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ABSTRACT

Stress is an important factor in the etiology of mood disorders and addictive behaviors.
Prenatally restraint stressed (PRS) rats, i.e. the offspring of dams submitted to repeated
episodes of stress during the last ten days of gestation display stress-related disorders such as
anxiety- and depressive-like disorders but also increased vulnerability to drugs of abuse. An
impairment of glutamate release in the ventral hippocampus lies at the core of the anxiety-like
profile of PRS rats. Hence, we decided to investigate the effect of antidepressant treatment on
glutamatergic system in our model. We found that chronic treatment with classical
antidepressant drugs was able to enhance glutamate release and correct anxious-/depressive
like profile of PRS male rats. Of note, a clear-cut sex effect has been shown in PRS-induced
profile, with males being more anxious while male and female PRS rats display a similar
depressive-like behavior. Here, for the first time, the alteration of circadian patterns, as a
feature of depressive-like phenotype was analyzed both in male and female rats, and we have
shown a gender-specific outcome of PRS on circadian systems modulating locomotor activity,
the resynchronization to the new light-dark cycle, and hypothalamic CRH levels. Also
concerning addiction, female profiles are less studied, so, we extended the impact of sex in
our model to addiction. We have demonstrated that sex and in particular sex hormones played
a key role in determining rats preference for drugs in a conditioned place preference
paradigm, and that sensitiveness was expressed in a stimulus-dependent manner (chocolate as
natural reward in comparison to cocaine). Finally, we found an enhanced preference for
cocaine in females and in PRS rats of both sexes. This increase in preference for cocaine was
linked to locomotor activating effect but also to the anxiolytic and antidepressant effect of the
drug. This suggests that preference for a drug is enhanced when animals found a beneficial
effect of this drug in correcting their mood disorders, reinforcing the hypothesis of self-

medication in addictive-like disorders.
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RESUME

Le stress est un facteur d’importance dans I'étiologie des troubles de l'humeur et des
comportements addictifs. Des rats stressés prénatalement (PRS: prenatal restraint stress), i.e.
la progéniture de femelles soumises a des €pisodes répétés de stress les dix derniers jours de
gestation, présentent des troubles liés au stress telles que des affections de type
anxiété/dépression mais également une vulnérabilité aux drogues. Une diminution de la
libération de glutamate dans I'hippocampe ventral s’avere au cceur du profil d'anxiété des rats
PRS. Aussi, nous avons entrepris d'étudier dans notre modele l'effet d’un traitement
antidépresseur (ATD) sur le systeme glutamatergique. Nous avons montré qu’un traitement
chronique avec des ATDs classiques était en mesure d'améliorer la libération de glutamate et
de corriger le profil anxiodépressif des rats PRS males. Notons qu’un effet net du sexe a été
mis en évidence dans le profil induit par le PRS, les méales étant plus anxieux alors que les
rats PRS males et femelles présentent un comportement de type dépressif similaire. Ici, pour
la premiere fois, la modification des patterns circadiens, comme caractéristique de la
dépression, a été analysée dans une méme étude a la fois chez les rats males et femelles.
Ainsi, nous avons montré un effet spécifique du sexe concernant 1I’impact du stress prénatal
sur les systemes circadiens, modulant 1’activité locomotrice, la resynchronisation pour un
nouveau cycle lumiere-obscurité, et les niveaux de CRH hypothalamique. Nous avons ensuite
étendu I’étude de l'influence du sexe dans notre modele a la dépendance. Nous avons établi
que le sexe, et en particulier les hormones sexuelles, jouent un role clé dans la détermination
de la préférence des rats pour les drogues dans un paradigme de préférence de place
conditionnée, et que la sensibilité¢ était exprimée d'une maniére stimulus-dépendante
(chocolat comme récompense naturelle, comparativement a la cocaine). Enfin, nous avons
constaté que l'augmentation de la préférence pour la cocaine était lice a I’effet d'activation de
la locomotion, mais aussi a l'effet anxiolytique et antidépresseur de la drogue. Ceci suggere
que la préférence pour une drogue est augmentée lorsque les animaux ressentent un effet
bénéfique de cette drogue dans I’amélioration de leurs troubles de I'humeur, renforgant

I'hypothese de 'automédication dans les probléemes d’addiction.
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GENERAL SUMMARY

Addiction, or compulsive drug seeking, has becomeery important health concern, and
about 200 million adults worldwide would use ilticidrugs, including cannabis,
amphetamines, cocaine, and opioids such as hdrmoaddition, there is mounting evidence
for an epidemy of behavioral addictions in additit;n substance abuse. This concerns
compulsive behaviors towards natural stimuli, sasiood, which are referred to as nondrug
addiction. It was demonstrated that the sensibiidyfood can surpass the response to
psychostimulant drugs leading some individuals #scdbe their addiction to food.
Nevertheless, this account remains controversial.

Of note, people are not equal regarding drug addictgenetic inheritance, as well as
epigenetic factors, intervene in humans propernsitdrug seeking, with some individuals
displaying a vulnerable profile. Interestingly, amimal models, the same phenomenon is
described with two distinct phenotypes revealednes@animals show a high sensitiveness
toward drugs of abuse whereas others are resigaents occurring during the early life can
highly program neurobehavioral alterations all gldhe life span. Traumatic experiences
endured in childhood (war, abuses, violence) arenfstance an important risk factor for the
occurrence of addictive-like behaviors. Interediingex differences exist in the vulnerability
to addiction. Women are more sensitive to drugeot$f and, when they have a first
experience of drug abuse and avowed addictive bahate risk of relapse is high after a
withdrawal period, although women consume lessn@#, in general, a high prevalence of
mood disorders is found in women in comparison enmmAnd, the enhanced propensity to
relapse would be associated with an exaggeratpomss to withdrawal symptoms in women
with exacerbation of feelings of stress and depwasdn female rats, the same enhanced
sensitiveness to drugs is established. One expdanaould be the intervention of sex
hormones, namely estrogens, as, after ovariect®agsitiveness to drugs of abuse is
decreased and estradiol replacement therapy istabkEinstate the vulnerability. In males,
the question of sex hormones in drug addictiondiss been addressed, but the results are
still quite conflicting and the real impact of testerone is not yet established; some authors
report that orchidectomy is able to reduce sergitdgs to reward whereas others demonstrate
no effect.

In humans, a high comorbidity between anxiety/deficen and addiction is reported. In
patients suffering from drug abuse, a high prevaeaf anxious-depressive symptoms is
found and antidepressant therapy appears efficien¢éating addictive behavior. This clinical

© 2014 Tous droits réservés. -1- doc.univ-lille1.fr
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evidence supports the “self-medication” hypothélses suggests drug seeking behavior as a
secondary symptom of depression.

We have shown that the Prenatal Restraint StreRS)(Fnodel in rats is a model that
recapitulates features of stress-related disordeith, high construct, face and predictive
validity. Thus, PRS rats, i.e. the offspring ofsraubmitted to restraint stress during the last
ten days of gestation, display dysfunctions inhlgpothalamic-pituitary-adrenal (HPA) axis
anxious-/depressive-like phenotype, alterations stdep-wake cycle. Alterations in he
hippocampal glutamatergic system, glutamate beilg tmajor excitatory brain
neurotransmitter, was found to lie at the corehef &nxious-/depressive-like profile of PRS
rats. The PRS-induced behavioral alterations wewed to be corrected with antidepressant
treatment. An enhanced sensitiveness to the pstchdant effect of drugs of abuse, with
increase vulnerability to locomotion activating exff as well as propensity to self-
administration has also been described in PRS Irdaegestingly, the neurobehavioral profile
of PRS rats, associated to anxiety was found teebedependent, with males being more
anxious than females while depressive-like pheretgppears similar in male and female
PRS rats. But, until now, little is known conceigia putative sex-dependent effect in drug
addiction in the PRS model.

The objective of my thesis was to bring furtherned@ts in thecharacterization of both
anxious-/depressive-like behavior and addictive-li& disorders in the PRS rat modell
also attempted to evaluate thie of sex and in particular sex hormones in modating
phenotypesin male and female control unstressed and PRSThen, | examined how the
greater sensitiveness to drugs of abuse observd@Ria rats could be explained by an

anxiolytic/antidepressive effect of drugs of abusen aself-medication strategy

In chapter one, we have brought further arguments in favor of ghgamatergic hypothesis

of anxious-/depressive-like phenotype of PRS tatteed, we have shown that the efficacy of
antidepressant drugs in correcting PRS-induced ietah abnormalities passed through a
correction of the glutamatergic systeatticle 1). We have also studied circadian patterns of
locomotor activity, with disturbances in circadigmythms as a feature of depressive-like
phenotype, and we report that both male and ferR&R& rats displayed depressive-like
symptoms drticle 2). We also demonstrate that sex hormones play adeyin anxiety and

depression.
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In chapter 2, we extended the question of sex and sex hormtonésig addiction. We first
examined whether PRS would influence sensitiveteb®th psychostimulant drug (cocaine)
(article 4) and natural reward chocolatarticle 3). This last point was important to
demonstrate that a natural stimulus could be a.druthis part, we have used a conditioned
place preference paradigm (CPP), which consist awing a drug to a particular
environmental context (contextual cue). We havemshthat cocaine CPP was enhanced in
PRS animals of both sexes while PRS enhanced atedSPP in male and not female rats.
Sex hormones modulated reward-induced CPP. Belz\data found neuronal correlates; in
particular serotonin in hypothalamus and dopammthé nucleus accumbens and prefrontal
cortex were affected by PRS, sex and sex hormones, way that fitted nicely with

preference for chocolate (article 3).

Another issue of this work was to better estabbslpossible link between stress-related
disorders, and propensity to drug use. PRS modeichvmeets criterion of both anxio-
depressive and addictive-like disorders, representgery potent model to address this

guestion.

So,in chapter 3, we have studied the effect of chronic cocaineiathtnation on the anxious-
/depressive—like phenotype of Control and PRS raatefemale rats. We report that cocaine
was able to correct anxious-/depressive-like symptoin a disease-dependent manner.

Glutamate appears a key regulator of the effeaignlined.

Taken together, our results indicate that PRS madal well integrated model of multiple
inter-related pathologies, in which sensitivenesdrtigs of abuse would be a self-medication
strategy to alleviate symptoms of anxiety/depregsamd in which gender and in particular
sex hormones are key actors of the mediation dhale comorbid stress-related disorders.
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RESUME GENERAL

L’addiction, ou la quéte compulsive de drogue, @gstenue un probléeme majeur de santé
publique, et environ 200 millions d’adultes a tnavée monde feraient usage de drogues
illicites, telles que le cannabis, les amphétamifeesocaine, et les opiacés comme I'héroine.
Le probleme de I'addiction apparait d’autant plegportant que, parmi les recompenses, si la
sensibilité aux substances d'abus est évidemmenteajél existe également de plus en plus
d’arguments en faveur de I'existence de dépendacmeportementales. Un comportement
compulsif envers des stimuli naturels, tels quealerents, appelé dépendance sans produit,
recoit ainsi de plus en plus d’attention, avec elggerimentations montrant que la sensibilité
aux aliments peut surpasser la réponse a des piyohtants, et de nombreux témoignages
de personnes décrivant leur addiction alimentaireutefois, cette considération reste
controversée.

Notons que nous ne sommes pas €gaux face a tamnoxnie: I'néritage génétique, ainsi que
des facteurs épigénétiques, interviennent dangrigpension de I'homme a la recherche de
drogue, avec certains individus affichant un prdél vulnérabilité. Fait intéressant, dans des
modéles animaux, le méme phénomene est décrit dewc phénotypes distincts révélés:
certains animaux montrent une grande sensibili@nmsnes drogues d'abus alors que d'autres
apparaissent résistants. Les événements survenactuas de la vie précoce peuvent tres
fortement programmer des altérations neurocompenmnéses tout au long de la vie. Des
expériences traumatiques subies dans l'enfancer¢g@adus, violence) sont par exemple un
facteur de risque important pour I'apparition deportements de dépendance.

Fait intéressant, des différences sexuelles exidimms la vulnérabilité aux drogues: bien que
les femmes consomment moins, celles-ci sont plosilsles aux effets des drogues et, aprés
une premiere expérience de la toxicomanie et umelwite addictive avérée, le risque de
rechute est élevé apres une période de sevrage @epension accrue a la rechute serait
associée a une reéaction exagérée aux symptomesewitags chez les femmes avec
I'exacerbation des sentiments de stress et de sdépme Chez les rats femelles, le méme
phénomeéne est observé. Apres une période d'extin@iu abstinence) suite a une procédure
d'auto-administration, une dose plus faible dertade est nécessaire pour rétablir la réponse
chez les femelles comparativement aux males. Alasgéponse a la drogue dans un protocole
de préférence de place conditionnée, ou un stimedoforcant par rapport a un stimulus
neutre sont associés a deux compartiments diff@réiin apparat durant les sessions de

conditionnement, est augmentée chez les femelles. édplication serait l'intervention des
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hormones sexuelles, a savoir I'estradiol, car tedes montrent que, aprés ovariectomie, la
sensibilité aux drogues d'abus est diminuée dtdeapie de remplacement en estradiol est en
mesure de rétablir la vulnérabilité. Chez les femnua tel impact des hormones sexuelles est
eégalement décrit, avec des fluctuations de la bi#itdsi au désir de la drogue et aux
symptomes de sevrage en fonction du cycle menstCigz les males, la question des
hormones sexuelles dans la toxicomanie a égalegténabordée, mais les résultats sont
encore trés contradictoires et I'impact réel deesdostérone n'est pas encore établi; certaines
études rapportent que l'orchidectomie est capableduire la sensibilité aux drogues tandis
gue d'autres ne montrent aucun effet.

Chez I'nomme, une comorbidité élevée entre anxiépééssion et toxicomanie est rapportée.
Chez les patients souffrant d’abus de drogues,forte prévalence de symptémes anxio-
dépressifs est reportée et un traitement avec didépresseurs semble efficace dans le
traitement des conduites addictives. Cette évidedagique confirme I'hypothése de
I""automédication" qui suggére le comportement deherche de drogue comme symptéme

secondaire de la dépression.

Dans ce contexte, le modeéle de stress prénatal: (PfeBatal restraint stress) chez le rat est
un modele qui récapitule les caractéristiques dabtes liés au stress, avec une grande
validité de construction, d’apparence et prédicthasi, les rats PRS, a savoir la progéniture
de rates soumises a un stress de contention asg desrdix derniers jours de gestation,
affichent un phénotype de type anxio-dépressif,mdedifications du cycle veille-sommeil et
une sensibilité accrue a l'effet psychostimulantddegues, avec une augmentation de la
sensibilité a l'effet d'activation de la locomotiogt une vulnérabilité pour Iauto-
administration. De maniére intéressante, le pr&irocomportemental des rats PRS associé a
l'anxiété s’est avére dépendant du sexe, les ratdes plus anxieux que les femelles alors que
le phénotype de type dépressif apparait simildiez des deux sexes. Mais, jusqu'a présent,
rien n’est connu concernant un possible effet ce skans I'addiction aux drogues dans notre

modele de PRS.

L'objectif de ma these était d'apporter de nouvedléxments dans laaractérisation des
comportements a la fois de type anxio-depressif &s troubles addictifs dans le modele
PRS chez le rat J'ai aussi évalué i@le du sexe et en particulier des hormones sexuedl
dans la modulation de phénotypeshez les rats contrdles non stressés et PRS regles

femelles.
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Ensuite, j'ai examiné dans quelle mesure la plaadg sensibilité aux drogues d'abus
observée chez les rats PRS pourrait s'expliquer yrareffet anxiolytique et/ou

antidépresseur des drogues d'abyslans unatratégie d'automeédication

Dans le premier chapitre nous avons apporté de nouveaux arguments en rfaleu
I'nypothese glutamatergique du phénotype de typ@oatepressif des rats PRS. En effet,
nous avons montré que l'efficacité des antidépuessdans la correction des anomalies
comportementales induites par le stress prénassafigpar une amélioration des déficits du
systéme glutamatergiquarficle 1). Nous avons également étudié les rythmes cirnadie
I'activité locomotrice, avec des perturbations gilhme circadien comme une caractéristique
de la dépression, et nous avons mis en évidencelaueats PRS males et femelles
présentaient tous deux des symptdbmes de type dépfagticle 2). Nous démontrons

également que les hormones sexuelles jouent urtidans l'anxiété et la dépression.

Dans le chapitre 2 nous avons étendu la question du genre et desones sexuelles a la
toxicomanie. Nous avons d'abord examiné si le sjpesnatal pouvait influencer la sensibilité
a la fois pour un psychostimulant (cocaira}i¢le 4) et une récompense naturelle comme le
chocolat(article 3). Ce dernier point était important afin de démangpgun stimulus naturel
pourrait étre une drogue. Dans cette partie, ngsaesautilisé un paradigme de préférence de
place conditionnée (CPP), qui consiste a couplerdmgue a un contexte environnemental
particulier (signal ou « cue » contextuel). Nousrass montré que la préférence pour la
cocaine était renforcée chez les animaux PRS des skxes alors que le stress prénatal
augmentait la préférence pour le chocolat chemiss uniquement.

Les hormones sexuelles modulaient la sensibilidéite par le stress prénatal. Les données
comportementales ont trouvé des corrélats neuronaux particulier, la sérotonine dans
I'nypothalamus et la dopamine dans le noyau accoslgt le cortex préfrontal étaient
affectées par le PRS, le sexe et les hormones IfEsquune fagon qui correspond bien avec

une préférence pour le chocolatticle 3).

Un autre objectif de ce travail était de mieux Btan lien possible entre les troubles liés au
stress et la propension a la consommation de dsoggeemodele PRS, qui répond aux criteres
a la fois des deux troubles anxio-dépressifs esiaaddictifs, représente un tres bon modele
pour répondre a cette question.
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Ainsi, dans le chapitre 3 nous avons étudié I'effet de I'administrationastique de cocaine
sur le phénotype anxio-dépressif de rats cont®ld2RS males et femelles. Nous rapportons
que la cocaine est capable de corriger les symgt@meao-dépressifs, de maniére pathologie-

dépendante. Le glutamate est apparu comme un tégutdé des effets observeés.

