesity in
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these mice (Duan et al., 2003; Coppola and Tedsafl04). In addition, we have to
consider that we presented just one snapshotracase moment which could be
unrepresentative of the overall food intake. In aage, it has been proposed that the elevation
of body weight could originate from the direct actiof BDNF in ventromedial and
dorsomedial hypothalamus (Unger et al., 2007),feord the intricate relationship between
BDNF and the serotoninergic brain system (Koizutrale 2006; Daws et al., 2007; Guiard et
al., 2008) which is involved in the neural regudatof appetite and body weight (Halford et
al., 2007). Moreover, we found an association beiwtbe deficit in BDNF levels and an
increase in locomotor activity which is convergesith many other studies (Kernie et al.,
2000; Rios et al., 2001; Duan et al., 2003). WKigznie et al. (2000) reported that
hyperactivity was inversely correlated to obesitheterozygoubdnf*~ mice, this

correlation is contradicted by our data and ot€fsan et al., 2006) which demonstrated that
mice with increase in body weight can also be hygigre.

Because the UCMS paradigm recapitulates the rad®@b-environmental stressors
precipitating depressive episodes and induces @syre reminiscent of depressive
symptoms (for a review see Belzung and Surget, R@0i8 model is particularly well-suited
to investigate causal factors involved in vulneligbio stress or in development of distinct
alterations. Considering measures particularlyviefor this study, UCMS was previously
shown to deteriorate the coat state, to decreasedtly weight gain, to elicit anxiety-like
behaviors in the NSF test (increased latency)urbsinces in the R/l test (increased
aggressiveness), behavioral despair in the TSTe@sed immobility) and modification of
plasma corticosterone levels. All of these alteratiwere shown to be reversed by chronic
exposure to antidepressant treatments in a timeseavhich parallels the clinical feature of
these drugs. Regarding the paucity of a directhreraent of the loss of BDNF in the
emergence of depression-like behaviors, the foat gf this study was to examine whether a
depletion of BDNF makes these mutant mice moreanalole to chronic stress exposure, in
respect to the “neurotrophic hypothesis of depoegsif heterozygousdnf* mice are more
susceptible to UCMS, we expected a worsening eiifieielrm of amplitude and/or kinetic of
the depression-like syndrome in these mutants coedpaith wild-type controls. However,
no evidence for an association between deficitiNB levels and enhanced vulnerability to
UCMS arose from our data. Vehicle-treated mice wadestinguishable whether they are
bdnf** orbdnf*". Indeed, the deterioration of the coat statentivaber of attacks in the R/I
test, the latency to eat in the NSF test and theldeof plasma corticosterone were similar in

both genotypes. Differences in the body weighteatgl time points were revealed; however,
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since it occurred before the onset of the UCMSmegi, together with the fact that similar
differences were previously found in non-stressetkr(see above), these differences cannot
be attributed to a superior susceptibility for We&MS procedure. Our results even
demonstrated a trend for a decrease of immobilithe TST in mice lacking ormnf”

allele, which could ba priori interpreted as a resilient phenotype to despdiatier.
Nevertheless, this latter result is mitigated by fifict that these mice were hyperactive in the
actimeter, which can account for the decrease mahility. Lastly, we found no evidence for
an anxiety-like phenotype of heterozygdamf*™ mice, which is consistent with previous
reports (Montkowski and Holsboer, 1997; MacQueeal.e2001; Chourbaji et al., 2004;
Ren-Patterson et al., 2006) despite one contraglictsult (Chen et al., 2006).

We recently provided evidences from a large-scafeegexpression survey that
antidepressant effects vary greatly between coatrdlUCMS-treated animals (Surget et al.,
2008b). This result challenges the assumption aohwthe models of behavioral despair are
constructed and which postulates that the clinjealevant antidepressant effects occur
independently whether animals are in “normal” oegcession-like” states. These outcomes
promote the utilization of the UCMS model when ekang the neurobiological mechanisms
of the disease and the association between gedemnéidepressant responses. Hence, the
second purpose of our study was to evaluate whe&iéiF mediates antidepressant efficacy
in the measures sensitive to the UCMS model. Ioraeance with previous studies (Belzung
and Surget, 2008), imipramine significantly decesbthe number of attacks in the R/l test,
the latency to eat in the NSF test and the duratfammobility in the TST in wild-type mice.
Imipramine was able in heterozygdunf*" mice to diminish the latency to eat in the NSF
test, but was ineffective to reduce the numbeittaic&s in the R/I test and the immobility in
the TST. Together, our results highlighted a lesdeantidepressant efficacy in the

+/+

heterozygousdnf*” mice in contrast to wild-typkednf** mice; particularly antidepressant is
ineffective in the heterozygous mutants to decregggessiveness during social encounter
and despair behavior in the TST. These results@isistent with earlier studies indicating a
requirement of BDNF in the behavioral effects ad #ntidepressants although limited to
models of behavioral despair in normal mice (Saameh et al., 2003; Monteggia et al., 2004,
2007); we provide here further evidences extendesbtial disturbances and to “depressed”
UCMS-treated mice.

In contrast, we reported no change in the coat stad in the plasma corticosterone levels
due to genotype or to drug treatment. We previotmind that the antidepressant-induced

recovery of the coat state and the change in csticone occurs in a strain-dependent
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manner (Ibarguen-Vargas et al., 2008). Thereftwesd results may well be linked, at least
partly, to the genetic background of these micectvicould be less sensitive to these
measures (Belzung and Surget, 2008).

Since it has been hypothesized tiat level ofodnfexpression in the dentate gyrus of the
hippocampus might be related to a depressive-tiie ®r to the antidepressant effect, we
examined the totdddnfmRNA in the dentate gyrus. As expected, heteroaggdnf* mice

+/+

exhibited roughly half level when compared with wi&l-type bdnf™" mice. Consistent with
previous findings, treatment with imipramine inddeaore than a twofold increase in the
bdnfexpression in the dentate gyrus in wild-type minterestingly, a similar augmentation
was also observed in thelnf*" mice. It is noteworthy that imipramine-treatedhf*" mice

+/+

display a similabdnfexpression than the vehicle-treabsthf™™ mice, while they thoroughly
differ in term of behaviors and states. This resuihteresting as it shows that the level of
bdnfexpression in the dentate gyrus could not be tiverdof the animals’ state and
performances, but only contributes to particuldidmpressant-like effects.

Finally, all these data combined can be extrapdlaig¢he studies investigating the human
bdnfValssMet polymorphism. The replacement of Yaby Metes produces no effect dodnf
expressiorper se but it disrupts cellular processing, traffickiagd activity-dependant
secretion of BDNF which might result in punctuafidés in available BDNF (Egan et al.,
2003; Chen et al., 2004). The presence of thesemRaMefects has attracted much interest
whether this polymorphism may underlie risk fadtordepression or altered antidepressant
response. Although thHednfValggMet polymorphism was not shown to be reliably retiat
with occurrence of depression (Hong et al., 20&3i €t al., 2003; Willis-Owen et al., 2005;
Hwang et al., 2006), it seems more consistentlgaased with modification of antidepressant
efficacy (Tsai et al., 2003; Choi et al., 2006; #Watet al., 2007), which is reminiscent of the
outcomes from heterozygobsnf*™ mice (Tsai SJ 2003, Choi MJ 2006, Antilla S 2007).

In summary, we have demonstrated that brain depléibdnfexpression fails to increase
vulnerability to a chronic stress procedure whidmros etiological factors for depression;
however this deficit dampens some aspects of theegmessant efficacy. This result suggests
that a low BDNF level does not contribute to vultislity for depression or depressive-like
phenotypes while BDNF might be essential for speaiftidepressant action. Future studies
should unravel whether the involvement of BDNFhade phenotypes is due to its role in the
development or in the adult brain as well as thesility of compensatory mechanisms
evolving in heterozygous mutant mice by comparietgtozygouwdnf*™ mice with

conditional or inducible knockout mice in chroniodels of depression.
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Au cours de ce travail, nous voulions déterminegmplication du BDNF dans
I'étiopathogenése et le traitement des troublesicatépressifs a travers I'utilisation de
modeles murins. Nous avons choisi pour cela unbeldapproche : corrélationnelle (étude du
lien entre un polymorphisme fonctionnel du gene BD# le phénotype anxio-dépressif des
souris) et « lésionnelle » (expression monoall@igw BDNF). Une autre originalité de ce
travail a aussi été de confronter ces approches anddeles éthologiques des troubles anxio-
dépressifs et particulierement a un modele chrendpila dépression chez la souris, 'UCMS,
qui reproduit le réle des stresseurs socio-envieamentaux dans la survenue d’épisodes
dépressifs. En effet, I'hnypothese neurotrophiquelaelépression n’avait jusqu'a présent
jamais été testée dans lTUCMS.

Toutes nos expériences nous ont permis de mettreévisience plusieurs résultats
significatifs. Tout d’abord, nous avons pu monthgexistence d’'un polymorphisme
fonctionnel du gene BDNIEhez la souris. Ce polymorphisme induit la subistitud’'une
leucine (C3H et C57BL/6) par une méthionine (A/ALB/c, CBA, DBA/2 et FVB) en
position 32 du proBDNF (polymorphisme Leu32Met diDNEF). A lissue d'un large
screening comportemental de ces lignées, nous a&tahk que ce polymorphisme contribuait
au phénotype anxiété-like des souris. En utilishiférents paradigmes comportementaux de
'anxiété, nous avons pu distinguer plus spécifigaet une contribution de ce SNP a
'expression des réactions néophobiques et 'aéxd# trait. Par contre, d’autres traits ou
comportements précédemment associés au BDNF namipprmis d’établir un lien de ce
SNP avec I'apprentissage et la mémoire, le compate alimentaire et la prise de poids,
l'activité, le comportement dépression-like et &paonse aux antidépresseurs. Ensuite, par
I'ablation partielle de I'expression du BDNF (saurBDNF "), nous avons examiné
I’hypothése neurotrophique de la dépression quigstggque le niveau de BDNF est corrélé
avec |'état dépression-like. Alors que des étudésdulentes ont indiqué une absence de lien
entre la diminution du BDNF et le comportement @épron-like, nous avons tiré profit du
modele chronique de la dépression, 'TUCMS, poura#éner que cette réduction n’induit pas
non plus une plus grande vulnérabilité au stremscéntre, nous avons montré que cette perte
de BDNF diminuait I'aptitude des antidépresseunsvarser les effets de 'TUCMS, du moins
pour certains traits phénotypiques.
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1. Le polymorphisme Leu32Met du BDNF

Nous avons au cours de cette thése pu mettre elen®@ un polymorphisme du géne
BDNF de la souris. Ce polymorphisme a récemment a¥tgegistré (dbSNP number
rs27524348) bien qu’il n’indique pas le génotypdalkgnée CBA.

Ce polymorphisme consiste en une simple substituticléotidique dans le prodomaine du
BDNF. Les lignées C3H et C57BL/6 possédent une thgnen position 94 alors que les
lignées A/J, BALB/c, CBA, DBA/2 et FVB possedenteuadénine. Cette substitution induit
un changement d’acide aminé en position 32 dasgdaence de la protéine-précurseur du
BDNF : une leucine (C3H et C57BL/6) est remplacaeyme méthionine. Nous avons voulu
évaluer si ce polymorphisme pouvait avoir un effgt le taux d’expression du BDNF dans
I'hippocampe (cette zone étant choisie car elle’estdes principaux sites de libération du
BDNF). Aucune différence dans le niveau d’ARNm dDNB- n'a été relevée dans les 6
lignées testées et par conséquent on peut affiquir n'y a pas d’effet significatif du
polymorphisme sur I'expression du BDNF. Il est dpossible que ce SNP n’ait aucun effet &
la fois sur I'expression du BDNF mais aussi suctiiaté intracellulaire (maturation, transport
et sécrétion) et extracellulaire (liaison aux réeaps et signalisation) de la protéine BDNF,
d’autant plus que ces variants génétiques songssitians le prodomaine du précurseur du
BDNF.

Néanmoins,alors que les pro-formes des neurotrophines ongtéonps été considérées
comme inactives, il existe maintenant un nombreid&nces en faveur d’un réle fonctionnel
de ces proformes y compris du proBDNF (Chao et Belih 2002, Leeet coll, 2001). Il est a
noter que les séquences de pro-domaines des potroginines sont trés conservées entre les
especes, ce qui suggere qu'ils ont des fonctiopsriantes (Heinrich et Lum, 2000). Tout
d'abord, les pro-domaines des neurotrophines péypvemouvoir la maturation de protéines
et donc étre impliqués dans certains processus eofenrepliement des neurotrophines
(Kolbeck et coll, 1994, Rattenhollet coll, 2001, Suteret coll, 1991); en outre, elles
participent au processus de sélection vers unedeigécrétion particuliére : constitutive ou
régulée (Farhadiet coll, 2000). De plus, les pro-neurotrophines peuvesisgnter une
interaction minimale avec les récepteurs TrK abpusls se lient au p75NTR avec une plus
grande affinité que la protéine mature (Lee et0fl1d. Le récepteur p75NTR est connu pour
se lier de fagon non sélective a toutes les neapbines adultes de faible affinité, alors que
les TrK sont des récepteurs sélectifs a haute it@ffiD’autre part pour la signalisation
neurotrophine / TrK, l'activation de p75NTR peusdter des événements pro-apoptotique
(Bamji et coll, 1998, Barrett, 2000, Tapia-Arancibé& coll, 2004, Yoonet coll, 1998).
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Toutefois, lorsque il y a une co-expression avecrézepteurs TrK, les récepteurs p75NTR
peuvent interagir avec les récepteurs TrK et augenebaffinité aux neurotrophines matures.
De cette fagcon, p75NTR peut également contribdarsurvie des cellules, au prolongement
de neurites et a la plasticité synaptique (Declea@arde, 2002). Il a été démontré que les
neurotrophines, y compris le BDNF, peuvent étreé&éaans la forme de pro-neurotrophines
par une variété de cellules (Leé coll, 2001, Mowlaet coll, 2001). Lee et al (2001) ont
constaté que les deux proNGF et proBDNF peuvert éfvés extracellulairement par
plusieurs protéases et notamment la plasmine einkdalloproteinases qui présentent des
modes d'expression compatible avec l'action neopbigue y compris dans les synapses
(Poo, 2001). Par conséquent, une régulation biitiratelle de la survie des cellules et de la
plasticité cellulaire par les neurotrophines sendeerger de ces données. En plus de la
guantité des neurotrophines et de la densité despteurs p75NTR et TrK exprimés,
I'équilibre entre les actions apoptotiques, la tpdé ou la survie pourrait aussi étre
déterminée par le ratio de Pro-Forme disponiblesatotrophines matures selon les activités
et lI'expression de plusieurs protéases éLucoll, 2005). Ainsi, est possible qu'il existe un
réle important du proBDNF dans ces fonctions. Hatef¥Woo et coll (Wocet coll, 2005) ont
montré que l'activation des p75NTR par le proBDIdEilite la dépression a long terme dans
I'hippocampe. Par conséquent, le polymorphisme 21&3 dans la séquence du prodomaine
BDNF, bien que n'altérant pas le niveau d’exprassio BDNF, pourrait avoir une incidence
sur l'activité neuronale a de nombreux niveaux:léljepliement du BDNF mature, (2) la
transformation, le trafic et la sécrétion cellwdai(3) linteraction avec les protéases
extracellulaires, (4) l'affinité de liaison avecGNTR. L'un ou l'autre de ces processus peut
ensuite modifier les comportements dans lesquefsease que le BDNF peut étre impliqué.
En effet, le polymorphisme Val66Met du gene BDNRez I'homme, qui présente des
caractéristiques similaires au polymorphisme Leu8Riu géne BDNFhez la souris (situé
dans le prodomaine du proBDNF, une substitutiom dcide aminé aliphatique par une Met),
peut avoir une influence dans l'activité et ladbon du BDNF. Alors que le remplacement
de l'allele Val66 par un alleéle Met66 ne produitan effet sur le ratio proBDNF / BDNF
mature et sur la sécrétion constitutive, il pertufiortement l'activité intracellulaire, le
transport et I'adressage, notamment vers les sgsaps la sécrétion régulée du BDNF
(dépendante de I'activité) (Ega coll, 2003).Ces perturbations biologiques pourraient avoir
une incidence sur des fonctions plus complexesnmaie comportement ainsi que a des états
pathologiques. En effet, le polymorphisme Val66Metté également associé a la mémoire

humaine ainsi qu’a la fonction hippocampique etvalume hippocampique (Szeszkbcoll,
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2005), a la dépression (Homg coll, 2003a, Szeszket coll, 2005, Tsaket coll, 2003), au
trouble bipolaire (Kunugget coll, 2004, Lohoffet coll, 2005), a I'anxiété (Enockt coll,
2007, Hunnerkopfet coll, 2007, Jianget coll, 2005, Langet coll, 2005), au trouble
d’hyperactivité avec deéficit d’attention (Connet coll, 2008, Kentet coll, 2005), a la
schizophrénie (Halét coll, 2003a, Kanazawet coll, 2007, Neves-Pereirt coll, 2005), au
trouble obsessionnel-compulsif (Ha#t coll, 2003a), aux troubles de [Ialimentation
(Mercaderet coll, 2007, Ribasegt coll, 2003), a I'abus de substances (Grataatosoll,
2007, Tsai, 2007), a la maladie de Alzeihmer (Kuraigoll, 2001, Tsaet coll, 2004) et a la
maladie de Parkinson (Hakanssrcoll, 2003, Karamohameet coll, 2005). L’ensemble de
ces observations indique qu’il n’est pas inutilétddier I'association de ce polymorphisme
« silencieux » avec les comportements anxieux,étess dépressifs-like ou les effets des

antidépresseurs.

2. BDNF et anxiété

Comme nous venons de le voir, des variations dargehe BDNF peuvent affecter un
nombre de traits normaux ou pathologiques assezxdiDe ce fait, a la suite de la découverte
chez la souris du polymorphisme Leu32Met du BDN&iyenobjectif été de caractériser les
profils comportementaux des six lignées que nousnavinitialement génotypées dans
différents traits pour lesquels il a été proposeé IguBDNF joue un rdle : la prise de poids, le
comportement alimentaire, I'apprentissage et la oi@n I'activité locomotrice, les
comportements anxieux.

Au cours de ce travail, nous avons finalement téop@rmi toutes ces mesures un lien entre
ce polymorphisme et un phénotype anxiété-like. kammenant les profils comportementaux
de six lignées de souris, nous avons constatéagusoluris qui possédaient l'alléle Met (A/J,
BALB/c, CBA, DBA/2) montraient une réactivité émminelle et des comportements
anxiéte-like significativement plus importants g@s souris portant l'allele Leu (C3H et
C57BL/6). En effet, la distribution des alléles LetuMet parmi les lignées a été corrélée avec
le temps passé dans les nouveaux compartimengsneimbre de tentatives d’entrée dans le
test de I'exploration libre ainsi gu’'avec le tengassé dans les zones ouvertes et le nombre de
défécation dans le labyrinthe en zéro surélevé v@geables sont considérées comme estimant
le phénotype anxiété-like. Ainsi, l'allele Met poait étre un facteur de risque dans le

développement de comportements anxiété-like.
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Une implication du BDNF dans le développement daemartements anxieux est en accord
avec plusieurs publications étudiant I'associatihn polymorphisme Val66Met du BDNF
avec des traits phénotypiques chez 'lHomme, mérdessdivergences notables existent. Tout
d’abord, une étude récente a montré une corrélaiggative entre le niveau de stress
psychologique au travail et la concentration de BDdérique, suggérant que le niveau de
BDNF dans le sang soit un marqueur biologique asstet d’anxiété (Mitomet coll, 2008).
Les autres études cliniques ont surtout recheroHi&m entre le polymorphisme Val66Met du
BDNF et I'anxiété avec des résultats assez comti@oes. Certaines études ont trouvé un
effet protecteur de l'allele Met66 contre I'anxi@té trait (Langet coll, 2005) et contre le
neuroticisme (Hunnerkopét coll, 2007), trait psychologique marqué par une tenglamc
ressentir des émotions négatives et considéré commmfacteur de risque pour l'anxiété
(Brandes et Bienvenu, 2006) et la dépression (Eh@ox, 1997). D’autres, au contraire, ont
présenté l'allele Met66 comme un facteur de rispoer les comorbidités anxio-dépressives
(Enochet coll, 2007, Jianget coll, 2005).

Les études chez I'animal ont également cherchéamdntre BDNF et anxiété. Chen et
collegues (Cheret coll, 2006) ont recemment modélisé le polymorphisme6&diet du
BDNF en générant des souris transgéniques expribanbu I'autre des variants (knock-in).
Ces souris reproduisent les principales caraduiess observées chez ’'homme comme une
diminution du volume de I'hippocampe chez les padede I'alléle Met66 (Pezawas coll,
2004, Szeszkoet coll, 2005). En particulier, leur étude révele une agmgpation du
comportement anxiété-like dans le labyrinthe enxcsorélevée, I'open-field et le NSF test.
De plus, ils ont trouvé un phénotype identique cthez souris hétérozygotes BDNF Ces
souris ont une expression monoalléliqgue du BDNFRj@einduit une diminution d’environ
50% des niveaux d’ARNm du BDNF. Néanmoins, ces ltésuavec les souris BDNE
contredisent tous les autres résultats réalisés des mutants hétérozygotes. En effet,
Montkowski et Holsboer (Montkowski et Holsboer, I99MacQueen et coll (Macqueen
coll.,, 2001), Chourbaji et coll (Chourbagt coll, 2004) et Ren-Patterson et coll (Ren-
Pattersoret coll, 2006) n’ont trouvé aucune évidence indiquant fiet €’'une diminution de
'expression du BDNFsur le phénotype anxieté-like dans plusieurs pgraés différents.
Nous aussi, lors de notre étude avec les sourésdmgotes BDNF'", nous n’avons trouvé
aucune augmentation des comportements anxiétélike le NSF test chez les souris BDNF
*-bien qu'il faut prendre en compte le fait que slantre étude les souris venaient de subir
un procédure d’'UCMS alors que dans les autres usawaentionnés il s’agit de souris non

stressees. Il est en tout cas frappant de consfaéedans les 2 cas le phénotype anxiéte-like
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n’est pas altéré par la réduction de BDNF alord tjast par le polymorphisme Met32Leu du
BDNF murin et le polymorphisme Val66Leu du BDNF haim La différence principale entre
I'expression monoallélique du BDNF et les effetspailymorphisme Val66Met est que dans
le premier cas les effets concernent une diminugtobale du BDNF alors que dans le
deuxieme cas le niveau d’expression du BDNF esmabrtout comme la sécrétion
constitutive, alors que le transport du BDNF vars $ynapses et la sécrétion régulée sont
altérés (du moins chez I'Homme). Il est donc pdssitue lintégrité des processus de
sécrétion régulée du BDNF soit nécessaire a langdinon d’'un comportement anxiété-like
tandis que la conservation d’a peu prés 50% duanivde BDNF suffise a maintenir la
capacité du systeme BDNF/TrkB a réagir efficacenmstde situations anxiogéniques. Cette
hypothése est confortée par le fait que I'absemtalet de BDNF chez des souris KO
conditionnelles, au contraire de la diminution jeéle des souris BDNF’, induit une
augmentation des comportements anxiété-like (Biall, 2001). Il serait bien évidemment
nécessaire d’évaluer le lien entre le polymorphisim@&DNF murin et le transport du BDNF
vers les synapses et la sécrétion régulée.

Par rapport aux résultats précédents, nos travaiggalement permis un éclairage nouveau
sur le role du BDNF dans le phénotype anxiété-likee analyse plus précise de nos résultats
montre en effet que le BDNF n’est pas simplememliomé dans un changement quantitatif
du niveau d’anxiété mais qu'il pouvait aussi éthespspécifiguement engagé dans des types
particuliers d’anxiété. En effet, il a été sugggque I'anxiété ne doit pas étre conceptualisée
comme un continuum mais comme une construction idimknsionnelle (Endler et
Kocovski, 2001). Dans cette optique, il est impartale distinguer l'anxiété d’état de
'anxiété de trait (Spielberger et Smith, 1966)amxiété d’état peut étre définie comme une
réactivité¢ émotionnelle transitoire a une situatpoientiellement stressante associée a une
activation physiologique, tandis que I'anxiété dmttpeut étre vue comme un prédisposition
individuelle, une caractéristique durable voire faateur de risque pour les troubles anxio-
dépressifs (Belzung et Griebel, 2001). Il peut @ossible de discerner I'anxiété d'état et
lanxiété de trait a partir de paradigmes diffésenhez les rongeurs (Belzung et Griebel,
2001). Dans le paradigme de I'exploration libre, $euris ont librement accés a la nouveauté
et ne présentent pas de modifications neuroendecnas (Cigranget coll, 1986) ; cette
situation expérimentale peut par conséquent étrasidérée comme dépourvue de
composantes stressants. Par conséquent, les nSagté@ophobiques (comme éviter les
compartiments nouveaux) indiquent une caractéustmpnstante du comportement assimilé a

l'anxiété de trait. D'autre part, du comportemesd tbsts basés sur I'application d'un stimulus
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anxiogénique sont percus comme modele d'anxiate leg labyrinthe en zéro appartient a
cette catégorie. Il est base sur la confrontatiegcaun lieu aversif inconnu. Le splash test
rentre lui aussi dans cette définition. Bien quedkdité prédictive du splash test comme test
d’anxiété n’ait encore jamais été évalué, il estaussi basé sur l'irruption d’'un stimulus
anxiogeénique : I'aspersion soudaine d’'une solutiersucrose. Cette situation va entrainer un
conflit entre les comportements de vigilance (reskeenents) et les comportements de
toilettage (Ducottet et Belzung, 2005). Néanmodalers qu’un phénotype anxiété-like a été
associé avec lallele Met dans le labyrinthe enoz&uréleve, les differences de
comportements anxiété-like ne corrélent pas darsplish test avec la répartition allélique
parmi les lignées. Ce résultat indique que lessi&stpourraient mesurer différents aspects de
l'anxiété d'état. Il est en effet important de plem en compte les multiples facettes de
lanxiété d’état et de trait. Endler et Kocovskingler et Kocovski, 2001) suggéerent que le
niveau de l'anxiété d’état a un moment donné egeddant de la coincidence du type
d’anxiété de trait mise en jeu et de la situativessante. Etant donné que le labyrinthe en
zéro surélevé est basé sur I'exposition a un nowvelironnement, le polymorphisme
Leu32Met du BDNF peut étre impliqué dans un aspedphobique de l'anxiété, ce qui
conforte les résultats obtenus dans le test d’eapdm libre.