Dans l'ensemble, nos résultats indiquent que leeteoBRS est un bon modéle intégré de
pathologies multiples liées entre elles, dans Ielgusensibilité aux drogues d'abus serait une
stratégie d'automédication pour soulager les sym@sdd'anxiété et de dépression, et dans
lequel le genre, et en particulier les hormonesiskes, sont des acteurs clés de la médiation

de tous ces troubles comorbides liés au stress.
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GENERAL INTRODUCTION

|. ADDICTION: G ENERAL OVERVIEW

1. Definition

Even if often presented as an anglo-saxon neolqgdtsentierm addiction finds its terminology
from the latin verb &d diceré (to give assent). From old Roman law to MiddleeAg meant
that a person could be legally assigned to hisittnenh case of debt. A slavery bond was so
established toward a master, a kind of devotiorg&,€2005). It's also interesting to note that
the origin of the word is the same as for “dictat(@8regson and Efran, 2007). Addiction
describes thus the alienating link that individoah establish with a product or a practice.
Addiction is so a chronic psychiatric disorder whis characterized by compulsive drug use
(Renthal and Nestler, 2008). Three main symptones dafined in the Diagnostical and
Statistical Manual of Mental Disorders, a manuattlallows therapists to discriminate
between pathologies in regard to symptomatologyje®ts suffering from drug addiction
loose control toward the drug and i) have hugeidtiffies to limit their consumption, and
moreover to stop it (loss of Control), ii) are ajwdocusing on the ability to catch the drug
and feel an irresistible want of the drug (Compdsiise) iii) haven’t the capability to stop
consuming the drug despite known negative effe@sn{inued use despite adverse
consequences) (American Psychiatric Associatio@41BDSM V), symptoms also referred to
as the 3 C’'s. Patients also display important megaemotions (dysphoria, anxiety,
irritability) when the access to the drug is linitéKoob and Le Moal, 1997). Addiction is
distinct from dependence (Nestler, 2004), this tash further referring to physical aspects,
namely physical pain, during withdrawal phases;etelence also occurs in case of chronic
psychoactive medication, such as antidepressaatniemt and beta-blockers, without any
expression of addictive-like behavior. This distioo between these two considerations is

now better established, with addiction meaningsa laf control (O’Brien et al., 2006).

Tolerance is also associated with drug addictiod @nexperienced when a specific dose
taken previously to generate a certain kind of pejaygical state is no longer effective when
taken subsequently. The individual thus has toemee the dose of the substance to maintain

the same psychological effect of the drug (Siegdl Sapru, 2010).
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Drug addiction is conceptualized as a disorder gnagresses from impulsivity, associated
with positive reinforcement (pleasure, gratificaioto compulsivity, related to withdrawal
symptoms (anxiety, depression, panic), which soesgmts a negative reinforcement. Impulse
control disorders are characterized by an incrgagnsion and arousal before committing an
impulsive act, with pleasure, gratification, oneéhlat the time of the act, and possible feelings
of regret, guilt or self-reproach following the a€lonversely, in compulsive disorders, there
are recurrent and persistent thoughts (obsessibhas)cause anxiety and stress followed by
the compulsive repetitive behavior (compulsion)tthee aimed at preventing or reducing
distress (DMS V). As a subject moves from imputsatrol disorders to compulsivity, there
is a shift from positive reinforcement for drivintdpe motivated behavior to negative
reinforcement driving the motivated behavior. Theedse progresses in a spiraling/distress
cycle comprising three  stages: preoccupation/gaimn,  binge/intoxication,

withdrawal/negative affect (Koob and Le Moal, 1997)

Drug use cessation is indeed associated with strathgirawal symptoms such as mood and
sleep disorders, anxiety, depression, panic, usplgadreams (Sofuoglu et al., 2005;
McGregor et al., 2005), and the severity of witlhdahsymptoms can be predictive of high
risk of relapse (Kenford et al.,, 2002). Cocaine hditiwal also induces anxiety- and
depressive-like behaviors in rats (Perrine et 2008; Markou and Koob, 1991). The
preclinical and clinical manifestations associatgth abstinence period after chronic drug
exposure can be alleviate by anxiolytic or antidspant drugs (De Oliveira Giet al., 2012,
Harris, Altomare and Aston-Jones, 2001; Gawin ¢t18i89; Mendelson and Mello, 1996).

According to the incentive-sensitization theory aldiction, proposed by Robinson and
Berridge in 1993, psychomotor sensitization, a pFegive and persistent increase in
spontaneous locomotor activity observed followiegeated and intermittent administration
of psychostimulants, such as amphetamine (RobiaswhBecker, 1986), would implicate
long-term changes in the organization of brainesyst that regulate reward and motivational
phenomena. Thus, these circuits could become hgpstsre to the reinforcing properties of
drugs and drug-associated stimuli, resulting ireacessive motivation and urge to consume
these drugs (craving) (Robinson and Berridge, 128®80; Kalivas et al., 1998). Repeated
drug use sensitizes only the neural systems thdiateethe motivational process of incentive
salience (wanting), but not neural systems thatiaedhe pleasurable effects of drugs
(liking) so that drugs can become addictive indeleetly of their ability to produce a hedonic
state (Wyvell and Berridge, 2000; Robinson and idgg, 2008).
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The sensitization phenomenon may last several rpetlen up to several years in rodents
and humans, suggesting that psychostimulants pertis affect brain function (Nestler and
Aghajanian, 1997; White and Kalivas, 1998). Theentove-sensitization or “wanting-liking”
theory emphasizes the importance of drug-associetes in addiction. Thus, in addicts,
exposure to places, people or things (cues) that baen previously associated with drug-
taking are predictive of a reward and cues acquioentive motivational properties by
themselves through Pavlovian learning, increasimg fisk of relapse (Flagel, Akil and
Robinson, 2009; Saunders and Robinson, 2013; @k#det al., 1993). In now classic
studies, Pavlov (1927) indeed demonstrated tiiata previously neutral stimulus
(conditional stimulus, CS) reliably predictethdelivery of a reward (unconditional
stimulus, US), over time the CS will come #icit a conditional response (CR).
Pavlov found that in hungry dogs, if thekimy of a metronome was paired with food
delivery, the sound of the metronome itselfe(CS) came to elicit salivation (the CR).
Given that the dogs initially salivated undmionally when presented with the US,
Pavlov referred to the CS-elicited CR asoadiional reflex.

Moving from this evidence, more recent works shbat twhen cues are associated with the
delivery of rewards, animals come to quickly apptoand engage the cue even if it is located
at a distance from where the reward will be debderdn these animals, the reward-predictive
cue itself becomes attractive, eliciting approawhkards it, presumably because it is attributed
with incentive salience (Robinson et al., 2014;gEla Akil and Robinson, 2009). In the
absence of drug stimulation, visual and/or auditomes typically found in animal self-
administration paradigms are capable of maintaisiggificant levels of operant behavior for
extended periods of time and of reinstating theabihm after extinction (Caggiula et al.,
2001, nicotine; Saunders and Robinson, 2010, cerd{mank, 2003, ethanol). It is thus
important to take into account the importance efeéhvironment and context in assessing the

individual response to drugs.

The conception of addiction aforedescribed takde monsideration both the theoretical
framework that addiction is a psychological congtrwith drug use enabling people to cope
with emotional and psychological states, and thelica¢ model of addiction, which evokes
neurobiological processes in addictive behavioaflCM, 2011). Another model exists, the
moral model of addiction, which is an unscientgerspective in which the addict is one who
consciously and willingly decides to engage in ltedavior on a regular basis. The addict is

thus viewed as a free agent and is consequentbabld. Those who advance this model do
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not accept that determining forces influence addddbehavior but rather propose that there is
something morally wrong with people who use drugavily or gamble excessively. The
moral model has little therapeutic value and inglieat addicts should be punished rather
than treated (Clark M, 2011).

2. Reinforcing stimuli

It is often considered that addiction refers to stabces, such as cocaine, alcohol,
amphetamines, that are psychoactive products,haue tis mounting evidence that, among
addiction, behavioral addiction, also referred sonandrug addiction, exist (Holden, 2001).
Thus, in DSM-V, a new category of behavioral additthas been added; but, pathological
gambling is the single disorder of this new clashjle it was previously grouped with
kleptomania, pyromania and trichotillomania in tegegory of “Impulse Control Disorders
Not Elsewhere Classified”. In this case, the negationsequence of the behavior is more of
social, occupational or recreational concerns. Sameenbers of the American Psychiatric
Association (APA) argue that the APA’s addictiorgegory could be expanded even further
to include “life-harming, compulsive” involvementittv things like sex and food, which are
classified in the DSM-V draft as separate “hypeusdity” and “binge eating” disorders
(Peele, 2010). Peele also says that there is ribthabcannot become excessive, compulsive,

life-endangering.
2.A. Epidemiology and statistics

During the five year period up to the end of 20t@ illicit drug use in the world remained
stable at a rate between 3.4 and 6.6% the adulil@iign (aged 15-64 years). However,
between 10 and 13 % of consumers remain probleniggcs who have a drug addiction
and/or drug use-associated disorders; prevalened\ofestimated at about 20% ), hepatitis
C (46.7 % ) and hepatitis B ( 14.6 % ) among drsers by injection still worsens the global
burden of morbidity and especially, about 1 deadr 00 is ascribed to illicit drug

consumption . Opioids remain the major type of deagling to requests for treatment in Asia
and Europe, but also in Africa, North America ande@nia. Therapies for cocaine use
concern mainly America and it is cannabis that teedhe largest number of requests in
Africa. In Asia, treatments for consumption of gtiants like amphetamine which are the
most common needed. Globally, the two most widedgduillicit drugs remain cannabis

(annual prevalence ranging between 2.6 and 5.0%) amphetamine-type stimulants,
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exception made for ecstasy (between 0.3 and 1.&f6)ld annual prevalence of cocaine and
opiates (opium and heroin) has remained stable re#pective rates being between 0.3 and
0.4 and 0.3 % and 0.5 % of the population agedol64t year (United Nations Office on
Drugs and Crime, 2012). The probability to deveknp addiction is extremely variable
depending on the substances consumed. The mostiaddboth at physical level — involving
withdrawal phenomenon-and at psychological levélictvimplies an irrepressible desire, are
by far tobacco and heroin. Near a smoker per ttwagdd develop a tobacco addiction, 23%
of people consuming heroin will develop an addictior the drug, 17% for cocaine, 15% for
alcohol, 11% for other stimulants, 9% for cannalil psychotropics/analgesics, 5% for
hallucinogenic drugs (Anthony, Warner, and KesslE994). An estimated 24% of US
adolescent and adult household residents haverhadportunity to use cocaine, as compared
to 14% for hallucinogens, 5% for heroin, and 51% rfarijuana (Van Etten and Anthony,
1999), a rank-ordering that is also seen in esaméir the prevalence of use of these drugs
(Anthony et al., 1989).

2.B.Drugs: focus on cocaine
2.B.1. Response to drugs

Reward system

The brain reward system has evolved to responditioral reward essential for the survival
moving from the Darwin theory of evolution (WisedaBozarth, 1981; Bozarth, 1994).
Indeed, brain reward systems serve to direct tigaresm's behavior toward goals that are
normally beneficial and promote survival of theiindual (e.g., food and water intake) or the
species (e.g., reproductive behavior) as suggelyedroland's concept of beneception
(Troland, 1928).

In 1954, James Olds and Peter Milner, working atGMcUniversity in Canada first
discovered that direct electrical stimulation oé thrain can be powerfully rewarding...by
accident. The two researchers were studying bitmukation of areas involved in alertness
and learning to assess if it was possible to trais to avoid some part of a cage associated
with stimulation. One of the electrodes was impdanby mistake in the septum, leading the
rat to return to places where it received stimatatiOlds and Milner thus showed that direct
stimulation of brain areas was able to activatearelcircuits in such an important manner
that rats died because they did not feel anymosentted to eat or drink nor to engage in

reproductive behaviors when presented to a putatiaéng partnerThey carried out their
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pioneering experiments which discovered that ratslldv repeatedly press levers to receive
tiny jolts of current injected through electrodesplanted deep within their brains (Olds and
Milner, 1954). Especially when this brain stimubatiwas targeted at certain areas of the brain
in the region of the septum and nucleus accumhkeasats would repeatedly press the lever -
even up to 2000 times per hour (Olds, 1956). Thpeseerful findings suggest that Olds and
Milner had discovered the pleasure center in taakHiggins and George, 2009).

Drugs of abuse are hijacking the brain being ablalitectly stimulate the brain reward

system, with very quick and strong effect (Terg6il.1).

Drugs of abuse

Nicotine,

alcohol -_-‘t-i

Opiates ,
Glutamate inputs
= (e.g. from cortex)
Alcohol
VTA

interneuron

épcp

NH::DtlnE

Glutamate
inputs
(e.g. from

amygclala

Gannabinnidu

NAc |

Fig 1- Actions of drugs in reward circuits.

VTA DA neurons project to the NAc. Different inteurons interact with VTA and NAc neurons. The

rewarding properties of opiates are mediated byjate receptors in two locations in brain reward
circuits. VTA DA neurons are tonically inhibited yABAergic interneurons that express | opiate
receptors. Opiates acutely inhibit these internesirthus disinhibiting the DA projection neurons

which then release DA in the NAc and other termiigdtls. In addition, there are | opiate receptors
expressed by NAc and dorsal striatal neurons. ©piaan stimulate these receptors directly and
produce reward in a DA independent manner. Nicotaating on nicotine acetylcholine receptors

(NAChRs) in the VTA, causes DA release. Ethyl atdphcting on GABAa receptors in the VTA, can

also cause DA release. Phencyclidine (PCP), whimtkb the NMDA glutamate receptor channel and
cannabinoids acting via CB1 cannabinoid receptoithe VTA (not shown), also produce D release.
Cannabinoids, alcohol and PCP can also act directlthe NAc, PCP. From Hyman, Malenka and

Nestler, 2006.
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Drugs thus mimic or enhance the actions of endagembemical messengers in the brain,
including dopamine (DA), serotonin (5-HT), acetythe, glutamate, gamma-aminobutyric
acid (GABA) and various peptides (Wise, 1996; Bardo, 1998). 1). The focus for the
neurobiological mechanism for the positive-reinfiogceffects of drugs of abuse has been the
mesocorticolimbic DA system, which projects frone thentral tegmental area (VTA) to the
nucleus accumbens (NAc), olfactory tubercle, frbmtartex and amygdala (Koob and Le
Moal, 2001; Fig. 2). Selective destruction of thesacorticolimbic dopamine system with the
neurotoxin 6-hydroxydopamine (6-OHDA) produced ectiion-like responding in cocaine or
nicotine self-administration as reflected in a #igant and long-lasting reduction in
responding over days (Roberts and Koob, 1982; Galtret al., 1992).

For cocaine, amphetamine, and nicotine, the fatiih of DA neurotransmission in the
mesocorticolimbic DA system, and in particular ire tNAc, appears to be critical for the
acute reinforcing actions of these drugs (Di Chiarad Imperato, 1988). Multiple DA
receptors including D1, D2, and D3 have been inapéid in this reinforcing action (Koob and
Le Moal, 1997). A common molecular underpinnings shown for several drugs of abuse
with upregulation of the cAMP pathway in the NAgida many groups reported numerous,
additional adaptations in the VTA — NAc pathwaymnsoof which are also common to several
drugs of abuse. These include alterations in lee(s-protein subunits, tyrosine hydroxylase
(the rate limiting enzyme in dopamine biosynthesigglitamate receptors and neuropeptide
systems (Ortiz et al., 1995; Nestler, 1992; Swmigihd Kalivas, 1992; Hanson et al., 1992;
Fitzgerald et al., 1996; Carlezon and Nestler, 2002
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Fig 2- A simplified schematic of the major dopaminggic, glutamatergic and GABAergic
connections to and from the ventral tegmental aregVTA) and nucleus accumbens
(NAC) in the rodent brain.

The primary reward circuit includes dopaminergiojections from the VTA to the NAc, which
release DA in response to reward-related stimuld (@ some cases, aversion-related stimuli). There
are also GABAergic projections from the NAc to @A, projections through the direct pathway
(mediated by D1-type medium spiny neurons (MSNs)eatly innervate the VTA, whereas
projections through the indirect pathway (mediatgd D2-type MSNSs) innervate the VTAia
intervening GABAergic neurons in the ventral pailad (not shown). The NAc receives dense
innervations from glutamatergic monosynaptic cisurom the medial prefrontal cortex (mPFC),
hippocampus (Hipp) and amygdala (Amy), as well geeioregions. The VTA receives such inputs
from the lateral dorsal tegmentum (LDTg), laterabénula (LHb) and lateral hypothalamus (LH), as
well as both GABAergic and glutamatergic connedidrom the extended amygdala (not shown).
These various glutamatergic inputs control aspetteward-related perception and memory. The
dashed lines indicate inhibitory projections. Thaamatergic circuit from the LH to the VTA is also
mediated by orexin (not shown). RTMg: rostrometigimentum. From Russo and Nestler, 2013.
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Among the multiple dopaminergic terminal regionsi@ned, the nucleus accumbens (NAc)
stands out as a particularly important participantreward-related motivated behavior,
although other structures have also been implicdtederms of circuitry, the NAc is well
positioned to integrate limbic inputs associatethwnemory, affect, motivation and goal-
directed motor activity (Kalivas, Sorg and Hook893; Ikemoto and Panksepp, 1999). The
NAc receives heavy afferent projections from theAy&s well as a variety of cortical and
subcortical structures including the prefrontaltery the hippocampus, and the basolateral
amygdala (Zahm and Brog, 1992; Brog et al., 1993).

2.B.2. The example of cocaine
Origine

Cocaine is an alkaloid derived from the leaf oftBrgxylon coca (Dackis and O'Brien, 2001)
Early Spanish explorers noticed how the native [geop South America were able to fight
off fatigue by chewing on coca leaves. A medicaloamt of the coca plant was published in
1569 (Belzman, 2010). The German chemist FriedBalkdcke was the first in 1855 to have
distilled coca leaves and obtained a substancehthatalled erythroxyline. In 1860, Albert
Niemann isolated the active cocaine from the ceah&nd described the anesthetic action of
the drug when it was put on his tongue. 5 yeases,lat/ilhelm Lossen found the chemical
formula (Clarac and Ternaux, 2008).

There are several ways of consumption: intranasabr{ed) in 63% of cases, inhaled
(smoked, in case of crack) in 31% of cases or tageintravenously in 3% of cases. These
last two routes of administration are quite similarterms of effects (speed of action,
physiological and psychotropic effects, powerfuli@t potential). Intranasal cocaine is the
most consumed, especially in integrated classedestive situations. The effects begin 3-5
minutes after taking and last for 30 minutes (Kaet al., 2014).

Cocaine produces a “rush” or “high” of intensepéwria that is well outside the normal
range of human experience. The power of cocainanakvg demonstrated by the fact that the
drug is readily self-administered to the point @ath by laboratory animals and preferred
over feeding and mating opportunity (Dackis andd>4P85). Cocaine users feel wellbeing,
disinhibition, increased energy, increased selast racing thoughts, logorrhea, reduced
hunger, increased libido under the action of thagdrthese psychological effects are
sometimes accompanied by neurovegetative signeytaadia, pupillary dilation, increased
blood pressure and increased temperature) (Kdrdh,e2014).
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Originally, cocaine was made popular by the nirsetied appeared also in literature, with the
famous fictional detective Sherlock Holmes injegtoocaine to relieve boredom (Golden and
Peterson, 2009). There is no doubt that the usenthde the Indians for centuries will remain
the main mode of cocaine use: it will be assessagllicases where it is a priority issue to
increase the physical capacities of the organigma felatively short time and keep in reserve
forces to mobilize in case of need - especially wieaternal circumstances exclude any
possibility of rest or food normally required foeniorming provided exercises. Cocaine was
used a local anesthetic and for a variety of ib@ssand alcohol or morphine addictions.
Unfortunately, many of patients went on to becoméiced to cocaine (Kolb and Whishaw,

2002). In the past, cocaine was widely used inptleparation of drinks and cocktails made
with wine, proposed as invigorating drinks. It letorigin of the brand name Coca- cola,
simply because, when developed in 1886 by John Bearbthe drink contained both cocaine
and caffeine. Angelo Mariani, in the early 1880sduced a "medicinal” wine, called Mariani

wine, which contained 11% alcohol and 6.5 mg ofamoe in every ounce. Cocaine was
removed from Coca Cola in 1906 (but it still has ttaffeine). The Harrison Narcotic Act in

1914 made cocaine illegal. Finally, in 1985, cramicaine was introduced, cheaper than
cocaine, while providing a more intense experieragg rapidly became a major drug

problem (Golden and Peterson, 2009).
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Mode of action

One particular part of the limbic system, the NAeems, as described previously, to be the
most important site of the cocaine high (Nestl€&¥Q03). Cocaine is shown to be a potent
inhibitor of all three monoamine transporters, thésr DA, 5-HT, and norepinephrine, and
thereby potentiates monoaminergic transmission Kaod Nestler, 1997). But, although
cocaine also inhibits the transporters for the otieurotransmitter chemicals, its actions on
the DA system is generally thought to be most irtgodr(Nestler, 2005).When stimulated by
DA, cells in the NAc produce feelings of pleasurel @atisfaction. By artificially causing a
buildup of DA in the NAc, as mentioned above, coeayields enormously powerful feelings
of pleasure. The amount of DA connecting to reaspitothe NAc after a dose of cocaine can
exceed the amounts associated with natural aesyifpproducing pleasure greater than that
which follows thirst-quenching or sex. In fact, setaboratory animals, if given a choice, will
ignore food and keep taking cocaine until theyv&giNestler, 2005). Increases in NAc DA
release during intravenous cocaine self-administrahave been confirmed using vivo
microdialysis (Hurd et al., 1989, Weiss et al., 209t has also been shown that DA receptor
antagonists can decrease the reinforcing effectcdine in self-administration in rats and
block Conditioned Place Preference (CPP, a testlhwhiill described in further details
afterwards in 5.2) for this drug (Hachimine et @Q014; Pruitt, Bolanos and McDougall,
1995). All three DA receptor subtypes have beenligafed in the reinforcing actions of
cocaine as measured by intravenous self-adminatratcluding the D1 (Maldonado et al.,
1993), D2 (Caine et al., 2002; Bergman, Kamien 8péalman, 1990), and D3 receptors
(Peng et al., 2009; Caine and Koob, 1993). DA xkpéors antagonists also block the place
conditioning produced by amphetamine (Liao, Chand &/ang, 1998; Beninger, 1992,
Leone and Di Chiara, 1987). DA lesions and micextipn of DA antagonists into the
mesocorticolimbic DA system block cocaine reinfonemt (Maldonado et al.,, 1993;
Callahan, De La Garza and Cunningham, 1997). D#ta kmockout mice also provide key
insights into the role of DA in the rewarding effeof drugs of abuse (Koob and Volkow,
2010). Genetically altered mice homozygous witlack lof the DA D1 receptor do not self-
administer cocaine (Caine et al., 2007). Besidessgenic animals that express a functional
DAT that binds cocaine, is efficient as DA reuptalarier, but is insensitive to the drug,
don’t show cocaine reward as measured by conddigrace preference (Chen et al., 2000).
These results support the hypothesis of a cruoial of the DAT in cocaine’s reinforcing

effects.
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The glutamatergic system, with glutamate beingptiary excitatory neurotransmitter in the
brain and a mediator of the synaptic plasticity uiseg for organisms to adapt to
environmental changes (Abraham, 2008), appeargcaiiyt involved in drug addiction
(reviewed by Kalivas et al., 2009; Wolf et al., 200 Activity-dependent long-term
depression (LTD) and long-term potentiation (LTR)sgnaptic transmission are the two
principal forms of synaptic plasticity that permttengthening (LTP) or weakening (LTD) of
synapses in an interplay that allows the refinentémeuronal circuits necessary to adapt
behavior to an ever-changing environment (Malenk& Bear, 2004). Transition to addition
in cocaine- addict rats is indeed related to ad@sgng impairment in LTD, which results in
a persistent deficit in synaptic plasticity (Kasanet al., 2010), and cocaine increases

glutamate in the NAc (Pierce et al., 1996).
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Fig 3- Cocaine interaction with the dopaminergic syapse.

Under normal conditions, DA neuron firing resultsDA-filled vesicles to fuse with the presynaptic
membrane and subsequently DA is released intoythapsic cleft. Once in the synapse, DA can bind
to post-synaptic DA receptors and then is remowvexinfextracellular space by the dopamine
transporter (DAT). Cocaine increases levels of Abmding to the DAT and thereby inhibiting DA
uptake back into the terminal. As DA uptake is =ty levels accumulate in the synapse and DA has
a greater opportunity to bind to dopamine receptb’s receptors are coupled to G proteins. Gs
stimulate adenylyl cyclase activity. In contrasti/oGare inhibitory G protein and decrease the
formation of cAMP. Adapted from Freberg, 2009; Hspand Jones, 2013.
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Epigenetic regulation

Administration of psychostimulants such as cocaiaeses the induction of proteins Fos and
Zif 268 in the striatum, the NAC and the prefront@rtex, the target structures of
dopaminergic and nigrostriatal mesocorticolimbicsteyns (Graybiel, Moratalla, and
Robertson, 1990; Hope et al., 1992; Jaber et @85;1Unal et al., 2009). Mice deficient for
Zif-268 protein do not exhibit conditioned placeef@rence for cocaine and behavioral
sensitization to drugs is also reduced, suggesasimgmportant role of this factor in the
rewarding and stimulating effects of cocaine (Mdljet al., 2006). Another transcription
factor has been identified in the NAc following esped drug exposuréfosB (Nestler,
2001). While cocaine affects several transcripfaxctors, its effects oAFosB are the most
long-lasting AFosB is naturally present in small quantities ia tlells of the NAc, but chronic
cocaine exposure causes it to accumulate to higtlslgNestler, Barrot, and Self, 2001).
Researchers believeéFosB may constitute an important molecular “switain'the transition

from drug abuse to addiction (Nestler, 2005).

Epigenetic mechanisms, such as histone acetylgitomsphorylation and methylation in the
NAc and other brain areas suggests that such matdns might be involved in regulating
behavioral responses to cocaine and other drugbude (Reviewed by Renthal and Nestler,
2008; see also Fig .4). Indeed, the first eviddocehis came from studies that demonstrated
that the pharmacological and genetic manipulatibnestain histone deacetylases (HDACS)
in the NAc alters levels of histone acetylationvivo and profoundly affects behavioral
sensitivity to cocaine (Kumar et al., 2005). In ttunditioned place preference test, in which
an animal learns to associate the rewarding effefctocaine with a specific environment,
either systemic administration of sodium butyratérichostatin A, both non-specific HDAC
inhibitors, significantly potentiates the rewardieffects of cocaine (Kumar et al., 2005).
Delivery of the more specific HDAC inhibitor subgfanilide hydroxamic acid (SAHA)
directly into the NAc is sufficient to increase aote reward (Renthal et al., 2007). On the
contrary, in a study conducted in rats and not iitena reduction in cocaine self-
administration was found when animals were treatggd HDAC inhibitors (Romieu et al.,
2008).

© 2014 Tous droits réservés. -20- doc.univ-lille1.fr



Thése de Marie-Line Reynaert, Lille 1, 2014

Consistent with the hypothesis that increased hestacetylation potentiates behavioral
sensitivity to cocaine, mice that are deficienthistone acetyl transferase (HAT) exhibit
reduced histone acetylation and reduced sensitiwigpcaine (Levine et al., 2005). Similarly,
reducing histone acetylation in the NAc by virallpverexpressing certain HDACs

significantly decreases cocaine place conditiofiRenthal et al., 2007).

Second messengers
and protein kinases

Transcription factors:

CREB, NF-xB, MEF2 and AFOSB
Chromatin and DNA modifiers:
HATs, HDACs, HMTs. HDMs
and DNMTs

| Target gene products:
| ion channels, receptors,
| intracellular signalling
| and cytoskeletal proteins

. 3

Fig 4- Epigenetic regulation by drugs of abuse.

In eukaryotic cells, DNA wraps around histone oaesrto form nucleosomes, which are then further
organized and condensed to form chromosomes (rightaveling compacted chromatin makes the
DNA of a specific gene accessible to the transiomal machinery. Drugs of abuse (left) act through
synaptic targets to alter intracellular signalirrgcades, which leads to the activation or inhibitid
transcription factors and of many other nucleatgins; the detailed mechanisms involved in thetatt
remain poorly understood. This leads to the inductir repression of particular genes, includingého
for noncoding RNAs; altered expression of somehafsé genes can in turn further regulate gene
transcription. It is hypothesized that some of ¢hdsug-induced changes at the chromatin level are
extremely stable and thereby underlie the longdgdbehaviors that define addiction. CREB, cAMP
response element binding protein; DNMTs, DNA medtlaylsferases; HATSs, histone
acetyltransferases; HDACs, histone deacetylasesMs$iDhistone demethylases; HMTs, histone
methyltransferases; MEF2, myocyte enhancing faZtoNF«B, nuclear factorkB; pol Il, RNA
polymerase Il. From Nestler, 2014.
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3. Natural-behavioral rewards

As previously described, among addiction, there grewing evidence for behavioral

addiction, with some behaviors like sport, gamblisgx, shopping that share similarities with
the action of drugs of abuse and lead to the aativaof neurotransmitters involved in the
response to psychoactive drugs (Holden C, 2001).

As far as the prevalence of obesity over the lastdes is increasing, not only in American
countries, but worldwide (Finucane et al., 201y as there is a strong correlation between
overweighting and development of type 2 diabet@sdiovascular disease, osteoarthritis,
sleep and mental disorders (Stettler and Shellp9P0obesity is a very important health
problem, and it becomes fundamental to understdrat mechanisms underlie these troubles.
The idea that food addiction could exist brings am@nt explanations for eating disorders
such as “binge eating” or hyperphagia and consdqoieesity (Benton, 2010). If foods are
considered, it is the hedonic aspect of the stistiat leads to loss of control. Interestingly,
the touch, temperature, texture, paste, smell apgéazance of food, which contributes to its
palatability, can activate the same neuronal discas addictive drugs. Thus, the nucleus
tractus solitarius (NTS) relays informations rethteo food palatability, coming from
chemosensory neurons in the oral cavity and afteréom the gastrointestinal tract. NTS
neurons so project to brain regions involved ingdreaward processing, like regulation of
reinforcing properties of drug of abuse and develept of drug dependence, namely NAc,
amygdala and BNST (Kenny, 2011).

Chronic sucrose consumption in rats increagdsB expression in NAc and an
overexpression oAFosB in the NAc is able to increase sucrose intdke. same facilitating
effect of AFosB was observed concerning sexual behavior. dt¢tetiat a key marker induced
by strong drugs of abuse, such as psychostimulaats,also be overexpressed by natural
rewards like food or sex, gives further evidencéwor of the reality of compulsive behavior
toward these natural rewards (Wallace et al., 2008)note, an association, “Overeaters
Anonymous” exits, like Alcoholics Anonymous. Comgine overeating certainly has the
look of an addiction that can dominate a persoifés There is also biochemical evidence
suggesting a kinship (Holden, 2001). In 2008, Vulket al. found that, in a group of
compulsive overeaters, DA receptor availability wewer, an anomaly also seen in drug
addicts, and also described by this Team for metatapnine (Volkow et al., 2001). DA

deficiency in obese individuals may perpetuate qatfical eating as a mean to compensate
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for decreased activation of these circuits. A commuechanism targeted by foods and drugs
of abuse is the DA system. Feeding, like psychagdtnts injection, increases DA release in
the NAc, and the reduction of D2 DA receptors réagdoy brain imaging in people suffering
from obesity, which is related to body mass indexclose to the one observed in drug-
addicted subjects (Volkow and Wise, 2005; Wand.eR@01). Rats under a daily intermittent
sucrose drinking schedule escalate sucrose intake 21 days of test and show a huge
consumption of sucrose during the first hour ofess¢ which can be referred to as a “binge”.
Interestingly, control rats on daily intermitterttosv don’t eat more on day 21 than they do on
day 1, suggesting the importance of the tastindsgshe food for the escalation of
consumption. Sucrose bingeing is also associatéu an increase in DA release in NAc in
the intermittent sucrose group, always found on 2lhywhereas the increase in DA release
seen on day 1 in intermittent chow or daly libitum sucrose groups was not seen anymore
after 21 days. Escalation of palatable food intakd the concomitant enhancement of DA
release reinforce the hypothesis that food mayecaependence almost like drugs of abuse
(Rada et al., 2005).

Bulimia, which is characterized by bingeing and womg, also looks a lot like an addiction
(Davis and Claridge, 1998).

Anorexia, which involves self-imposed starvatioryedto the fear of becoming fat, is
characterized by anxious avoidance of weight gaampulsive control of eating and weight,
being more a disorder of “anxiety” and “impulse ukgion” than of “feeding”. By contrast,
symptomatology in bulimia nervosa implies recurreimge eating and frantic compensatory
behaviors (such as vomiting, laxative misuse or maBive exercise) (Steiger, 2004), a
compulsive behavior followed by guilt and remorsepatients (Colles, Dixon and O’Brien,
2008). As with drug addictions, bulimic behavioingially voluntary but is transformed into

a compulsion because of changes that it wreake@ndrvous system. Bulimia clearly affects
reward centers: patients become increasingly depdesand anxious before episodes;
immediately following, they uniformly report a pkamt “afterglow” (Faris et al., 2008; Carei
et al., 2010). A novel hypothesis that bulimia @ggrates the vagal nerve, which regulates
heart and lungs as well as the vomiting impulse waxposed (Faris et al., 2000). It is
suggested that a binge-purge episode then brirggathal nerve back to its normal role. This
retraining of the vagal nerve also has long-terfect$ on the brain’s reward circuitry, as
suggested by the fact that bulimics have a higapss rate and are very hard to help once

they've been at it for a few years (Frank, 2013).

© 2014 Tous droits réservés. -23- doc.univ-lille1.fr



Thése de Marie-Line Reynaert, Lille 1, 2014

Interestingly, in rats who have experienced intemgiocaine seeking, and developed a high
vulnerability to the drug, sucrose is able to saspeocaine, and when they have the choice
between a lever which delivers cocaine and anotiéch delivers a sweetness solution, rats
prefer sweet (Lenoir et al., 2007, Fig. 5); ratsoadisplay a greater attraction to and

preference for sweet versus drug cues (Madsen antkd, 2014).

d
Sampling Choice

Lever S

Lever C

Days
Fig 5- Rats prefer sucrose over cocaine.

a, Schematic representation of the choice procedt@eh choice session was constituted of 12
discrete trials, spaced by 10 min, and divided tnto successive phases, sampling (4 trials) foltbwe
by choice (8 trials). S, saccharin-associated le@grcocaine-associated lever. b, Choice between
levers C and S (mean+SEM) across reward conditimalsas a function of time (open circle: S-/C+
condition; closed triangle: S+/C- condition; closgttle: S+/C+ condition). The horizontal gray line
at 0 indicates the indifference level. Values abOvimdicate a preference for lever S while values
below 0 indicate a preference for lever C. *, di#i@ from the indifference leveP€0.05,t-test). *,
different from lever SB<0.05, Fisher's LSD test after a two-way analy§iganiance). From Lenoir et
al., 2007.

In a very recent study conducted in the Connectitoliege, J Schroeder (2013) and his
students have fed rats with Oreos cookies as atfaaids palatable to humans and contributes
to obesity in the same way that cocaine is pleddeii@nd addictive to humans. On one side of
a maze, hungry rats received Oreos and on the,aticer cakes as a control ("Just like

humans, rats don't seem to get much pleasure @atioig them," Schroeder said.).
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Then, rats had the option of spending time on esfde of the maze and the time spent on the
side where rats were typically fed Oreos was measurhe team compared the results of the
Oreo and rice cake test with results from rats thate given an injection of cocaine or
morphine, known addictive substances, on one sidekeomaze and a shot of saline on the
other. The research showed that the rats conddiovith Oreos spent as much time on the
"drug"” side of the maze as the rats conditioned hwitocaine or morphine.
Immunohistochemistry was then used to measure xpeession c-Fos in the NAc. Oreos
were found to significantly activate more neuromant cocaine or morphine. This correlated
well with behavioral results and supported the ligpsis that high-fat/ high-sugar foods are
addictive.

Nearly 15 % of men and 30% of women admit to comipal chocolate cravings. Among
substances composing chocolate, caffeine and thewhe could have reinforcing effect, but
these substances would be left in too little tdlyelaave an effect. The same conclusion is
made concerning phenylethylamine, a substancestetatamphetamines. Finally, recently, a
neurotransmitter produced naturally by the brangralamide has been isolated in chocolate.
Neuronal receptors for anandamide are also thosehvidind THC, the active ingredient of
cannabis. Anandamide may therefore contribute serse of well-being reported by people
hooked chocolate (although more than 30 poundshotalate should be ingested to be
comparable to a dose of cannabis effects). Anyweny scientists agree that the addiction to
chocolate could simply be due to its good taste ¢hases a sensation of intense pleasure we

want to repeat (Bruinsma and Taren, 1999; Nassar,€1011).

To bring further arguments in favor of the suggesthat food can be addictive; a drug which
is efficient in decreasing alcohol dependence, iogv consumption and withdrawal
symptoms shows also an ability to decrease théoreing effect of foods. Thus, the gamma-
hydroxybutyric acid (GHB) analogue N-(4-trifluorothglbenzyl)-4-methoxybutanamide
(GET73) preference of rats both to sweetened dake$ and cafeteria diet in the conditioned
place preference test (Ottani et al., 2007). Inemideep brain stimulation (DPS) of the
nucleus accumbens, a procedure currently undestigation in humans for the treatment of
major depression, obsessive-compulsive disorder suostance abuse (Schlaepfer and
Bewernick, 2013; Tsai et al., 2014; Pierce and Wlass 2013), attenuates binge eating, an
effect mediated by the dopamine D2 receptor, as Ba@fRgonism by raclopride blocks the
beneficial effect of DPS. A decrease in body wemid an improve in glucose tolerance are
also demonstrated with nucleus accumbens DBS (Hafgel., 2013).
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The epidemic of illness related to overweight abdsity is a public health problem of great
significance. The hypothesis for food addiction asiractive because it provides an
explanatory context by which the obesity epidemind aits myriad adverse health
consequences can be understood in the same frakasdhe epidemic of drug addiction
(Ifland et al., 2009).