Finalement, en plus de montrer un lien entre urveau polymorphisme murin du BDNF et
le phénotype anxiété-like des différentes lignées, travaux ont permis de préciser le réle du
BDNF dans les comportements anxiété-like, parecalnent dans les réactions néophobiques

et 'anxiété de trait.

3. BDNF et dépression

L’hypothése neurotrophique de la dépression n'guaiju’a présent jamais été testée dans
le modele de 'UCMS. Les études précédentes onbwwuutilisé des bio-essais (test de la
nage forcée et test de la queue suspendue) quieopius faibles validités de face et de
construction (Charet coll, 2006, Chourbajiet coll, 2004, Macqueeret coll, 2001,
Monteggiaet coll, 2004, Monteggiat coll, 2007, Saarelaineat coll, 2003). Il y a bien
guelques études qui ont utilisé un modeéle chronaqueme le modéle de stress psychosocial,
mais l'effet de ce paradigme était mesuré seulempantune variable, I'évitement d’un
congéneére (Bertort coll, 2006, Tsankovat coll, 2006). Or, un autre atout de 'TUCMS est
gu'’il induit un syndrome comprenant plusieurs typétérations indépendants les uns des
autres mais analogues a différents symptomes diéplgession. Sachant que sous I'appellation

142



générale « dépression » se retrouvent souventrdablés assez disparates, la précédente
caractéristique de 'UCMS représente égalementvantage en ce que ce modéle permet de
différencier un effet spécifique d’'un rble globgh outre, étant donné gu'il est basé sur une
exposition chronique des souris a des stresseuars-sovironnementaux, 'UCMS est aussi
un modele approprié pour étudier la vulnérabilité stress, qui est un facteur étiologique
majeur de la dépression. Enfin, sur le plan deal&dation pharmacologique, il reproduit le
délai nécessaire de quelques semaines (en génréyal\ant I'apparition des premiers effets
bénéfiques des antidépresseurs.

Le modele UCMS a été I'assise sur laquelle one&tBorées nos deux derniéres études qui
avaient pour but de tester I'implication du BDNFndala vulnérabilité au stress, la
pathophysiologie et le traitement de la dépressidbous avons donc confronté nos deux
approches, I'étude du polymorphisme Leu32Met dbldiaon partielle de I'expression du
BDNF, a ce modele. Nos résultats montrent qu’auadmenos deux approches n’apporte
d’éléments en faveur d'une implication du BDNF ddas vulnérabilité au stress ou
'apparition de certains types d’altérations ; gamtre une diminution du BDNF réduit

I'efficacité des antidépresseurs a contrecarraaney effets de 'UCMS.

3.1. BDNF et état dépression-like

Afin d’examiner la relation entre le BDNF et I'apfieon d’'un état dépression-like, nous
avons tout d'abord comparé, par rapport au polymmerpe Leu32Met du BDNF les
résultats de 7 lignées de souris consanguines égpas 'UCMS sur une série de variables
physiques (état du pelage, poids), comportement@dSF, activité locomotrice) et
neuroendocrines (concentration des métabolitea d@erticostérone dans les feces). En dépit
de différences remarquables entre les 7 lignées tarpattern d’altérations induites par
FTUCMS (cf article 2), aucun lien n'a été trouvetenl’alléle porté par les souris et leur
phénotype. On retrouve en effet a la fois des kgrgobrtant I'alleéle Leu et des lignées portant
l'alléle Met parmi celles qui ont été les plus sbles a 'TUCMS comme la BALB/c (allele
Met) et la C57BL/6 (allele Leu) et parmi celles djont été le moins comme la C3H (allele
Leu) et la CBA (allele Met). De plus, il aurait ausété possible que ce polymorphisme affecte
seulement un type d’altérations particuliéres, n&ins aucune association de ce type n’est
mise en évidence dans nos résultats.

Ensuite, nous avons examiné si la perte d’'un allalBDNF, et par conséquent de la moitié

de I'expression du BDNFpouvait conduire a une vulnérabilité accrue dad€MS. Nous
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avons donc regardé si, aprés une exposition & 'SCMs souris hétérozygotes BDNF
présentaient des altérations plus importantes episduris sauvages BDNF sur plusieurs
variables physiques (état du pelage, poids), corapmmntales (prise alimentaire, activité
locomotrice, R/l test, NSF test, TST) et physiotpg (concentration plasmatique de la
corticostérone, expression du BDNfans I'hippocampe). Finalement, aucune différence
significative due au génotype n’a été trouvé cteszsouris pour toutes les variables mesurées
sauf en ce qui concerne le niveau d’ARNm du BDNFé&ait, sans surprise, moiti€ moindre
chez les mutants hétérozygotes.

En résumé, nos deux stratégies ont été incapablesetire en évidence une implication du
BDNF dans la vulnérabilité au stress chronique a&tsdla mise en place d’altérations
particuliere. Ces travaux confortent les précédertides qui ont montré qu’'une perte
d’expression du BDNF n’induit pas I'apparition deémotypes dépression-like dans des bio-
essais, comme les tests de la nage forcée et gigelze suspendue, en utilisant différentes
stratégies : souris hétérozygote BDNF(Chourbajiet coll, 2004, Macqueeet coll, 2001,
Saarelainenet coll, 2003), souris knock-out inductibles dans les aggi antérieures du
cerveau (Monteggiat coll, 2004) et souris knock-down (par un vecteur vidahs le gyrus
denté et dans la corne dAmmon (Adaéhicoll, 2008). Seule une stratégie basée sur des
souris knock-out conditionnelles dans les régiontéreeures du cerveau a montré I'apparition
de phénotypes dépression-like mais les effets fadlvies et surtout contradictoires : dans le
TST mais pas dans le FST dans une étude (€haall, 2006), dans le FST mais seulement
chez les femelles pour une autre (Monteggtacoll, 2007). Finalement, nos résultats
apportent linformation supplémentaire que, en pls ne pas entrainer directement
I'apparition de phénotypes dépression-like, uneimition de BDNF ne favorise pas non plus
leur induction par le stress.

Tous ces résultats montrent qu’il est temps densdeérer I’hypothese neurotrophique de la
dépression (Groves, 2007). En effet, les premiétades corrélationnelles ont montré une
diminution du niveau de BDNF en préclinique chezdaimaux stressés (Altat coll, 2003,
Barrientoset coll, 2003, Nibuyaet coll, 1995, Pizarrcet coll, 2004, Roceret coll, 2004,
Smith et coll, 1995, Tsankovat coll, 2006, Ueyamat coll, 1997, Vaidyaet coll, 1997) et
en clinique chez les patients dépressifs (Aydesniroll, 2005, Cheret coll, 2001, Dwivedi
et coll, 2003, Karegeet coll, 2002, Karegeet coll, 2005, Marvanoveet coll, 2001).
Néanmoins, la grande majorité de ces travaux @ufuia présent démontré I'absence de lien
causal entre une diminution du niveau de BDNF agigarition des états dépression-like, ce

qui incite a considérer la réduction du BDNF dandépression comme un épiphénomene ou,
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au mieux, comme une conséquence des processudogaibes mis en jeu par le stress

chronigue et la dépression.

3.2. BDNF et antidépresseurs

L’implication du BDNF dans l'action des antidépregss a également été évaluée dans nos
deux études avec 'UCMS. Lors de la comparaison ldgges consanguines, certaines
lignées ont été sensibles a I'action « thérapeatigdu traitement a I'imipramine (BALB/c,
C57BL/6 et partiellement A/J et DBA/2) tandis quaulres ont été résistantes (FVB voire
C3H et CBA bien gue ces deux dernieres sont augsigisensibles a 'TUCMS). Néanmoins,
aucune relation entre le polymorphisme Leu32Metlaetréponse antidépressive n'a été
observée. Par contre, la diminution du BDNF ingbait I'expression monoallélique du BDNF
a perturbé l'action de I'imipramine dans certaiest$ comportementaux. En effet, alors que le
traitement & I'imipramine a permis de diminuer chezsouris sauvages BDNFE le nombre
d’attaque dans le R/I test, la durée d'immobiliéhsile TST et la latence pour manger dans le
NSF test, le méme traitement a été incapable diiadies méme effets chez les souris
hétérozygotes BDNE" dans le R/I test et le TST. Etant donné qu'unatabi partielle de
'expression du BDNF induit une altération de fiedicité des antidépresseurs a réduire la
résignation dans le TST et I'agressivité dans letédt, ces résultats suggerent que le BDNF
contribue a l'effet antidépresseur-like de I'imiprime. Nos résultats sont en accord avec les
précédentes études réalisées avec des souris 2yéfetes BDNF” et des souris knockout
(inductibles et conditionnelles dans les régionglm@les antérieures) indiquant que le BDNF
est nécessaire aux effets comportementaux deséprdggbeurs dans des modeéles de
résignation (Monteggia&t coll, 2004, Saarelaineet coll, 2003). Par rapport a ces travaux,
nous fournissons des évidences supplémentaireerdues a des souris « dépressives » et
aux comportements d’agression. D’autres travauxegberche ont également conforté nos
résultats en montrant que les antidépresseurs atgimet le niveau de BDNF dans
I'hippocampe et le cortex préfrontal des rongeanian et Monteggia, 2006) mais aussi
chez 'homme a la suite d’étudpsst mortenou de dosage plasmatique (Aydemircoll,
2005, Karegeet coll, 2002, Kareget coll, 2005, Lauterbormt coll, 2003, Shimiztet coll,
2003). Le BDNF lui-méme, quand il est injecté diemgent dans les ventricules ou dans
I'hippocampe, est capable de produire un effetdaéptiesseur-like (Roceet coll, 2004,
Siuciak et coll, 1997). Ainsi, l'augmentation du niveau de BDNFnslales réseaux

corticolimbiques (notamment hippocampe-amygdaléegompréfrontal) impliqués dans la
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régulation de I'humeur (Seminowic coll, 2004) pourrait étre un prérequis a la réponse
antidépressive.

Au final, toutes ces publications ainsi que nogps résultats indiquent que le BDNF est
une cible principale des antidépresseurs et goirit méme étre le levier par lequel ils
induisent leurs effets thérapeutiques. Mais parlsqugcanismes le BDNF permettrait-il
I'action des antidépresseurs ? Les actions nedamigques du BDNF sont liées a I'activation,
via son récepteur TrkB, de différents processusatesduction du signal. La signalisation du
BDNF/TrkB est associée aux voies des MAP kinasateda phospholipaseyQui peuvent
activer des processus favorisant la plasticité eturvie de la cellule (Castrem coll, 2007).
Ainsi, les antidépresseurs en élevant le nivealBBOBIF stimuleraient I'activation de ces
voies etin fine la plasticité cellulaire et neurale (LTP, synagiogse, neurogenése, survie
neuronale). Il a donc été proposé que l'activatienla voie BDNF/TrkB, en contribuant a
renforcer les processus de plasticité, permetteeddauration de réseaux corticolimbiques
préalablement endommagés par la pathophysiologieesigive, laquelle pourrait par contre
étre indépendante de la diminution du BDNF (Castteroll, 1998).

Toutefois, il semblerait que l'association positigetre I'élévation du BDNF et l'action
antidépressive dépende du circuit cérébral implidiréeffet, un pattern inverse a ce qui est
rapporté dans les réseaux portant sur I'implicalarBDNF dans les aires corticolimbiques
est décrit dans la voie mésolimbique dopaminergipiee tegmentale ventrale — noyau
accumbens), reconnue pour étre impliquée danshi&sgmenes de récompense, de plaisir et
d’addiction (Nestler et Carlezon, 2006). L'injectide BDNF dans cette voie induit un effet
dépression-like (Eiscket coll, 2003) tandis que la délétion locale du BDNF gracen
vecteur viral produit un effet antidepresseur-lik@erton et coll, 2006). Ces études
démontrent donc que le BDNF est un facteur cléessaire aux modifications structurelles de
réseaux neuronaux, et que ce sont ensuite lesidosalle ces réseaux qui déterminent si la
stimulation de la plasticité favorise ou enrayeglponse antidépressive.

D’autre part, la dépression et I'anxiété sont sotveomorbides et les traitements aux
antidépresseurs forment la majorité des pharmaagles pour les deux troubles (Zohar et
Westenberg, 2000). Toutefois, ils engagent detogies différentes bien que basées en partie
sur des mécanismes en partie chevauchants. dloestimportant de caractériser quels sont
les mécanismes neurobiologiques que ces deux émpilrtagent et lesquels sont spécifiques
a I'un des deux. Particulierement, il est intérasstexaminer le rle précis du BDNF dans la
dépression et 'anxiété. Nous avons vu précédemmaalvers nos résultats que I'implication

du BDNF dans I'émergence de comportements anxigédt dépression-like est trés
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différente. Il est donc envisageable que le roI8BINF lors d’un traitement varie selon qu'il
s'agit d'effets antidépresseurs ou d’effets anxiglyes. Etant donné les liens étroits entre
dépression et anxiété, il est difficile de disspbciairement dans des paradigmes
comportementaux la réponse dépression-like de panse anxiété-like. Néanmoins, nous
avons entrepris de tester les souris dans le NS§Fafim de tenter d’extraire la composante
anxiolytique des effets du traitement. Le NSF é&s$tun test d’anxiété sensible a une injection
unique de molécules anxiolytiqgues (Poschel, 198ip8eet coll, 1975) mais aussi capable
de révéler les effets anxiolytiques d’un traitememonique, et non aigu, aux antidépresseurs
(Santarelliet coll, 2003). Nos résultats ont montré que, a la s@EtBUCMS, le traitement a
limipramine était parvenu a agir dans le NSF td&z les souris sauvages mais aussi chez les
hétérozygotes au contraire de ce qui est obsergé&lo R/l test et du TST. Ainsi, I'ablation
partielle de I'expression du BDNF altére l'effettidépresseur-like mais n'empéche pas
I'effet anxiolytique-like de I'imipramine. Ce régat est a mettre en paralléle avec la capacité
du systeme BDNF/TrkB (discutée précédemment) airéHficacement lors de situations
anxiogéniques méme lorsque le niveau de BDNF eslitrde 50%. Dans ce cas, I'efficacité
de Il'action anxiolytique d’un traitement antidémesr nécessiterait le renforcement de la
réactivité immeédiate du systeme BDNF/TrkB sans uec@ une €lévation de I'expression du
BDNF. Un certain niveau de base comme dans leesisaliris hétérozygotes BDNFserait

alors suffisant pour permettre cette action.
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Conclusion

Au cours de ce travail, nous avons pu démontradlendu BDNF dans les comportements
de type anxieux et dans I'action des antidépress@&ar contre, il semblerait que la mise en
place d'un état dépression-like se fasse indépendarnde changements dans le systeme
BDNF/TrkB. Notre double approche s’est révéléeeudit complémentaire. En effet, c’est a
travers I'étude du polymorphisme Leu32Met que nausns pu mettre en évidence une
implication du BDNF dans les phénotypes anxiété-lddors que c’est grace a l'ablation
partielle de I'expression du BDNF que nous avonaaléré le lien entre le niveau de BDNF
et les effets antidépresseurs-like. Ce travail isé suggére, a la lecture de ces derniéres
observations, une différence de nature entre licagibn du BDNF dans les comportements
anxiéte-like et dans les comportements antidéepuessige. Les premiers pourraient dépendre
de la réactivité rapide du systeme BDNF/TrkB samrsédment solliciter des changements
importants du niveau de BDNF alors que les seceadsent beaucoup plus tributaires d’une
élévation du niveau d’expression du BDNF. Ainsg Bugmentations de BDNF pourraient
stimuler lors d’'un état dépressif-like les procesde plasticité et permettre la restauration
fonctionnelle de réseaux corticolimbiques impliqudEns la régulation de I'humeur. Ces
réseaux avaient pu étre préalablement endommagés pathophysiologie dépressive ou
dans le cas de nos modeéles animaux par les e#et®¥J@MS. Nos résultats indiquent par
contre que la cause de ces altérations n’est plei@nt pas liée a des changements dans le
systeme BDNF/TrkB.

Finalement, I'hypothése principale qui ressort de données propose que |'état d’'intégrité
plastique des réseaux neuronaux dans I'hippocarese pas le substrat majeur des troubles
de l'humeur, mais que son rétablissement induifet'eantidépresseur. Les facteurs
neurotrophiques eux-mémes ne contrdlent donc pam€ur, mais agissent comme des outils
nécessaires a l'action des antidépresseurs.

Des travaux futurs devront préciser quel est l'iotgael du polymorphisme Leu32Met du
BDNF au niveau moléculaire (repliement de la protéitieage de la proforme, affinité de
liaison de la proforme au p75 et TrkB) et cellidajadressage, transport, sécrétion) par des
études d’expression vitro. Afin d’éliminer les biais possibles dus a I'araéond génétique
de chaque lignée consanguine, il sera utile de ldgper une ou plusieurs lignées
congéniques dans lesquelles le polymorphisme LeeB8Zdra exprimé dans des individus
isogéniques ou, alternativement, au moins utilisee génération F2 entre quatre lignées

parentales distinctes pour ce polymorphisme. Ndtypothese sur la dissociation des
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processus impliquant le BDNF dans l'état anxiété-let dans la réponse antidépressive
pourra étre testé en examinant les effets d'unébitidn de la réactivité du systeme
BDNF/TrkB lors de situations anxiogéniques en aomégant d’'une maniére aigie le
récepteur TrkB, soit par des molécules antagonsbéspar des anticorps dirigés contre le

récepteur, a la suite ou non d’un traitement clypomiantidépresseur.
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ANNEXES

Dans les annexes, se trouvent trois articles déiigs ou en cours de publication qui sont
plus ou moins en relation avec le travail de cHise et auxquels jai eu la possibilité de
participer.

Le premier article en cours de publication d&islogical Psychiatryrapporte une série
d’expériences sur le réle de la neurogenese hipppicaie dans I'établissement d'un état
dépression-like et dans 'action des antidépressé€igtte etude est dans la droite ligne de nos
expériences sur I'implication du BDNF et de la mglasticité dans ce phénomeéne, et les
résultats refletent ceux obtenus avec le BDNF.idiaiontribué a la réalisation de 'TUCMS et
au recueil de données des tests comportementaux.

Le second article est en cours de publication dmgopsychopharmacologil s’agit d’une
analyse par des micropuces ADN des modificatiorexmiession des genes causées par
TUCMS et les antidépresseurs dans différentesorégicérébrales. J'ai également contribué
dans cette étude a la réalisation de 'UCMS et agueil de données des tests
comportementaux.

Enfin, le troisieme article est publié daW®lecular Psychiatry Il s’agit d'une étude des
modifications de I'expression génétique lors dulidgsement et des effets de I'invalidation
du récepteur 5-HE.qui montre que certains processus participent iaillissement sont

indépendant du BDNF. J'ai participé a I'analyseistigue d’'une partie des données.
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Article 4 - Drug-dependent requirement of hippocampal neurogenesis in a

model of depression and of antidepressant reversal.
Surget et coll.Biol Psychiatry, 2008, sous presse
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ARCHIVAL REPORT

Drug-Dependent Requirement of Hippocampal
Neurogenesis in a Model of Depression and of
Antidepressant Reversal

Alexandre Surget, Michael Saxe, Samuel Leman, Yadira Ibarguen-Vargas, Sylvie Chalon, Guy Griebel,
René Hen, and Catherine Belzung

Background: Depression and anxiety disorders have been linked to dysfunction of the hypothalamo-pituitary-adrenal (HPA) axis and
structural changes within the hippocampus. Unpredictable chronic mild stress (UCMS) can recapitulate these effects in a mouse model, and
UCMS-induced changes, including downregulation of hippocampal neurogenesis, can be reversed by antidepressant (AD) treatment. We
investigated causality between changes in hippocampal neurogenesis and the effects of both chronic stress and chronic ADs.

Methods: Mice were treated with either a sham procedure or focal hippocampal irradiation to disrupt cell proliferation before being
confronted with 5 weeks of UCMS. From the third week onward, we administered monoaminergic ADs (imipramine, fluoxetine), the
corticotropin-releasing factor 1 (CRF,) antagonist SSR125543, or the vasopressin 1b (V,,) antagonist SSR149415 daily. The effects of UCMS
regimen, AD treatments, and irradiation were assessed by physical measures (coat state, weight), behavioral testing (Splash test, Novelty-
Suppressed feeding test, locomotor activity), and hippocampal BrdU labeling.

Results: Our results show that elimination of hippocampal neurogenesis has no effect on animals’ sensitivity to UCMS in several behavioral
assays, suggesting that reduced neurogenesis is not a cause of stress-related behavioral deficits. Second, we present evidence for both
neurogenesis-dependent and -independent mechanisms for the reversal of stress-induced behaviors by AD drugs. Specifically, loss of
neurogenesis completely blocked the effects of monoaminergic ADs (imipramine, fluoxetine) but did not prevent most effects of the CRF,
and the V,, antagonists.

Conclusions: Hippocampal neurogenesis might thus be used by the monoaminergic ADs to counteract the effects of stress, whereas

similar effects could be achieved by directly targeting the HPA axis and related neuropeptides.

Key Words: Corticotrophin-releasing factor, depression, fluox-
etine, unpredictable chronic mild stress, vasopressin, x-irradiation

depressive disorders (1). Most patients exhibit abnormali-

ties of the hypothalamo-pituitary-adrenal (HPA) axis (2),
which coordinates the stress response through glucocorticoid
(GO) release. The hippocampus is known to negatively regulate
the HPA axis and this inhibitory feedback is altered by chronic
stress (3,4). The involvement of the hippocampus in depression
is suggested by brain neuroimaging studies and postmortem data
showing a reduction of its volume that parallels the duration of
depression (5-9) as well as atrophy or neuronal loss (8,10).
These alterations could involve disproportionate GC levels,
which can cause structural damage in the brain including atro-
phy, apoptosis, and reduction of cell proliferation (11). De-
creased dentate gyrus (DG) cell proliferation and neurogenesis
have been observed after exposure to stressors in different
species (12-18) and are related to elevated stress hormones such
as GCs (19,20). Accordingly, all these data combined have led to
the assumption that chronic stress could precipitate depression

S tress is a key etiological factor in anxiety and major
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by altering neuroplasticity and particularly hippocampal neuro-
genesis.

Chronic antidepressant (AD) treatment increases cell prolifer-
ation and granule cell survival (16,21,22) and is able to reverse
the stress-induced decrease of hippocampal neurogenesis
(14,16,17,23). The link between hippocampal neurogenesis and
AD action seems to be causal, because suppression of hippocam-
pal neurogenesis by irradiation prevents the effects of fluoxetine
and imipramine (22) as well as a putative AD with a non-
monoaminergic target (24). Interestingly, the ability of AD drugs
to increase hippocampal neurogenesis is a common feature of
both classical ADs such as selective serotonin reuptake inhibitors
(SSRD) and tricyclic drugs and atypical or potential ADs (24-27),
including antagonists of corticotropin-releasing factor 1 (CRF,)
and vasopressin 1b (V) receptors (16). For these reasons, it has
been suggested that hippocampal neurogenesis might be a key
factor in the action of AD drugs.

Here we have investigated the involvement of hippocampal
neurogenesis in two distinct and opposing behavioral effects: the
response to unpredictable chronic mild stress (UCMS) and the
reversal of UCMS-induced deficits by different classes of AD
drugs, focusing particularly on comparing the action of mono-
aminergic drugs with known clinical efficacy and compounds
acting on the HPA axis (CRF, and V,,, antagonists) that possess a
potent AD-like action in preclinical models (16,28-30) and in
clinical studies (31-33). A targeted irradiation procedure was
used to disrupt progenitor cell proliferation only in the subgranu-
lar zone (SGZ) of the hippocampus (22). Mice were then
subjected to a naturalistic model of depression, the UCMS
paradigm, which is known to detect the effects of chronic but not
acute treatment with ADs (34,35). The effects of ablating hip-
pocampal neurogenesis on the response to both UCMS and
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Figure 1. Schematic representation of experimental design. Five weeks before the onset of the UCMS, three focal x-irradiations were performed specifically
above the hippocampus over the course of 1 week (day —35, —31, and —27). After recovery, mice were subjected to a 5-week UCMS regimen followed by
behavioral tests at day 36, 37, and 38. Finally, BrdU (4 X 75 mg/kg IP, every 2 hours) was administered at day 40, mice were killed (Sac.) 24 hours after the last

BrdU injection, and brains were immediately collected.

chronic AD treatment were assessed with physical measures
(coat state and body weight), behavioral tests (splash test,
novelty-suppressed feeding [NSF] test, and locomotor activity in
an actimeter), and immunohistochemical detection of cell prolif-
eration in the two neurogenic brain regions: the SGZ and the
subventricular zone (SVZ2).