4. Interindividual vulnerability

Addiction is not simply the consequence of a inéeand prolonged consumption of a drug
but to the intrinsic vulnerability of the user. ®hitamong people who display an extensive
drug use, only a few percentage of individuals ddi’elop drug addiction (Anthony, Warner,
and Kessler, 1994; Reboussin and Anthony, 2006¢. Sdme pattern is obtained in animal
models: in rats, addiction-like behavior is presemiy in a small proportion of subjects using
cocaine and is highly predictive of relapse aftéthdrawal (Deroche-Gamonet, Belin and
Piazza, 2004). Moreover, when given a choice, thmornty of rats displaying a cocaine-
preferring profile would be homologous to the mitbf cocaine users with a diagnosis of
cocaine addiction (Ahmed, 2010). Thereby, all indlials will not be equal for transition
from drug use to abuse (Brady, Sonne and Lydia®831 Piazza et al., 1996) and several

factors will intervene in shaping vulnerability.
4.A. Age

Adolescence has been defined as a critical winidovihe onset of a first consumption with a
drug, linked to the need to seek novel experieredsgher risk-taking, involving sometimes
use of substances like cannabis, alcohol or nieptamd the age at the first diagnosis of
substance use disorders shows a peak between 15.&ngkars old (NIAAA, 2003).
Interestingly, a higher vulnerability to drugs dbuse during adolescence has also been
demonstrated in animal models. Thus, cocaine conéidl place preference was established
at lower doses in adolescent rats (Zakharova, W&tk Izenwasser, 2009) as well as
enhanced cocaine-induced locomotor activity (Cathod Kirstein, 2005; Hollis et al., 2012).

4 B. Individual factors

Epidemiological studies have revealed a strikisgoaiation between the sensation/novelty
seeking trait, as well as impulsivity in substanse disorders (Kreek et al., 2005).
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Thus, sensation/novelty seekers are more proeggderience addictive drugs, akin to various
risky activities (Zuckerman, Ball and Black, 19%0anques, 2003; Buckman et al., 2009) and
impulsivity is a predictive trait for drug addictio(Verdejo-Gar@, Lawrence and Clark,
2008; Moeller et al., 2001). The sensation/novelgking trait can be studied in rodents both
by high locomotor reactivity to a new inescapablevimnment (high-responder (HR)
phenotype; Kabbaj, 2006; Dellu et al., 1996; Blardhet al., 2009), and high propensity to
visit a new environment in a free-choice procedige,novelty-induced conditioned place
preference (CPP); high-novelty-preferring (HNP) mdtgpe (Bardo et al., 1996; Cain,
Saucier and Bardo, 2005). Both traits are depenoietthe dopaminergic system (Dellu et al.,
1996; Bardo et al., 1996). HR rats display decr@@aseiety in exploring novelty (Kabbaj et
al., 2000) and are more vulnerable than low-respen@LR) in their propensity to acquire
drug self-administration (Piazza et al., 1989, ¥9P000), and in their response to the
locomotor effect of the drug (Deroche et al., 1993ats identified as high novelty seekers
display a higher vulnerability to express CPP forphetamine (Klebaur and Bardo, 1999)
and novelty preference but not locomotor reactitatyiovelty predisposes animals to cocaine
addiction (Belin et al., 2011). High impulsivitydgessed by operant 5-choice serial reaction
time task (5-CSRTT) is also predictive for cocaauliction (Belin et al., 2008; Anker et al.,
2009, Molander et al., 2011). In this paradigmpaais are trained to enter a food magazine to
initiate a trial. After an intertrial interval (ITlof 5 s had elapsed, a brief light stimulus is
randomly presented in one of five apertures. Faligva nose-poke in this aperture (‘correct’
response), animals are rewarded with the delivéry fmod pellet in the magazine. A nose-
poke response in any of the adjacent aperturesofiact response’), or a failure to respond
within 5 s after the onset of the stimulus (‘onuss), results in no food delivery and a time-
out period with the house light extinguished fos.3Nose-pokes made during the ITI, that is,
before the onset of the stimulus (or ‘prematurgaases’) are recorded as a measure of
impulsivity, and results in a 5 s time-out and od reward (Besson et al.,, 2013, from
Robbins, 2002).

5. Animal models of addiction
5.A. Interest and validity of animal model

Animal models are of considerable help in the usideding of some mechanisms involved

in the pathophysiology of human disorders and endbvelopment of therapeutic treatments.
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Nevertheless, to be considered relevant for alaosal view, animal models must fulfill a
multidimensional set of criteria of validity, firelaborated by Willner (1984), and reviewed
by Belzong and Lemoine (2011). Face validity cqroggls to the extent of similarity between
the model and the disorder examined, with, as asl@ossible, a range of symptoms and
signs similar to the features seen clinicatlynstruct validity is seen as an attempt to establis
a theoretical rationale of animal models both &t lgvel of a similarity of the behavioral
and/or cognitive dysfunctional processes and ataehe of a similarity of the etiology of the
abnormalities seen; also, the link between these lavels is important: the theoretical
account of the disordered behavior in the model thedtheoretical account of the disorder
itself have to be brought into alignment. Predietivalidity is a criterion that relies on a
human-animal correlation of therapeutic outcomesh wreatment modalities effective in

reversing human pathological symptoms able to sevehanges seen in animals.

Construct validity

Etiology

Predictive validity

o o Early developmental validity
Remission validity

Effects of
treatments

Similarity between the

biological dysfunctions in

clinical population and
in animal model

Face validity
Similarity between symptoms

displayed by animal and
by human population
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5.B. Experimental paradigms

In the understanding of neuronal aspects involvetthé propensity of individual to consume
drugs, progressively lose control toward the drad don’t manage to stop taken the drug
despite awareness on adverse consequences ondredlbh social life, and in the perspective

to develop efficient therapies, animal models asential (Vanderschuren and Ahmed,

2013).
DSM-IV criterion Behavioral equivalent
Tolerance, withdrawal Tolerance, escalation ofydrse
Using more than intended Impaired control, neagnitive deficits
Difficulty restricting Resistance to extinction
Great deal of time spent Increased motivatiordfog
Other activities given up Drug preference overdrag rewards

Continued use despite problems Resistance to pueish

Fig 6- Appearance of DSM-1V criteria in animal studes of drug addiction.
Adapted from Vanderschuren and Ahmed (2013).

Drug addiction can be studied in animal models ating to several paradigms that mimics

symptoms of addiction described in humans (Derdghsronet, Belin and Piazza, 2004).

We have previously described the three main symptofraddiction reported by the DSM.
These symptoms can be studied in animal modelslbadministrations: (i) The subject has
difficulty stopping drug use or limiting drug intak The persistence of drug seeking is
assessed during a period of signaled drug nonabikiy. The daily self-administration (SA)
session includes three 40-min “drug periods” tha& separated by two 15-min “no-drug
periods.” During the drug periods, a standard fixation (FR) reinforcement schedule is
used: a fixed number of nose-pokes results in fusion of drug. During the no-drug periods,
nose-pokes have no effect. The two different pariofidrug availability are signaled by a
change in the illumination of the SA chamber. (lipe subject has an extremely high
motivation to take the drug, with activities focdsen its procurement and consumption. A
progressive-ratio schedule is used: the numbeesganses required to receive one infusion
of drug (i.e., the ratio of responding to reward)increased progressively within the SA

session.
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The maximal amount of work that the animal will foem before cessation of responding,
referred to as the breaking point, is considereeliable index of the motivation for the drug
(Richardson and Roberts, 1996). (iii) Substance isseontinued despite its harmful
consequences. The persistence of the animals misigofor a drug when drug delivery is
associated with a punishment is measured.

During these sessions, nose-pokes on the stan®asttedule results in the delivery of both
the drug and an electric shock. This shock punishngesignaled by a new cue light that is

turned on at the time of the first nose-poke aricfbér the delivery of the shock.

The propensity of animals to relapse to drug segKireinstatement” procedure, Shaham et
al., 2003) is also an important parameter, as,umdns, the most predictable outcome of a
first diagnosis of addiction is a 90% chance o&psk to drug use even after long periods of
withdrawal (DeJong, 1994). After a period of withdhal that followed period of SA, rats are
exposed to stimuli known to induce relapse in husnaoch as small amounts of the abused
drug or a conditioned stimulus associated with dialgng. These challenges induce high

levels of responding (reinstatement) on the depregiously associated with drug delivery.

When using models of sustained drug use, it is important to set drug availability within a
range that best mimics the human condition. In msnhy definition, drug access during the
recreational phase is quite restricted, principélgcause of the large space occupied by
competing activities (Piazza and Deroche-Gamon@13Y, suggesting the importance of
models in which animals are offered the choice betwdrugs and alternative activity
(Ahmed, Lenoir and Guillem, 2013). It has also bedrmown that escalation of drug
consumption, as an important hallmark of transitimm drug use to addiction (Ahmed,
2011), was one of the first features of addictiemdnstrated in rats with extended access to
cocaine, but not in control rats with limited aczde the drug (Ahmed and Koob, 1998).
Specifically, with extended access to cocaine agifiinistration, cocaine self-administration
gradually increased across days, while, with mionged drug access, it remained remarkably
stable, even after several months of testing (Ahraed Koob, 1999; Ahmed, 2005).
Moreover, rats with extended access to cocainebeilmore prone to continue to seek drug
during punishment by footshock (Ahmed, 2011).

As we have seen at the beginning of the chapteir@mmental cues are very important in
drug abuse. In that context, the conditioned pfaeéerence (CPP) paradigm has been widely

used as a preclinical behavioral model to studyardimg effects of drugs and investigate
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mechanisms underlying substance dependence esadliation of new drugs for its
therapy. The test assesses the animal’'s abilityadsociate drug-induced effects with
environmental cues, thus providing an important ehadd neuroadaptations associated with
addiction process and measures the reinforcirapepties of drugs and food as much as
reveals the role of contextual memories ire theinforcement process (Prus, James
and Rosecrans, 2009). The basic characteristickhisftask involve the association of a
particular environment with drug treatment, follalvéy the association of a different
environment with the absence of the drug (i.e.,dhe&y’s vehicle). A common variation of
this design consists of a three-compartment chamisr the outer compartments being
designed to have different characteristics (e.@itews. black walls, pine vs. corn bedding
and horizontal grid vs. cross-grid flooring). Theiddie compartment has no special
characteristics and is not paired with a drug, tredgates between the compartments can be
opened to allow an animal to pass freely betweemttDuring training, animal is given an
injection of a drug with potentially rewarding pesgies, and is then placed into one of the
outer compartments for several minutes. On theoilg day, the rat is injected with the
drug’s vehicle and then placed in the opposite amnpent. Generally, these daily
conditioning sessions alternate between drug ahetheefor 2 or 3 days each. Afterward, a
test session is conducted, which consists of pdattie animal in the center compartment and
then, after opening the gates to both of the czderpartments, recording the time the animal
spends in each of the outer compartments duringahsion. A conditioned place preference
(CPP) is found if the animals spend significantlgrentime in the drug-paired compartment
versus the vehicle-paired compartment. Typicallygd of abuse, such as cocaine, produce
CPP and in drug-dependent animals, withdrawal @dgeproduces conditioned place
aversion. Because the CPP paradigm generally prs\adreliable indicator for studying the
rewarding effects of drugs that require relativdittle training compared to self-
administration paradigm, the CPP paradigm has lweemmonly used in conjunction with
standard neuroscience techniques to elucidate ubpdive effects of drugs (Zakharova,

Wade and Izenwasser, 2009).

Throughout the thesis, we have chosen to work thithparticular paradigm.
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II. STRESS AS A FACTOR INVOLVED IN PSYCHOPATHOLOGIE S

1. What is stress?

The term of “stress” has been defined by Hans S@§86) as the nonspecific response of the

body to any demand, with a stressor being an agahproduces stress at any time.

Selye expended thus the works of Cannon (1932)sthaved that an organism is preparing
itself to deal with a treat by increasing blood gstge, mobilizing glucose, increasing
respiration and inhibiting unnecessary energy comsg processevia the release of
epinephrine (also known as adrenaline).

The idea that all fundamental processes necessathé maintenance and life of the tissue
elements are maintained in an equilibrium indepetigef the stability of the environment
was early introduced by Claude Bernard (1813-18&®) this original concept of “Milieu
intérieur” (Bernard, 1865) was later developed bgn@bn as the homeostasis concept.
Homeostasis (from greek: "hdémoios", "similar" arstidsis "to remain”) — is the property of

a system in which variables are regulated so thtrnal conditions remain stable and
relatively constant in spite of environmental vadas and disturbances. Both the mind/brain
and the body are endowed with a multitude of autammaechanisms of feedback-inhibition
that counteract influences tending toward diselom.

The general adaptation syndrome (GAS) or stresgreym described by Selye represents the
chronologic development of the response to stresadren their action is prolonged. The
GAS hypothesis involves the hypothalamic — pityitaradrenal (HPA) axis and the release of
glucocorticoids hormones, and consists in threesgdiathe alarm reaction, corresponding to
the physiological activation of the HPA axis an@ gympathetic nervous system [SNS] in
preparation to deal with a threat), a resistanages{the period following the initial reaction
to the threat whereby the body mediates ongoirggstand attempts to return to steady - state
levels), and an exhaustion stage, when a prolosgeds response overexerts the body’'s

defense systems, thus draining it of its reserseuges and leading to illness.

A central construct of Seyle’s integrative modelstess was the notion of homeostasis. In
order to clarify the inherent ambiguity in the tethomeostasis” by distinguishing between
systems that are essential for life (homeostasig) taose that maintain these systems in
balance, the term “allostasis” has been coined filmenGreek allo, which means "variable;"

thus, "remaining stable by being variable" (Stgyland Eyer, 1988; Klein et al., 2004) with
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the concept of allostasis referring to the supenateé system by which stability is achieved
via change (McEwen, 2005). The concept of allostasia fundamental process through
which organisms actively adjust to both predictabliel unpredictable events. Allostatic
regulation reflects, at least partly, cephalic irremnent in primary regulatory events, in that it
is anticipatory to systemic physiological regulati&terling and Eyer, 1988; Schulkin, 2003).
Thus, the concept of homeostasis rather applieslimited number of physiologic variables
(end points), such as pH, body temperature, glutads and oxygen tension, that are truly
essential for life and that are therefore maintinghin a narrow range of their respective
set-points. Allostatic load refers to the cumulatoost to the body for being forced to adapt to
adverse psychosocial or physical situations andhtaiai allostasis, and it represents either the
presence of too much stress or the inefficient apmr of the stress hormone response
system, which must be turned on and then turnedgsin after the stressful situation is over,
with allostatic overload being a state in whichi@gs pathophysiology can occur. Using the
balance between energy input and expenditure ashales for applying the concept of
allostasis, two types of allostatic overload hawerb proposed (McEwen and Wingfield
2003).

The conceptual framework of an allostatic overladad, wear and tear on the body and brain
that result from being “stressed out” has createdead to know how to improve the
efficiency of the adaptive response to stressorgewhinimizing overactivity of the same
systems, since such overactivity results in manghefcommon diseases of modern life. This
framework has also helped to demystify the biolofgtress by emphasizing the protective as
well as the damaging effects of the body’'s attentptsope with the challenges known as
stressors (McEwen, 2005).

While stress has often a negative connotationsstresponse can be “good” and results in
cognitive and behavioral responses generating gheasensations, and also adequate
processes to regain homeostasis (McEwen, 2@@2he core of an acute stress response is
the initiation of the fight - or - flight responsehich is characterized by the rapid activation
of the sympathetic nervous system, which lead$i¢orélease of noradrenaline from widely
distributed synapses and adrenaline from the abineedulla, that serve as the first response
to prepare the body for the energy resources it duire (Thiel and Dretsch, 2011; De
Kloet, Joéls and Holsboer, 2005). Upon activatiepinephrine and norepinephrine are
released from the adrenal medulla into circulattord induce a cascade of physiological

effects including increased respiration rate, iaseel heart rate, dilation of skeletal muscle
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blood vessels, glycogen to glucose conversion, aasbconstriction of digestive and
reproductive organ blood vessels. These changes seselectively increase blood flow and
oxygen/glucose availability to brain tissues aneletal muscles that require energy to

prepare for action (McCarty, 2000).

When aversively perceived encounters cannot berated by fight or flight, strategies
involving the hypothalamo—pituitary—adrenocorti¢gdlPA) axis will play a vital role in
adaptation of the organism to the homeostatic ehg#t (Engelmann, Landgraf and Wotjak,
2004). The HPA axis is activated by both internadl &xternal signalsvhen a situation is
perceived as stressful, the brain activates manyoneal circuits to adapt to the demand (De
Kloet, Joéls and Holsboer, 2005). In most vertawsr#ihere is a pronounced circadian rhythm
in glucocorticoid secretion (Chung, Son and Kim120 with peaks corresponding to the
onset of the active phase of the diurnal cycle analg to ready physiological systems for
activity and metabolic challenge (Kalsbeek et 2012; Keller-Wood and Dallman, 1984).
The diurnal rise in glucocorticoids is allowed thgh a reduction in inhibitory tone from the
suprachiasmatic nuclei (SCN) of the hypothalamusjepting to the paraventricular
hypothalamic nucleus (PVN) (Szafaraczyk et al.,3t%alsbeek et al., 1996) coupled with an
increased adrenal sensitivity to adrenocorticotrdpormone (ACTH) through autonomic
inputs, thereby enhancing corticosterone secré@ster et al., 2006); and lesions of the SCN
flatten the corticosteroid rhythm to levels intediate those of the circadian peak and nadir
(Cascio, Shinsako and Dallman, 1987; Moore and|&icth972).

The HPA axis is controlled by a discrete set of dplpysiotrophic neurons in the medial
parvocellular division of the hypothalamic paraventdar nucleus (PVN). These neurons
synthesize and secrete corticotropin releasing bnem(CRH), the primary secretagog for
ACTH , that causes the release of pituitary adrert@motrophic hormone (ACTH) by binding
to CRH-R1 receptors (Aguilera et al., 2004), aslvasl a cocktail of other factors (e.g.,
arginine vasopressin (AVP)) that modulate ACTH aske Secretagogs travel by way of the
hypophysial portal veins to access anterior pityitaorticotropes, which then stimulate
release of ACTH into the systemic circulation. @lcarticoids (cortisol in human,
corticosterone in mouse and rat) are then syntkésand released upon binding of ACTH in
the adrenal cortex (Antoni, 1986; Whitnall, 1993 Rl0et et al., 1987; De Kloet, Joéls and
Holsboer, 2005). Negative feedback by circulatinggcorticoid levels keep basal and stress

reactive secretion of the HPA axis under tight oanfTwo receptors, the mineralocorticoid
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receptor (MR) and the glucocorticoid receptor (GRgdiate the actions of glucocorticoids in
the central nervous system (Reul and De Kl6et, 198@olsky et al., 2000).