Methods and Materials

Animals

Two-month-old male BALB/c mice were obtained from Tac-
onic (Germantown, New York). All animals were housed in
groups of four or five and were maintained under standard
laboratory conditions (12/12-hour light/dark cycle: lights on at
8:00 rm, 22 * 2°C, food and water ad libitum). The treatment of
the animals was in accordance with the European Community
Council directive 86/609/EEC and with the Guide for Care and
Use of Laboratory Animals established by the National Institutes
of Health of the United States of America.

Drugs

Fluoxetine (Eli Lilly, Indianapolis, Indiana), imipramine (Sig-
ma-Aldrich, St. Louis, Missouri), SSR125543, and SSR149415
(Sanofi-Aventis, Bagneux, France) were prepared in saline (.9%
sodium chloride) containing .1% Tween 80 (fluoxetine, imipra-
mine) or 5% dimethylsulphoxide and 5% Cremophor
(SSR125543, SSR149415). The solutions were administered at a
volume of 10 mL/kg.

General Procedure

For each experiment, x-ray treatment was carried out on
one-half of the mice. Non-irradiated mice were anesthetized and
placed in the stereotaxic frame as irradiated mice but without
exposure to cranial irradiation. Five weeks after the first expo-
sure to x-irradiation, a 5-week UCMS was conducted (Figure 1).
The UCMS-exposed mice were isolated in small cages (24 X 11
X 12 c¢m) while nonstressed mice were housed in groups of four
or five in standard cages (42 X 28 X 18 cm). The first 2 weeks of
UCMS were drug-free, and treatment began from the third week
until the day after BrdU injection (28 days). Fluoxetine (10
mg/kg/day), imipramine (20 mg/kg/day), SSR149415 (20 mg/kg/
day), SSR125543 (20 mg/kg/day) or vehicle were administered IP
once/day (including for the nonstressed experiment). The body
weight and the coat state were assessed weekly until the end of
UCMS. The day after the last body weight and coat state
measures, behavioral testing was performed: first day splash test,
second day actimeter, third day NSF test. Two days after, BrdU
injections were carried out. In experiments with nonstressed
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mice, animals were isolated 3 hours before the splash test, and
the cage of stressed mice was changed at the same time. Five to
seven mice from each group were randomly chosen for immu-
nohistochemistry.

UCMS

Mice were subjected to various unpredictable stressors for 5
weeks. Alterations of the bedding (repeated sawdust changing,
removal of sawdust, damp sawdust, substitution of sawdust with
21°C water), cage-tilting (45°), predator sounds (15 min), cage
shift (mice were positioned in the empty cage of another male),
and alterations of the light/dark cycle were used as stressors. The
total score of the coat state resulted from the sum of scores from
seven different body parts: head, neck, dorsal and ventral coat,
tail, forepaws, and hindpaws. For each area, a score of 0 was
given for well-groomed coat and 1 for an unkempt coat. This
index has been pharmacologically validated in previous studies
(16,22,29,30,35).

Splash Test

This test was conducted as previously described (22,36,37). It
consisted of spraying a 10% sucrose solution on the mouse in its
home cage. The sucrose solution dirtied the coat and induced a
grooming behavior. The grooming frequency was recorded for 5
min.

NSF Test

The NSF test was a modified version of our previous study
(22). The testing apparatus consisted of a 33 X 33 X 30 cm box.
The floor was covered with 2 cm sawdust. Twelve hours before
the test, food was removed from the cages. At the time of testing,
a single pellet of food (regular chow) was placed on a white
paper positioned in the box center. An animal was placed in the
corner. The latency to manifestly chew the pellet was recorded
within a 3-min period. This test induced a conflicting motivation
between the drive to eat the food pellet and the fear of venturing
into the arena. This paradigm was able to reveal the effects of
chronic AD treatment in nonstressed mice (22). In this study, we
reduced the dimension of the apparatus by 40% and used a red
light instead of white. In this way, a 4-week treatment of
fluoxetine in nonstressed mice had no effect (data not shown). In
addition, ADs are known to have various effects on appetite; the
feeding drive of each animal was thus assessed by returning it to
the home cage immediately after the test and measuring the
amount of food consumed over 5 min. No difference was
observed (data not shown).
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Figure 2. Effects of unpredictable chronic mild stress (UCMS) and hippocampal x-irradiation on behavior and cell proliferation in the subgranular zone (SGZ)
and the subventricular zone (SVZ). (A) The UCMS induced a deterioration of the coat state as demonstrated by increasing coat state scores, which became
significant after 4 weeks of UCMS protocol. Irradiation had no effect on this measure, because the irradiated mice showed no difference with the
non-irradiated mice. Detail of the results after 5-week UCMS is illustrated above legend, n = 11-12 mice/group. (B) The UCMS induced a reduction of
grooming frequency during the splash testin non-irradiated and irradiated mice. Irradiation had no effect, n = 11-12 mice/group. (C) The latency to chew the
pellet was increased by UCMS regimen in the novelty-suppressed feeding (NSF) test. Irradiation had no effect, n = 11-12 mice/group. (D) Locomotor activity
in the actimeter was not affected by the UCMS regimen or irradiation, n = 11-12 mice/group. (E) The UCMS reduced the number of BrdU positive cells in the
SGZ of the hippocampus. X-ray procedure induced a strong disruption of cell proliferation in this area, n = 5-7 mice/group. (F) No change in cell proliferation
in the SVZ due to UCMS or irradiation was found, n = 5-7 mice/group. Data represent mean + SEM. ANOVA following by Fisher post hoc: ***p < .001; **p <
.01 and *p < .05 for both UCMS group versus their respective control no-UCMS group, excepted for (E): ***p < .001 versus no UCMS/non-irradiated mice.

Actimeter were cut (45 wm), and every third section from each brain was
The actimeter assessed the activity of mice in their home cage. collected and stored in PBS. The BrdU immunohistochemistry
The cage was placed in the center of the device, which consisted was performed on free-floating sections as described (16). Sec-
of a 20 X 20 cm square plane with photobeam detectors crossing tions were treated with 3% hydrogen peroxide/50% ethanol for
the plane. The movement of the animal was automatically 20 min, rinsed in PBS, treated with 2 nmol/L hydrochloric acid
detected when it crossed through, allowing a score to be (30 min), rinsed in borate buffer for 5 min (.1 mol/L, pH = 8.4),
established. The higher the score was, the more the mouse and then rinsed in PBS and incubated with a monoclonal rat
moved. Testing duration was 4 hours. anti-BrdU antibody (1:500, Oxford Biotechnology, Oxford,
United Kingdom). Forty hours later, sections were rinsed in PBS,
Irradiation incubated 2.5 hours with a rabbit anti-rat biotinylated antibody
Irradiation was performed as previously described (22). All (1:200, Vector Laboratories, Burlingame, California), and fol-
mice were anesthetized with ketamine/xylazine (100 mg/kg and lowed by amplification with an avidin-biotin complex (Elite ABC
7 mg/kg, respectively), placed in a stereotaxic frame, and then, kit, Vector Laboratories). The staining was visualized with DAB
only for irradiated mice, exposed to cranial irradiation with a (Sigma-Aldrich). The BrdU positive cell quantification was per-
Siemens Stabilopan x-ray system (Hamburg, Germany). Animals formed as described (16).

were protected with a lead shield that covered the body but left
unshielded for a 3.22 X 11 mm treatment field above the Statistics

hippocampus (interaural 3.00 to .00). The corrected dose rate Analyses of variance were performed by using environment
was approximately 1.8 Gy/min at a source to skin distance of 30 (no UCMS/UCMS), irradiation (non-irradiated/irradiated), or
cm. The procedure lasted 2 min 47 sec, delivering a total of 5 Gy. treatment (vehicle/treated) as main factors, followed by a Fisher
Three 5 Gy doses were given over the course of 1 week (day 0, post hoc analysis when required.
4, and 8).

Results

BrdU Labeling
Mice were administered BrdU (Sigma-Aldrich, 4 X 75 mg/kg Disruption of Hippocampal Neurogenesis Has No Effect on
IP, every 2 hours) and killed 24 hours after the last BrdU Sensitivity to Stress

injection. After anesthesia with ketamine/xylazine, mice were To determine whether loss of neurogenesis alters sensitivity
transcardially perfused: saline for 2 min, 4% paraformaldehyde to stress, we compared the responses of irradiated and non-
(PFA)/.1 mol/L phosphate-buffered saline (PBS; pH = 7.4) for 5 irradiated mice to UCMS. In vehicle-treated mice, UCMS induced
min, and brains were collected, post-fixed overnight in 4% PFA at a gradual deterioration of coat state that reached significance by
4°C, and then cryoprotected in 30% sucrose and stored at 4°C. 4 weeks after beginning the stress (p < .001) and worsened
Serial coronal sections through the rostro-caudal brain extent until the end of the stress procedure (p < .001; Figure 2A). This
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Figure 3. Hippocampal x-irradiation prevented the effects of fluoxetine (10 mg/kg/day, IP) on behavior and cell proliferation after the UCMS regimen.
(A) Fluoxetine treatment significantly reduced the UCMS-induced deterioration of the coat state in non-irradiated mice. This fluoxetine effect was
abolished inirradiated mice. Detail of the results after 5-week UCMS is illustrated above legend, n = 13-15 mice/group. (B) In the splash test, grooming
behavior was increased by fluoxetine treatment only in the non-irradiated mice, n = 13-14 mice/group. (C) Fluoxetine treatment reduced the latency
in the NSF test. Irradiation prevented this effect, n = 13-14 mice/group. (D) Locomotor activity in the actimeter was not affected by fluoxetine or the
x-ray procedure, n = 13-14 mice/group. (E) Treatment with fluoxetine elicited a significant increase of the number of BrdU positive cells in the SGZ of
the hippocampus. Irradiation potently reduced cell proliferation in the SGZ, n = 5-7 mice/group. (F) No change in cell proliferation in the SVZ due to
the fluoxetine treatment or the irradiation was found, n = 5-7 mice/group. Data represent mean = SEM. ANOVA following by Fisher post hoc: ***p <
.001 and **p < .01 between line-connected groups or versus control/vehicle group; except for (E): ***p < .001 and **p < .01 versus non-irradiated/

vehicle mice. Abbreviations as in Figure 2.

effect was accompanied by reduced grooming in the splash test
(p < .01; Figure 2B) and increased latency to eat in the NSF test
(p < .05; Figure 20), and none of these effects were due to
changes in locomotor activity (Figure 2D) or body weight (Figure
1A in Supplement 1). The UCMS decreased cell proliferation in
the SGZ of non-irradiated mice (p < .001), whereas irradiation
almost completely abolished neurogenesis in this region (p <
.001; Figure 2E). Moreover, we found that neither stress nor
irradiation impacted neurogenesis in the SVZ (Figure 2F). Abla-
tion of hippocampal cell proliferation did not elicit any intrinsic
effect in nonstressed mice and did not change the sensitivity to
stress as measured by coat deterioration, grooming behavior, or
latency to eat in the NSF test (Figure 2; Figure 1A in Supplement
1. Together these data indicate that, although chronic stress
reduces hippocampal neurogenesis, this effect does not cause or
contribute to the changes in behavior observed in UCMS-
subjected mice. Additionally, complete loss of hippocampal
neurogenesis did not accelerate or amplify the behavioral mod-
ifications induced by the UCMS procedure.

Disruption of Hippocampal Neurogenesis Prevents the Action
of Monoaminergic ADs

The idea that hippocampal neurogenesis might not be essen-
tial to the pathogenesis of depression does not exclude that it is
involved in the action of ADs. We have previously shown that
ablation of hippocampal neurogenesis prevented the AD activity
of fluoxetine (22). Here, we have sought to determine whether
neurogenesis is a conserved feature in the efficacy of ADs by
comparing, in irradiated or sham mice, the effects of drugs with
distinct pharmacological targets: two compounds with monoam-
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inergic mechanisms (the SSRI fluoxetine and the tricyclic imip-
ramine) and two compounds targeting the HPA axis (a CRF; and
a V,,, antagonist).

We first aimed at confirming the involvement of neurogenesis
in the effects of fluoxetine (22). Sham and irradiated mice were
all exposed to a 5-week UCMS and, starting the third week, were
administered either fluoxetine (10 mg/kg/day) or vehicle for 4
weeks. In non-irradiated mice, fluoxetine counteracted stress-
induced effects on coat state (p < .001; Figure 3A), grooming
frequency in the splash test (p < .001; Figure 3B), and latency to
eat in the NSF (p < .001; Figure 3C). These effects were
completely abolished by hippocampal irradiation, because no
effect of fluoxetine was seen in irradiated mice. These results
cannot be explained by a change in body weight (Figure 1B in
Supplement 1) or locomotor activity (Figure 3D). Furthermore,
fluoxetine induced an increase of cell proliferation in the SGZ in
non-irradiated mice (p < .01), whereas irradiation caused a
profound loss of cell proliferation in the SGZ of both vehicle and
fluoxetine groups (p < .001; Figure 3E). These effects were
restricted to the hippocampus, because neither irradiation nor
fluoxetine treatment altered cell proliferation in the SVZ (Figure
3F). Thus, hippocampal irradiation prevented the effects of the
SSRI fluoxetine, confirming the suggestion that hippocampal
neurogenesis is required for its efficacy.

To determine whether hippocampal neurogenesis is similarly
required for the efficacy of other monoaminergic ADs, we
repeated the aforementioned series of experiments with the
tricyclic AD imipramine (20 mg/kg/day). Chronic imipramine
treatment reduced the UCMS-induced deterioration of the coat
state (p < .01) and increased grooming frequency in non-
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Figure 4. Hippocampal x-irradiation prevented the effects of imipramine (20 mg/kg/day, IP) on behavior and cell proliferation after the UCMS regimen. (A)
Imipramine treatment significantly reduced in non-irradiated mice the deterioration of the coat state. This imipramine effect was abolished in irradiated mice.
Detail of the results after 5-week UCMS is illustrated above legend, n = 8-10 mice/group. (B) In the splash test, imipramine treatment improved grooming
behavior only in the non-irradiated mice, n = 8-10 mice/group. (C) No significant difference was found in the NSF test. n = 8-10 mice/group. (D) Locomotor
activity in the actimeter was not affected by imipramine or the x-ray procedure, n = 8-10 mice/group. (E) Treatment with imipramine permitted a significant
recovery in the number of BrdU positive cells in the SGZ of the hippocampus. Irradiation potently reduced cell proliferation in the SGZ, n = 5-6 mice/group.
(F) No change in cell proliferation in the SVZ due to imipramine or irradiation was found, n = 5-6 mice/group. Data represent mean = SEM. ANOVA following
by Fisher post hoc: **p < .01 and *p < .05 between line-connected groups or versus control/vehicle group; except for (E): **p < .01 and *p < .05 versus

non-irradiated/vehicle mice. Abbreviations as in Figure 2.

irradiated mice (p < .05) but not in irradiated mice (Figures 4A
and 4B). There was no significant reduction of latency to eat in
the NSF test (Figure 4C). Finally, imipramine increased cell
proliferation in the SGZ (p < .05), an effect that was absent in
irradiated mice (Figure 4E). Again, no effect of drug treatment
was found on body weight, activity, or cell proliferation in the
SVZ (Figures 4D—4F; and Figure 1C in Supplement 1). Because
both monoaminergic ADs reversed the UCMS-induced effects on
coat deterioration and behavioral alterations, and these effects
were completely abolished by hippocampal irradiation, our
results suggest that hippocampal neurogenesis is necessary for
the AD action of monoaminergic compounds.

Disruption of Hippocampal Neurogenesis Does Not Prevent
AD-Like Actions of CRF, and V,, Antagonists

Because CRF, and V,,, antagonists also cause an increase in
hippocampal neurogenesis (16), we investigated whether neu-
rogenesis is required for the effects of the CRF, antagonist
SSR125543 (20 mg/kg/day) and the V,,, antagonist SSR149415 (20
mg/kg/day). In non-irradiated mice, we found that SSR125543
(Figure 5) and SSR149415 (Figure 6) counteracted the deleterious
effects of UCMS on coat state (p < .05 and p < .01, respectively),
in the splash test (p < .05 and p < .01, respectively), and in the
NSF test for the SSR125543 (p < .05), although a strong trend for
a treatment effect was found with the SSR149415 [F(1,37) = 3.80,
p = 0.057]. The effects of these compounds could not be
explained by a change in locomotion (Figures 5D and 6D) or
body weight (Figures 1D and 1E in Supplement 1). Both
SSR125543 and SSR149415 increased hippocampal cell prolifer-
ation (p < .001; Figures SE and 6E) without eliciting any such
effect in the SVZ (Figures 5F and OF). Although irradiation

abolished cell proliferation in the SGZ in all mice (p < .001;
Figures 5D and 6D), the effects of both compounds on the coat
state and the splash test were intact (p < .05; Figures 5A and 6A)
and no different from their effect in non-irradiated mice, suggest-
ing that these effects are independent of hippocampal neurogen-
esis. Only one aspect in the reversal of UCMS-elicited modifica-
tions was disrupted by irradiation: the SSR125543 effect in the
NSF test (Figure 5C). This could suggest that the coat state and
the splash test on the one hand and the NSF test on the other
reflect two different features of the depressive-like state induced
by UCMS. Contrary to the coat state score and the splash test, the
NSF test, which was firstly developed to characterize anxiolytic
properties (38), might detect UCMS-induced anxiety-like rather
than depressive-like behaviors and, on the basis of the novel
environment exposure, be more sensitive to hippocampal dys-
function. Nevertheless, there was a significant main effect of drug
treatment [F(1,39) = 4.8, p < .05] without an interaction in the
NSF test, and irradiated/SSR125543-treated mice displayed no
significant difference compared with non-irradiated/SSR125543-
treated mice (Figure 5C). Finally, most AD-like effects of CRF,
and V,,, antagonists arose despite the suppression of hippocam-
pal neurogenesis.

Discussion

The UCMS-induced behavioral changes were reversed by
several compounds endowed with AD-like properties, such as
fluoxetine and imipramine, as well as a CRF, antagonist
(SSR125543) and a V,,, antagonist (SSR149415). The x-irradiation
of the hippocampus had no effect per se in the UCMS procedure,
suggesting that a loss of hippocampal neurogenesis does not
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Figure 5. Hippocampal x-iradiation did not prevent several antidepressant-like effects of the corticotropin-releasing factor 1 (CRF,) receptor antagonist,
SSR125543 (20 mg/kg/day, IP), on behavior and cell proliferation after the UCMS regimen. (A) The SSR125543 treatment elicited a significant decrease in the
deterioration of the state of the coat in non-irradiated and irradiated mice. The effect of SSR125543 was not blocked by the x-ray procedure. Detail of the
results after 5-week UCMS is illustrated above legend, n = 10-11 mice/group. (B) After 5-week UCMS, the frequency of grooming was significantly increased
by SSR125543 treatment in non-irradiated mice as well as in irradiated mice, n = 10-11 mice/group. (C) In the NSF test, the latency to chew the pellet was
reduced by SSR125543 treatment in non-irradiated mice but not in irradiated mice. Nevertheless, the latency was not different when comparing non-
irradiated/ SSR125543 mice versus irradiated/SSR125543 mice, n = 10-11 mice/group. (D) Locomotor activity in the actimeter was not affected by SSR125543
or the x-ray procedure, n = 8-9 mice/group. (E) The SSR125543 treatment induced a significant recovery in the number of BrdU positive cells in the SGZ of the
hippocampus. Irradiation strongly reduced cell proliferation in the SGZ, n = 6 mice/group. (F) No change in cell proliferation in the SVZ due to SSR125543 or
irradiation was found, n = 6 mice/group. Data represent mean = SEM. ANOVA following by Fisher post hoc: **p < .01; *p < .05 and p = non-significant,
between line-connected groups or versus control/vehicle group; except for (E): ***p <.001 versus non-irradiated/vehicle mice. Abbreviations as in Figure 2.

induce a depressive-like behavior and does not worsen the
deteriorations induced by the UCMS. Nevertheless, irradiation
completely abolished the AD-like effects of drugs that act via a
monoaminergic mechanism (fluoxetine and imipramine). In con-
trast, several AD-like effects of SSR125543 and SSR149415 were
maintained despite irradiation. Therefore, our results support
that, although hippocampal neurogenesis is required for the AD
efficacy of monoaminergic drugs, it is nonessential for some
AD-like effects of compounds that modulate the HPA axis.
Because several AD-like effects were seen in irradiated mice,
hippocampal neurogenesis might not be seen as the final neu-
robiological process by which ADs reverse detrimental effects of
stress.

Nevertheless, some concerns need to be considered for
further interpretations of the results. First, it cannot be excluded
that the coat state evaluation and splash test, unlike the NSF test,
are measures that are not linked to the human disease; however,
this argument is questionable, because coat state evaluation is
the most prevalent, reliable, and well-validated measure used in
this mouse model of depression (16,22,29,30,35-37), whereas
the NSF test pre-eminently examines anxiety-related behaviors
(38,39). Second, because brain penetration was demonstrated for
both SSR125543 and SSR149415 (40-42), these compounds
could induce their AD-like effects centrally and the HPA axis
could be unaffected in our model. However, we recently found
that UCMS induces changes in plasmatic corticosterone that are
reversed by fluoxetine and SSR125543, highlighting the implica-
tion of the HPA axis (35). Third, another confounding point
might arise concerning whether irradiation induces HPA alter-
ations, but we previously dismissed this possibility by showing
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control-like HPA axis function after irradiation in both basal and
stress conditions (22). Fourth, we also found that irradiation
induces no modification in several other behavioral- and brain-
related functions (22), although more subtle effects of irradiation
could exist. Moreover, whereas irradiation induces transient
inflammation, mice were allowed to recover for 5 weeks before
initiating the UCMS regimen and 10 weeks before testing, a
period after which the inflammatory effects of hippocampal
irradiation are largely completed (43). Fifth, in contrast to our
results, two studies (44,45) recently reported that fluoxetine’s
effects in bio-assays are independent of hippocampal neurogen-
esis in BALB/c mice, and that fluoxetine does not increase cell
proliferation or neurogenesis in the dentate gyrus. Nevertheless,
they tested fluoxetine’s action in normal “non-depressed” mice,
whereas we used a chronic and naturalistic model of depression
in which fluoxetine’s effects are examined in pathologic-like
rather than baseline conditions. Considering that ADs are devoid
of mood-changing effects in normal individuals, paradigms elab-
orated to test the action of ADs in normal “non-depressed” mice
could engage different neurobiological mechanisms that are
irrelevant to clinical remission. Moreover, their results are also
inconsistent with several other studies using mouse models
based on chronic application of stressors (16,22,46). Indeed, we
have previously shown that hippocampal x-irradiation prevented
fluoxetine-induced AD effects in 129SvEv as well as BALB/c
strains (22), and the UCMS procedure was shown to decrease
hippocampal neurogenesis in BALB/c mice (16,460). Finally,
Alonso et al. (16) previously demonstrated that chronic fluox-
etine was able to increase SGZ cell proliferation in UCMS-treated
as well as control BALB/c mice.
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Figure 6. Hippocampal x-irradiation did not prevent the antidepressant-like effects of the vasopressin 1b (V,,) receptor antagonist, SSR149415 (20
mg/kg/day, IP), on behavior and cell proliferation after the UCMS regimen. (A) The SSR149415 treatment significantly reduced the deterioration of the state
of the coat in non-irradiated and irradiated mice. The effect of SSR149415 was not blocked by the x-ray procedure. The effect of SSR125543 was not blocked
by the x-ray procedure. Detail of the results after 5-week UCMS is illustrated above legend, n = 10-11 mice/group. (B) Mice treated with SSR149415 displayed
more grooming behaviors than vehicle mice in the splash test. This effect was not abolished by irradiation, n = 10-11 mice/group. (C) No significant difference
was found in the NSF test. n = 10-11 mice/group. (D) Locomotor activity in the actimeter was not affected by SSR149415 or the x-ray procedure, n = 9-10
mice/group. (E) The SSR149415 treatment induced a significant recovery of BrdU positive cells in the SGZ of the hippocampus. Irradiation caused a profound
loss of cell proliferation in the SGZ, n = 6 -7 mice/group. (F) No change in cell proliferation in the SVZ due to SSR149415 or irradiation was found, n = 6-7
mice/group. Data represent mean = SEM. ANOVA following by Fisher post hoc: *p < .05 for the non-irradiated/SSR149415 mice versus the control
non-irradiated/vehicle mice. **p <.01;*p < .05 and p = non-significant between line-connected groups or versus control/vehicle group; excepted for (E): ***p

< .001 versus non-irradiated/vehicle mice. Abbreviations as in Figure 2.

The fact that x-ray did not induce any “depressive-like” effects
in nonstressed mice, as did a 5-week UCMS regimen, suggests
that a decrease of hippocampal neurogenesis might not be causal
in the pathogenesis of depression. A previous study showed that
reduction of cell proliferation in the DG does not correlate with
the development of learned helplessness (13); however, the
limitation of this study is that the paradigm used had a short
duration (approximately 10 days). Because new neurons take
weeks to connect to their appropriate targets, 10 days of learned
helplessness might be insufficient to elicit neurogenesis-related
changes in hippocampal function, such as those thought to occur
during depression. Not only did the stress procedure in our study
last for 5 weeks but we also found that neurogenesis-deficient
mice responded normally to the UCMS procedure. These find-
ings are in accordance with the notion that the hippocampus is
not the driver of affective disorders in humans (47) but do not
exclude its contribution to AD-related effects that can restore
normal brain functioning.