Basal levels of CRH and ACTH secretion are corgwblby the actions of the high affinity
type | corticosteroid receptor MR. In contrast,valéons that occur following stress are
controlled predominantly by activation of the tylpeorticosteroid receptor GR. Since the GR
has a lesser affinity for corticosteroids than dbesMR (Reul and De Kldet, 1985), this
allows it to respond to elevated corticosteroicelsuto reduce the stress-induced secretions of
CRH and ACTH (De Kloet et al., 1998). Given thaugcorticoids can affect many
behaviors, a negative feedback mechanism is eakénttikeeping the balance of the HPA
axis activity during both basal conditions andesponse to stress (Ratka et al., 1989). CRH
is the main regulator of anterior pituitary ACTHcestion; however, the role of vasopressin
(AVP), as a co-secretagog has been also recog(lemnan, Wiegand and Watson, 1990).
CRH neurons of the PVN receive afferences relayedlbtamatergic (Ziegler and Herman,
2000) and more especially GABAergics interneuronsalized within the immediate
environment of the PVN, which can be named the-P¥i area. The CRH neurons
controlling the HPA activity largely express glutai® and GABA receptors. Thus, the
activation of these CRH neurons can occur aftefagtatergic stimulation but it seems more
obvious that a disinhibition, exerted by an inhdit of the GABAergic interneurons
projecting on the CRH neurons, takes larger placéhis activation. On the contrary, the
inhibition of these CRH neurons would pass mainfyan activation of these GABAergic
interneurons (Herman et al., 2002).

Organisms are often confronted with prolonged emgiés that require continuous adaptation.
In this case, the brain has to adjust HPA axis tfancto cope with repeated stress while
maintaining responsiveness to new potential thrdathe repeated stressor is sufficiently
benign, the HPA axis response will undergo subitbattenuation with repeated stimulation,
and many of the more pronounced physiological cearsgen with initial stress. Notably, the
maintained or sensitized response often occurssigaibackdrop of elevated glucocorticoids,
and is thus considered an active process that ovess feedback. The latter mechanism was
extensively characterized by Dallman and colleagaed is referred to as facilitation (Akana
et al.,, 1992). If stressors are sufficiently intensr unpredictable (as observed in stress
regimens providing randomized exposure to heterotgfvessors), the animal is not able to
successfully habituate. In these regimens, weigkt land HPA axis hyper-activity are
maintained over time (Herman, Adams and Prewitt95)9and significant dysfunction

encountered, as measured by both aberrant neuatjeb (McEwen, 1999) and development
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of depression-like behaviors (Willner, 2005). Thegpes of regimen provide parallels to
numerous human conditions and are used to modehsksstates and test potential palliative
interventions (Herman, 2011). It has also been shitnat inhibition of GRs and MRs altered
information processing in rats (De Kl6et, Oitzl alakls, 1999).

A dysregulation of the hypothalamo-pituitary-adderfelPA) axis is one of the most
commonly described alterations that correlate wigmptoms of mood disorders and other
neuropsychiatric diseases. Therefore, an undeis@raf the neurobiological mechanisms
controlling the HPA axis is important for deciphagipotential changes that can impact the
risk for such disorders (Fernandez-Guasti et atl2.

Epidemiological data show that there is a link kestw situations of chronic stress and
alterations of mental health (burnout) (Ahola et, &006), mood disorders (anxiety,
depression) (Godin et al., 2005; Melchior et 2007; Netterstrom et al., 2008; Bonde, 2008;
Siegrist, 2008), sleep disturbances (Akerstedt,6208rmon et al., 2008), disorders of
consumption behaviors (substances, alcohol) (Hethsfeld and Siegrist, 2004; Siegrist and
Rodel, 2006). To date, there is not a single caueghanism linking stress and mental health,
but the HPA axis seems to be largely involved. fifgeractivity of this system in response to

stress is certainly driven by hypersecretion of RIthe hypothalamus.
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Fig 7- The stress system

When the brain detects a threat, a coordinated igbgscal response involving autonom
neuroendocrine, metabolic and immune system conmisrie activated. A key system in the sti
response that has been extensively studied isyihetialamu-pituitary-adrenal (HPA) axis. Neurol
in the medial parvocellular region of the paravieatar nucleus(PVN) of the hypothalamus relea
corticotropinfeleasing hormone (CRH) and arginine vasopressWPJAThis triggers the subsequt
secretion of adrenocortidoepic hormone (ACTH) from the pituitary gland, éi#ag to the productio
of glucocorticoidsby the adrenal cortex. In addition, the adrenal utiadreleases catecholamir
(adrenaline and noradrenaline) (not sh, but mentioned in the textThe respcsiveness of the HPA
axis to stress is in part determined by the abilftglucocorticoids to regulate ACTH and CRH reke
by binding to two corticosteroid receptors, thecgleorticoid receptor (GR) and the mineralocortic
receptor (MR). Following actation of the system, and once the perceived stresas subside:
feedback loops are triggered at various levelshefdystem (that is, from the adrenal gland to
hypothalamus and other brain regions such as ggobampus and the frontal cortex order to shut
the HPA axis down and return to a set homeostaiitt pBy contrast, the amygdala, which is invol
in fear processing, activates the HPA axis in otdeset in motion the stress response that is Bang
to deal with the challenge. Nehown are the other major systems and factorsréispbnd to stres
including the autonomic nervous system, the inflatory cytokines and the metabolic hormones.
of these are affected by HPA activity and, in tuafiect HPA function, and they arlso implicated in
the pathophysiological changes that occur in respda chronic stress, from early experiences
adult life. Adapted fronbupien et al 2009.
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2. Stress-related disorders

Although many individuals experiencing stressfuéms do not develop pathologies, stress
seems to be a provoking factor in those individwats particular vulnerability, determined
by genetic factors or earlier experience (McEwdl)8). The chronic hyper-activation of the
hypothalamus-pituitary-adrenal (HPA) axis can beeeined by multiple factors including
genetic and environmental factors. The perinata) infancy, childhood and adolescence are
periods of increased plasticity for the stressesysand are, therefore, particularly sensitive to
stressors. Adverse stressors during these cripieebds of life may affect behaviors and
physiologic functions, such as growth, metabolismrgproduction and the
inflammatory/immune response (Seckl, 2008; Fig. Bjese environmental triggers or
stressors may not have a transient, but ratherrmgrent effect on the organism. Barker
(1999) has emphasized how adult vulnerability teedse may be programmed during the
foetal stage. Indeed, non-genetic factors thatccaat early in life to organise or imprint

permanently physiological systems are known asptiprogramming.

stress  smoking
poor nutrition

\ / illness or infection

Maternal environment

!

Placental function
decreased vascularisation,
reduced nutrient transport

111p-HSD2 Glucocorticoid

administration
increased fetal

glucocorticoid exposure

Fetal environment
intrauterine growth retardation,
adaptations to impaired growth:
reduced cell numbertissue size,
enhanced metabolic efficiency,
altered CNS function, altered

. gene exprassion

4 Ppsinatal environment
diet, lifestyle, ageing

Maladaptive response in the long run

-

Adult phenotype
increased risk of disease:
cardiovascular dizease,
type 2 diabetes, psychiatric disorders

Fig 8- Developmental foetal programming Adapted from Cottrel and Seckl, 2009.
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2.A. Anxiety, depression

Evidence suggests that stressful life events agredt importance in the etiology of number
of psychiatric and mood disorders, as well as nialinass. Thus, an important prevalence of
psychiatric troubles has been found in case of @buzmltreatment and neglect during
childhood (Keyes et al., 2012). Loss (decreaseal-being linked to real (death or parental
separation) or realistically imagined loss of asper material possessions, health, respect,
employment), humiliation (feeling devalued in redatto others or to a core sense of self,
usually with an element of rejection or a senseotd failure), entrapment (severe events and
difficulties of at least 6 months duration thaklpected to persist or get worse, with little or
no possibility that a resolution can be achievad) danger (level of potential future loss,
including the chance that a given traumatic evelitracur or reflecting a possible sequence
of circumstances in which the full threat or ditdapme has yet to be realized) are predictive
of the onset of major depression (MD) and generadiedy syndrome (GAS) (Kendler,
Karkowski and Prescott, 1999; Kendler et al., 2008pmen with a history of childhood
sexual abuse present an increased risk for devgjqm@ychopathologies, such as MD, GAS,
alcohol and other drug dependence (Kendler e2@00) and maternal prenatal or postnatal
stress, mother adversity in relationship with parsn(change, separation, quality) and poverty
are risk factors for the development of anxioustdegive disorders (Phillips et al., 2005),
with sustained alterations of the HPA axis obseimethse of traumatic separation endured in
childhood (Bloch et al., 2007). Moreover, adversitychildhood is predictive of increased
response to a stressor at adulthood (Mclaughlinalet 2010). In addition, chronic
unpredictable or immobilization stress in rats ioekiemotional and cognitive deficits (Bondi
et al., 2008; Wood et al., 2008).

It has also been shown that excessive activatiaihefHPA axis is also responsible for the
increase of the basal secretion of glucocorticaMiserved in some depressed patients,
probably due to a deficiency of the negative feeldbaf the axis (Pariante and Lightman,
2008). Circadian abnormalities such as phase adsanicthe cortisol rhythm and reductions
in the amplitude of the rhythms are also mentioasda link between chronic stress and
depression (Souétre et al.,, 1989; Keller et alQ620Wirz-Justice, 2006). Recently, the
hypothesis of an impairment of neural plasticityrystural and functional) due to chronic
stress and leading to depression was refined pdlmgvay for new therapies (Fuchs et al.,
2004; Pittenger and Duman, 2008). Prolonged gluticotd exposure seems also involved in

hippocampus atrophies described by Sapolski si608 i depressed patients (Sapolski, 2000).
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Alike, memory deficits encountered in depressiveepés could be explained by attenuation
of long-term potentiation under chronic stress K@et, 2004).

2.B. Addiction

Stressful life experiences are also predictive aliherability to drug abuse (Keyes et al.,
2012). Exposure to stressful life experiences, sashmaltreatment, catastrophic events,
occupational or financial difficulties leads to anhanced risk of developing alcohol use
disorders (reviewed by Keyes, Hatzenbuehler andniHa611).

Several preclinical studies have shown the abiftgtressors to alter the acquisition of drug
self-administration in rats (Goeders, 2002; Piaznd Le Moal, 1998). The acquisition of
amphetamine and cocaine self-administration is medtin rats exposed to tail pinch (Piazza
et al., 1990b), social defeat (Haney et al., 1998y and Miczek, 1997; Kabbaj et al., 2001)
or neonatal isolation (Kosten et al., 2000). Eé&feystress, in the form of maternal separation
also enhances behavioral sensitization to morpfi@inichev, Easterling and Holtzman,
2002). Exposure to electric footshock also incredbe subsequent reinforcing efficacy of
heroin (Shaham and Stewart, 1994) and morphinats (Will, Watkins and Maier, 1998).
The ability of stressors to facilitate the acquasitof drug self-administration may therefore
result from a similar sensitization phenomenonhaps involving dopamine (Goeders, 1997;
Piazza and Le Moal, 1998). Although exposure tostinessor itself may be aversive, the net
result is reflected as an increased sensitivittheodrug. Therefore, if certain individuals are
more sensitive to stress (Piazza and Le Moal, 19@8lor if they find themselves in an
environment where they do not feel that they halegaate control over this stress (Levine,
2000), then these individuals may be more likelgrigage in substance abuse.

The HPA axis upregulation and the resulting incedaselease of glucocorticoids appears
responsible for the enhanced sensitivity to theat$f of drugs of abuse, and the increase in

self-administration under stressful conditions (R&cet al., 1991; Rougé-Pont et al., 1998).

Thus, glucocorticoids enhance the release of DAe@ally in the NAc and progressively
impair glucocorticoid negative feedback by decmegsthe number of central corticoid
receptors in the hippocampus. Stress reactivitg i®liable predictor for vulnerability to
abuse. Naive rats selected for an initial high treiig in a mild stressful novel environment
present a higher reactivity of the stress axis arel more likely to self-administer drugs
(Piazza and Le Moal, 1996, 1997; Piazza et al.119996).
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Fig 9- Impact of corticosterone on amphetamine selidministration.

(A) HR rats are characterised by an increased ivéigctto novelty, decreased affinities of
hippocampal type | and type Il receptors and (Bjeased amphetamine self-administration respect to
LR animals. (C) Intravenous infusion of corticoste® increased the nose pokes in LR animals while
it decreased it in HR rats. *P <0.05 vs LR rats &fi<0.05 vs CORT treated group. From Reynaert
et al., 2014. Original data are reported in Maceasl., 1991 (A, B) and Piazza et al., 1991 (C).

From a neurobiological point of view, CRH and othezuropeptides such as dynorphin
(Bruchas, Land and Chavkin, 2010) and neuropepi@&PY) (Heilig et al., 1994; Cippitelli

et al., 2010) have established roles in linkingsdrand addiction-related behavior.

Stress is linked to addictive disorders and coutnimmte the emergence of an addiction. In
situations of stress, large amounts of glucocod&aare secreted. But, these hormones
increase the sensitivity of the brain to psychatrgnd promote the emergence of addictive
behaviors in chronically stressed animals (Piazmh l2e Moal., 1996, 1998; Marinelli and
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Piazza, 2002). Meanwhile, among rats rendered digmgron a substance, administration of
molecules that reduce the action of stress hormdres the effect of reducing the
consumption in rodents (Koenig and Olive, 2004;c&pet al., 2008).

Glucocorticoid secretion is more or less high delpem on the individual, and the hormone
concentration determines the susceptibility to etiluh (Piazza and Le Moal, 1996). The
reverse has also been verified. Indeed, peoplectdidito cocaine exhibit a heightened
sensitivity to stressful events. Stress thus besoaneisk factor of great importance in the
relapse phenomenon. Scientific evidence existaworf of convergence in mechanisms of
drug action and stress induction with similar chesm the mesolimbic dopaminergic system
(Piazza and Le Moal, 1998) and the central rolgle€ocorticoids receptor GR in mediating
these effects (De Jong and De Kldet, 2004). Regeatlteam of French researchers has
identified neurons involved in the modulation afess addiction: these are neurons sensitive
to both glucocorticoids and dopamine: selective @Re ablation in mouse dopaminoceptive
neurons expressing DA receptor 1a, but not in DBaging neurons, markedly decreased the

motivation of mice to self-administer cocaine (Amdgi et al., 2009).

A glucocorticoids responsive element (GRE), presentthe promoter of the tyrosine
hydroxylase gene demonstrates the direct interadteiween the stress response system and
the synthesis of neurotransmitters involved inrggponse to reward (Hagerty et al., 2001).0f
note, adrenalectomy, a surgery that effectivelyaesd the final step in HPA axis activation,
the synthesis and secretion of corticosterone itthdocaine self-administration (Goeders and
Guerin, 1996). These data suggest that plasmacastérone may be critical for the

acquisition of cocaine self-administration to octurats.

From this part, emerges the evidence that streasvexy important factor in addiction, but

also in other stress-related disorders, like agxaed depression.
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[ll. INTERINDIVIDUAL VULNERABILITY: SEX DIFFERENCES

Women are significantly more likely to suffer froaffective disorders than men, with high
prevalence of stress-related disorders such agtgraemd depression; female gonadal steroids
are thought to play an important role in the sdietknce observed in the incidence of such
disorders (Kessler et al., 2005; reviewed by Solonamd Herman, 2009). The same
vulnerability to develop anxiety-and depressioreliBehaviors is also described in animal,
where the involvement of sex hormones, in particaidradiol, is clearly described in anxio-

/depressive-like profiles (Galea, Wide and BarQ2Bowman, Ferguson and Luine, 2002).

It has been proven that, even if they consumethess men, women were more sensible to the
activating effect of drugs on locomotion, and onoasidering rate of escalation of drug use,
women tend to increase rate of drugs consumptiore mapidly than do men. Furthermore,
once addicted to a drug, women find it more diftica stop consumption than men do, and,
after an abstinence period, women are more vultetalrelapse. This is true for most drugs
of abuse (Becker and Hu, 2008; Fox and Sinha, 2@009)mportant effect of cycle has been
demonstrated in shaping sensitiveness to drugs,pamgensity to reinstatement of drug

seeking (reviewed by Hudson and Stamp, 2011).

In animal models, a high prevalence of sensitivents drugs of abuse has also been
demonstrated. For instance, accordingly with tisallte described by Hu et al. (2004), Lynch
(2008) has shown that acquisition of cocaine s&#ffiaistration was greater in female than in
males, and that the percentage of infusions ofdtlhg was also higher in females. Under a
progressive ration schedule, the breaking poirftectng the motivation of the animal to
catch the drug, was very high in females in congoarito males. A positive correlation was
also found between estradiol concentrations andtimeber of cocaine infusions. Moreover,
the average number of infusions obtained underptbgressive-ratio schedule varied with
estrous cycle phase with female rats reaching ilgbebt final ratios during estrus as
compared to the other phases of their cycle (nreigsliestrus), consistently with other works
finding more important drug craving and reinstatetn&f drug seeking behavior in females
during the estrus phase of the follicular cyclepfn et al., 2005). Female rats also exhibit
higher response to conditioned place preferencedoaine and require less pairing sessions
to develop CPP for cocaine, and with lower dosedrof) than males (Russo et al., 2003). Of
note, progesterone concurrent administration watinaeliol counteracts the estradiol-induced

enhancement of cocaine self-administration (JackRobinson and Becker, 2006).
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IV. COMORBIDITY BETWEEN ADDICTION AND OTHER STRESS- RELATED
DISORDERS

A high prevalence of substance use disorders isrebd in patients with major depressive
disorders (Davis et al., 2005) or other psychiatoaditions (Kessler et al., 2005) and most
patients admitted for drug addiction disorders haveoncomitant use of antidepressant
(ATD) treatment (Torrens et al., 2005). The higlyr@e of comorbidity between depression
and drug dependence indicates that the rates oéslepn among drug abusers and the rates
of drug abuse among depressed patients are subalyahigher than expected from the
individual rates of these disorders (for review, rkéa, Kosten and Koob, 1998). As
aforementioned, women are more sensible to thetsfff drugs and are more vulnerable to
relapse. This would be due to an important comasblmketween psychiatric, mood, anxiety or
depression disorders and addiction in women (resiehy Zilbermann et al., 2003), and an
important sensitiveness to the symptoms assoctatedthdrawal induces a high propensity
to relapse in women/females (Ambrose-Lanci, Stgriamd Van Bockstaele, 2008; Bock,
Goldstein and Marcus, 1996, Back et al., 2005).

It is supposed that the anhedonic symptoms of deqane, which constitute the core feature of
this illness, would be due to a dysfunctional braward system. Thus, alterations in reward
and motivational processes at both the behavigrdlreeurobiological levels may constitute
the defining characteristics of both depression @nay dependence. Nevertheless, it is not
clear if drug dependence and depression are ditfdsehavioral expressions of the same
neurobiological abnormalities, or whether one psifric disorder leads the other (Markou,
Kosten and Koob, 1998).