Initial studies showing that chronic AD treatments increase
hippocampal neurogenesis have described two different patterns
of action: compounds such as fluoxetine increased neurogenesis
in both stressed and nonstressed mice, although conflicting
results occurred with nonstressed mice (16,44,45); and CRF, and
V,,, antagonists counteracted stress-induced deficits in hip-
pocampal neurogenesis without stimulating this process per se
(16). The decrease in hippocampal neurogenesis induced by
stress is mediated by the release of adrenal hormones such as
GCs, because removal of the adrenal glands abolishes stress-
induced decrease of cell proliferation (48). The CRF, antagonists
are known to cause a reduction in CRF-mediated activation of the

HPA axis in response to stress, thus reducing the release of GCs
(40,49,50). Similarly, the V,,, antagonist SSR149415 has been
shown to inhibit the elevation in plasma corticotropin observed
after restraint stress (51), suggesting that this drug might also be
able to block stress-induced increase of GCs. Thus, it is possible
that SSR125543 and SSR149415 increase hippocampal neurogen-
esis under stressful conditions by preventing a GC-induced
decrease rather than stimulating neurogenesis per se.

A potential explanation for our results would be that, whereas
monoaminergic drugs act via a hippocampal-dependent mecha-
nism, another mechanism might underlie the action of CRF, and
V., antagonists. Notably, depression is associated with abnor-
malities in HPA axis function, and AD effects have been sug-
gested to occur via a normalization of these abnormalities
(2,52-54). For example, monoaminergic ADs inhibit HPA axis
activity by increasing GC receptor levels, thereby leading to an
enhancement in GC receptor-mediated feedback inhibition (55)
that might involve the hippocampus. Thus, one can propose that
deficits observed in depressed patients or in stressed rodents
might be related to GC-induced structural damage in the brain.
Because the hippocampus exerts a negative feedback on the
HPA axis that can be altered by chronic stress (4), it is conceiv-
able that during cases of excess stress, hippocampal dysfunction
might reduce this negative feedback, thus exacerbating GC
release and accentuating brain damage and hippocampal atro-
phy. Because monoaminergic ADs do not directly or initially
target the HPA axis, they might interrupt this cycle by stimulating
neurogenesis; indeed, this might compensate for atrophy or
neuronal loss and allow for restoration of normal hippocampal
function, including inhibition of the HPA axis. By contrast, CRF,
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Figure 7. Antidepressant (AD) drug effects can be achieved by neurogenesis-dependent and -independent mechanisms. Stress and persistent hypothalamo-
pituitary-adrenal (HPA)-axis activity can elicit changes in behavior and reduce hippocampal neurogenesis, possibly via increased glucocorticoid release.
Although the hippocampus participates in the negative regulation of stress responses, the negative effects of stress on behavior and neurogenesis are not
causally related. Therefore, the antidepressant effect of drugs that act directly on the HPA-axis could not require hippocampal neurogenesis. However,
monoaminergic drugs might use neurogenesis to counteract the effects of stress by enhancing negative feedback provided by the hippocampus. Symbols:
arrows = stimulation; bared line = inhibition. V,,, vasopressin 1b; CRF,, corticotropin-releasing factor 1.

and V,,, receptor antagonists might act directly on the HPA axis
to restore normal GC levels, thereby counteracting such detri-
mental effects as hippocampal atrophy. According to this inter-
pretation, without functional hippocampal neurogenesis, classi-
cal ADs might be either ineffective or would require a longer
time to be effective, whereas the action of HPA-acting drugs
would persist. This hypothesis, as summarized in Figure 7,
suggests the involvement of new hippocampal neurons in the
inhibitory control of the hippocampus on the HPA axis. Although
this model is largely a theoretical interpretation, it was previously
shown that CRF, and V,,, antagonists do not elicit significant
changes in serotonin or norepinephrine levels or bind to mono-
aminergic receptors (unpublished results); therefore, they clearly
act via different mechanisms than SSRIs and tricyclics.

In conclusion, our data suggest that hippocampal neurogen-
esis might not be a key factor in the pathophysiology of
depression, because disruption of hippocampal neurogenesis
does not induce depressive-like behaviors or alter sensitivity to
chronic stress. In addition, we confirm that hippocampal neuro-
genesis is required for the action of monoaminergic ADs in a
rodent model of depression. Finally, we show that a “therapeu-
tic” effect can be achieved, even with ablation of hippocampal
neurogenesis, by directly targeting the HPA axis and related
neuropeptides.
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Gene microarrays may enable the elucidation of neurobiological changes underlying the pathophysiology and treatment of major
depression. However, previous studies of antidepressant treatments were performed in healthy normal rather than ‘depressed’ animals.
Since antidepressants are devoid of mood-changing effects in normal individuals, the clinically relevant rodent transcriptional changes
could remain undetected. We investigated antidepressant-related transcriptome changes in a corticolimbic network of mood regulation
in the context of the unpredictable chronic mild stress (UCMS), a naturalistic model of depression based on socio-environmental
stressors. Mice subjected to a 7-week UCMS displayed a progressive coat state deterioration, reduced weight gain, and increased
agonistic and emotion-related behaviors. Chronic administration of an effective (fluoxetine) or putative antidepressant (corticotropin-
releasing factor-1 (CRF)) antagonist, SSR125543) reversed all physical and behavioral effects. Changes in gene expression differed among
cingulate cortex (CC), amygdala (AMY) and dentate gyrus (DG) and were extensively reversed by both drugs in CC and AMY, and to a
lesser extent in DG. Fluoxetine and SSR125543 also induced additional and very similar molecular profiles in UCMS-treated mice, but the
effects of the same drug differed considerably between control and UCMS states. These studies established on a large-scale that the
molecular impacts of antidepressants are region-specific and state-dependent, revealed common transcriptional changes downstream
from different antidepressant treatments and supported CRF, targeting as an effective therapeutic strategy. Correlations between UCMS,
drug treatments, and gene expression suggest distinct AMY neuronal and oligodendrocyte molecular phenotypes as candidate systems

for mood regulation and therapeutic interventions.

INTRODUCTION

Although depression is a leading cause of disability
worldwide and a serious health problem, mechanisms
underlying its pathophysiology remain poorly characterized
(Wong and Licinio, 2001; Nestler et al, 2002; Belmaker and
Agam, 2008). Monoaminergic imbalances participate in the
pathogenesis of depression, and response to antidepressant
treatment is associated with increased monoaminergic
neurotransmission (Duman et al, 1997; Manji et al, 2001;
Nestler et al, 2002). However, the rapid antidepressant-
induced neurochemical changes do not parallel the 2-4
weeks of drug exposure required for therapeutic effects,
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indicating that downstream events must occur (Duman
et al, 1997, 1999; Manji et al, 2001; Nestler et al, 2002).
Indeed, the pathophysiology and treatment of depression
induce biological events of greater complexity than changes
in monoamine levels, including (1) structural and ultra-
structural changes, altered synaptic, glial, or neuronal
density, as reported in frontal/cingulate cortex (CC), amyg-
dala (AMY), and hippocampus (Drevets et al, 1997; Sheline
et al, 1998; Rajkowska et al, 1999; Bowley et al, 2002), (2)
variations in neurotrophic factors and neurotransmitters
systems (Duman et al, 1997; Castren, 2004), and (3) altered
signal-transduction pathways (Manji et al, 2001; Shelton,
2007), which together may affect gene regulation through
transcription factors or chromatin modifications (Tsankova
et al, 2006).

Several gene microarray studies have attempted to
characterize the molecular correlates of antidepressant
treatment in rodents (Landgrebe et al, 2002; Rausch et al,
2002; Newton et al, 2003; Drigues et al, 2003; Palotas et al,
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2004; Altar et al, 2004; Wong et al, 2004; Ploski et al, 2006;
Takahashi et al, 2006); however, differences in treatments,
exposure time, and brain regions investigated have
yielded no consensus. Moreover, Conti et al (2007) recently
reported that changes in gene transcripts after three
different antidepressant modalities in normal control rats
were mostly brain region-specific. Importantly, these
previous array studies were performed in healthy normal
rather than ‘depressed’ animals, with the underlying
assumption that antidepressant effects may be similar to
those occurring in depressive-like states.

The unpredictable chronic mild stress (UCMS) is an
informative model to study depression in animals (Willner,
2005), as it mimics in a naturalistic way the role of
socio-environmental stressors in precipitating a depressive
pathology and the time frame of therapeutic responses
to antidepressants. Specifically, the random application of
various environmental and social mild stressors for several
weeks results in a syndrome in mice that is reminiscent of
symptoms of depression, including increased fearfulness/
anxiety-like behavior, decreased consumption of palatable
food, and physiological changes (Santarelli et al, 2003;
Pothion et al, 2004; Mineur et al, 2006). Here, we investi-
gated transcriptome changes in UCMS-treated mice, and
after reversal by chronic exposure to a selective serotonin
reuptake inhibitor (fluoxetine) or a corticotropin-releasing
factor-1 (CRF,;) antagonist (SSR125543). CRF,; antagonists
target a non-monoaminergic system that directly affects the
stress pathway and display promising antidepressant
profiles in preclinical tests and clinical trials (Zobel et al,
2000; Griebel et al, 2002; Kunzel et al, 2003; Ising et al, 2007;
Surget et al, 2008). Currently, no single brain area has been
identified as a primary region affected in depression; how-
ever, meta-analyses of altered brain function point toward
a corticolimbic circuitry of mood regulation that is affected
in depression (Mayberg, 1997; Seminowicz et al, 2004). This
circuitry includes areas of the prefrontal cortex, the ACC,
the hippocampus, anterior thalamic nuclei and the AMY.
Thus, we focused on three rodent equivalent brain areas
within this corticolimbic network: CC, AMY, and dentate
gyrus (DG).

Here, we confirm that the physical and behavioral effects
of UCMS are effectively reversed by chronic exposure to
both drugs, and demonstrate that the molecular correlates
of UCMS and antidepressant treatments are state-dependent
and brain region-specific, thus confirming our hypothesis
that antidepressant effects in control animals do not extra-
polate to ‘depressive states.” Our studies revealed different
sets of putative therapeutic targets for each brain area,
which may reflect functional differences between areas
within a neural network of mood regulation.

MATERIALS AND METHODS
Animals

Male BALB/c mice (8 weeks old) (Centre d’élevage Janvier,
Le Genest Saint Isle, France) were group-housed (n=4-5
per cage) under standard conditions (12/12h light-dark
cycle, 22 +1°C, food and water ad libitum) for 3 weeks
prior to the experiments. To avoid possible bias due to
acute effect of behavioral testing on gene expression, the
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experiment required two sets of mice: the first one (n = 18-
19 per group) supplied physical data and tissue samples
for microarray and PCR analyses, while the second one
(n=11-12 per group) provided behavioral data. All animal
care and treatment were in accordance with the European
Community Council directive 86/609/EEC and with the
Guide for Care and Use of Laboratory Animals established
by the US National Institute of Health.

Drugs

The selective serotonin reuptake inhibitor fluoxetine (Eli
Lilly, Indianapolis, IN, USA) and the CRF; antagonist
SSR125543 (Sanofi-Aventis, Bagneux, France) were pre-
pared in saline (NaCl 0.9%) containing 5% dimethyl
sulfoxide and 5% cremophor EL. Vehicle, fluoxetine
(20 mg/kg/day) and SSR125543 (20 mg/kg/day) were admi-
nistered intraperitoneally (i.p.), based on previous experi-
ments (Griebel et al, 2002; Alonso et al, 2004; Kulkarni and
Dhir, 2007). Concentrations were adjusted to administer
10 ml/kg.

UCMS

Mice were subjected to various stressors according to a
‘random’ schedule for 7 weeks (Figure 1). UCMS-exposed
mice were maintained under standard laboratory conditions
but were isolated in small individual cages (24cm x
11cm x 12 cm), while non-stressed controls were group-
housed in standard laboratory cages (42cm x 28cm X
18 cm). Drug or vehicle treatments started on day 14 and
stopped the day after the end of UCMS (day 50). The
stressors were: altered bedding (sawdust change, removal,
or damp; substitution of sawdust with 21°C water, rat, or cat
feces); cage tilting (45°) or shaking (2 x 30sec); cage
exchange (mice positioned in the empty cage of another
male); induced defensive posture (repeated slight grips
on the back until the mouse showed a defensive posture)
and altered length and time of light-dark cycle. Body weight
and coat state were assessed weekly, as markers of the
progression of the UCMS-evoked syndrome. The total score
resulted from the sum of scores obtained from the head,
neck, dorsal coat, ventral coat, tail, forepaws, and hindpaws
(0 =well-groomed, 1=unkempt). This index has been
pharmacologically validated (Griebel et al, 2002; Santarelli
et al, 2003; Ducottet et al, 2003; Surget et al, 2008).

Novelty-Suppressed Feeding Test

The novelty-suppressed feeding (NSF) test was modified
from Santarelli et al (2003) and performed after 45 days of
UCMS. The testing apparatus consisted of a wooden box
(33 cm x 33 cm x 30 cm) with an indirect red light. The floor
was covered with 2 cm sawdust. At 12 h before the test, food
was removed from the cages. At the time of testing, a single
pellet of regular chow was placed on a white paper in the
center of the box. An animal was placed in a corner of
the box. The latency to manifestly chew the pellet was recor-
ded for 3 min. This test induces a conflict between the drive
to eat and the fear of venturing into the open center. To
control for potential antidepressant effects on appetite, we
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Experimental design. (a) Six groups of mice (n= 18—19 mice per group) were used depending on the environment (control/UCMS) and the

treatment (vehicle/fluoxetine/SSR125543). The UCMS regimen lasted 7 weeks. The coat state was evaluated and the body weight was measured weekly by
two experimenters blind to the treatment. Drug or vehicle treatments started on day 14 and continued until the end of UCMS on day 50. Fluoxetine
(20 mg/kg/day), SSR125543 (20 mg/kg/day), or vehicle were administered intraperitoneally once a day to UCMS-exposed or control mice. Toward the end
of the UCMS regimen, six mice per group were chosen in such a way that the mice were representative of their group in terms of physical state and
behavior. Amygdala (AMY), dentate gyrus (DG), and cingulate cortex (CC) were collected for microarray analysis from these six mice per group the day
after the end of UCMS. Since behavioral testing would interfere with the ‘control’ state of control groups, acute behavioral testing was performed on

independent groups (n= | I-12 mice per group) subjected to the same UCM

S protocol. Tests included the novelty suppressed feeding (NSF) test at day 45

and the resident/intruder (R/I) test at day 50. NSF and R/l tests were only performed once, to avoid interferences of short inter-test time periods.
(b) Representative figures of the brain regions dissected (see Materials and methods). Figures are adapted from Paxinos and Franklin (2001).

measured food consumption over 5 min after mice returned
to their home cage.

Resident/Intruder Test

The resident/intruder (R/I) test was modified from pre-
viously described protocols (Guillot et al, 1994; Mineur
et al, 2003) and was performed after 50 days of UCMS.
Control mice were single-housed 2 days before testing.
UCMS-treated mice were also placed in new cages 2 days
prior to testing. All mice were tested against a 6-month-old
intruder. The opponent was placed into the home cage of
the test animal (resident) so that mice were in opposite
corners. Latencies of the first attack and number of attacks
were recorded for 10 min. Attacking intruder mice were
excluded.

Behavioral Data Statistical Analysis

The effects on physical and behavioral states of 7-week
UCMS (environment), 5-week antidepressant treatments,
and their interactions were evaluated by ANOVAs. Signi-
ficant main effects or interaction were followed up with
post hoc Tukey test (HSD for n different), where appropriate.

Brain Area Sampling

Brain areas were collected at the time of maximum UCMS
and antidepressant effects (7 weeks of UCMS and 5 weeks
of treatment) and 5h after the last injection. To avoid
experimenter-dependent bias, brain were microdissected by

a single investigator. Brains were rapidly removed from
CO,-killed mice and placed in ice-cold slurry of 0.9%
NaCl. Rostro-caudal sections (2 mm) were quickly obtained
on a brain tissue blocker. Four consecutive sections from
Bregma +2.4 to —3.6 (Paxinos and Franklin, 2001) were
transferred to RNAlater (Ambion Inc., Austin, TX) and
microdissected. CC was dissected from the first two sections
and included part of the prelimbic cortex. AMY was
obtained from the third section and DG from the third
and the fourth sections. Corpus callosum and anterior
commissure were collected as a combined white matter
(WM) sample. Samples were stored in RNAlater at —80°C.

Microarray Samples

Total RNA was extracted with Trizol (Invitrogen, Carlsbad,
CA) and assessed by chromatography (Agilent Bioanalyzer,
Santa Clara, CA). Average expert scoring number (RIN) was
8.48 +0.03 (mean = SEM), consistent with excellent RNA
quality. Microarray samples were prepared according to
the manufacturer’s protocol (Affymetrix, Santa Clara, CA).
In brief, 3 ug of total RNA were reverse-transcribed and
converted into double-stranded ¢DNA. A biotinylated
complementary RNA (cRNA) was transcribed in vitro,
using an RNA polymerase T7 promoter introduced during
the reverse transcription. Fragmented labeled cRNA sample
(20 pg) was hybridized onto MOE430-2.0 microarrays.
A high-resolution image of the hybridization pattern was
obtained by laser scanning and stored in a raw file. Samples
were randomly distributed at all experimental steps to avoid
simultaneous processing of related samples. Probeset signal
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intensities were extracted with the Affymetrix Microarray
GCOS software for assessment of quality control, and
with the Robust Multi-array Average algorithm (Irizarry
et al, 2003) for data analysis. Six arrays were retained
per experimental group (Figure 1), representing a total of
84 arrays. Microarray quality control parameters (Mean +
SEM) were as follows: noise (RawQ) <5 (1.83£0.05),
background signal <100 (250 targeted intensity for array
scaling; 52.5 + 1.3), consistent number of genes detected as
present (57.2 £0.1), consistent scaling factors (1.29 £ 0.06),
actin and GAPDH 3'/5’ signal ratios <3 (ACT, 1.27 £ 0.01,
GAPDH, 0.85+0.01), and consistent detection of BioB/C
spiked controls. Probesets with average signal intensity
below 10 in all groups were considered at background level
and were removed, leaving 25 859 probesets for analysis.

Microarray Data Analysis

The goal of the analysis was to use profiles of expression
over large groups of genes as an ‘experimental assay’ to
investigate molecular effects. Therefore, thresholds for gene
selection were kept at moderate stringencies (P<0.05,
changes >20%) and no correction for multiple testing
were applied. This approach potentially carries a high rate
of false positives at the single gene level (see discussion),
but is helpful when investigating broader effects over larger
sets of genes, as previously applied by us and others to the
characterization of brain function (Berton et al, 2006; Sibille
et al, 2007b). Here, converging results across different
treatments and concordance among treatments, behaviors,
and gene expression were applied to identify UCMS and
drug effects. For UCMS and UCMS + drug effects, ANOVA
models with UCMS exposure and drug treatments as
cofactors were fitted to all transcripts in each brain region,
followed by two-group analyses based on the relevant
questions (ie, UCMS effect, antidepressant effect, unpaired
t-statistics). To assess antidepressant reversal of UCMS
effect, we measured the extent by which drug treatments
brought transcripts back to non-stressed levels, with ‘0%
reversal’ meaning that antidepressant had no effect on
reversing the UCMS effects on that gene, and ‘100%
reversal’ meaning that gene transcript levels were back to
control non-stressed control levels in UCMS-/drug-treated
animals. Reversal was capped at 100% for genes whose
antidepressant-related changes were in opposite directions
from UCMS effects (Figure 5). Pearson correlation coeffi-
cients were used to measure similarities in expression
profiles between areas and/or treatments using average
log,-based ratio of changes.

WM/GM ratios and Glial vs Neuronal Enrichment of
Genes

Ratios of transcript levels between gray matter (GM) and
adjacent WM samples were calculated as estimates of
relative glial to neuronal origins of transcripts for every
gene within GM samples, as previously described (Sibille
et al, 2008). The three brain areas were compared to a
unique set of seven WM samples. On the basis of ~25000
expressed genes, the percentage of genes displaying neuro-
nal enrichment, glial enrichment, or expressed in both
cellular populations were assessed using a 1.5-fold level of

Neuropsychopharmacology

enrichment. Results were used as reference values to
compare ‘expected’ vs observed distributions in groups of
identified genes (see Table 1).

Functional Classification of Genes

Biological functions for lists of genes were annotated using
the Database for Annotation, Visualization and Integrated
Discovery (DAVID) tool (Dennis et al, 2003) that is freely
available at http://david.abcc.ncifcrf.gov/. Over-representa-
tion of gene ontology (GO) terms was calculated using the
default parameters of the ‘functional annotation clustering’
tool under the ‘high’ classification stringency set up. To
reduce the redundancy of annotations, this tool groups
together results in clusters of GO groups with similar
annotations. P-values associated with each annotation are
calculated with the Fisher’s exact test.

Real-Time Quantitative PCR

cDNAs were obtained from the original RNA pool used for
array analysis. PCR products were amplified in quadruplets
on an Opticon real-time PCR machine (Bio-Rad, Hercules,
CA), as previously described (Galfalvy et al, 2003). Primer-
dimers were assessed by amplifying primers without cDNA.
Primers were retained if they produced no primer-dimers or
non-specific signal after 35 cycles. Results were calculated as
relative intensity compared to actin.

RESULTS

UCMS-Induced Changes in Physical State are Reversed
by Chronic Exposure to Fluoxetine and SSR125543

Mice were submitted to a 7-week UCMS regimen or
maintained under normal non-stressful control conditions
and were administered daily from the third week with the
vehicle, an effective (fluoxetine), or a putative antidepres-
sant drug (CRF; antagonist SSR125543) (Figure 1). UCMS
exposure resulted in a progressive deterioration of the coat
state (Figure 2a), which became significant across groups at
the beginning of the third week (P <0.05), reached a plateau
at the beginning of the fifth week and remained significantly
elevated compared to control mice until the end of the
experiment (P<0.001). Fluoxetine-treated UCMS mice
began to show a reversal of the coat state deterioration
after 3 weeks of treatment (corresponding to the fifth week
of UCMS). This improvement in coat state became
significant at the beginning of the fourth week of treatment
(P<0.01, compared to UCMS vehicle mice), while fur scores
of fluoxetine-treated mice were not different from control
mice after 5 weeks of treatment (P<0.001, compared to
UCMS/vehicle mice; P> 0.05, compared to control mice).
Similarly, treatment with SSR125543 reversed the UCMS-
induced deterioration of the coat state, but with a faster
onset of action. The coat state of UCMS/SSR125543-treated
mice did not further degrade during the first week of treat-
ment and was significantly different from UCMS/vehicle
mice after only 2 weeks of SSR125543 exposure (P <0.001).
This improvement persisted until the end of the experiment
(P<0.001, after 3, 4, and 5 weeks of treatment). The coat
state of UCMS and SSR125543-treated mice had returned to


http://david.abcc.ncifcrf.gov/

normal condition after 3 weeks of treatment (P> 0.05, com-
pared to control mice). No changes in fur coat state were
observed in control mice treated with vehicle, fluoxetine,
or SSR125543.

UCMS treatment also induced significant differences in
body weight changes (Figure 2b). Normal weight gain was
reduced by UCMS starting in the fifth week of treatment
(P<0.05). The statistical significance of the reduced weight
gain was strengthened in the last 2 weeks of the experiment
(P<0.001). Both fluoxetine and SSR125543 treatments
partially blocked the UCMS-induced reduction of body
weight gain in a significant manner in the last week of the
experiment, corresponding to 5 weeks of drug treatment
(P<0.05, compared to UCMS/vehicle mice). However,
contrary to the effect on coat degradation, the effects of
fluoxetine and SSR125543 on weight gain followed over-
lapping trajectories. Both compounds had no effect on body
weight gain in non-stressed control mice.

Taken together, these results demonstrated a progres-
sive effect of UCMS on physical aspects (fur coat degrada-
tion and reduced weight gain) that were reversed by
chronic exposure to an effective (fluoxetine) or putative
(SSR125543) antidepressant drug. Trajectories of drug
reversals of UCMS effects demonstrated delayed onsets that
paralleled the clinical time frame of the therapeutic effects
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of antidepressant treatments, although SSR125543 displayed
a shorter delay of onset on the fur index compared to
fluoxetine.

UCMS-Induced Behavioral Changes are Reversed by
Chronic Exposure to Fluoxetine and SSR125543

UCMS exposure has been previously shown to induce a
series of behavioral changes, including increased agonistic
and anxiety-/depression-like (ie, ‘emotion-related’) beha-
viors that are reminiscent of symptoms of depression in
human subjects (Mineur et al, 2003; Santarelli et al, 2003).
Mice used in the investigation of UCMS-induced physical
changes were not submitted to behavioral tests to preserve
a non-stressed state in control mice for the microarray
analyses and the real-time quantitative PCR (qPCR), thus
results presented here were obtained in parallel cohorts of
the same age and exposed to the same UCMS protocol.