Khantzian (1985) was to first notice the comorlyidif stress disorders and drug addiction
and coined the self medication hypothesis. Themelfication hypothesis invoked to explain
why individuals abuse drugs essentially states tthatspecific psychotropic effects of drugs
interact with psychiatric disturbances and pairdtiect states to make them compelling in
susceptible individuals (Khantzian, 1985). This ¢tyyesis thus takes into account the
possibility that drug dependence develops as ansedfication in reaction to depression
syndrome (Markou, Kosten and Koob, 1998). The idehat people suffering from addictive
disorders use psychostimulants as well as opiateself-medicate for anxiety or depression
(Rounsaville et al., 1982), to improve fatigue, ibcrease feelings of assertiveness, self-
esteem and frustration tolerance. So, many ristofacan predispose an individual to initiate
and maintain drug use, such as preexisting moaxtakss. Thus, drug abusers are attempting
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to medicate themselves for a range of psychiatgorders and painful emotional states; and
it is possible that through the simultaneous usmoltiple drugs, people determine the drug
or drugs combination that best normalise their bemaPeople who experience major trauma
in their life may self-medicate with drugs or aloblo relieve the symptoms of post-traumatic

stress disorders and depression (Coffey et al2)200

For these individuals, the need to control theiprdesive symptomatology through self-
medication would play an important role in the nt@mance of drug dependence. For
example, several works indicate that acute admatish of psychostimulants such as opioids
or amphetamine can temporarily reverse potentiataademical deficits that may be found in
depressed individuals (Tremblay et al., 2002; ewigw, Markou, Kosten and Koob, 1998).
However, none of these drugs of abuse are considdiracally effective as antidepressants
by clinicians (Naranjo, Tremblay and Busto, 20Qh)any case, the possibility remains that
simultaneous or sequential use of various drugseHgprescribed by the emotional needs of
the drug-using individual, leads to an adequate Afiect, but at the same time pushes the
individual in an active state of drug-dependencke Dest clinical support for the self-
medication hypothesis is provided by the evidemag ATD treatment is significantly more
effective in reducing drug use in depressed drugsafs than in non-depressed abusers
(Ziedonis and Kosten, 1991a,b; Nunes et al., 19995). Fluoxetine treatment appears thus
efficient in reducing drinking in alcoholic patiesntvith a comorbid history of depression.
Some psychoanalysts see addiction as a “protectigainst several psychopathological states
(depression, psychosis, severe neurosis) (Vélé@s)20independently of whether the
depression was present before the drug abuse @aherhiewas drug-induced, the reduction of
drug use observed with ATDs suggest that, whenether alleviation of depressive
symptomatology through the use of ATD compounds,nied for self-medication with drugs
of abuse diminishes (Markou, Kosten and KodB98). Thus, there are several aspects
suggesting that these two psychiatric disorders Inealjnked by some shared neurobiology as

well as common epigenetic mechanisms (Nestler.,e2@02; Renthal and Nestler, 2009).

Behaviorally, cocaine use in humans has been mgbax produce profound subjective
feelings of well being and a decrease in anxiegwi@d and Ellinwood, 1988, 1989). In fact, a
subpopulation of chronic cocaine users may actualyself-medicating to regulate “painful
feelings” and psychiatric symptormg their drug use (Kleber and Gawin, 1984; Khantzian,
1985; Gawin, 1986), especially since increasedsrateaffective disorders and anxiety are
observed in these individuals (Rounsaville et #91; Brady and Lydiard, 1992; Kilbey,
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Breslau and Andreski, 1992). However, cocaine iself, has actually been reported to
precipitate episodes of panic attack in some inldiais (Anthony, Tien and Petronis, 1989;
Aronson and Craig, 1986). Since panic disorder domdgame apparent following chronic
cocaine use in many of these cases, the drug meeyfhiactioned as a precipitating as well as
a causative factor in neurobiologically vulnerabidividuals (Aronson and Craig, 1986).
Furthermore, some of the major symptoms observedglwithdrawal from chronic cocaine
intoxication can often include severe anxiety all a®restlessness, agitation and depression
(Gawin and Ellinwood, 1989). Interestingly, CRH Hasen reported to be involved in a
variety of neuropsychiatric disorders including egsion and anxiety (Gold and Chrousos,
2013; Gold et al., 1984; Nemeroff, 1988), suggestivat the anxiety associated with cocaine
use and withdrawal may depend, in part, on theceffef the drug on the release of this
endogenous “stress peptide” and the resulting &b of the HPA axisA return to drug use
can be precipitated by three distinct types of ghim(1l) exposure to an environmental
stimulus (i.e., a discrete or contextual cue) ihatrongly associated with the drug experience
(Meil and See, 1997; McFarland and Ettenberg, 19@)) exposure to a pharmacological
stimulus (i.e. the drug itself or a pharmacolodicalelated agent) that induces some
component of the drug experience (De Wit and StewWw8B81; De Vries et al., 1998), and (3)
exposure to some stressors (Ahmed and Koob, 19&han et al., 1997).

We were previously debating on the addictive poefeiood; it's interesting to see how food
can influence mood. In adult rats, the effect aféteria diet” has been assessed on anxiety-
like behavior. It has been shown that this kindd@ft was able to modify the anxious-like
profile of rats. A cafeteria diet decreases th@aase of male rats to chronic variable stress
(Zeeni et al., 2013). This would suggest a poterdiaiolytic effect and validate the
hypothesis of a stressor-induced preference fdn pajatable food. An anxiolytic effect in
females was expressed by the increased time spehiecaversive open arms. The effects in
adult males were increased grooming and feweremninto the aversive open arms of the
EPM apparatus, consistently. In addition, the desed grooming in females would be in line
with an anxiolytic profile in adult females (Warnedieal., 2013). Grooming is a self-directed
behavior. When shown upon exposure to aversivatss, as for example the plus maze or
the open field, grooming can be interpreted as ardesing activity. Anxious rats groom
more often and anxiolytic drugs reduce groomingavedr (Dunn et al., 1981; Voigt et al.,
2005).
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V. PRENATAL STRESS: A FUNDAMENTAL MODEL FOR STUDY O F STRESS-
RELATED DISORDERS

1. Prenatal stress: an example of early programming ofong term behavioral

alterations

In humans, maternal gestational stress (also egféa as prenatal stress) is linked to a variety
of negative outcomes for the offspring over develept and later in life, such as increased
risk for cognitive, emotional, and health-relatedodders (Rice, Jones and Thapar, 2007;
Talge, Neal and Glover, 2007; Spauwen et al., 2B#&e et al., 2010). In a retrospective

epidemiological study in 1978, Huttunen and Niskam@ave demonstrated the impact of

maternal stress during pregnancy in psychiatriclsetdhavior disorders. Persons whose fathers
had died before their children's births or durihg first year of their children's lives showed a

higher propensity to suffer from schizophrenia amdommit crimes. Animal models across a

wide variety of species have been used to invdstiffae consequences of stressors in
pregnancy and the underlying mechanisms (e.g..egupigs (Kapoor and Matthews, 2005);

rhesus monkeys (Coe et al., 2003); mice (Son 2@06)).

Maternal gestational stress has been investigatesl extensively in the rat, with a research
history of over 50 years indicating long-lastingypical and behavioral consequences for the
offspring (Hartel and Hartel, 1960; Hockman, 198bffe, 1965; Wilson, 1954). Chronic
unpredictable stress has thus been shown to intlugelasting physical and behavioral
changes in rats (Cabrera et al., 1999). Stressreddluring pregnancy leads to an increase in
stress hormones glucocorticoids that can altereplat development and lead to long-term
alterations of the offspring (Maccari et al., 199803; Weinstock, 2005; 2008).

In the present study, we have adopted the preregahint stress procedure, as described in

the following part (Fig. 10).
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2. The model ofPrenatal Restraint Stress (PRS in rat

reproduction vulnerable phenotype
/ _PRS_ /
EO f11 PO P21 / 3-8 months / 20-24 months
birth weaning adulthood ageing
prenatal period postnatal period

Fig 10- The Prenatal Restraint Stress (PRS) model in re

The procedure of prenatal restraint stresconducted as previously described (Maccari € 1995;

Morley-Fletcher et al.2003). Male and female Sprague Dawley rats, pravidg Charles Rive
Laboratories are placed in the animal facility fo5 days for steilization, under controlled
temperatue and hygrometry. Females are placed 10 per cageydle synchronization while mal

stay alone. Then, two females are placed with & riwalreproduction for overnight. The next day,

vagina smear is observed by microscopy. The vizai@tin of spematozoids or of plug indicates t
beginning of gestation and is determined as EO ¢iomic day 0) On E11l, some females ¢
submitted to restraint stress, 3 times per day$omin under bright light. Control unstressed fers
are left undisturbed, egption made for weighing one time per week to f@lgestation. On weanir
(Postnatal day (P21), male and female rats areraeplaand sisters/brothers are placed -3 per
cage.
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2.A. HPA axis and maternal factors

Enhanced corticosterone secretion by stressed nsotheing pregnancy has been shown to
play a key role in the programming of a pathologmaenotype in the offspring (Kapoor et
al., 2006). Indeed, blocking stress-induced matercarticosterone secretion by
adrenalectomy in stressed dams suppressed stressgo@nces on the offspring, in particular
the HPA axis alterations (Barbazanges et al., 198&) are long-lasting hallmarks in
prenatally stressed rats (Henry et al., 1994). @k nthe administration of corticosterone
injections (that reproduced the surge in plasmaicomterone levels in intact stressed
mothers) to these dams, concomitantly with redtrstiess sessions, was able to reinstate the
effects of PRS on the offspring (Barbazanges £1886).

In others prenatal stress models, where stregspiged during late gestation period, and once
daily, maternal adrenalectomy was also able tcha#ittee some of the effects of gestational
stress on the onset of behavioral alterations, sscanxiety-like behavior or spatial memory
impairments (Zagron and Weinstock, 2006).

Furthermore, in a large number of animal studiesatinent of pregnant dams with the
synthetic glucocorticoid dexamethasone, which tgadisses the placenta, has been shown
to induce in the offspring hallmarks similar to tbees induced by prenatal stress. Thus,
prenatal dexamethasone exposure has been implicatbd development of hyperglycemia
and hypertension in the adult, as well as chang@hysical and behavioral phenotype (such
as low body weight, anxious-like behavior, learnimgpairments) and alterations in HPA axis
function (Shoener, Baig and Page, 2006; Benediktstoal., 1993; Levitt et al., 1996;
Welberg, Seckl and Holmes, 2001; Dean and Mattli®89, Dunn et al., 2010). Moreover,
exposure of pregnant rats to alcohol (a procedoa¢ stimulates maternal glucocorticoid
secretion) results in a hyper-active HPA axis maffspring (Lee et al., 2000).

Similar associations between low birth-weight agddractivity of the HPA axis in adulthood
are seen in human cohorts (Phillips et al., 1998ynRIds and Phillips, 1998; Levitt et al.,
2000). Likewise, non-abortive maternal infectiongshich also increase maternal
glucocorticoids (Besedovsky et al., 1975), compsmnthe development of the fetal brain and
alter HPA axis function in the adult (Reul et 41994). Maternal hormones thus seem to be
good candidates for communication between the dadntlze developing fetus (Joffe, 1969;
1978).
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Furthermore, the activity of thydroxysteroid dehydrogenase type 2 {#HSD2), an
enzyme which catalyzes the rapid inactivation atisol and corticosterone to inert 11 keto-
products and protects the fetus from excess mategheacocorticoids (Seckl, 1997;
Benediktsson et al., 1997), is decreased in theepta of prenatally restraint stressed rats,
with an ensuing increase in maternal corticostereaehing the fetus (Mairesse et al., 2007).
In both rats and humans, there is considerableradagariation in placental ftHSD2, and
enzyme activity correlates with birth weight (Seck®97) and has critical effect on adult
neurogenesis (Lucassen et al., 2009). Moreoveihitidn of feto-placental 13-HSD?2 in the

rat reduces birth weight, produces hypertensivehgperglycemic adult offspring and leads
to permanent alterations of the HPA axis and awpliké behavior in aversive situations
(Edwards et al., 1993; Welberg, Seckl and Holmé802.

In addition to the excessive secretion of glucacorls consequently to stress, other maternal
factors could contribute to the long lasting effeof PRS (Darnaudéry and Maccari, 2008).
Indeed, the stress procedure has consequenceegmapt dams themselves, with increased
anxiety, weaker increase in body weight gain dunorggnancy and impaired coping in
inescapable situations (Darnaudéry et al., 2004weabl as post-partum depression-like
behavior (Smith et al., 2004; O’Mahony et al., 2006hese behavioral troubles have
profound impact in the offspring, as maternal ptahanxiety and stress predict infant
illnesses and health disorders (Beijers et al.p201

In experiments performed in rats selectively ardirbctionally bred for high (HAB) and low
(LAB) anxiety-related behavior, a well-establisteexa suitable animal model of anxiety- and
depression-related disorders (reviewed by LandandfWigger, 2002), a significant increase
in ACTH and corticosterone levels in response tetreassor was observed in HAB rats
(Neumann, Krémer and Bosch, 2005).

In the PRS model, it has been shown that stresgreddiuring gestation had long—lasting
effects with behavioral impairments always seemrafteaning whereas chronic restraint
stress had no effect on body weight growth (measuralays after the end of the stress
period), on behavioral parameters and on corticosee levels after exposure to novelty,
determined 3-5 weeks after the end of the stresséDarnaudeéry et al., 2004).

These results suggest that the perinatal periodtisal and that it is preferable to refer to the
stress as “perinatal” rather than simply “prenafBlarnaudéry and Maccari, 2008).

This concept is also supported by the evidenceithidite PRS model, gestational stress alters
active maternal behavior towards pups (MairessetaGd&Reynaert et al., submitted,

Neurosc), consistently with other works with different raetal stress procedures showing a
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decrease in active behavior engaged toward pufassor to self-directed activities (Baker et
al., 2008; Champagne and Meaney, 2006; Smith,e2@04, Patin et al., 2002). Weaver et al.,
in 2004, were also able to demonstrate the imphotaternal stress on offspring HPA axis
response through epigenetic mechanisms.

Since adoption, postnatal handling or environmeataichment are able to abolish prenatal
stress consequences (Maccari et al., 1995; Vallék,d997; Lemaire et al., 2006; Koo et al.,
2003; Morley-Fletcher et al., 2003b; Laviola et @004), the importance of perinatal period
in programming a vulnerable phenotype in the offgprs fully confirmed. Of note, neonatal
handling enhances maternal care and attenuateficpesamethasone-induced alterations in
the adult behavioral phenotype (Claessens etGil2)2

Interestingly, oxytocin administration, through @salogue carbetocin, to lactating mothers
was able to improve maternal behavior and to albolise prenatal-stress-induced
programming of a pathological phenotype in the mifgy, considering both corticosterone
secretion in response to a stressful situation amdety-like behavior in the elevated plus
maze paradigm (Mairesse, Gatta, Reynaert et &imisied,J. Neurosa.

2.B. HPA axis, anxious- and depressive-like behavio

HPA axis

PRS rats, i.e. the progeny of dams submitted ttraies stress during the last 10 of their
gestation (Fig. 10) display a long-term impairmeftthe HPA axis functioning with a
prolonged corticosterone secretion in responséréss (Maccari et al., 1995, 2003; Koehl et
al., 1999, Vallée et al., 1997) and reduced lewgélsoth mineralocorticoid and glucocorticoid
receptors in the hippocampus (Maccari et al., 1998nry et al.,, 1994; Van Waes et al.,
2006). The age-related HPA axis dysfunctions ateeoced by PRS. Indeed, the HPA axis
period of hyporesponsiveness was reduced in new4BBIS rats with respect to their controls
(Henry et al., 1994) and circulating glucocorticéesdrels of PRS middle-aged animals were
similar to those found in old non-stressed anin{\dilée et al., 1999).

A significant phase advance in the circadian rhyhof corticosterone secretion and

locomotor activity was also found in prenatallyessed (PNS) rats (Koehl et al., 1997).
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Fig 11- Plasma corticosterone secretion after resamt stress (a) and type | (b) and type 1l (c)
corticosteroids receptors in adult prenatally unstessed (C) and stressed (S) rats.

a, Prenatally stressed animals did not differ fimantrols for corticosterone levels in basal coodi

or after 30 min exposure to restraint stress. Hamnexorticosterone levels remained high in S rats 1
minafter stress, whereas they returned to preexpoglues in the controls. b, S rats showed a lower
binding capacity (+ 40%) of type | corticosteroidsceptors than C. c, Prenatal stress did not
significantly modify type Il corticosteroids receps. The affinities of type | and type Il receptors
were not modified by PRS. From Maccatri et al., 1995

Anxiety

The increased anxious/depression-like behaviolréady evidenced in infancy by increased
ultrasonic vocalisations in PRS pups (Laloux et2012).

A reduced exploration of the open arms in the d¢&tlsplus maze (EPM) test and of the
centre in the open field test was seen in adult RRSe rats (Vallée et al., 1999).
Interestingly, a different phenotype was obtainedemales, which appeared less anxious
than control females, and spent more time in thenoprms of an EPM apparatus,
demonstrating a clear-cut sex dimorphism for ttasameter (Zuena et al., 2008). A recent
work of the team has identified glutamate as afketor in the anxiety-like profile displayed
by PRS rats (Marrocco et al., 2012). We have shihahPRS induced a selective reduction
of glutamate release in the ventral hippocampus ithaausally related with the enhanced
anxiety-like behavior displayed by PRS animalscairpharmacological enhancement of

glutamate release in the ventral hippocampus diealighis behavioral pattern (Marrocco et
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al., 2012). Remarkably, most of the neuroplastierations induced by PRS in males occur
prominently in the ventral portion of the hippocamm key region in the regulation of stress,
emotions (Kjelstrup et al., 2002; Fanselow and D@@4.0).
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Fig 12- Changes in anxiety-like behavior (A) and gxession of group-l and group-l1l mGlu
receptors in the hippocampus (B) induced by PRS imale and female rats.

The time spent by Control and PRS rats in the gpems of the EPM is shown in (A). A clear-cut

gender effect of PRS in the EPM is obtained. Imnmots are shown in (B). In male rats, PRS

induced a reduction in the expression of mGlu5 ptrs but no change in the expression of mGlula
receptors. PRS had no effect on the expression Gfutm and mGIu5 receptors in female rats.
Interestingly, PRS reduced mGIuR2/3 receptor exiwasin the hippocampus of both male and
female rats. Adapted from Zuena et al., 2008.
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Depression

In PRS rats, an increased immobility in the foresedm test (FST) has been shown during
adulthood (Morley-Fletcher et.aR003a; 2004a; 2011). In this test, which enahlssreening

of the effect of antidepressant (ATD) (Porsolt bt 4978), PRS rats were more prone to
develop a depressive-like phenotype; and this vabikty was also found in female PRS rats
(Van Waes et al., 2011), consistently with otherksodescribing a behavioral despair in
prenatally stressed females in the FST (Alonsd.etl891, 1997). Our group has provided
increasing evidence for the predictive validityRIRS model by means of chronic treatment
with different classes of antidepressants in adu#f. The anxious-/depressive-like phenotype
observed in prenatally stressed rats can thus tveated by chronic treatment with the ATD
tianeptine, a selective serotonin reuptake enharstercturally similar to tricyclic ATDs
(Morley-Fletcher et al., 2003a), with agomelatiaegual ATD with melatonergic agonist and
5-HT2C antagonist properties (Maccari and Nicol&@il1l; Morley-Fletcher et al., 2011) or
with amitriptyline, imipramine and nomifensine (Also et al., 1999). ATDs beneficial effects
are observed at the behavioral, neurochemical antbanatomical levels.