An NSF test was performed after a 45 days of UCMS
to assess putative alterations in emotion-related behavior
due to UCMS application. A 12-h food deprived mouse
was introduced in an arena in which a pellet of regular food
is placed in the center. This test induces a conflicting
motivation between the drive to eat the food pellet and the
fear of venturing into the center of the arena. The latency to

a Coat state b Body weight
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Figure 2 UCMS-induced changes in physical state and behavior are reversed by chronic treatment with fluoxetine or SSR125543. (a) UCMS induced a
significant deterioration of the coat state, as demonstrated by increasing coat state scores (see Materials and methods). Drug treatments initiated in the third
week of UCMS exposure reversed this deterioration after 2 weeks of SSRI125543 treatment and after 4 weeks of fluoxetine treatment (ANOVA:
environment, week |, F| jo4=9.34, P<0.0I; weeks 27 F| j04>35.06, P<0.001; treatment, week 4, F, 04=6.39, P<0.0I, weeks 5-7, F5 04> 15.8,
P<0.001; environment x treatment: weeks 4—7, F5 104> 6.39, P<0.01). (b) UCMS significantly disrupted the normal gain in body weight, starting at the fifth
week of UCMS regimen. The progressive reversal of UCMS effect on weight gain by fluoxetine and SSR 125543 exposure became significant in the last week
of UCMS (ANOVA: environment, weeks 47, F| j04> 10, P<0.001; treatment, week 7, F; j04 =5.34, P<0.01). n = 18—19 mice per group. Post hoc Tukey
test: #P<0.05 and ##*#P<0.001 for UCMS/vehicle mice vs control/vehicle mice; *P<0.05, **P< 0.0 and **#P<0.001 for UCMS/treated group vs UCMS/
vehicle group. (c) The latency to begin eating in the NSF test was increased by UCMS. This effect was reversed by both fluoxetine and SSR125543
treatments (ANOVA: environment, F| 45 =5.79, P<0.05; treatment, F, 45 =28.49, P<0.001; environment X treatment, F, 45 =3.89, P<0.05). (d) UCMS
induced a significant decrease in the latency to attack the intruder in the R/I test, while both fluoxetine and SSR125543 treatment reversed this effect.
(ANOVA: environment x treatment, F g5 =4.75, P<0.05). n= | I—12 mice per group. Post hoc Tukey test: *#P<0.01 for UCMS/vehicle mice vs control/
vehicle mice; *P<0.05, #*P<0.0l and ***P<0.001 for UCMS/drug-treated group vs UCMS/vehicle group. Data represent mean + SEM.
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chew the pellet was significantly altered (Figure 2c). UCMS-
exposed mice showed an increased latency compared to
control mice (P<0.01). Fluoxetine as well as SSR125543
significantly counteracted this UCMS-induced behavioral
alteration (P<0.01 and 0.001, respectively). Moreover,
neither the UCMS procedure nor the drugs tested produced
a significant change in the home food consumption during
the 5 min following the NSF test (data not shown), suggest-
ing that the feeding drive subsequent to a 12-h deprivation
was not different between experimental groups.

To evaluate changes in agonistic behavior, a R/I test
was performed after a 50-day UCMS procedure. An intruder
mouse was placed in the home cage of UCMS or control
mice chronically treated with vehicle, fluoxetine, or
SSR125543. The latency of the first attack and the number
of attacks by the resident mouse were recorded. Significant
differences were found for both measures (Figure 2d).
UCMS exposure significantly reduced the latency (P<0.01)
and increased the number of attacks (data not shown;
P <0.05). Fluoxetine and SSR125543 treatments completely
reversed the UCMS-induced disruption in social encounter
in latency (fluoxetine, P<0.01 and SSR125543, P<0.05) and
in number of attacks (fluoxetine, P<0.01 and SSR125543,
P <0.05). Antidepressant treatments had no effect in control
mice.

Taken together, these results demonstrated that in addi-
tion to inducing physical changes, UCMS induced a pattern
of increased agonistic and emotion-related behaviors that
were significantly reversed by chronic exposure to an
effective (fluoxetine) or putative (SSR125543) antidepres-
sant drug, thus corresponding to ‘depressed’ (UCMS
syndrome) and ‘recovered’ (antidepressant-reversed) states
in the UCMS model.

The Gene Expression Correlates of a ‘Depressive-Like’
State Vary Across Corticolimbic Brain Regions

To identify changes in gene expression correlating with
UCMS and antidepressant treatments, we performed a
microarray analysis at the 7-week time point, corresponding
to the period of (1) established increase in fur coat index,
(2) increased agonistic and emotion-related behaviors, and
(3) complete reversal of both effects by fluoxetine or
SSR125543 (Figure 1). Samples were obtained from the CC,
AMY, and DG (n=6 arrays per treatment and per brain
area), as brain areas for which the human homologous areas
participate in a corticolimbic network of mood regulation
that is affected in depression (Mayberg, 1997; Seminowicz
et al, 2004). RNA samples were processed on MOE430 2.0
arrays (Affymetrix Inc.), which interrogate the levels
of ~40000 gene transcripts (see Materials and methods).
As the analytical goal was to use profiles of expression
over large groups of genes as an ‘experimental assay’ to
measure UCMS and drug effects, thresholds for gene selec-
tion were kept at moderate stringencies for group compa-
risons (P<0.05 and changes greater than 20%; see Materials
and methods and Discussion). We have previously demon-
strated the validity of this approach at characterizing robust
and significant biological events in brain tissue (Sibille et al,
2007). Accordingly, the levels of 254 gene transcripts were
significantly affected by UCMS in CC, 299 in AMY,
and 166 in DG (Figure 3; Supplementary Tables S1-S3).
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Figure 3 Corticolimbic brain region specificity of UCMS-induced
changes in gene transcript levels. Venn diagram of transcript levels with
significant UCMS effect in CC, AMY, and DG. Changes were mostly
restricted to each of the three brain areas investigated, as little overlap was
observed across areas. Arrows indicate directional correlations between
changes in transcript levels for genes identified in one area (origin of arrow)
and changes for the same genes in the other area (end of arrow). ltalic
values are Pearson coefficient factors (r) of corresponding correlations.
Bold italic values indicate significance r values (P<5e™>).

Very little overlap was observed across the three areas
investigated, although transcript changes in AMY moder-
ately, but significantly, predicted similar trends for the
same transcripts in CC and DG (bold arrows in Figure 3,
Pearson correlation =0.41 and 0.28, respectively, P-values
<5x e °). On the other hand, UCMS-induced transcript
changes in CC or DG did not predict corresponding changes
or trends for the same transcripts in any other areas (gray
arrows in Figure 3, Pearson correlations P-values >0.05).
Independent real-time qPCR assessments of gene transcript
levels significantly correlated with array results (Figure 4;
n=10 genes, r =0.72, P<0.01), thus confirming the validity
of the array measurements.

Taken together, these results suggested that the gene
expression correlates of the UCMS-induced ‘depressive-like’
state were mostly brain region-specific within a cortico-
limbic network of mood regulation, although AMY changes
moderately predicted similar trends for the same transcripts
in CC and DG.

Fluoxetine and SSR125543 Reverse the Effect of UCMS
on Gene Expression

We next investigated whether the reversal of the UCMS
physical and behavioral phenotypes by chronic antidepres-
sant treatments also correlated with a reversal of the UCMS
molecular phenotype. For each gene affected by UCMS, the
percentage of reversal of UCMS effect by chronic fluoxetine
or SSR125543 was calculated and gene-wise values were
averaged for all UCMS-affected genes in each brain area (see
Materials and methods). For instance, in CC, the chronic
fluoxetine treatment reversed the effect of UCMS on gene
expression by ~75%, meaning that the residual changes in
transcript levels in the UCMS- and fluoxetine-treated group
represented on average only ~25% of the full UCMS effect
(Figure 5a, middle panel). SSR125543 reversed only ~44%
of the UCMS molecular profile in CC (Figure 5a, lower
panel). In AMY, both drug treatments reversed the UCMS
effect to a large extent (>70%; Figure 5b, middle and lower



panels). In contrast, these effects were weaker in DG, reach-
ing only 28 and 39% reversal for fluoxetine and SSR125543,
respectively (Figure 5c, middle and lower panels) Tables S1-S3.
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Figure 4 Validation of array results by independent gqPCR measure-
ments. Ten genes with significant differences in AMY were independently
assessed by gPCR (Mobp, Cnpl, Enpp2, Cpne9, Pitpncl, Rph3a, Dgkg,
Gabraa2, Kctdl2, and Arhgap6). Black dots represent oligodendrocyte-
related genes (Mobp, Cnpl, and Enpp2) (see Table 2). r, Pearson
correlation factor; Alr, average log, of (UCMS/control) expression ratio;
—DDCt represent differences in PCR cycle thresholds between UCMS and
control samples, which are equivalent to log, values of ratios.
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Thus, antidepressant treatments reversed the effect
of UCMS on altered gene expression, although the extent
of reversal varied across areas and treatments according
to the following order: (AMYfuoxetine=AMYssr125543 =
CCflyoxetine) > CCssri25543 = DGssri25543 > DGfiyoxetine:  Over-
all, AMY displayed highest and most consistent antidepres-
sant reversals of UCMS effects.

Fluoxetine and SSR125543 Treatments Induce
Additional and Very Similar Transcriptome Effects
in a Brain Region-Specific Manner

Beyond reversing the molecular correlates of UCMS,
fluoxetine and SSR125543 treatments affected the expres-
sion levels of very large numbers of additional genes
(fluoxetine: 2540 genes in CC, 640 genes in AMY, and
294 genes in DG; SSR125543, 562 genes in CC, 507 genes in
AMY, and 122 genes in DG; Table S$4), yielding a pool of
~3600 genes affected by antidepressant treatments in any
of the three brain areas investigated. Interestingly, very few
genes were affected by the same drug across brain areas
(<10% of the fluoxetine-related gene pools and <2% of
the SSR125543 pools), while much larger number of genes
were similarly affected by the two different drug treatments
within each brain area (48% in CC, 25% in AMY, and
18% in DG) (see Supplementary Table S4). Accordingly,
transcript changes displayed high correlations between
fluoxetine and SSR125543 effects within each brain area
(Figure 6a), but low correlations for the effects of the same
treatment across two different brain areas (Figure 6b).
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Figure 5 Differential reversal of the UCMS gene expression profiles by antidepressant treatments. Profiles of changes in gene transcript levels for UCMS-
affected genes (top panels) and after reversal by antidepressant treatments (middle and low panels) in CC (a), AMY (b), and DG (c). Selected gene groups
are from Figure 3. Top panels: UCMS-affected genes are organized by the magnitude of their changes in transcript levels along the x axis and form a
continuous profile with a pre-determined 20% effect cutoff value (see Materials and methods). Vertical bars indicate the amplitude of changes (log, of
UCMS/control expression ratio). Middle and low panels: vertical bars indicate the relative transcript levels for the same UCMS-affected genes after chronic
fluoxetine or SSR125543 treatment. Note that the profiles have shifted away from UCMS levels (black contour line), back toward control ‘no change’ levels
(logor~0). The average percentage of drug reversal of the UCMS molecular profile is indicated per brain area and drug treatment. Flx, fluoxetine; CRF, atg,

SSR125543.
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genes that were affected by either treatment in any of the three areas (see text). Similar results were observed with more restricted pools of genes based on
single drug effect or within a single brain area (not shown). (a) High correlations (0.55-0.81) and high graph slopes for linear fit (0.46—0.72, black bars) were
observed between the effects of two antidepressant treatments on gene transcript levels within a brain region, indicating high similarity of molecular impacts
for the two different drug treatments. (b) Low correlations (—0.03 to 0.26) combined with low graph slopes (—0.03 to 0.17) reveal poor similarities in the
molecular impact of a same drug treatment across any two brain areas investigated. x—y axes values are log,(UCMS antidepressant-treated/control) for the
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These results revealed that, in addition to reversing
the effect of UCMS, antidepressant treatments affected
the transcript levels of large numbers of genes, and that the
transcriptional profiles of the two different drug treatments
were more similar within a brain area, compared to the
effect of the same treatment across areas, thus demonstrat-
ing that the molecular impacts of fluoxetine and SSR125543
treatments were mostly determined by the brain area, rather
than by their molecular targets (see Discussion).

Transcriptome Effects of Fluoxetine and SSR125543
Treatments are State-Dependent in CC

The large-scale effects of antidepressant treatments have
been mostly characterized in normal or control animals
and it is not known whether results apply to depressive-
like states. Here, we directly addressed this question by
comparing the effects of chronic fluoxetine and SSR125543
exposure on CC gene expression in control and in UCMS-
treated mice. Results indicated that larger number of
transcript changes was induced by both drug treatments

Neuropsychopharmacology

in control mice (3221 genes for fluoxetine and 3004 genes
for SSR125543; Table S5) compared to UCMS-treated mice
(2540 genes for fluoxetine and 562 genes for SSR125543).
Similar to the results in UCMS-treated mice, the molecular
impacts of the two different drug treatments were strikingly
similar in control mice (Figure 7a, r=0.94, slope =0.90).
On the other hand, comparing the effects of fluoxetine or
SSR125543 between control and UCMS-treated groups
revealed much lower correlations (r=0.22 and 0.46) and
greatly reduced amplitudes of altered transcript levels
(Figure 7b, slopes =0.11-0.19), denoting a poor conserva-
tion of drug effect between control and UCMS states. The
converse analysis of identifying genes that were modulated
by drug treatments in UCMS-treated mice and comparing
the extent of transcript changes for those genes in drug-
treated control mice yielded very comparable results
(r=0.24-0.30, slope = 0.26-29; not shown), thus confirming
the low conservation of drug treatment effects between
control and UCMS states.

Another notable difference was the magnitude of effects
on gene transcript levels across states and treatments.



Fluoxetine and SSR125543 each affected ~12% of all genes
with detectable expression in control animals, but only 9.8
and 2.2% in UCMS-treated states for fluoxetine and
SSR125543, respectively. In comparison, less than 1% of
the genes were affected by UCMS alone.

Taken together, these results revealed that, in addition to
being brain area-dependent, the molecular correlates of
antidepressant treatments were state-dependent in CC, as
demonstrated by low similarities of drug-induced transcript
profiles between UCMS and control states. Our results also
revealed differences in drug-induced gene expression
plasticity, with fewer genes affected by UCMS alone, and
according to the following order of magnitude: UCMS
<drugs in UCMS <drugs in controls.

Correlations between Gene Expression, UCMS Behavior
and Antidepressant Treatments Identify Candidate
Genes for Mood Regulation and/or Genes with
Therapeutic Potential

On the basis of patterns of altered transcript levels, genes
were classified according to their potential contribution to
the expression of the UCMS phenotype and/or to the
reversal of that phenotype (Figure 8). Specifically, we
focused on two categories of genes of interest: (1) ‘mood-
dependent and therapeutic’ genes, as affected in opposite
directions by UCMS and antidepressant treatments, and
thus matching the behavioral phenotype, and (2) ‘ther-
apeutic-only’ genes that were not affected by UCMS, but
that displayed significant transcript changes after both
antidepressant exposures in UCMS-treated mice (Figure 8).
The assumption of ‘therapeutic-only’ potential was that a
reversal of the UCMS phenotype may occur through
biological pathways that are independent of UCMS effects.
For both categories, a positive antidepressant effect had to
correspond to significant and similar effects after both drug
treatments, reflecting the similar reversal of physical and
behavioral UCMS effects by fluoxetine and SSR125543.

A total of 768 putative ‘mood-dependent and therapeutic’ or
‘therapeutic-only’ genes were identified (Table 2 and Supple-
mentary Tables S6-S11). Consistent with the previously
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described region-specific effects, gene selections displayed
very limited overlap across brain areas. In AMY, genes of
interest (Figure 8) were for the most part in the ‘mood-
dependent and therapeutic’ gene category (n = 241) compared
to ‘therapeutic-only’ genes (n=82), reflecting the extensive
and uniform antidepressant reversal of UCMS effects by both
treatments (see Figure 5b; ie, gene transcripts mostly tracked
both UCMS and antidepressant effects). In CC, the discre-
pancy in the molecular impact of antidepressants (Figure 5a;
75.4% fluoxetine and 44.0% SSR125543 reversals of UCMS
effects) translated in fewer genes with ‘mood-dependent
and therapeutic’ profiles (n=146) and more genes with
potential ‘therapeutic-only’ involvement (n = 238). In contrast,
much fewer genes of interest were identified in DG (62 and
19, respectively), due to the combined low UCMS effect,
moderate antidepressant reversal, and overall lower molecular
impact of antidepressant treatments (see next, Table 2, and
Supplementary Tables S6-S11).

In summary, correlations between altered gene expres-
sion, UCMS behavior, and response to antidepressant
treatments identified brain region-specific candidate genes
for mood regulation and/or genes with therapeutic poten-
tial, with AMY displaying the highest content of genes with
potential dual contribution to the UCMS phenotype and
therapeutic antidepressant reversal.

Identified Gene Transcripts Suggest Different
Oligodendroglial and Neuronal Molecular Phenotypes in
Correlation with UCMS and Antidepressant Treatment
in AMY

We have previously shown that array data from adjacent
WM samples can be used to generate WM/GM ratios that
are specific for each gene (Erraji-BenChekroun et al, 2005;
Sibille et al, 2008). WM/GM ratios can be used as estimates
of gene transcript enrichment either in glia (WM/GM > 1.5),
neurons (WM/GM<—1.5), or both cellular population
(—1.5<WM/GM < 1.5) and provide a wider view of overall
patterns relating to glial and neuronal functions (Sibille
et al, 2008). For instance, displaying UCMS-affected genes
according to the extent of their transcript changes (up and
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Figure 7 State-dependent effects of fluoxetine and SSR125543 treatments in CC. (a) Chronic drug treatments induced extensive and highly similar
transcriptome changes in control non-stressed mice. In total, 3221 genes were significantly affected by fluoxetine and 3004 genes for fluoxetine or
SSR125543 with ~ 60% of genes significantly affected by both treatments (see Supplementary Information). The correlation graph includes a total of 4305
antidepressant-affected genes (r=0.94, slope =0.90). (b) Lower correlations (r=0.22-0.46) and much reduced graph slopes (0.1 1-0.19) suggest that the
same drug has different effects in control and UCMS-treated mice. x—y axes values are log,(UCMS antidepressant-treated/control) for the respective drug

treatment; r, Pearson correlation coefficients; Flx, fluoxetine; CRF atg, SSR125543.
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Figure 8 Patterns of UCMS behavior/gene expression/antidepressant effect identified candidate genes for involvement in mood regulation or with
potential for therapeutic applications. For positive antidepressant reversal or for antidepressant effect, genes had to be significantly and similarly affected by

fluoxetine and SSR125543 treatments.

Table | Proportional representations (%) of transcripts with
enriched glial or neuronal origin within groups of identified genes

Cellular enrichment of gene transcripts

~

Neuronal Both ~ Glial

# Genes (%) (%) (%)

cC 24%* 56* 20%
‘Mood and therapeutic’ 146 19 53 28
Therapeutic only’ 238 21 59 20
AMY 23%* 57% 20%
‘Mood and therapeutic’ 241 23 38 39
Therapeutic only’ 82 46 37 17
DG 23* 53% 24%*
‘Mood and therapeutic’ 62 23 48 29
‘Therapeutic only’ 19 I 36 53

‘# genes’ indicates the number of genes identified in the respective category.
[talic values with (*) indicate expected proportions of glial- and neuronal-
enriched genes (see Materials and methods). Gene categories are described in
the text. Bold numbers represent values that are significantly different from
expected proportions (1> tests, P<0.05 adjusted for multiple comparisons).
Differences from expected proportions in ‘therapeutic only’ genes were not
significant in DG, due to the low number of genes within that category.

down arrows in Figure 9) and based on their estimated
cellular origin of transcripts (yellow, gray, or black bars in
Figure 9) clearly identified predominantly downregulated
glial-enriched genes in AMY (Figure 9a), as visually repre-
sented by the overall yellow color in the lower portion of the
central panel. Within our categories of genes of interest
(Figure 8), statistical assessments confirmed that AMY glial-
enriched genes were significantly over-represented in the
‘mood and therapeutic’ gene category, while neuronal-
enriched genes were more numerous in the ‘therapeutic-
only’ gene categories (Table 1). The CC and DG ‘mood and
therapeutic’ and ‘therapeutic-only’ gene pools displayed
proportions of glial- or neuronal-enriched gene transcripts
that did not differ greatly from their expected proportions

Neuropsychopharmacology

(Table 1), with the exception of a slight over-representation
of glial-enriched genes in correlation with mood levels
in CC.

While caution should be applied for identification of
single genes in array studies under medium statistical strin-
gency (see Discussion), looking at the convergence of single
genes (Table 2) and at over-representation of biological
functions within the lists of identified genes (Table 3)
revealed complex sets of changes involving numerous
cellular functions (receptors, signaling, transcription, meta-
bolism, structural components, etc.). Summarizing this
information, three important themes emerged. First, con-
sistent with brain region-specific effects of UCMS and
antidepressant treatments, none of the selected genes were
identified across regions. Second, genes coding for several
components of neurotransmitter systems (GABA, gluta-
mate, and peptides), signal-transduction pathways (PKC,
PLC, and MAPK) and second messenger systems (cAMP)
previously associated with altered mood and/or anti-
depressant treatments were identified here (underlined
in Table 2), were over-represented in AMY (20 genes out
of 31, P=0.005). Third, numerous oligodendrocyte markers
were exclusively downregulated within the ‘mood and thera-
peutic’ gene category in AMY (Mobp, Edg2, Gsn, Cnpl,
Gpr37, Pllp, Enpp2, Pmp22, Mpzl1, and PlpI; bold in Table 2;
‘myelin’ functional cluster in Table 3; black dots in Figure 4),
thus strongly suggesting an antidepressant-sensitive oligo-
dendrocyte-related phenotype in the AMY of UCMS-treated
mice (see Discussion).

Taken together, these results revealed different and
complex molecular phenotypes in correlation with UCMS
and antidepressant treatments in the three brain regions
investigated, but also identified the AMY as a crucial area of
interest, with a neuronal molecular pathology affecting
previously identified candidate neurotransmitter systems,
and a glial phenotype focused on UCMS-downregulated
markers of oligodendrocyte structure and function, in
reminiscence of prior reports in the AMY (Hamidi et al,
2004) and in nearby cortical regions (Aston et al, 2005) of
human depressed subjects. It is important to note that while
our analytical approach relied on the cumulative effects
across large group of genes to identify robust region- and
state-dependent effects of UCMS and antidepressants,
results for single genes should be considered in the context
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Underline indicates genes within biological systems previously associated with altered mood and/or antidepressant treatment. Bold indicates oligodendrocyte-specific genes. EST and Riken cDNAs were omitted. AD,

antidepressant treatment. See Supplementary tables for complete lists and annotations.
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of the moderate statistical stringencies applied (see
Discussion). Specifically, we make available tables of
results as supplements so that individual results can be
compared and validated across studies.

DISCUSSION

To gain insight into brain function during mood regu-
lation, we investigated correlations between behavioral
and molecular changes in the UCMS rodent model of
depression and of antidepressant reversal. We confirm
the validity of UCMS at inducing robust physical and
behavioral changes that are reminiscent of a depressive-
like state in mice, and show that both symptom dimen-
sions are reversed by chronic exposure to an effective
(fluoxetine) or a putative (SSR125543, CRF; antagonist)
antidepressant drug. Measuring changes in large-scale
gene expression as an indirect assessment of brain
function, we report that the molecular correlates of
UCMS and antidepressant treatments differ across areas
of a corticolimbic network of mood regulation (CC, AMY,
and DG), and that two antidepressant treatments induced
very similar transcriptome changes within areas, despite
targeting different biological systems (brain region-
specific antidepressant effects). We also demonstrate
that the effects of antidepressant treatments vary greatly
depending on whether treated animals are in a control or
‘depressed’ state (state-dependent changes).

Physical and Behavioral Changes Affected by the
UCMS Model of Depression and Antidepressant
Treatment

UCMS exposure elicits a syndrome with a range of
phenotypes that are analogous to symptoms of depres-
sion, including low stress coping and anxiety-/depres-
sion-like behaviors (Santarelli et al, 2003; Ducottet et al,
2004; Yalcin et al, 2005), decreased reward function
(Pothion et al, 2004), increased glucocorticoid levels
(Ayensu et al, 1995; Banasr et al, 2007; Li et al, 2007) and
decreased hippocampal cell proliferation and neurogen-
esis (Alonso et al, 2004). Here, mice subjected to a 7-week
UCMS paradigm developed a progressive deterioration of
their coat state, a decline in weight gain, an exaggerated
emotional reactivity in the NSF test, and social distur-
bances in the R/I test (Figure 2). Chronic administration
of fluoxetine reversed these UCMS-induced deficits after 4
(coat state, NSF test) to 5 weeks (body weight, R/I test) of
treatment. Likewise, SSR125543 showed antidepressant-
like properties, as this compound counteracted all UCMS-
related effects, including with a faster onset of improve-
ment in the quality of the coat state (after 2 weeks of
treatment) compared to fluoxetine (3-4 weeks of treat-
ment). Overall, antidepressant reversals of UCMS effects
occurred in a time course that paralleled therapeutic
improvements in depressed subjects, thus emphasizing
UCMS as a valid model for investigating depressive
pathophysiology and mechanisms of antidepressant
reversal. Indeed, UCMS fulfills several criteria for a valid
model of depression, including: (1) good face validity
(close ethological counterpart for emotion-related and
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Figure 9 Glial/neuronal enrichment of altered gene expression in three brain areas in the UCMS model. Transcripts in CC (n = 254), AMY (n=299), and
DG (n=166) are organized vertically according to the extent of altered gene expression. Up and down arrows indicate up- and downregulation of gene

transcripts in the UCMS model. Color overlay indicates the cellular origin

of the transcript: yellow ~glial origin (WM/GM > |.5), gray ~ neuronal origin

(—1.5<WM/GM), and white ~both cellular populations (—1.5<WM/GM < |.5) (Sibille et al, 2008). Note the apparent increased representation of glial
expression in downregulated genes in AMY. Red bar separates up- from downregulated genes.

Table 3 Functional annotation of identified gene sets

Area Gene category Glial/neuronal origin Functional cluster # Groups/cluster
Mood and therapeutic Neuronal Cation binding; metal ion binding; ion binding 3
Glial Intracellular organelle 4
Nucleosome; chromatin assembly 6
cc Chromosome organization and biogenesis 2
Therapeutic only Neuronal Zing; zinc-finger; zinc ion binding 3
Intracellular membrane-bound organelle 2
Proteolysis during cellular protein catabolism 10
Regulation of transcription, DNA dependent 7
Glial Metabolism 2
Serine/threonine-protein kinase 8
Mood and therapeutic Neuronal lon channel activity 10 P<e—04
Neuropeptide and neurotransmitter receptor activity 7
AMY Glial Myelin; ionic insulation of neurons by glial cells 7 P<e—-05
Therapeutic only Neuronal lon channel activity 6
Transmembrane 2
Glial Transmembrane I
Mood and therapeutic Neuronal None
DG Glial None
Therapeutic only Neuronal None
Glial Regulation of transcription, DNA dependent 12
Protein amino-acid phosphorylation
Cellular metabolism 3

To reduce the redundancy of gene ontology (GO) annotations, clusters of GO groups with P-values less than 0.05 and with similar annotations were regrouped (ie, #
groups/clusters; see Materials and methods). Results in DG were either borderline or not significant due to the small number of genes. The only two functional clusters

that displayed very low P-values were identified in AMY.

anhedonia-like behaviors), (2) good construct validity
(unpredictable ‘psycho-social’ stress mimics real-life stress
etiology and recruits equivalent neuroendocrine systems,
(3) good predictive validity (pharmacological reversal by

antidepressant treatments), and (4) respect of time courses
for mechanisms of disease and drug reversal. On the other
hand, alternate paradigms frequently used to either induce
or characterize depressive-like states (social defeat, learned

Neuropsychopharmacology
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helpnessness), or to predict of antidepressant activities
(forced swim and tail suspension tests), follow only limited
numbers of these criteria in modeling depression (Cryan
and Holmes, 2005).

Region-Specific and State-Dependent Corticolimbic
Transcriptome Changes in a Validated Rodent Model of
Depression and of Antidepressant Reversal

Results from our large-scale gene expression studies suggest
that molecular changes following UCMS and/or antidepres-
sant exposure reflect changes in the activity of the
respective brain areas, rather than the direct recruitment
(by UCMS and/or antidepressant) of common molecular or
cellular mechanisms. In other words, although the brain
areas investigated participate in a corticolimbic network of
mood regulation (Seminowicz et al, 2004; Pezawas et al,
2005), the observed differences in transcriptome changes
may reflect brain area differences in terms of intrinsic
cellular networks, activation states, information processing,
and adaptive mechanisms. Brain area-specific effects of
BDNF have been reported in the social defeat stress
paradigm (Berton et al, 2006), and area-specific regulation
of ERK MAP kinase in UCMS-treated rats (Gourley et al,
2007), but to our knowledge, this has not been investigated
on a large-scale. Conti et al (2007) have reported that
electro-convulsive therapy, sleep deprivation, and fluox-
etine induced transcriptome profiles that mostly differed
across brain areas and treatment modalities, although the
interpretation of these findings were limited by a lack of
statistical validation and by the use of normal control rats.
Accordingly, the present results confirm our hypothesis
that antidepressant effects in control animals do not
extrapolate to ‘depressive states.” Indeed, considering that
antidepressants are devoid of mood-changing effects in
non-depressed healthy humans, and in view of the poor
correlation of transcriptome effects of antidepressant
treatments between control and UCMS states (Figure 7),
the critical antidepressant-induced modifications in gene
regulation appear to be conditional on the presence of a
depression-related neuropathology. Here, correlating beha-
vior and physical changes with response to antidepressant
treatments and with changes in gene expression in a vali-
dated rodent model of depression, we report sets of genes
with potential roles in mood regulation and/or therapeutic
treatment, and confirm the AMY as a key brain area for
investigating the molecular pathology of depression.

Fluoxetine and CRF; Antagonist Treatments of
UCMS-Exposed Mice Induced Similar Physical,
Behavioral, and Genomic Profiles

The uniform reversal of the physical, behavioral, and
transcriptome effects of UCMS by two different antidepres-
sants is consistent with clinical data, as antidepressants
typically treat the depressive syndrome as a whole, but
is surprising from a mechanistic point of view. Indeed,
the striking similarities in transcriptome profiles after the
two treatments (Figures 6 and 7) strongly suggest that
SSR125543 recapitulates in a brain region-specific manner
the overall effects of increased serotonin signaling, and that
similar cellular circuitries are ultimately targeted by
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increased serotonin availability and CRF; blockade, at least
in the areas investigated. The serotonin and CRF systems
interact on midbrain serotonergic neurons (Price et al,
1998; Jankowski and Sesack, 2004; Waselus et al, 2005) and
CRF,; antagonism could mimic the effect of fluoxetine on
serotonin levels (Kirby et al, 2000; Lukkes et al, 2007).
Alternatively, fluoxetine and SSR125543 could regulate a
common hormonal system, such as glucocorticoids and the
hypothalamic-pituitary-adrenal (HPA) axis, to produce a
similar global effect on the brain. HPA abnormalities are
common in depression (Holsboer, 2000; Pariante and
Miller, 2001) and normalization of HPA function is required
for clinical remission in these subjects (Linkowski et al,
1987; Wodarz et al, 1992). Although CRF, antagonists are
generally thought to act directly in various brain regions
(Arzt and Holsboer, 2006), CRF; receptors are in fact the
main glucocorticoid secretagogues. Thus, HPA modulation
by antagonism of CRF; receptor or by fluoxetine could
represent a common downstream mechanism for both
drugs. The direct impact of CRF; receptor antagonism on
the HPA axis could also explain the shorter delay of onset of
SSR125543 on the fur index, although whether this early
CRF, antagonist effect also correlated with early reversals
of UCMS-induced behavioral or molecular changes is not
known.

Low Gene Expression Plasticity in UCMS Compared
to Antidepressant Treatments

By testing transcriptome changes under several experimen-
tal conditions, our studies revealed critical differences in the
scope of the transcriptome effects of UCMS and antide-
pressant treatments, and further suggested differences in
drug-induced gene expression plasticity between UCMS or
control states. Indeed, UCMS resulted in fewer transcrip-
tional changes in all three brain areas, compared to
antidepressant treatments. A potential explanation is that
UCMS recruits limited numbers of endogenous neural
networks that are involved in the stress response, while
drug treatments target indiscriminately much wider sys-
tems. Interestingly, antidepressant treatments affected even
larger number of genes in the absence of UCMS (Figure 7).
This effect is reported in CC, as array data in antidepres-
sant-exposed control mice was only generated in CC, thus
we can only speculate that similar contrasts between effects
of antidepressant in control and ‘depressed’ mice would be
present elsewhere. Taken together, our results suggest that
UCMS exposure reduced the overall gene expression-related
plasticity, with the following effect sizes: UCMS < (antide-
pressant in UCMS) < (antidepressant in control).

From the experimental point of view, these large
differences in genes affected by UCMS and antidepressant
treatments, combined with the poor conservations of
antidepressant effects across brain areas and ‘emotional’
states, suggest three notable implications for investigating
disease mechanisms: first, brain areas and neural networks
appear less plastic under UCMS or ‘depressed’ state com-
pared to a control non-stressed state; second, the effects
of antidepressant treatments are much larger than the
correlates of UCMS, encompassing much more than a
reversal of UCMS effects, and thus do not represent the
opposite of a ‘depressive’ effect for the vast majority of



genes; third, results from antidepressant treatment in
control animals are unlikely to extrapolate to UCMS or
‘depressed’ states, thus highlighting the relevance of
investigating neurobiological mechanisms in the context
of a depression-related neuropathology. Finally, characteri-
zing such large-scale effects and interactions between the
environment (ie, UCMS) and drug treatments will be a
necessary first step in comparing results across studies, for
realistic meta-analysis of large-scale gene array studies.

Enriched UCMS- and Antidepressant-Related Molecular
Pathology in AMY

Results presented here suggest a crucial role for AMY in the
molecular correlates of UCMS and antidepressant treat-
ments, as AMY changes (1) predicted similar trends for
transcripts in CC and DG (Figure 3), (2) displayed highest
and most consistent antidepressant reversals of UCMS
effects (Figure 5), and (3) suggested distinct glial and
neuronal phenotypes consistent with previous reports in
depression (Tables 1-3). Relevant biological systems
included the GABA (Gabra2 and Gabrgl), glutamate
(Grin2a, Grin2b, Grin2c, Grin3a, Gria4, and Grm3-8),
serotonin (Htr4), peptide (Igflr, Igfbp3, Npy, Npylr, NPY2r,
and Mchrl), and other (P2rx4 and Ntrk3) neurotransmitter
systems, and the phospholipase C (PIchl, Dgkg, and Plcdl),
protein kinase C (Akap5-10 and Prkcd), mitogen-activated
protein kinase (MAKbpl, Map2k6, Map4k5, Mapkl, and
Mapk10), and cyclic adenosine monophosphate (Adcy2 and
Pde7a)-related pathways. AMY glial-related changes sug-
gested an antidepressant-sensitive downregulation of oligo-
dendrocyte structure and function (Mobp, Edg2, Gsn, Cnpl,
Gpr37, Plip, Enpp2, Pmp22, MpzIl1 and Plp1; Tables 2 and 3),
consistent with prior reports of decreased oligodendrocyte
numbers in AMY in human depression (Hamidi et al, 2004)
and decreased oligodendrocyte-related gene expression
in the adjacent temporal cortex (Aston et al, 2005).
These findings were not present in CC and may differ
from schizophrenia-related pathology, where more wide-
spread oligodendrocyte-related findings were reported
(Haroutunian et al, 2007). Nevertheless, these results raised
the question as to the role and contribution of decreased
oligodendrocyte function in neuropsychiatric disorders.
Widespread decreases in elderly schizophrenic subjects
may disrupt communication between multiple brain areas
through altered myelination of fiber tracts (Haroutunian
et al, 2007), but the more regionally restricted phenotype
observed here suggests the presence of a local bio-
logical mechanism affecting oligodendrocyte homeostasis.
Whether this mechanism occurs at the level of cellular
proliferation, maturation, and/or maintenance remains to
be investigated.

Functional and pathway analyses of altered gene expres-
sion in CC of UCMS-exposed mice revealed a more complex
picture involving numerous cellular functions (receptors,
signal-transduction pathways, transcription, metabolism,
and structural components) and did not a priori identify
specific cellular population as in AMY. In contrast, findings
in DG were overall more limited in scope. UCMS-induced
changes were only marginally reversed by antidepressants,
and overall did not provide supporting evidence for
reported changes in neurotropic function in depression
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and/or antidepressant effects in that brain area. Specifically,
we observed no changes in Bdnf RNA levels after UCMS
or antidepressant treatments. This absence of change was
confirmed by independent qPCR measurements (not
shown). Taken together, these results are consistent with a
recent report showing that, in contrast to immobilization
stress, UCMS in rats yielded no change in total Bdnf mRNA
in DG, despite differentially altering specific Bdnf trans-
cripts (Nair et al, 2007). We cannot exclude that similar
changes occurred here, as exonic-dependent transcriptional
regulation was not assessed in this study, thus keeping
potential biological significant mechanisms undetectable
(ie, post-translational, protein level, maturation, etc.). An
alternate explanation for the paucity of DG findings may be
that the UCMS model represents a more appropriate model
for the altered mood regulation component of depression,
rather than for the cognitive aspects of the disease, which
may correlate more closely with changes in stress- or
antidepressant-induced modulation of cellular proliferation
and neurogenesis in DG (Saxe et al, 2006). Nevertheless, it
is important to note that even if more limited in scope,
molecular findings in DG may include relevant changes that
could be critical to the altered mood-related phenotype.
Collecting samples from brain tissue may also lead to
missing signals and to underestimating the dynamic range
for some changes, due to signal dilution in heterogeneous
tissues, such as DG. An alternative approach would be to
investigate altered gene expression based on laser-capture-
selected cell populations (Ginsberg et al, 2004), although
this approach requires a priori knowledge as to which
cellular population to target, and has the disadvantage of
being less quantitative, due to very small amount of RNA
collected and partial mRNA decay during the time required
for the procedure.

Summary, Limitations

Taken together, our strategy in this study was to maximize
the discovery process by maintaining statistical thresholds
at moderate stringency and by relying on cumulative effects
over larger groups of genes, as previously demonstrated
by the investigation of a robust biological phenomenon
such as aging (Sibille et al, 2007b). This approach was
helpful here at reliably identifying global features of UCMS
and antidepressant treatments, which were otherwise not
discernable by other approaches. Specifically, results
provided answers to critical questions relating to research
on the neurobiology of neuropsychiatric disorder, such as
(1) antidepressant drug treatments in ‘non-depressed’
animals are probably not relevant to the disease and its
treatment, (2) mechanisms of disease and drug treatments
will differ across brain regions investigated, and (3) overall
gene expression plasticity decreased from control to UCMS
states. On the other hand, we also suggest that results at the
level of single genes should be viewed with caution. Indeed,
in the absence of formal control for false discovery and
without independent confirmation in other cohorts and
models, the microarray results will include false positives
for individual genes. Rates of false discovery are difficult to
assess due to the overall inter-dependence of genes in
biological systems (Lee et al, 2003; Li et al, 2004) and since
the observed effects of ‘depression’ and treatments are
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typically large in the numbers of genes being affected, but
modest in the extent of transcript changes and statistical
robustness for individual genes (see current results, and
Landgrebe et al, 2002; Rausch et al, 2002; Newton et al,
2003; Drigues et al, 2003; Palotas et al, 2004; Altar et al,
2004; Wong et al, 2004; Ploski et al, 2006; Takahashi et al,
2006). In other words, controlling for false discovery would
exclude large numbers of genes of interest, while maintain-
ing medium statistical stringency will necessarily include
false-positive results. So, while the overall state-dependent
and region-specific effects of depression and antidepressant
treatments are robust and rely on large number of genes,
results for individual genes need to be independently
verified. Accordingly, we make available large-scale data
(Table 2 and Supplementary Information) so that other
groups can compare their results in other cohorts, models,
and species. To facilitate the identification of changes that
are most relevant to altered mood regulation, and as
potential leads for future cell-specific targeted approaches,
we are currently comparing the present results to array
findings in the homologous brain areas in human depressed
subjects. These results will be described elsewhere. Addi-
tional limitations of the present study that will also need
to be addressed in future studies include (1) correlations
of RNA findings with protein levels, (2) which genes and
pathways correspond to causative changes in mood regu-
lation, therapeutic reversal, drug side effects or epipheno-
mena, and (3) the extent to which these findings extrapolate
to other antidepressant treatments.

CONCLUSION

Using a naturalistic animal model of depression, we
demonstrate that the gene expression-related effects of
two antidepressant treatments (fluoxetine and CRF,; anta-
gonism) are strongly influenced by the intrinsic biology
of different brain areas (ie, brain region-specificity), and
vary greatly depending on whether treated animals are in
a control or ‘depressed’ state (ie, state-dependency). Corre-
lations between behavioral states, drug exposure, and
altered gene transcripts suggested candidate genes and
pathways for region-specific contributions to mood regula-
tion and therapeutic improvement, confirmed several prior
depression-related findings, and highlighted the critical role
of AMY in investigating the molecular pathophysiology of
depression.
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Lack of serotonin,g receptor expression leads to
age-related motor dysfunction, early onset of brain
molecular aging and reduced longevity

E Sibille'?, J Su’, S Leman?®, AM Le Guisquet®, Y Ibarguen-Vargas?®, J Joeyen-Waldorf', C Glorioso?,

GC Tseng*, M Pezzone®, R Hen® and C Belzung®

'Department of Psychiatry, University of Pittsburgh, Pittsburgh, PA, USA; 2Center for Neuroscience, University of Pittsburgh,
Pittsburgh, PA, USA; 3EA3248 Psychobiologie des émotions, Faculté des Sciences et Techniques, Université Frangois
Rabelais, Tours, France; * Department of Biostatistics, University of Pittsburgh, Pittsburgh, PA, USA; ®Department of Medicine,
University of Pittsburgh, Pittsburgh, PA, USA and ®Center for Neurobiology and Behavior, Columbia University, New York,

NY, USA

Normal aging of the brain differs from pathological conditions and is associated with
increased risk for psychiatric and neurological disorders. In addition to its role in the etiology
and treatment of mood disorders, altered serotonin (5-HT) signaling is considered a
contributing factor to aging; however, no causative role has been identified in aging. We
hypothesized that a deregulation of the 5-HT system would reveal its contribution to age-
related processes and investigated behavioral and molecular changes throughout adult life in
mice lacking the regulatory presynaptic 5-HT,s receptor (5-HT,sR), a candidate gene for 5-HT-
mediated age-related functions. We show that the lack of 5-HT,gR (Hir1b° mice) induced an
early age-related motor decline and resulted in decreased longevity. Analysis of life-long
transcriptome changes revealed an early and global shift of the gene expression signature of
aging in the brain of Hir1b*° mice. Moreover, molecular changes reached an apparent
maximum effect at 18-months in Htr1b%° mice, corresponding to the onset of early death in that
group. A comparative analysis with our previous characterization of aging in the human brain
revealed a phylogenetic conservation of age-effect from mice to humans, and confirmed the
early onset of molecular aging in Hitr1b%° mice. Potential mechanisms appear independent of
known central mechanisms (Bdnf, inflammation), but may include interactions with previously
identified age-related systems (IGF-1, sirtuins). In summary, our findings suggest that the
onset of age-related events can be influenced by altered 5-HT function, thus identifying 5-HT as
a modulator of brain aging, and suggesting age-related consequences to chronic manipulation
of 5-HT.
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Introduction

Aging leads to morphological'™® and functional®®
changes in the brain and is associated with increased
risk for psychiatric and neurological disorders.'*"?
However, the mechanisms underlying normal aging
of the brain likely differ from those associated with
neurodegenerative and pathological conditions and
are still poorly understood.'* Several lines of evi-
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dence suggest a role for 5-HT during aging, including
structural and functional age-related changes in the
5-HT system in rodents®” and in humans, as
documented by post-mortem receptor binding stu-
dies,’®*® RNA level studies,”* in vivo imaging stu-
dies** and neuroendocrine challenges.’® Depending
on the brain region investigated, the 5-HT modulation
of cerebral glucose metabolism increases or decreases
during normal aging, suggesting a deregulated control
of 5-HT?? (see also**). The mechanisms for age-related
changes in 5-HT function are not known and may
include gene variants, pharmacological manipulation
in adult/old population or late-onset functional
declines. Based on converging roles in energy meta-
bolism, cellular signaling pathways and synaptic
plasticity, interactions between 5-HT, neurotrophic
function (brain-derived neurotrophic factor, Bdnf)
and insulin-like growth factor (IGF) have been



proposed as potential determinants of homeostasis
and health during aging.?® Therefore, due to the
critical role of 5-HT in mood regulation, age-related
changes in 5-HT function are considered a risk factor
for developing mood disorders in older subjects.

A candidate gene for deregulated 5-HT control in
aging is the 5HT,5 receptor (5HT,5R).?° 5HT xR is the
predominant presynaptic autoreceptor modulating
5-HT release in the brain.?” Decrease in 5HT,zR
function, and not in its somatodendritic counterpart
(5HT,4R), has been reported in aged rodents,*®
consistently with the role of this receptor subtype in
motor function”® and with the well-characterized
decline in motor function during aging. As aging
can be viewed as the accumulation of a variety of
events that together create a chronic challenge to the
brain, and since 5-HT is a key factor for adaptation to
stress,*® we hypothesized that a central deregulation
of the 5-HT system in Htr1b*° mice would affect
the brain response to this challenge and reveal the
contribution of 5-HT to age-related processes. Accord-
ingly, inactivation of 5HT,gR in Hir1b*° mice® results
in mostly normal baseline, but altered 5-HT kinetics
upon recruitment of the 5-HT system (i.e. increased
release and higher synaptic levels), as revealed by
pharmacological challenges and microdialysis stu-
dies.?”*"** Here we addressed the issue of causality
versus correlation between 5-HT and aging, by
investigating age-related behavioral and molecular
changes as a result of the disruption of serotonin
signaling through the 5HT,zR in Hir1b*° mice. We
now show that the lack of 5HT;zR-mediated signaling
induced both an early age-related motor decline and a
global early shift of the characteristic gene expression
signature of aging in the brain, ultimately resulting
in decreased longevity, thus identifying 5-HT as a
modulator of brain aging.

Materials and methods

Animals

All animals were raised under standard conditions:
temperature 21+2°C, controlled humidity 20-25%,
12:12 photoperiod with lights on at 20:00 to test
animals during their scotophase. Food and water
were available ad Ilibitum. Weaning took place at
21+1 days. At this age, animals were ear-punched
and genotyped. Littermate wild-type (WT) and
Hitr1b*° mice were used for all behavior and micro-
array experiments, with the exception of animals
used for the 3-month time point microarray analysis
and for the serum-level measurements. These latter
groups were no more than two generations away from
heterozygous breeding. To avoid putative confound-
ing effects of the previously reported increased
aggressiveness of Hir1b*° mice,*® WT and knockout
(KO) mice were housed under reduced cage density,
resulting in normal or low intra-cage aggression in
both experimental groups, as revealed by the absence
of bite marks or wounds. All experiments were
conducted in accordance with the European Commu-
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nities Council Directive of 24 November 1986 (86/
609/EEC) and with the University of Pittsburgh
Animal Care and Use Committee.

Behavior

Separate groups of mice were tested at the age of 2, 6,
12 and 18 months, although all animals were generated
and born approximately at the same time. This means
that all animals were submitted to a battery of tests
only once, according to the following schedule: open
field, elevated-plus maze, rotarod and coat hanger
tests. At least 1 week separated two different tests.

Open field. The apparatus consisted of a gray
polyvinyl chloride circular open field, 40cm in
diameter and 30 cm high. The floor was divided into
six peripheral and one circular central sectors, all of
the same area (180 cm?®) and covered by a white sheet
of paper, which was changed after each mouse. A
black—white stripped pattern, 30 x 20 cm, was present
on the wall and provided a local cue. The device was
lit by a red bulb placed 80 cm above the floor of the
open field. Each mouse was introduced in the center
of the open field and recorded for a period of 5 min.
Numbers of peripheral and central sector crossings
(total locomotion) and of rearing were recorded.

Elevated plus maze. The apparatus consists on two
open and two closed 40 x 10 cm arms, located 40 cm
above the floor. Mice were placed in the center and
the time and number of entries in the closed and open
arms were recorded for 5 min.

Rotarod. The apparatus consisted of a rotating
horizontal rod located 25cm above the floor. A fixed
and relatively slow rotating speed was chosen (10
revolution per minute) to increase the sensitivity of this
assay at older ages. One block of 10 trials was applied
with an inter-trial interval of 10 min. The latency before
falling was recorded with a cut-off point of 60s.

Coat hanger. The triangular-shaped apparatus
consisted of a horizontal steel wire (diameter: 2 mm,
length: 41cm) flanked at each end by two sidebars
(length: 19cm; inclination: 35° from the horizontal
axis).*® The horizontal bar was placed at a 45cm
height from the floor. The mice were placed upside-
down in the middle of the horizontal wire and
released only after gripping with all four paws.
Latency before falling was recorded. A trial ended
when the mice fell or reached the top of the apparatus,
from which it was retrieved and the maximal score of
1min given for latencies before falling. A block of five
consecutive trials was applied with a 15-min inter-
trial interval and a 1-min cut-off period per trial.

All behavioral assays were analyzed by analysis of
variance (ANOVA) with age and genotype as fixed
factors.

Enzyme-linked immunosorbent assays
Blood samples were collected, clotted and centri-
fuged at room temperature to obtain serum samples,
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which were aliquoted into microcentrifuge tubes and
stored at —20°C. Serum samples were thawed and
diluted in duplicate, and quantitative determination
of mouse serum albumin and immunoglobulin (IgG)
(Alpha Diagnostic International, San Antonio, TX,
USA), IGF-1 (Quantikine, R&D Systems, Inc., Min-
neapolis, MN, USA) and insulin (Crystal Chem Inc.,
Downers Grove, IL, USA) were measured using their
respective enzyme-linked immunosorbent assay (ELI-
SA) kits according to specific manufacturer instruc-
tions. Within 30min of terminating each reaction
assay, optical densities were measured on an ELISA
plate reader (SpectraMax Gemini XS, Molecular
Devices Corp, Sunnyvale, CA, USA) at a wavelength
of 450nm. Mean absorbance for each duplicate
sample was compared with standard curves to obtain
concentration values.

Intestinal histology

Small and large intestine were harvested, rinsed
gently in saline to remove food and fecal material,
and fixed in 4% buffered formaldehyde for 4h. After
washing twice in phosphate-buffered solution (PBS)
for 10 min, tissue samples were then cryoprotected in
30% sucrose in PBS overnight at 4°C. After paraffin
embedding, tissues were sectioned at 10 um using a
sliding microtome, mounted on poly-lysine-coated
slides, dried and stained with hematoxylin and eosin
(Sigma, St Louis, MO, USA).

Immunocytochemistry

Small and large intestine were processed for 5-HT,gzR
immunocytochemistry. After cryoprotection with
sucrose, intestinal samples were frozen in optimum
cutting temperature-embedding medium (Miles La-
boratories, Elkhart, IN, USA), cut in 8 um sections on
a cryostat and thaw mounted on poly-lysine-coated
slides. Tissue sections were re-hydrated in potas-
sium—phosphate-buffered solution (KPBS) at room
temperature, blocked with 10% normal goat serum
and incubated overnight at 4°C with a rabbit poly-
clonal IgG antibody to the rat 5-HT,zR (Acris Anti-
bodies, Hiddenhausen, Germany), diluted 1:100 in
KPBS, 0.05% goat serum and 0.1% Triton X-100. This
primary antibody recognizes rat, mouse and human
epitopes corresponding to amino acids 8-26 and 263—
278 of the rat 5-HT,gR. The following day, slides were
rinsed with KPBS three times and then incubated
with a Cy3-conjugated goat anti-rabbit IgG secondary
antibody (Jackson ImmunoResearch, West Grove, PA,
USA) at room temperature for 2h at a dilution of
1:800 in KPBS, 0.05% goat serum and 0.1% Triton X-
100. Slides were washed three times with KPBS,
coverslipped and imaged using an Olympus Fluoview
500 scanning confocal microscope in the Center for
Biological Imaging at the University of Pittsburgh.
Optimal antibody concentrations were determined by
serial dilutions. Controls for the specificity of the
antisera consisted of incubation of the tissue with
normal rabbit serum substituted for the primary
antiserum. Using this substitution, no nonspecific
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staining was seen. Positive control consisted of
substituting mouse cortex (CTX) for intestinal tissue.