Thus, following ATD treatment, PRS rats displayeduced immobility behavior in the FST,
increased exploration of the open arm in the etsplus maze, enhanced MR and GR
densities in the hippocampus and modified 5-HT1ANARexpression (Morley-Fletcher et
al., 2003a and Morley-Fletcher et al., 2004a) oAlnce preclinical and clinical research has
increasingly focused on the interaction betweepsstrand depression and their effect on
hippocampus (Duman, Malberg and Nakagawa, 2001 have recently tested the effects of
antidepressant treatment on hippocampal neurogenet@restingly, PRS induces a life span
reduction of hippocampal neurogenesis in male (la¢snaire et al., 2000; Lemaire et al.,
2006) but not in females (Darnaudéry et al., 20@@) postnatal stimulation counteracts
prenatal stress-induced deficits in hippocampakogenesis (Lemaire et al., 2006). Chronic
treatment with agomelatine is also able to incrdappocampal neurogenesis, especially in
the ventral part of the hippocampus of male rater(&y-Fletcher et al., 2011). This latter

finding gives further support to the validity oetfPRS model.

The effect of prenatal stress on the sleep-wak&ayas also investigated in adult male rats,
sleep being another parameter of depression witloug clinical observations in humans
suggesting a possible pathophysiological link betwealepression and disturbances in
circadian rhythmicity (Rosenwasser and Wirz-Justit®97; Holsboer, 2001). Prenatally

stressed rats exhibited various changes in sleép-vpmrameters, including a dramatic
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increase in the amount of paradoxical sleep (Dugevil, 1999; Mairesse et al., 2013), with
a significant enhancement in REM sleep over a 2debrding session, positively correlated
to plasma corticosterone levels. Added to our previfindings in PRS rats of high anxiety
and emotionality, dysfunction of the HPA axis anidcadian timing abnormalities, the
observation of long-term changes in their sleepcsire supports the validity of the PRS
model as an animal model of anxiety/depression (dia@and Morley-Fletcher, 2007).

Again, ATD treatment was able to correct abnorngaliin sleep architecture alterations in
PRS rats (Mairesse et al., 2013). Those resultdoree the idea of the usefulness of PRS in
rats as an appropriate animal model to study hudegmession and support the use of new
ATDs.

2.C. Drug addiction

Several studies have revealed that prenatal resBtiess enhanced sensitiveness to drugs of
abuse. Enhanced psychomotor activation in resptmséimulants occurs in PRS male rats
PRS rats challenged with amphetamine (Deminiegt. £1992), cocaine (Kippin et al., 2008)
or nicotine (Koehl et al., 2000; Fig. 13), and PR& exhibit increased drug seeking behavior
(Deminiere et al., 1992; amphetamine; Fig. 14; Tasmt al., 2009, cocaine) and greater
behavioral sensitization to the drug (Henry et H395). After repeated injections of cocaine,
prenatally stressed female but not male rats displaa greater locomotor response after

repeated injections of cocaine (Thomas et al., 2009

PRS also enhances sensitivity to MDMA *“ecstasy” aonoflterations and MDMA
pharmacokinetics in adolescent female rats (30)d@ysrley-Fletcher et al 2004b). We
found that PRS increased levels of plasmatic MDMAiy the kinetic assessment with
respect to controls and induced a higher frequeriaitered motor co-ordination following
MDMA administration, thus indicating a strong caisncy between drug blood levels and

behavior.
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Fig 13- Effects of acute injections of different dses of nicotine in control and prenatally-stressed
(PreS) rats. Nicotine induces a dose-dependent increase in lotmmactivity in both groups (#,
different from the previous dose, p<0.05). Furthenen the locomotor response to each dose of the
drug tested is enhanced in the prenatally stregemab (*, different from control animals, p<0.05).
From Koehl et al., 2000; Reynaert et al., 2014
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Fig 14- Self administration of amphetamine in Contol and PRS rats.
PRS rats display a significant increase in amphietrself-administration. Adapted from Deminiere
et al., 1992; Reynaert et al., 2014.
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In addition to psychostimulants, PRS also modulsgeponse to alcohol. Several studies have
been conducted on the effect of chronic ethanaitinient on PRS rats and measured the
effects of alcohol exposure in both male and fenP&S rats during adolescence, adulthood
or ageing. Male adolescent PRS rats show a recdactadhtion of the HPA axis in response to
acute alcohol administration (Van Waes et aD06), a phenomenon observed in heavy
drinkers and their relatives, as well as in alcathependent rats.

It has also been clearly demonstrated that predatemethasone exposure is a potent factor
that could directly influence the development ofitcal monoaminergic systems such as the
noradrenergic, dopaminergic, and serotonergic syst¢Muneoka et al., 1997). Taken
together, these results suggest that the disruptidhe normal hormonal response to stress
observed in PRS individuals and developmental altars in brain monoamine metabolism
depend, at least in part, on stress-induced inese@s maternal glucocorticoids during

pregnancy (Darnaudéry and Maccari, 2008).

An extensive literature has emerged examining tgral circuits and cellular mechanisms
through which stress modulates addictive behavikoob, 2008). Sensitization of the
dopaminergic response to drugs is considered thehsubstrate of behavioral sensitization
and has been implicated in vulnerability to drugse The HPA axis plays a key role in the
development of sensitization to psychostimulantBis Tidea is further supported by the
presence of glucocorticoids receptors in the dopargic neurons of the ventral tegmental
area (VTA) projecting in the NAc (Harfstrand et,al986). Glucocorticoids promote
sensitization to psychostimulants in rats (Rivetlgetl989; Maccari et al1991; Piazza et al
1991; Deroche et al1995), while administration of psychostimulants Heeen shown to
activate the HPA axis (Swerdlow et al., 1993). @harticoids control stress-induced
sensitization by changing the sensitivity of thesereephalic dopaminergic transmission to
drugs of abuse. There is also evidence for comtfaorticosteroid receptors by dopamine,
since dopamine inhibits the expression of cortexastl receptors in the anterior pituitary
(Antakly, Mercille and Co6té, 1987; Casolini et all993), while administration of
amphetamine decreased the concentration of cartiwid receptors (Lowy, 1990). Several
studies conducted on PRS rats have evidenced dmattalterations in mesolimbic dopamine
system. In particular, PRS induces a significartréaase in DRD2 receptor binding and
MRNA in the core region of the NAc (Henry et aB95; Berger et al2002; Rodrigues et .al
2011), and a marked decrease in DRD3 receptorrgndi both the shell and the core of the
NAc (Henry et al.1995).
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Moreover, basal and amphetamine —stimulated DAuutpadolescent and adult PRS rats is
higher than in control unstressed rats when medduwyanicrodialysis in the shell region of
the NAc (Silvagni et aJ 2008). Recently, Hauskenecht, Haj-Dahmane and &i8) have
shown that a PRS paradigm that leads to increagedmiotor activity to novelty and
enhanced response to amphetamine also causes istgm¢rseduction in the spontaneous
activity of VTA DA neurons recorded in adult animaBSuch reduction of neural activity can
be reversed by acute apomorphine that normallypitghthe impulse activity of DA neurons.
Furthermore, the reduced number of spontaneouglyeabTA DA neurons can be also
reversed by acute psychostimulants (i.e. amphegnuocaine), which in control rats
inhibited the activity of VTA DA neurons. These dings lead to suppose that the reversal
effect on VTA DA neurons observed in PRS animalgrgsents an actual increase in the
impulse activity. This effect could contribute teetincreased responding to psychostimulants
and mediate the increased addiction risk aftergiedistress (Hauskenecht, Haj-Dahmane and
Shen, 2013).

The administration of drugs of abuse, including aioe and nicotine, also increases
glutamatergic neurotransmission in brain structuneglicated in the regulation of reward
processes, such as the dorsal striatum (McKee aghifl 2005), NAc (Pierce et al., 1996)
and VTA (Kalivas and Duffy, 1998; Schilstrom et,aR000). Moreover, drug-induced
adaptations in glutamatergic neurotransmission Hsaen suggested to be involved in the
development of drug dependence (Nicoletti et abl12 Battaglia et al., 2002; Kalivas,
Volkow and Seamans, 2005; Liechti and Markou, 2008grestingly, Kippin and coworkers
(2008) have shown that PRS rats have a heightemidatimbic dopamine and glutamate
response to cocaine. Indeed, cocaine-naive PR®xhibited increased NAc dopamine and
reduced NAc serotonin and glutamate, while cocexmerienced PRS rats exhibited
enhanced NAc glutamate and dopamine and PFC dopameimrotransmission. Recently, we
have increasing evidence of an involvement of th#éagate transmission and glutamate
machinery in particular at the level of mGlu recegptin the neuroplastic programming and
behavioral phenotype induced by PRS (Marrocco.ek@ll2). PRS rats also show a reduced
expression and function of group-1 and group-Il mm@ippocampal receptors, with a marked
reduction of mGlul and mglu5 selectively for madesl mglu2/3 for both males and females
(Zuena et al., 2008; Van Waes et al., 2009; Laletral., 2012). The alterations in mGlu
receptors induced by PRS in the hippocampus aeciddle already at infancy with mGIlu5
and mGlul receptors reduced in infant PRS ratostnatal day 10, whereas expression of

mGlu2/3 receptors declined only after weaning (Lalet al., 2012). Metabotropic glutamate
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receptors are clearly involved in the reinforcimgl dnyperlocomotor effects of several drugs
of abuse. Mice lacking mGlu5 receptor do not satfminister cocaine or display cocaine-
induced hyperlocomotion (Chiamulera et al., 20@)tagonists for mGIlu5 receptor reduce
drug self-administration for cocaine (Kenny et &Q03; 2005), nicotine (Paterson and
Markou, 2005) and ethanol (Backstrom et al., 20Q4)alization studies have indicated a
high abundance of mGIlu5 receptors in brain areaslved in reward processes, including the
striatum and NAc (Testa et al., 1994), further sarppg the involvement of mGlu5 receptors
in brain reward function.

Chronic treatment with ATDs correct mGIlu5 and mGu@xpressions in the hippocampus of
PRS male rats (Morley-Fletcher et al., 2011) anldarel treatment modulates hippocampal
mGlula expression and related behavioral changéstim male and female PRS rats (Van
Waes et al.,, 2009; 2011). In particular, chronitiaabl treatment had no effect on
hippocampal mGIlu5 or mGlu2/3 expressions in PRSemalhile it increased mGlula
receptor levels and had an effect on improving nrgmOn the other hand, chronic ethanol
reduced mGlula and induced memory impairment inrobanstressed male rats (Van Waes
et al., 2009). In females, chronic exposure to regshauring adolescence reduced mGlula
receptor levels in PRS females while it increageth icontrol unstressed females. Those
effects were still evident after 5-weeks of ethamathdrawal (Van Waes et al., 2011),
whereas control rats also displayed depressive-liedavior. Since mGlul receptor
antagonists show antidepressant-like effects in ftleed-swim test (Belozertseva et al.,
2007), the increase in mGlula receptor levels we Isaen in the hippocampus of unstressed
female rats after five weeks of ethanol withdravgain agreement with the depressive-like
behavior in the forced swim test. Taken colleciryghese data suggest a potential use of
mGIlul receptor antagonists in the treatment of elgive symptoms associated with
alcoholism. This expands the possible applicat@hsGlul receptor antagonists in human
disorders. It remains to be determined whether gdsnn mGlu receptors in PRS rats
following psychostimulants administration are alebserved for mGlu5 and mGlu2/3

subtypes in the hippocampus and in reward-relataith lbegions.
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Table 1 - Summary of the main effects of prenatal restraint stress on the HPA axis, metabolic and immune functions and

behavior in male and female offspring

HPA axis dysfunctions

Metabolic, immune dysfunctions

Behavioral dysfunctions

Hippocampal MR and GR receptors:
# of mRNA in the hippocampus of

adolescent males: main effect in the
CA3 (Van Waes et al., 2006), §} maximal
binding capacity in adult males

(Henry et al., 1954; Maccari et al., 1995;
Koehl et al., 1993) and females

(Koehl et al., 1999).

Adrenal gland weight:

# at birth in males (Lesage et al., 2004;
Mairesse et al., 2007a); ¥ in adolescent,
adult, and 10 month-old males (Lemaire
et al., 2000) and in 26 month-old
females (Damaudery et al., 2006).

Corticosterone secretion:

Basal levels: § at birth in males (Lesage et al,,
2004); ¥ at the end of the light phase in males
and throughout the cycle in fernales (Koehl
et al., 1997, 1999); § in old males (Vallée et al,,
1999).

After novelty stress (corridor circular, restraint,
elevated plus-maze): suppression of the stress
hyporesponsive period in infant rats (Henry
et al, 1994); § of the sensitivity of the negative
feedback of the HPA axis in adolescent, adult
and 16 month-old males (Henry et al., 1954;
Maccari et al, 1995; Barbazanges et al., 1996;
Vallée et al., 1997, 1999; Morley-Fletcher et al.,
2003a b, Viltart et al., 2006). ¥ of the
corticosterone response in 26 month-old
females (Damaudery et al., 2006).

After pharmacological stress (alcohel): 8 of the
HFPA response (CRH mRMNA, POMC mRNA,
corticosterone levels, ACTH levels) after an
acute exposure to alcohol (1.5 g'kg, ip) in
adolescent males (Van Waes et al., 2006).

Body weight:

#§ at embryonic day 21 in male and
fernale fetuses (Lesage et al., 2004;
Mairesse et al., 2007a,b); ¥ in adolescent
males (Van Waes et al., 2006); § in adult
males (Vallée et al., 1996).

Glycemia:

} at embryonic day 21 in male fetuses
(Lesage et al., 2004); ¥ in 5 month-old
adult males (Vallée et al., 1996) and in
24 month-cld males (Lesage et al., 2004).
1 after an oral glucose tolerance test in
24 month-cld males (Lesage et al., 2004).

Feeding behavior:

§ in adult males (Vallée et al., 1996).

1 more important after a fasting episode
in 24 month-old males (Lesage et al.,
2004).

Glucose transporter proteins in the
placenta:

P GLUT 1, 8 GLUT 3, GLUT 4
(Mairesse et al., 2007a).

Immune function:

§ CD4" cells, ¥ IL-1p levels in splenocytes
and in brain, in 34<35 day-old adolescent
males (Laviola et al., 2004).

In 6 month-old males: # CD8*; # NK cells.

1 proliferation of T lymphocytes, § secretion
of I[FN-v after stimulation in vitro by
phytohemagglutinin-A (Vanbesien-Mailliot
et al., 2007).

Anxiety — depression:

§ exploration in the open arms of the
elevated plus-maze (Vallée et al., 1997);

1 reactivity to novelty in adult males
(Deminiere et al., 1992; Vallée et al,, 1957)
and in adult females (Louvart et al., 2005).
1 number of paradoxal sleep episodes in
3 month-old males (Dugovic et al,, 1999).
1 immobility in the forced-swim test;

§ immobility after chronic antidepressant
treatment in adult males (Morley-Fletcher,
2003a, 2004a).

Drug of abuse:

1t amphetamine self-administration in adult
males (Deminiere et al., 1992); ¥ resistance to
extinction to cocaine self-administration
and ¥ cocaine-primed reinstatement (Kippin
et al, 2007). ¥ locomotor response to
amphetamine (Deminiere et al., 1992; Henry
et al, 1995) and nicotine (Koehl et al., 2000) in
adult males. ¥ motor impairments after
MDMA (Ecstasy) in 30 day-old adolescent
females (Morley-Fletcher et al, 2004b).
Maintained high consumption levels after
footshock in high-preferring adult females
(Darnaudery et al., 2007).

Learning and memory:

§ spatial learning performances in

1 month-old and 3 month-old females

(W et al,, 2007) and in 4 month-old adult
males (Lemaire et al., 2000) in the water
maze (reference memory). § spatial learning
performances in the water maze (reference
memory) in 26 month-old females
(Darnaudery et al., 2006).

} spontaneous spatial recognition in juvenile
(4 weeks) males and fermnales (Cue et al,
2004) and in 15 and 21 month-old male
(Vallée et al., 1995); § working memory
performances in a radial maze in

22 month-old males (Vallée et al., 1999).

Fig 15- Alterations induced by Prenatal Stres:

From Darnaudéry and Maccari, 2C
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We have shown that the pathological epigenetic narogning triggered by early life stress
predispose to drug abuse disorders and anxiety@dsipn like behavior (for review, Maccari
and Morley-Fletcher, 2007; Darnaudéry and Macc@08). Thus, the known co-morbidity
between anxiety/depressive disorders and addistionld be interpreted within a context that
takes into account the complex interaction betwesaty life experiences and stressful event
occurring during adolescence and or adulthood.

As example, we have shown that ethanol intake duainiolescence induced depression-like
effects in the adult life. Remarkably, the reveveas also true, i.e. ethanol intake during
adolescence prevented the “depressive behavio€hweibe seen in adult PRS rats (Van Waes
et al., 2011). Perhaps, the increase in ethandénemrce observed in adolescent PRS female
rats might reflect a strategy of self-medicatiomead at preventing the onset of depressive
disorders later in life.

Therefore, the PRS model in the rat should be demsd as a good model for the
investigation ofmultiple inter-related pathologiesSince its effects are persistent through life
span, it represents also a more advantageous amod#l with respect to other models that
present the same pattern of coexistence of thessasks (chronic mild stress), but have
transitory effects (effects observable up to 2 merafter termination of stress procedure).

As a whole, the existence of comorbidity in depmssand drug abuse, underlines the
importance of the adoption of an integrated apgroacthe treatment of these disorders,
where the brain reward system could be considdsedas a potentially important therapeutic
target. An elucidation of the neurobiological andhavioral mechanisms mediating this
comorbidity would not only lead to the developmerftbetter treatments for these two
psychiatric disorders, but would also enhance autetstanding of the mechanisms sub-
serving motivational and affective processes imb@althy and diseased individuals. Finally,
considering that all psychiatric disorders incldohepression and drug dependence, involve
primarily behavioral symptoms that reflect undertyi neurobiological abnormalities,
progress in understanding these diseases at aalydéwanalysis would certainly involve a
multidisciplinary research approach.