For the dopamine transporter (DAT), a similar
protocol was applied on 20-um post-fixed coronal
brain sections incubated with a rat monoclonal anti-
DAT antibody (Chemicon International Inc., Teme-
cula, CA, USA) in the presence of avidin and biotin
blocking solutions (Vector Laboratories, Burlingame,
CA, USA). Slides were developed with the ABC kit
(Vector Laboratories, Burlingame, CA, USA). Optimal
development time was determined on parallel sec-
tions. All experimental samples were processed
simultaneously with pairs of aged-matched WT and
KO sections on the same slides. Optical densities
were quantified with the Image] software (http://
rsb.info.nih.gov/ij/).

Microarray samples and processing

Mice were killed by cervical dislocation. Brains were
split along the sagittal line, frozen in isopentane and
stored at —80°C. To collect samples, frozen brains
were cut on a cryostat to the appropriate anatomical
level where series of 1 or 2mm diameter micro-
punches (Sample corer, Fine Science Tools, Foster
City, CA, USA) were collected from frontal CTX and
striatum (STR) and immediately stored in Trizol
reagent (Invitrogen, Carlsbad, CA, USA). CTX sam-
ples were collected from prelimbic and cingulate
cortices corresponding mostly to non-motor areas
between figures 18 and 23 (Bregma ~ + 2 to + 1 mm)
in the Paxinos—Franklin Mouse Brain Atlas.** Dorsal
STR samples were collected starting at figure 23 in the
same atlas (Bregma ~ +1 to 0mm). Total RNA was
extracted using the Trizol protocol, cleaned with
Rneasy microcolumns (QIAGEN, Hilden, Germany),
quantified and verified by chromatography using the
Agilent Bioanalyzer system (Santa Clara, CA, USA).
Microarray samples (n=3—4 per age-, genotype- and
brain regions; total, n= ~60 arrays) were prepared
according to the manufacturer’s protocol. In brief, 2 ug
of total RNA were reverse transcribed and converted
into double-stranded complementary DNA (cDNA). A
biotinylated cRNA was then transcribed in vitro,
using an RNA polymerase T7 promoter site, which
was introduced during the reverse transcription of
RNA into cDNA. Twenty micrograms of fragmented-
labeled cRNA sample was hybridized onto MOE 430-
2.0 Affymetrix oligonucleotide microarrays (Affyme-
trix, Santa Clara, CA, USA). A high-resolution image
of the hybridization pattern on the probe array was
obtained by laser scanning, and fluorescence inten-
sity data were automatically stored in a raw file. To
reduce the influence of technical variability, samples
were randomly distributed at all experimental steps
to avoid any simultaneous processing of related
samples. For data extraction, single arrays were
analyzed with the Affymetrix Microarray GCOS soft-
ware. Microarray quality control parameters were as
follows: noise (RawQ) <5 (CTX: 1.53+0.03; STR:
1.65+0.05), background signal <100 (250 targeted
intensity for array scaling; CTX: 46.2+0.9; STR:



45.3+0.8), consistent number of genes detected
as present across arrays (CTX: 49.7+0.4; STR:
52.6+0.4), consistent scaling factors (CTX: 1.80+0.05;
STR: 1.52+4+0.06), Actin and GAPDH 3'/5’ signal
ratios <3 (CTX: ACT, 2.154+0.19, GAPDH, 1.18+0.09;
STR: ACT, 1.4340.04, GAPDH, 0.904+0.03) and
consistent detection of BioB and BioC hybridization
spiked controls.

Array statistical analysis

For statistical analysis, probeset signal intensities
were extracted with the robust multi-array average
algorithm®  (http://www.bioconductor.org). ~ The
45101 probesets were reduced to ~20000 probesets
after preprocessing and filtering (present calls >10%,
coefficient of variation superior than 0.1 and averaged
expression >20). The 3-month WT and KO groups
were bred at a different experimental time and were
not combined in a single large-scale analysis.

Denote by {x..} the expression intensities from
microarray, where 1<g<45101 labels indexes for
genes (k=0, 1), for genotype (k=0: WT; k=1: KO),
t=10, 18, 24 for age and i=1, 2, 3, 4 for biological
replicates. Genes with age-related expression changes
were selected by the following three analytical
procedures.

e First, expression intensities of each gene g were
fitted to a two-way ANOVA model in 10-, 18- and
24-month groups and WT and KO groups:
ng:izﬂg+O‘gk"‘ﬁgt"'"/’gkt"'ggktp

In the model, o represents the genotype effect,
p the age-effect and y the interaction term.

e Second, genotype differences were tested (two-
group t-tests) at 3 month of age for all genes
identified in (1) and,

e Third, one-way ANOVA models within genotype
groups (WT and KO) were fitted to genes identified
in steps 1 and 2 to characterize the age-related
effects in the respective WT or KO experimental
BroUPS: Xgksi = fak + gk + Egiris k=0.1.

The goal of the overall analysis was to use the
profiles of expression of large groups of genes as an
‘experimental assay’ to identify and measure age-
related molecular effects, and to assess the cumulative
effects of changes over groups of genes (i.e. correla-
tion, functional analysis ...). Therefore thresholds for
gene selection were kept at medium stringencies
(P<0.01, changes greater than 20%). This approach
has the advantage of allowing the investigation of such
patterns, although the extent and levels of correlations
may have been slightly underestimated.

Mouse-human age-effect correlation

We have previously reported changes in gene expres-
sion with age in the human prefrontal CTX using
U133Plus-2.0 arrays.®*® Human orthologs of genes with
age-effect in the mouse were identified between the
MOE-430-2.0 and U133Plus-2.0 arrays using the
NetAFFX webtools (Affymetrix, Santa Clara, CA,
USA). In the case of multiple human probesets for a
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single-mouse probeset, the human probeset with the
lowest age-related P-value was retained. Correlations
of age-effects were calculated using log, ratio values.
In rodents, the ratios were as described in the text and
figures. For humans, the effect of age was calculated
as the signal ratio between subjects over 65 years of
age versus subjects under 30 years.*® Similar results
were obtained using different threshold criteria for
gene selection in the mouse data sets (in Figure 2:
P<0.001, changes greater than 20%). A similar
approach was applied to assess correlations in
transcriptome changes in CTX between Bdnf<® mice®”
and age-related profiles in Hitr1b*° mice, as mouse
probesets were directly comparable between the two
studies.

Age-pattern correlation

To identify patterns of changes in gene expression in
relationship to the occurrence of WT/KO behavioral
differences (i.e. 10 and 18 months of age), correlation
levels were systematically calculated between WT
and Htr1b*° mice gene expression at the 10- and 18-
month time points and all possible transcript profiles.
Profiles were designed based on two groups (WT and
Htr1b*®), two time points (10- and 18 months) and
three ordinal expression levels (high, medium and
low) for a total of (3%)*=81 possible patterns. The
analysis was limited to the 1097 genes with identified
age-effects in either experimental groups. With the
exception of a very few probesets (See Supplementary
Table S5), all identified genes were expressed at the
same level at the 3-month time point. Ninety-nine
percent of the genes had correlation levels greater or
equal to 0.7 with at least one pattern. Patterns were
then reduced to three major profiles: (i) initial WT/KO
differences at 10 months or ‘early’ pattern, (ii) initial
WT/KO differences at 18 months or ‘late’ pattern and
(iii) overlapping profiles (no WT/KO differences).
This approach was more comprehensive than simple
group comparisons (i.e. difference or not at 10 or
18 months), although the vast majority of genes
displayed correlation levels only with a very few
patterns that corresponded closely to the profiles
displayed for averaged values in Figure 5.

Functional class scoring analysis

See details at http://www.bioinformatics.ubc.ca/ermi-
neJ/.*®3° Rather than analyzing genes one at a time,
gene functional class scoring gives scores to classes or
groups of genes, representing the overall effect of age
on these groups of genes. Gene groups were organized
according to the Gene Ontology (GO) classification*°
and GO groups with greater than 200 or fewer than
eight genes were screened out. GO groups were scored
as described,’® using age-related P-values as gene
scores. Briefly, a raw score for each set of genes with a
GO family or custom gene group is calculated as the
mean of the negative log of the gene scores for all
genes in each gene class. When a gene is represented
more than once, only the best score is counted. The
raw score is transformed into a P-value for age-effect
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on that group by comparing it to an empirically
determined distribution of raw scores. This distribu-
tion is obtained by randomly generating gene classes
of the same size as the class being tested; this is
repeated 100000 times to generate the distribution of
scores expected if high gene scores are not concen-
trated in the class.

Real-time quantitative polymerase chain reaction

Real-time quantitative polymerase chain reaction
(gPCR) was performed as described previously.*’ In
brief, small PCR products (80-120 base-pairs) were
amplified in quadruplets on an Opticon real-time PCR
machine (M]J Research, Waltham, MA, USA), using
universal PCR conditions (65C-59C touch-down,
followed by 35 cycles (15s at 95C, 10s at 59C and
10s at 72C)). cDNA (150 pg) was amplified in 20 pl
reactions (0.3 x Sybr-green, 3mM MgCl,, 200um
dNTPs, 200 um primers, 0.5 unit Platinum Tag DNA
polymerase (Invitrogen, Carlsbad, CA, USA)). Primer
dimers were assessed by amplifying primers without
cDNA. Primers were retained if they produced no
primer dimers or nonspecific signal only after 35
cycles. Results were calculated as relative intensity
compared to actin.

In situ hybridization

In situ hybridization was as described previously.
Primers were designed using the primer 3 software
(http://frodo.wi.mit.edu/ cg1—b1n/pr1mer3/pr1mer3 WWW.
cgi) to amplify half of the gene- coding region and half
of the 3’ untranslated region of the Sirt5 cDNA
(NM 178848; base-pairs 510-1144). Primers included
SP6 and T7 RNA polymerase promoter tails for sense
and antisense in vitro transcription from the ampli-
fied PCR products. PCR products were amplified from
mouse brain cDNA and verified by sequence analysis.
Labeled in vitro transcription was performed using
the Ambion maxiscript kit (Ambion, Inc., Austin,
TX, USA) in the presence of **S-CTP. Probes were
purified using the Qiagen Rneasy kit (Qiagen, Inc.,
Valencia, CA, USA) and the amount of incorporated
radioactivity was quantified on a liquid scintillation
counter. In situ hybridization was performed on five
coronal sections per mouse. Five mice were used per
genotype and per age group (3, 6, 18 and 24 months)
according to a standard protocol.**** Briefly, slides
were incubated for 10min at room temperature in
4% buffered paraformaldehyde, washed in 0.1 M PBS,
serially dehydrated in increasing concentrations of
ethanol, and then incubated in hybridization buffer
overnight at 56°C in the presence of antisense or sense
probe (2000 000 counts per slide). The following day,
the slides were washed, RNAse treated, dried and
exposed to film. Kodak BioMAx MR film intensities
were determined to be optimal after a 4-day exposure.
Images were standardized to C'* standards
(ARC-146A and ARC-146D; American Radiolabeled
Chemicals, Inc, St Louis, MO, USA) and areas
corresponding to CTX and STR were quantified using
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the Microcomputer Imaging Device analysis software
(Imaging Research, London, ON, Canada).

Results

Early onset of age-related motor deficits and reduced

longevity in Htr1b*° mice

Hir1b*° mice presented no obvious developmental
changes,?®*° exhibited a normal behavior in young
adulthood (Figure la—d, 2-month time points), but
displayed an early onset of characteristic age-related
motor decline, which became significant at 6 months
of age in the rotarod test and at 12 months in the coat
hanger test (Figure 1a and b). Total activity in the
open field and the elevated plus maze (EPM) tests
were not different from WT controls and declined
similarly with age (Figure 1c and d). This early
decline in motor behavior in Htr1b*° mice was not
due to learning deficits,** as procedural learning
curves were essentially parallel between genotypes
(Figure 1e). Consistent with previous reports,*®
Hitr1b*° mice displayed normal anxiety-like behavior
in young adulthood (Supplementary Figure S1).
Assessing the progression of anxiety-related beha-
viors over time revealed no age-related genotype
difference, although the interpretation of these mea-
surements was limited by the very low activity of
older animals in both experimental groups in the
challenging compartments of the behavioral appara-
tus (center of open field and open arms of the
elevated-plus maze; Supplementary Figure S1).

The first death events occurred between 16 and 20
months of age in Htr1b*° mice and after 21 months of
age in WT mice. Hir1b*° mice displayed significantly
decreased longevity (P<0.0001; Figure 1f), with
reductions in maximum (—14%) and average
(—19%) life spans. The largest difference was ob-
served at 30 months of age, where ~60% of WT mice
but only ~5% of Htr1b*° mice were still alive.
Inspection of complementary log-mortality plots
(Figure 1g) and of a Cox proportional hazard model
revealed that on average Htr1b° mice had a 3.75-fold
increase of hazard ratio (P<0.0005). Our analysis also
revealed that changes in hazard were time dependent,
which means that the increase of hazard could be
larger at some points but smaller at other times.
However, the averaged slopes of the mortality curves
were identical (WT: 0.159 (0.159-0.177), KO: 0.160
(0.160-0.177)) and the time-related differences in
estimates were very small, as the Hitr1b*° mortality
curve was virtually superimposable on the WT curve
(Figure 1g, hatched curve). Thus, together these
results demonstrated a shift of longevity and mortal-
ity curves toward earlier ages in Htr1b*° mice, and
suggested a causative and modulatory role for 5-HT in
age-related motor behavior and longevity.

The ‘age-related’ phenotype of Htr1bX° mice appears
mediated by brain mechanisms

The 5-HT,gR is the main 5-HT presynaptic auto-
receptor in the brain®*” and has limited functions in
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Figure 1 Early onset of age-related motor decline and reduced longevity in Hir1b*° mice. (a and b) Htr1b*° mice displayed
early age-related motor impairment in the rotarod test ((a) latency to fall: F;,,,=11.37, P<e™% genotype effect: F=15.04,
P<0.0005; genotype*age: F=2.05, P=0.11) and the coat hanger test ((b) latency to fall: F,,,,=8.67, P<0.0001; genotype
effect: F;,,0=16.29, P<0.0001; genotype*age: Fs,,,=1.98, P=0.12). Post hoc tests: *P<0.05, **P<0.005. (c and d) Total
activity decreased with age in WT and Hitr1b*° mice in the open field (OF) (¢) and EPM (d) tests (age-effect. OF: F=4.12,
P=0.008; EPM: F=20.78, P<e™®), although variability in the 12- and 18-month age groups suggested a potential
age*genotype interaction (genotype*age-effect. OF: F=3.09, P=0.03; EPM: F=3.4, P=0.02; all other effects, P>0.05).
Different cohort of mice was used for each time point to avoid memory savings between experiments (a-d: n=13-18 per
group and per age). (e) Procedural learning curves in the rotarod test were essentially similar, but reached lower maximal

values in Htrib*®

mice (see (a)). (f) Kaplan—Meyer survival curves revealed a significant decreased in longevity in Htr1b*®

mice (P<0.0001). (g) Mortality curves: Htr1b*° mice displayed a 3.75-fold increased hazard ratio (P< 0.0005). Hatched curve
represents Hir1b*° mortality curve superimposed on the WT curve (f and g, WT, n=21; KO, n=24).

the periphery. Thus we hypothesized that the age-
related phenotype might be mediated by central
mechanisms, but first, we investigated selected
peripheral systems as potential contributors to the
phenotype. WT and Htr1b*° mice had indistinguish-
able morphologic features at all ages, including body
weights (Figure 2a). Mild alopecia and kyphosis
appeared in both genotypes after 2 years of age (not
shown). Necropsy procedures revealed no genotype
changes in organ’s appearance or weight (not shown),
including in kidney and lung, two organs with
reported roles for 5-HT,zR signaling.*>*® 5-HT mod-
ulates gastrointestinal and immune functions, but the
5-HT,gzR plays little-to-no role in these systems.*”*®
Correspondingly, 5-HT,gR immunoreactivity was un-
detected in the intestinal tract (not shown) and no
changes in colonic morphology were identified
(Figure 2b). ELISA immunoassays on serum obtained
from young and old mice revealed normal albumin
content (Figure 2c), suggesting normal absorptive
capacity in Hir1b*° mice as compared to controls.
Due to the endocrine regulation of aging*® and
potential interaction with the 5-HT system,” we
measured circulating levels of insulin and IGF-1.
Both hormones displayed lower levels in young and
old KO mice when compared to age-matched control
mice (Figure 2c and d), although these differences
reached statistical significance only for insulin.

Serum levels for insulin increased with age in
Hir1b*° mice, suggesting that the lower levels in
young KO mice were not due to primary deficits in
hormone production. The direction of changes also
suggests that hormonal levels are not mediating the
age-related phenotype of Hir1b*° mice for two
reasons. First, increased levels above normal, rather
than lower insulin levels, are associated with deleter-
ious effects of aging.’® Second, earlier studies in
model organisms,*® including mice,”" predict a pro-
tective effect of decreased IGF-1 levels against aging.

Finally, an immunoassay for circulating IgG re-
vealed a smaller age-related increase in IgG levels in
serum of old KO mice (2.3-fold increase) versus age-
matched WT controls (9.1-fold increase; Figure 2f),
thus suggesting a reduced inflammatory load, or
reduced recruitment of the immune system in aging
Hitr1b*® mice. Thus, combined with the limited
functions of 5-HT,3R in the periphery, these results
suggested that the age-related behavioral phenotype
and reduced longevity of Htrib*° mice may have
originated from a central deficiency.

Dopaminergic terminal density and area are not
affected in old Htr1b*° mice

In the brain, 5-HT,5R modulates the synaptic release
of 5-HT in serotonergic projection fields, but also acts
as a heterologous autoreceptor indirectly regulating
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Figure 2 Peripheral markers in Hir1b*° and WT mice. (a) Body weight (n=14-16 per group, P> 0.05). (b) Colon mucosal
and smooth muscle layers and lumen were equivalent in WT and KO mice (hematoxylin/eosin staining; representative
sections from old WT and KO groups). (c—e) Serum levels of albumin (c), insulin (d), insulin-like growth factor 1 (IGF-1; e)
and IgG (f). (c—e): Young (3 months; WT, n=5; KO, n=5) and old (18 months; WT, n=6; KO, n=6). Statistical significance:
main-age effects for albumin (F,,,=10.2, P=0.005), insulin (F,,,=11.8, P<0.005) and IgG (F,.,=21.27, P<0.001). Main
genotype effect for albumin (F,,,=4.4, P=0.08), genotype*age interaction (F,,,=9.2, P=0.02). Main genotype effect for
insulin (F,,,=5.02, P<0.05) and age—genotype interaction for IgG (F;.,=6.5, P<0.05). All other effects, P>0.05. Post hoc

tests; **P<0.01, *P<0.05. Error bars represent s.e.m.

dopamine (DA) functions. Indeed, Htr1b*° mice
displayed elevated basal DA levels and increased
striatal overflow after cocaine challenge,®' suggesting
potential interactions between DA and the age-related
motor phenotype. Using immunohistochemistry
against the DA transporter, we found no differences
in DA terminals density in the ventral or dorsal STR
of young and old WT or KO mice (P>0.5) (Figure 3a
and b). DA terminal striatal areas were also un-
changed between genotype groups (Figure 3c). Re-
presentative figures and measurements are provided
at the 18-month time point, long after the onset of
behavioral differences (6—10 months of age) and
corresponding to the time of early onset of death
events in the KO group. Thus, together these results
suggested that the early adulthood onset of the motor
phenotype in Htr1b*° mice was not due to a structural
downregulation of the DA system.

Altered gene expression in the brain of aging Htr1b*©
mice corresponds to ‘normal’ aging

Altered 5-HT signaling in Htr1b*° mice could induce
brain deficits that are detrimental to long-term brain
homeostasis and survival and that are yet unrelated to
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age-related processes. Thus, as aging is accompanied
by characteristic changes in gene expression in the
brain,***?5% we predicted that the ‘molecular signa-
ture of aging’ might occur earlier in Htr1b*° mice. To
this goal we first investigated the nature of life-long
gene expression changes in CTX and STR, two brain
areas with well-characterized roles for the 5-HT, R,
and then assessed putative differences in the trajec-
tories of age-related changes in Hir1b*° mice.
Roughly twice as many genes were affected in
correlation with age in CTX of Hitr1b*° mice,
compared with WT mice, with fewer genes affected
in STR in both experimental groups (Figure 4a;
Supplementary Tables S1 and S2). Despite a con-
siderable overlap (especially in CTX), some genes
were identified only in the WT or in the KO group,
reflecting either the presence of different age-related
effects, or the limitation of the analytical procedures
at detecting milder effects in one or the other group.
To address this question, we hypothesized that if
selected genes were age related, then the overall
changes in transcript levels should correlate across
groups, regardless of whether genes passed statistical
thresholds or not. Indeed, genes identified only in
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Figure 3 Intact dopaminergic terminal density in old
Hir1b*° mice. (a) Representative photographs of DAT
immunohistochemistry in 18-month-old WT and Hir1b*®
mice (n=4 per group, P>0.05). (b) DAT immunoreactivity
density. (c) DAT striatal area (similar results were obtained
at 3, 6 and 24 months of age).

Htr1b*° mice demonstrated high correlation levels
with the effect of aging on the same genes in WT mice
(Figure 4b, middle panel), and conversely age-related
changes in transcript levels identified only in WT
mice correlated highly with changes in KO mice
(Figure 4b, left panel), thus revealing that a similar
pool of genes was affected across genotypes. The
higher slope values in the correlation graphs of KO-
only selected genes (CTX, KO=1.5, WT=1.2; STR
(not shown), KO=2.3, WT =1.4) further suggested a
larger and more extensive age-effect in Htr1b*° mice.
Interestingly, correlations were the highest when
comparing 18-month-old KO mice to 24-month-old
WT mice (Figure 4c), suggesting that Hir1b*° mice
reached a pronounced age-effect earlier than WT
mice. This ‘maximum’ age-effect corresponded to the
period where death events started to occur in Hir1b*®
mice (Figure 1f).

Mouse-human phylogenetic conservation of age-effect
in brain CTX

Comparing results to our previous study of the
molecular correlates of aging in the human brain,*®
we identified highly significant correlations between
age-related effects in WT or Htr1b*° mice and the two
investigated areas of the human prefrontal CTX
(Figure 4d—f). Mouse-human correlations of age-
effects increased from 18 to 24 months in WT mice,
but again were highest for 18-month-old Htr1b*° mice
(Figure 4e). Selected genes with conserved age-effects
are displayed in Figure 4f and in the Supplementary
Information (Supplementary Table S3). Together,
these results demonstrated a phylogenetic conserva-
tion of age-effect in mammalian CTX and confirmed
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the age-related nature and early peak of the brain
molecular phenotype of Htr1b*° mice.

Early occurrence of the age-related gene expression
signature in Htr1b*® mice

With very few exceptions (see last paragraph), all
identified genes were expressed at similar levels in
WT and KO mice at 3 months of age (Figure 5,
3-month time point), indicating that the molecular
correlates of the differential age-related phenotype in
Hir1b*° mice were initiated later in adulthood, and
consistently with the lack of behavioral differences in
young adulthood. As predicted, investigating the
appearance and progression of age-related changes
revealed that over 98% of individual genes affected
in CTX displayed early changes in Htr1b*° mice
when compared to WT controls. Changes (25.6%)
occurred initially at 10 months (Figure 5a and b,
‘early’ pattern) and 72.6% at 18 months of age (Figure
5c and d, ‘late’ pattern). Likewise, over 97% of age-
related genes identified in STR displayed similar
anticipated age-related profiles in Hfr1b*° mice (not
shown). This early onset of age-related pattern is
illustrated for glial fibrillary acidic protein (Gfap;
Figure 5e and f), a marker of age- and brain-related
events® (i.e. inflammation), which displayed a ‘late’
pattern of changes, with initial WT-KO differences at
18 months of age.

The presence of different age-related patterns of
changes in transcript levels raised the question as to
whether specific biological functions were associated
with these patterns, and could thus have mediated
the early onset of behavioral changes in Hir1b*®
mice. To address this question, we (a) systematically
identified groups of related genes displaying high
representation of age-affected genes,’®*° (b) compared
results between WT and KO mice and (c) further
investigated whether any of the identified gene
groups displayed over- or under-representation of
genes with changes occurring in parallel to the onset
of behavioral differences (i.e. ‘early’ or ‘late’ patterns).
The cumulative effect of aging on gene groups was
assessed according to the GO classification®*® and
is presented in a color-coded fashion for the 25
most affected gene groups in WT or Hitr1b*° mice
(Figure 5g and Supplementary Table S4). The nature
of the identified gene groups revealed that very
similar biological functions were affected during
aging in WT and Hir1b*° mice, albeit with minor
differences. Translation-related gene groups (blue
bars in Figure 5g) were prominent in both groups,
but displayed increased ‘ranked’ representation in
Hir1b*° mice, whereas the representation of inflam-
mation-related gene groups (red bars in Figure 5g)
was decreased in Htr1b*° mice, in reminiscence of
previous evidence suggesting reduced inflammation
in the periphery (Figure 1e). Results are presented
for CTX and were highly similar in STR (not shown).
Importantly, the proportion of genes with ‘early’
or ‘late’ onset of WT/KO changes differed only
marginally from their expected proportions within
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Figure 4 Correlation of age-related gene expression ‘signatures’ in the brains of WT and Htr1b*° mice, and phylogenetic
conservation of age-effect between mice and humans. (a—c¢) WT/Htr1b*° age-effect comparison. (a) Venn diagrams of age-
related transcript changes in CTX and STR (n=3-4 arrays per age-, genotype- and brain regions; total, n= ~60 arrays). (b)
Correlation graphs between age-effects (LogR =1og,0ld/Young) in CTX between genes identified only in WT (n=1086, left),
only in KO (n=672, middle) and in both groups (n=319, right). (c) Correlation levels (r) of age-effects between indicated WT
and Hitr1b*© age groups. All P<0.0001 (d—f) Mouse/human age-effect comparison. (d) Age-effect correlation graph between
genes identified in the mouse and for which age-related expression levels of orthologous genes were available in the human
CTX.* Black dots indicate genes with most conserved age-effects that are likely to support a large proportion of the overall
correlation (see (f) and Supplementary Table S3). (e) Correlation levels between age-related transcript changes in WT or
Hir1b®° mouse CTX and two areas of the human prefrontal CTX. All P<0.005, except WT18 versus BA47, P=0.01.
Correlations were based on age-effect in rodent (P<0.001) and identifiable human orthologs (WT, n=288 genes; KO, n=271
genes). (f) Selected genes with conserved age-effects in CTX between mouse and human. Values are in average log, (old/
young ratio) (red: increased; blue: decreased). See Supplementary Table S3 for additional genes and details. BA9/47,
Brodmann areas 9/47.

the five main identified age-related functions (Figure
5h), with the exception of translation-related gene
groups that displayed significantly more genes with
late-onset differences. Genes with early WT/KO age-
related differences were slightly, but non-signifi-
cantly, over-represented in inflammation-related
functions.
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Taken together, results from our temporal and
functional analyses of age-related changes in gene
expression did not identify any specific biological
function as the potential source or mediator of the
early onset of the age-related phenotype, but rather
suggested a global and early shift of the molecular
signature of aging in the brain of Htr1b*° mice.
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Figure 5 Over 98% of age-related genes displayed early onset of age-related trajectories in Htr1b*® mice. (a—d) Averaged
transcripts profiles for genes with onset of age-related effects in KO mice occurring initially at 10 months (‘Early’: 198
increased (a) and 81 decreased (b) genes; 25.6% of age-related genes) or 18 months (‘late’: 670 increased (c) and 126
decreased (d) genes; 72.6% of age-related genes), compared to the onset of behavioral differences (vertical gray arrow). Less
than 2% of age-affected genes had similar profiles in WT and KO mice (not shown). Values are in percentage of WT levels.
The 3-month-old groups used for array analysis were bred at a different time and analyzed separately. (e) Gfap age-related
transcript profiles as an example of ‘late’ pattern (age-effect, P<0.0005 in WT and KO; *WT/KO at 18 month, P<0.05). (f)
Confirmation of altered Gfap transcript levels by real-time qPCR: Array/qPCR correlation (r=0.87, P=0.005). Values are
mean +s.e.m. (g and h) Functional analysis of molecular aging. (g) The 25 most affected color-coded gene groups in WT and
Htr1b*° mice are regrouped in five main functions: translation (blue), inflammation (red), metabolism (green), cell growth
(yellow), cellular respiration (gray), miscellaneous (white). Details in Supplementary Table S4. (h) Proportional
representation of genes with ‘early’ (10 months) or ‘late’ (18 months) patterns of initial WT-KO differences in age-related
trajectories within the main age-related functions. *P<0.001, difference from expected proportions (white column and
hatched bar).

A role for Bdnf in age-related transcriptome changes phenotype, then the effect of Bdnf“° on altered
and in the Htr1b*° molecular phenotype? gene transcripts would correlate with the effect of
Altered neurotrophic function, including 5-HT/Bdnf  aging, and should mostly follow an early pattern of
interactions, has been suggested to mediate some changes in Hitr1b"° mice. Here, we identified a
of the age-related changes occurring in the brain.?®  moderate, but significant, correlation between
Here, we confirmed the previously reported down-  changes in Bdnf° mice and age-related changes
regulation of Bdnf transcripts with age in CTX?®¢4*%5  in Htr1b*® or WT mice (r= ~0.20, P<0.05). Correla-
(WT: —1.63-fold change, P=0.006; KO: —2.24-fold tions with age-related profiles were slightly higher for
change, P=0.002; Supplementary Tables S1 and S3)  adult (r=0.22, P<0.05, n=98 genes) versus embryo-
and showed that changes followed an ‘early’ pattern ~ nic Bdnf°-induced changes (r=0.17, P<0.05, n=173
in Hir1b*° mice (Supplementary Table S1), thus  genes). Correlations with Bdnf“°-induced changes
suggesting a potential causative role for altered  were also slightly higher when compared to
Bdnf function in the Hirib*° age-related phenotype.  age-related changes in Htrib*°® (r=0.23, P<0.05,
Therefore, to investigate the potential contribution of n=271 genes) versus WT mice (r=0.20, P<0.05,
Bdnf to the molecular phenotype of Htr1b*° mice, we  n=271 genes). Importantly, genes affected by
took advantage of a recent report describing CTX gene  both Bdnf and aging displayed age-related trajec-
expression changes occurring downstream from  tories that were evenly distributed between ‘early’
altered Bdnf function in Bdnf KO mice (embryonic  and ‘late’ patterns on WT/Hir1b*° differences
or adult Bdnf<©, see®”) and investigated similarities  (i.e. 50% ‘early’ patterns genes), suggesting that
between Bdnf- and age-induced transcriptome  Bdnf downregulation did not play a major role
changes. In particular, if changes in Bdnf function  in the early onset of age-related events in Hir1b*®
participated in the age-related Htr1b*° molecular  mice.
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Together, these comparative studies revealed a
potential active role for Bdnf in age-related changes,
as altered gene expression induced by decreased Bdnf
correlated with aspects of the molecular correlates of
aging in the brain (r= ~0.20, P<0.05). However, our
studies also suggested that the early age-related
phenotype in Hitr1b*° mice was independent of the
role of Bdnf in aging.

Increased age-related sirtuin 5 gene expression

What possible mechanism could induce the early
onset of age-related events in Hitr1b*° mice? Out of
~45 000 transcripts tested, only eight gene transcripts
displayed consistent genotype differences in CTX and
STR (Supplementary Table S5), including at the 3-
month time point that preceded the behavioral
differences. Two of these probes corresponded to the
sirtuin 5 gene (Sirt5), which belongs to a family of
protein deacetylases that regulate life span in yeast,
Caenorhabditis elegans and drosophila.”® Increased
Sirt5 transcripts were confirmed by qPCR and in situ
hybridization and displayed a pattern of increased
levels in Htr1b*° mice, converging toward WT levels
at 24 months (Figure 6). The role of sirtuin genes in
replicative and chronological aging in lower eukar-
yotes and mammalian cells is complex®”*® and
whether the reported increased Sirt5 transcripts, and
potentially sirtuin 5 function, may mediate the early
onset of aging in Hir1b*° mice or represent an early
adaptive mechanism is currently under investigation.

Discussion

Together our studies have demonstrated that altering
5-HT signaling through the disruption of the 5-HT,3
presynaptic autoreceptor can modulate the onset of
selected age-related events in the central nervous
system. We have shown that the lack of 5HT,gR-
mediated signaling induced both an early age-related
motor decline (Figure 1) and an early shift of the
characteristic gene expression signature of aging in
the brain (Figure 5), ultimately resulting in decreased
longevity (Figure 1). Our results also suggested that
the age-related phenotype in Htr1b*° mice may have
originated in the brain, as peripheral markers
revealed no effect (intestinal tract), or changes
suggesting protection or adaptive mechanisms (in-
sulin and IGF-1 systems, Figure 2) against deleterious
aspects of the early onset of age-related events. As
aging can be viewed as the accumulation of a variety
of events that together create in essence a chronic
challenge to the brain, and since the 5-HT system is a
key system for homeostatic control and adaptation to
stress,® we have provided here evidence supporting
the notion that the interaction of 5-HT with this
challenge influences age-dependent behavior and
molecular events.

Investigating the nature and progression of age-
related changes in brain gene expression throughout
the adult life, we have uncovered profound changes
in Hitr1b*° mice, which were characteristic of an early
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Figure 6 Upregulated Sirt5 gene expression in CTX of
Hir1b*° mice. (a) Microarray (top), qPCR (middle) and in
situ hybridization (ISH, bottom) analyses revealed signifi-
cant increased Sirt5 transcript levels in Htr1b*° mice, with
normalized differences at 24 months of age. Smaller
differences by ISH were mostly due to Sirt5 expression
throughout the brain, which precluded background sub-
traction and likely underestimated specific signal differ-
ences. All values are in percentage of young WT controls.
Genotype effect: array, P<0.01; qPCR, P<0.05; ISH,
P<0.01. Pair-wise correlations (array—qPCR-ISH), all
r>0.65, P<0.05. (b) Representative color-coded photomi-
crographs of Sirt5 **S-ISH at 3, 6, 18 and 24 months of age.
Color barcode indicates increased signal intensity.

onset of brain molecular aging (Figure 4). The age-
related nature and early onset of the brain molecular
phenotype in Htr1b*° mice was further confirmed by
cross-species comparisons with the correlates of aging
in the human brain.®® Indeed age-related changes
occurring in the CTX of WT or Htr1b®° mice
significantly predicted age-related changes in two
areas of the human CTX, and identified numerous
individual genes with similar age-effects across
species (Figure 4 and Supplementary Table S3), thus
demonstrating a phylogenetic conservation of the
molecular correlates of aging from mouse to human.
These analyses confirmed numerous prior findings at
the level of individual genes (e.g. Gfap, Bdnf, MOBP,
complement activation, etc.; Supplementary Table
S3), but to our knowledge, this is the first large-scale
demonstration of a rodent-human phylogenetic con-
servation of age-effect in the mammalian CTX, thus
validating the use of rodent models to recapitulate
aspects of aging of the human brain. Importantly,
these cross-species comparisons confirmed the age-
related nature and the early onset of the brain



molecular phenotype in Hifr1b*° mice, as Htrib*°-
human correlations of age-effect reached similar
levels than in WT—human comparisons, albeit at an
earlier age (Figure 4e).

Imaging and molecular studies suggest that age-
related changes are continuous and progressive
throughout the human adult life span."*%%*® Here
we provided evidence supporting the notion of a
‘maximum’ age-related molecular effect. Indeed,
Htr1b*® mice reached an apparent peak in age-related
changes in gene transcript levels at 18 month of age
(Figure 5), which had not yet been attained at the
latest time point investigated in WT mice (24 month
of age). Interestingly, the timing of this ‘maximum’
age-effect corresponded to the age where death events
started to occur in the KO group, suggesting a failure
of the system at maintaining proper homeostasis past
this point. Indeed, the decreased correlations of age-
related transcriptome profiles that were observed
between very old Hitr1b*° mice and either control
mice or human subjects (Figure 2) may have reflected
the presence of secondary and less-specific events
occurring beyond a certain maximum age-related
effect. Nevertheless, despite the potential occurrence
of a late breakdown in homeostasis, our results
demonstrated mostly a parallel and early age-related
phenotype in Htrib*° mice. This trajectory was
different from the exponential acceleration in age-
related phenotypes and mortality that is commonly
observed in mouse models of peripheral/somatic age-
related mechanisms.®*® In particular, the increased
hazard ratio in Htr1b*° mice (Figure 1h) appears to be
mostly due to a shift of death events toward earlier
ages, rather than a progressive increase in frailty
leading to an exponential homeostatic failure.®*-%°
This parallel, rather than exponential, trajectory is
consistent with a progressive and cumulative effect
over time, rather than an acute and early mechanistic
switch leading to a catastrophic failure of the system.
Here we suggest that this parallel age-related trajec-
tory in Hitr1b*° mice is consistent with an altered
capacity of the 5-HT system to initially respond to the
chronic challenge that is formed over time by various
events occurring during brain aging. Indeed, as
typical longevity and molecular curves display early
‘buffer’ periods where the cumulative effects of aging
are not yet observed (i.e. 3- to 12-month behavioral
and gene expression time points in WT), Hir1b*®
mice display a reduced ‘buffer’ period (3-months time
point), resulting in an early onset, rather than altered
progression, of age-related phenotypes.

To identify potential mechanisms mediating the
early onset of the Hir1b*® age-related phenotype, we
proceeded with both unbiased surveys of cellular and
biological functions and with directed evaluation of
markers for candidate biological systems. Systematic
analyses of functional relationships and of temporal
patterns between age-affected genes (Figure 5) did not
identify any novel biological functions being re-
cruited during aging in Hir1b*° mice, but rather
suggested a global and early onset of the molecular
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signature of ‘normal’ aging in the brain of Hitr1b*®
mice. Regarding candidate systems, a leading hypo-
thesis for age-related mechanisms centers on the role
of oxidative stress and inflammation, as mediators
of neuronal damage and subsequent increase in
reactive astrocytes.’*®* Here, our combined observa-
tions of decreased ranked representation of inflamma-
tion-related functions in the brain, of late appearance
of WT/KO differences of a cellular marker of inflam-
mation (Gfap; Figure 5e and f) and of evidence of
reduced peripheral inflammation (IgG, Figure 2f) did
not support the notion that inflammation-related
events mediated the early onset of aging in Htr1b*°
mice. Nevertheless, we cannot rule out the possibility
that additional peripheral mechanisms may have
contributed to the phenotype, especially in the
absence of more direct measurements of reactive
oxygen species-mediated damage such as lipid perox-
idation and protein carbonylation, which may have
contributed to the shortened life expectancy.

Bdnf is a neurotrophic factor supporting neuronal
functions during development and in the mature
brain. Correlative evidence of decreased Bdnf tran-
script levels with age in the human frontal CTX3¢4%%°
has suggested the possibility of a causative role in
brain aging. Here, we confirmed the downregulation
of Bdnf with aging in the mouse CTX. We also
identified a modest but significant correlation be-
tween the effects of Bdnf hypofunction in Bdnf<®
mice®” and the gene expression correlates of aging
in mouse CTX (r=~0.20, P<0.05), suggesting that
aspects of aging in the brain may occur as a
consequence of downregulated Bdnf function. How-
ever, although interactions between 5-HT and Bdnf
have been documented® and hypothesized to both
concur with IGF-1 to influence age-related events,*
our results suggest an age-related phenotype in
Hir1b*° mice that is independent of Bdnf function.

On the other hand, our studies provided supporting
evidence for potential interacting mechanisms be-
tween 5-HT and the previously identified age-related
IGF-1 and sirtuin systems. A nonsignificant trend
toward downregulated levels of circulating IGF-1
levels in Hir1b*® supports the notion of 5-HT/IGF-1
interaction during aging. In this case, lower IGF-1
levels would be protective against aging®! and thus it
is not known whether lower IGF-1 levels represented
a direct consequence of altered 5-HT function or
rather a reactive/protective process against the detec-
tion of an early onset of age-related symptoms, as
recently hypothesized for age-related processes in
peripheral organs.®® Interestingly, a clear upregulation
of sirtuin 5 gene expression was identified in the
brain of Htr1b*° mice. Sirtuin genes are major cellular
components of age-related pathways; however, their
role in replicative and chronological aging in lower
eukaryotes and mammalian cells is complex.®”*® The
role of altered Sirt5 transcripts in the age-related
phenotype in Htrib*® mice is currently under
investigation, including as a potential mediator of
5-HT control over homeostasis, or as an early
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mechanism for altering the onset of age-related
phenotypes, since Sirt5 transcript changes preceded
the appearance of age-related behavioral and mole-
cular changes. Nevertheless, it suggests that the
differentiated central nervous system may share
common molecular and/or cellular components with
age-related mechanisms in peripheral somatic tissues.

Although the observed phenotype originated from a
deficiency in 5-HT-mediated presynaptic inhibition, a
limitation in the analysis of potential mechanisms
supporting the observed phenotype resides in the fact
that the deletion of this receptor altered the kinetics of
the 5-HT system,?”*"** and thus could have influ-
enced the behavior, molecular and longevity pheno-
types through altered signaling at other 5-HT
receptors. Therefore, the observed phenotypes should
be considered in the context of altered 5-HT-mediated
functions in Htr1b*° mice. This observation relates to
our initial choice of the Htr1b*® mice for investigating
the role of 5-HT into aging, as we hypothesized that a
disrupted 5-HT homeostasis may initially more
closely model the evidence of a deregulated control
of 5-HT during aging (see Introduction). Moreover,
other neurotransmitters systems interacting with
5HT,gR and not investigated here may have played
arole in the mutant phenotype. In particular, changes
in cholinergic functions may have occurred, as
suggested by Buhot et al.,** in view of complex
changes in memory functions in aging Htr1b*° mice.**

The presence of an early deficit in motor behavior
was consistent with the role of 5-HT,zR in motor
function.?® The distribution and functional contribu-
tion of 5-HT,xR in the spinal cord and cerebellum are
low,%7%® whereas the nature of the phenotype indi-
cated a deficit in complex motor behavior (rotarod
and coat hanger tests), rather than a decrease in
locomotor and/or muscle strength (total activity and
rearing in open field and EPM; early occurrence
rather than accelerated frailty). This suggested a
deficit in higher coordination, rather than a potential
degeneration of spinal motor neurons, although a
direct examination of the integrity of these neurons
will be necessary to rule out this possibility. In the
central nervous system, 5-HT,3R indirectly regulates
DA release in STR.** No evidence of altered DA
terminal density and area was identified in STR of old
(and young) WT or KO mice (Figure 3), thus also
excluding a structural downregulation of the DA
system as the cause of the motor deficits in young
Htr1b*° mice, although a role for altered DA kinetics
in aging KO animals can not be ruled out. Moreover,
the behavior decline could also be mediated through
altered signaling at several other 5-HT receptors, due
to altered 5-HT kinetics.*”** Thus, currently the
exact mechanism leading to the motor phenotype is
unknown, and may involve additional brain areas
and systems not investigated here. Due to the
complex biological nature of motor coordination and
for the purpose of this study, we have considered the
Hir1b*° motor phenotype as an indicator of changes
in overall age-related functions, while we have
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concentrated our molecular studies on FC and STR,
as two brain areas with well-described roles for 5-
HT,gR. Furthermore, investigating the FC allowed
for the direct comparison of age-related molecular
changes in WT and Hitr1b*° mice with our prior
characterization of aging in the human brain.*®
Eventually, studies using regional-, cell type- and
time-specific targeted manipulations of 5-HT.gR in
conditional mutant mice will be necessary to inves-
tigate the more specific roles of critical brain regions,
time periods and interacting neurotransmitter sys-
tems that may participate in the different aspects of
the behavioral and molecular phenotypes, and that
underscore the increased vulnerability to age-related
events in Hir1b*° mice.

In conclusion, our studies suggest a brain-driven
age-related phenotype in mice lacking the presynap-
tic 5-HT,zR. The notion of altered longevity and early
onset of age-dependent events due to changes in the
brain represents an important novel finding, which is
however not unprecedented. For instance, in lower
eukaryotes, the well-characterized changes in long-
evity due to mutations in the IGF-1 pathway is
rescued only when signal transduction is restored in
neurons and not in other cell types of nematodes®®
and flies,” therefore providing supporting evidence
for a control of age-related processes by the brain.
Here, as the ‘onset’ rather than the ‘nature’ of aging
was affected in Htr1b*° mice, 5-HT can be considered
a modulator of ‘normal’ aging of the brain, consis-
tently with its role in adapting to environmental
challenges and maintaining homeostasis. As the 5-HT
system is the target of chronic pharmacological
interventions for psychiatric and other diseases, these
results raise the possibility of long-term and/or age-
related consequences to 5-HT manipulation that will
need to be addressed in future studies. Pursuant is the
potential for altered molecular and/or behavioral age-
related trajectories in correlation with genetic poly-
morphisms in the Htr1b gene or other key regulators™
of the 5-HT system.
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RESUME

Bien que les troubles anxio-dépressifs représenteamtdes principales causes d’invalidité et un dies gérieux problémes
de santé dans le monde, les mécanismes neurolgjo&sga 'origine de ces affections demeurent méesinbes processus
mis en jeu semblent multiples et complexes : pagsandes déséquilibres au niveau des neurotratemmetfusqu’a des
modifications de la plasticité neurale et du rentagke cellulaire. Les neurotrophines étant cons@go®mme les principaux
régulateurs de la plasticité, I'nypothése d’un leusal entre le niveau de neurotrophine, prineipeht de I'une d’entre
elles, le Brain-Derived Neurotrophic Factor (BDNF)'apparition de troubles anxio-dépressifs a aétsi proposée. Notre
travail a donc eu pour objectif I'étude de I'img@ton du BDNF dans I'étiopathogenése et le traitdrdes troubles anxio-
dépressifs a travers I'utilisation de modeéles naurin

Etant donné que plusieurs études cliniques et ipigges ont montré une implication du BDNF danssurs traits
psychologiques et comportementaux, nous avonslobérdéterminer si des différences dans le géne Bixiwiaient étre a
I'origine de la grande hétérogénéité comportementals différentes souches de souris. Nous rapgodans cette étude
I'existence d’'un polymorphisme sur un seul nuc@®t{SNP) a l'origine d’'un changement d’'acide anfmée leucine est
remplacé par une méthionine) en position 32 dasgdaence du prodomaine du BDNF. Nous démontronstergie, bien
que ce SNP ne modifie par I'expression basale de BOBNs le cerveau, ce polymorphisme est associghénotype
« anxieux » des souris. Par contre, il n'est papliqué dans le comportement alimentaire, le tat l'activité,
'apprentissage et la mémoire. Une analyse prébésedonnées montre que les souris portant |'algde présentent une
propension plus importante a développer des réacti@ophobiques et des comportements d’'anxiétéagte Ainsi, ce
polymorphisme pourrait contribuer aux différencesmtofils comportementaux des différentes lignéessauris dans les
tests d’anxiété.

Ensuite, nous avons réalisé une comparaison deligapes de souris dans un modéle chronique deépaedsion et de
I'action thérapeutique des antidépresseurs. Ce jgmnad le stress chronique léger imprédictible (UCMB)odélise
I'influence des stress socio-environnementaux dlétispathogenese de la dépression et est serssitdetion chronique des
antidépresseurs. Nous montrons dans cette étudéagpécation d’'un méme facteur étiologique (lésesseurs) est capable
d’induire presque autant de profils différents tedtions physiques, comportementales et physiplasi, et de réponses au
traitement que de lignées de souris testées. Bx lelsl différents profils obtenus se rapprochentdiféérents sous-types de
la pathologie humaine suggérant que le patrimoér&tique des patients pourrait étre déterminarg tapparition clinique
d’'un sous-type particulier. Par contre, aucune @aton entre le polymorphisme Leu32Met du BDNF e hltérations
« dépression-like » ou la réponse au traitemernd@mtesseur n’émerge de notre étude.

Nous avons enfin étudié l'effet d’'un déficit en BDNdur la vulnérabilité au stress chronique et laongg aux
antidépresseurs par I'utilisation de souris hétggores BDNF*". Nous montrons ici que I'expression monoalléligite
BDNF n’induit pas de différences dans la sensibéiteUCMS sur toutes les mesures physiques (étapedage, poids),
comportementales (alimentations, activité, anxiétgressivité, résignation) et neuroendocrines imstéronémie). Par
contre, certains effets du traitement sont pertuditez les souris BDNE'. Finalement, notre étude suggére que le BDNF
n'est pas impliqué dans l'apparition des altérationdépression-like » mais qu'il est nécessaireefficacité des
antidépresseurs.

Ce travail a donc permis de mettre en évidence elagiaon entre le BDNF et les comportements anxiensi gue I'action
des antidépresseurs. De plus, en utilisant deuxelesdlifférents (le polymorphisme d’un géne ou ablation partielle),
nous avons montré I'absence de lien entre le BDNEt&ipathogenése de la dépression.

ABSTRACT

Although anxio-depressive disorders are a majoseanf disability with important health consequendbs underlying
neurobiological mechanisms remain largely unknoMeurotransmitter imbalances can change numerouaceitular
signaling pathways that ultimately result in lagtimodifications in neural plasticity and cellulaemodeling. Since
neurotrophins, and particularly brain-derived nénaghic factor (BDNF), are considered main regukatrneural plasticity,
changes in the expression of these genes are ractia# mechanism by which normally differentiatein cells may
transform into a pathological anxio-depressive pigre.

A first study seven strains of mice with large babeal differences were used to investigate whethiéferences in the
expression and sequence BNDF may be associatedamiilty and depressive traits. A change of a singleeotide in

position 32 of prodomain sequence of BNDF, whickuteed in a leucine being replaced by methionires associated with
mice exhibiting the anxious phenotype. Mice camythe Met allele had greater propensity to neophebactions and
behaviors related to anxiety. However, this polypmism did not alter the basal expression of theegem other behavioral
activities including appetite, thirst, groomingateing and memory. Furthemore, when chronic sskghtly unpredictable

(UCMS) was used in seven mouse lines, no associatisnobserved between Leu 32 Met and depressierefflectors due
to antidepressant treatments. When heterozygodsBMDF mice were used in the UCMS model, no chamgse noted in

physical observations (i.e, hair coat, weight),&xbral responses (to mimic anxiety, aggressiveaasgsresignation) and in
the stress hormones; by contrast, some effectsetariti-depressants were different from the ones sehomozygous (+/+)
mice.

In conclusion, BDNF polymorphisms can contributette various behavioral profiles exhibited by difet strains of mice
in test of anxiety. However, it does not appedrgdnvolved in the etiopathogenesis of depression.