In this context, it would be interesting to explongpothesis generated in the field of
depression in animal models of drug dependencevi@edversa. Furthermore, exploration of
the self-medication hypothesis should be aimedestirty whether various drugs of abuse

reverse depressive symptomatology in animal manfedepression.
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AIM OF THE THESIS

As described in the introduction, several factotsnvene in the individual propensity to drug
addiction. Both in humans and animal models, strsss, as well as comorbidity with mood
disorders, appear as key factors in determiningvtlieerability to drug addiction (Keyes,
Hatzenbuehler and Hasin, 2011). In animal modelsanfy stress, it has been shown that
stress-related events that occur during the fetdlearly postnatal period may have lifelong
programming effects on the HPA axis functioning attferent body functions, with a
considerable impact on disease susceptibility (Meacet al., 1995; Darnaudéry and Maccari,
2008; Weinstock, 2005; 2008). The use of animal elthvolving early-life environmental
manipulations allows the study of individual vulaletlity applied to stress-related disorders

and contributes to improve drug abuse treatmenleygloping new therapeutic strategies.

The PRS model in rat is characterized by high pmepe to drug abuse (Déminiére et al.,
1992; Morley-Fletcher et al., 2003; Koehl et aDPQ; Kippin et al., 2000), concomitant with

an alteration of the HPA axis (Maccari et al.,, 19%md an anxious-/depressive-like
phenotype (Zuena et al., 2008; Marrocco et al.,4208ex differences exist in prenatal
epigenetic programming (Bale, 2011). A clear-cut denorphism has been shown in relation
to anxiety (Zuena et al., 2008), with PRS male hot female rats showing anxiety-like

behavior while, in contrast, both male and femakSRats display depressive-like phenotype
(Morley-Fletcher et al., 2011; Van Waes et al.,&00

Early life events are important in shaping the nbehavioral adaptations to environmental
challenges in both sexes, and support the emergamgensus on early origins of drug

vulnerability and depression and as potentiallyentépendent stress-related disorders
(Maccari and Morley-Fletcher, 2007). Although seslhave investigated the impact of PRS
in the programming of an anxious-/depressive-likertype and addictive disorders, nothing
is known concerning a putative causal link betwtese disorders and the real role of sex
and sex hormones in the modulation of the neurobefa phenotypes.

Within this context, the objective of my thesis was bring further elements in the
characterization of both anxious-/depressive-like &havior and addictive-like disorders
in the PRS rat model

| choseto assess addiction behavian theConditioned Place Preference paradign{CPP)

since it is an experimental protocol that allowsasweements of motivational behavior in

© 2014 Tous droits réservés. -62- doc.univ-lille1.fr



Thése de Marie-Line Reynaert, Lille 1, 2014

conformity with the “natural behavior” of the animbalso evaluated thele of gender, sex
hormones in particular, in modulating PRS phenotypsin male and female rats.

Then, | examined how the greatest propensity tdciidd observed in PRS rats could be
explained by an anxiolytic/antidepressive effectdofigs of abuse, in a context sélf-

medication strategy

In Chapter 1, we wanted to further investigate the role of gnatergic transmission in the
predictive validity of the PRS model as a modelaokiety/depression and the impact of

gender and sex hormones in shaping the vulneratblilevelop these disorders.

a) We assessed the effect of chronic treatment watitidepressant drugs on
anxiety/depression parameters, and investigatedhehéhese drugs may exert their effect on
glutamate system, thereby reversing the PRS-indugpdirment in glutamate release.

b) We examined the impact of sex in circadian pastef locomotor activity.

c) We studied the impact of sex hormones on anxeti/depression in PRS male and female
and their respective controls.

In Chapter 2, we wanted to move further in the characterizatbRRS enhanced sensitivity
to addiction by taking into account the addictivegerties of chocolate as natural reward and
the impact of gender and sex hormones in shapedédonic sensitivity to natural reward

and vulnerability to drug addiction.

a) We studied the response of PRS male and femisl@nd the respective unstressed control
animals to palatable food in CPP. We then assesgethfluence of sex hormones in such
response. We also evaluated the expression of leesgin the hypothalamus and
monoamines steady-state levels in the NAc and @médl cortex.

b) We evaluated the response to cocaine in the g@P&tligm both in male and female PRS

and unstressed control rats.

In Chapter 3, we addressed whether a behavioral sensitizirigriisf cocaine could have a
beneficial impact on the anxious-/depressive-likefie and on the alterations of the

glutamatergic system induced by PRS.

Overall, my thesis aims at strengthening the figdimat PRS is an attractive model to study
the comorbidity between anxious-/depressive-likeodiers and addiction and that sex/sex
hormones have a predominant role in shaping theein€e of early life stress.
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RESULTS

CHAPTER I: PRS AND SEX DIFFERENCES ON ANXIETY AND DEPRESSION

1- The effects of antidepressant treatment in prenatastressed rats support the

glutamatergic hypothesis of stress-related disosler

Data from a recent work highlight the key role dfetventral hippocampus in the
pathophysiology of the anxiety-like phenotype ingllddy PRS (Marrocco et al., 2012). A
deficit in glutamate release specifically in thentral hippocampus (which specifically
encodes memory related to emotions, Fanselow amg),(910) of PRS rats lies at the core
of the behavioral alterations observed in thesmals, and the pharmacological enhancement
of glutamate release by a mixture of drugs blockm&Ilu2/3 receptors and GABAB
receptors, known to negatively regulate glutamatease in the hippocampus (reviewed by
Chalifoux and Carter, 2011; Nicoletti et al., 20Mias able to correct the anxiety-like
behavior in PRS rats (Marrocco et al., 2012).

As aforementioned, antidepressant drugs reverseraleRS-induced alterations at the
behavioral, neurochemical and neuroanatomical $efMbrley-Fletcher et al., 2011; Mairesse
et al., 2013). In the present study, we wantedssess whether the deficit in glutamate release
and the glutamatergic hypofunction in PRS rats d&dud restored by chronic treatment with
the antidepressant drugs agomelatine and fluoxetimerelation to the anxiety- and

depressive-like phenotype.
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Abnormalities of synaptic transmission in the hippocampus represent an integral part of the altered programming triggered by early life
stress, which enhances the vulnerability to stress-related disorders in the adult life. Rats exposed to prenatal restraint stress (PRS)
develop enduring biochemical and behavioral changes characteristic of an anxious/depressive-like phenotype. Most neurochemical
abnormalities in PRS rats are found in the ventral hippocampus, a region that encodes memories related to stress and emotions. We have
recently demonstrated a causal link between the reduction of glutamate release in the ventral hippocampus and anxiety-like behavior in
PRS rats. To confer pharmacological validity to the glutamatergic hypothesis of stress-related disorders, we examined whether chronic
treatment with two antidepressants with different mechanisms of action could correct the defect in glutamate release and associated
behavioral abnormalities in PRS rats. Adult unstressed or PRS rats were treated daily with either agomelatine (40 mg/kg, i.p.) or
fluoxetine (5 mg/kg, i.p.) for 21 d. Both treatments reversed the reduction in depolarization-evoked glutamate release and in the expres-
sion of synaptic vesicle-associated proteins in the ventral hippocampus of PRS rats. Antidepressant treatment also corrected abnormal-
ities in anxiety-/depression-like behavior and social memory performance in PRS rats. The effect on glutamate release was strongly
correlated with the improvement of anxiety-like behavior and social memory. These data offer the pharmacological demonstration that
glutamatergic hypofunction in the ventral hippocampus lies at the core of the pathological phenotype caused by early life stress and
represents an attractive pharmacological target for novel therapeutic strategies.

Ongiir et al., 2008; Garcia-Garcia et al., 2009; Chen et al., 2010;
Musazzi et al., 2010, 2013; Popoli et al., 2011).

We were able to demonstrate a direct relationship between
hippocampal glutamate release and anxiety in rats subjected to
prenatal restraint stress (PRS; Marrocco et al., 2012). PRS rats
(i.e., the offspring of mothers exposed to repeated episodes of

Introduction

A growing body of evidence suggests that abnormalities in hip-
pocampal glutamatergic transmission are involved in the patho-
physiology of mood and anxiety disorders (Tordera et al., 2007;
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restraint stress during the last 10 d of pregnancy) are character-
ized by a prolonged corticosterone response to acute stress, and
by neurochemical and behavioral abnormalities that are typically
linked to depression and anxiety (Dugovic et al., 1999; Darnau-
déry and Maccari, 2008; Zuena et al., 2008; Morley-Fletcher et al.,
2011; Mairesse et al., 2013). We found large reductions in
depolarization-evoked glutamate release and in the expression of
synaptic vesicle-associated proteins in the ventral hippocampus
of adult PRS rats. In these rats, pharmacological enhancement of
glutamate release by local injection of a cocktail of GABAy and
mGlu2/3 receptor antagonists in the ventral hippocampus was
able to reverse anxiety-like behavior (Marrocco et al., 2012). This
was the first evidence of a hypofunction of glutamatergic neu-
rotransmission in the ventral hippocampus in a model of depres-
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sion and anxiety, which has predictive, face, and construct
validity. Glutamatergic hypofunction has also been found in
postmortem brain tissue from depressed subjects (Choudary et
al., 2005; Bernard et al., 2011). Of note, exposure to acute or
chronic stress in adult life results instead in enhanced glutamate
release in the hippocampus (Popoli et al., 2011), suggesting that
the age window of exposure is critical for the effect of chronic
stress on glutamatergic transmission. The evidence that the ven-
tral portion of the hippocampus specifically encodes memories
related to stress and emotions (Fanselow and Dong, 2010)
strengthens the relation between our findings in PRS rats and the
pathophysiology of anxiety/depressive disorders.

To support the glutamatergic hypothesis of stress-related dis-
orders, it becomes fundamental to demonstrate that drugs that
are currently used in the treatment of anxiety/depressive disor-
ders can correct the defect in glutamate release found in the ven-
tral hippocampus of PRS rats. To address this question, we used
fluoxetine and agomelatine, two antidepressants that display dif-
ferent mechanisms of action. Fluoxetine is a selective serotonin
reuptake inhibitor, which is marketed for the treatment of major
depression, panic disorders, and obsessive-compulsive disorders
(Sommi et al., 1987; Stokes and Holtz, 1997). Agomelatine is
approved for the treatment of major depression and acts as a
mixed MT,/MT, melatonergic receptor agonist/5-HT, receptor
antagonist (de Bodinat et al., 2010). Preclinical and clinical evi-
dence demonstrate that agomelatine is also effective in the treat-
ment of anxiety (Millan et al., 2005; Tuma et al., 2005; Loiseau et
al., 2006; Papp et al., 2006; Stein et al., 2008, 2012; Baldwin and
Lopes, 2009; Kasper et al., 2010; Morley-Fletcher et al., 2011;
Levitan et al., 2012).

We examined the glutamatergic synapse by measuring K *-
evoked glutamate release from superfused synaptosomes and by
analyzing the synaptic expression of vesicle-associated mem-
brane protein (VAMP) as a representative protein of the SNARE
complex, and of proteins regulating the trafficking of synaptic
vesicles, such as synapsins, munc-18, and Rab3A (see also Mar-
rocco et al., 2012). We report that chronic systemic treatment
with either fluoxetine or agomelatine corrects the glutamatergic
hypofunction in the ventral hippocampus and the associated be-
havioral abnormalities in adult PRS rats.

Materials and Methods

Animals

Forty nulliparous female Sprague Dawley rats (20 for control group and
20 for PRS group), weighing ~250 g, were purchased from Charles River
and housed under standard conditions with a 12 h light/dark cycle. Fe-
males were individually housed overnight with a sexually experienced
male rat, and vaginal smears were examined on the following morning.
The day at which the smear was sperm positive was considered as embry-
onic day 0.

Stress protocol

Animals were subjected to PRS according to our standard protocol (Mac-
cari et al., 1995; Morley-Fletcher et al., 2003). From day 11 of pregnancy
until delivery, pregnant female rats were subjected to three stress sessions
daily (45 min each), during which they were placed in transparent plastic
cylinders and exposed to bright light. Only male offspring from litters
containing 10—14 pups with a comparable number of males and females
were used for the experiments. A maximum of one or two male pups was
taken from each litter for each measure to remove any litter effects
(Becker and Kowall, 1977; Chapman and Stern, 1979). All experiments
followed the rules of the European Communities Council Directive
2010/63/EU of 22 September 2010. The local ethics committee approved
the prenatal stress procedure.

© 2014 Tous droits réservés.
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Antidepressant treatment
Antidepressant drugs were dissolved in hydroxyethylcellulose (HEC; 1%
suspension in distilled water). Rats were 3 months old at the beginning of
the treatment. Control and PRS rats were treated daily over 3 weeks with
intraperitoneal injections of fluoxetine (5 mg/ml/kg; Sigma), agomela-
tine (40 mg/2 ml/kg; Servier), or 1 ml/kg HEC alone (vehicle). The dose
of agomelatine was selected on the basis of previous reports (Van Reeth et
al., 1997; Papp et al., 2003; Banasr et al., 2006; Soumier et al., 2009) and
on previous data obtained in the PRS rats (Morley-Fletcher et al., 2011).
The dose of fluoxetine was administered according to the standard regi-
men described by Nibuya et al. (1996). Injections were performed 2 h
before the onset of the dark phase of the 12 h light/dark cycle, based on
the circadian rhythm resynchronization properties and antidepressant
activity of agomelatine (Van Reeth et al., 1997; Papp et al., 2003).

All animals used for ex vivo measurements of neurotransmitter release
and immunoblot analysis of protein expression had been tested for be-
havior at least 1 week earlier.

Glutamate and GABA release experiments

Purified synaptosomes isolated from the ventral hippocampus (1 = 5 per
group) were prepared essentially according to the procedures of Dunkley
et al. (1986), with minor modifications. Briefly, the tissue was homoge-
nized in 10 volumes of 0.32 M sucrose, buffered to pH 7.4 with Tris (final
concentration, 0.01 M) using a glass Teflon tissue grinder (clearance, 0.25
mm). The homogenate was centrifuged at 1000 X g for 5 min to remove
nuclei and debris; the supernatant was gently stratified on a discontinu-
ous Percoll gradient (6%, 10%, and 20% v/v in Tris-buffered sucrose)
and centrifuged at 33,500 X g for 5 min. The layer between 10% and 20%
Percoll (synaptosomal fraction) was collected and washed by centrifuga-
tion. The synaptosomal pellet was then resuspended in physiological
medium (standard medium) having the following composition (in mm):
NaCl 140; KCl 3; MgSO, 1.2; CaCl, 1.2; NaH,PO, 1.2; NaHCO; 5;
HEPES 10; and glucose 10; pH 7.2-7.4. Synaptosomes were incubated for
15 min at 37°C in a rotary water bath and superfused at 0.5 ml/min with
standard physiological solution. When studying the release of neu-
rotransmitter evoked by high concentrations of K *, synaptosomes were
transiently (90 s) exposed, at = 39 min, to 12 mm KClI (substituted for
NaCl in the superfusate). Superfusion was always performed with media
containing 50 uM amino-oxyacetic acid (Sigma) to inhibit GABA metab-
olism. Three superfusate fractions were collected according to the follow-
ing scheme: two 3 min fractions (basal release), one before (t = 36-39
min; bl) and one after (+ = 45—48 min; b3) a 6 min fraction (t = 39-45
min; evoked release, b2). Fractions collected and superfused synapto-
somes were counted for endogenous amino acid content. Endogenous
glutamate and GABA were measured by HPLC analysis after pre-column
derivatization with o-phthalaldehyde and separation on a C18 reverse-
phase chromatographic column (10 X 4.6 mm, 3 um; at 30°C;
Chrompack) coupled to fluorimetric detector (excitation wavelength,
350 nm; emission wavelength, 450 nm). Buffers and the gradient pro-
gram were as follows: solvent A, 0.1 M sodium acetate, pH 5.8/methanol,
80:20; solvent B, 0.1 m sodium acetate, pH 5.8/methanol, 20:80; solvent
C, 0.1 M sodium acetate, pH 6.0/methanol, 80:20; gradient program,
100% C for 4 min from the initiation of the program; 90% A and 10% B
in 1 min; isocratic flow, 2 min; 78% solvent A and 22% solvent B in 2 min;
isocratic flow, 6 min; 66% solvent A and 34% solvent B in 3 min; 42%
solvent A and 58% solvent B in 1 min; 100% solvent B in 1 min; isocratic
flow, 2 min; 100% solvent C in 3 min; flow rate, 0.9 ml/min. Homoserine
was used as the internal standard. Synaptosomal protein contents were
determined according to Bradford (1976). The amount of endogenous
glutamate and GABA from synaptosomes in superfusate fractions was
expressed as picomoles per milligram of protein. The depolarization-
induced overflow was estimated by subtracting the neurotransmitter
content into the first and the third 3 min fractions collected (basal release,
b1 and b3) from that in the 6 min fraction collected during and after the
depolarization pulse (evoked release, b2).

Western blot analysis
Control and PRS rats (n = 4 per group) were killed by decapitation, and
dorsal and ventral hippocampi were rapidly dissected and immediately
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Figure 1.

Chronic treatment with agomelatine or fluoxetine corrects abnormalities in the expression of synaptic vesicle-associated proteins in the ventral hippocampus of PRS rats. Control

unstressed rats (CONT) and PRS rats were treated intraperitoneally with vehicle, agomelatine (40 mg/kg), or fluoxetine (5 mg/kg) for 21 d. Representative continuous, uncropped images of 12
sample immunoblots (2 samples per group per treatment) are shown on the left side (C, control unstressed rats; P, PRS rats). Values are given as the mean == SEM (n = 4rats per group). *p << 0.05
or **p << 0.01 vs the respective CONT rats; #p << 0.05 or ##p << 0.01 vs vehicle-treated CONT or PRS rats.

stored at —80°C. Immunoblotting analysis was performed on the synap-
tosomes isolated from the ventral hippocampus. To isolate synapto-
somes, tissue was manually homogenized with a potter in 10 volumes of
HEPES-buffered sucrose (0.32 M sucrose, 4 mm HEPES pH 7.4). All
procedures were performed at 4°C. Homogenates were centrifuged at
1000 X g for 10 min, and the resulting supernatants were centrifuged at
10,000 X g for 15 min. The pellet obtained from the second centrifuga-
tion was resuspended in 10 volumes of HEPES-buffered sucrose and then
spun again at 10,000 X g for 15 min. This pellet contained the crude
synaptosomal fraction. To validate the purity of this synaptosomal frac-
tion, we used anti-histone H3, anti-B-tubulin, and anti-synapsin Ia/b in
immunoblot analysis. BCA assay was used to determine protein concen-
tration. Synaptosome lysates were resuspended in Laemmli reducing
buffer, and 20 g of each sample was first separated by electrophoresis on
Criterion TGX 4-15% precast SDS-PAGE gels (26 wells; Bio-Rad) and

© 2014 Tous droits réservés.

later transferred to nitrocellulose membranes (Bio-Rad). Transfer was
performed at 4°C in a buffer containing 35 mm Tris, 192 mum glycine, and
20% methanol.

We used the following primary antibodies: rabbit polyclonal anti-
synapsin Ia/b (1:4000; catalog #sc-20780), rabbit polyclonal anti-
synapsin Ila (1:4000; catalog #sc-25538) and rabbit polyclonal anti-
VAMP (1:2000; synaptobrevin; catalog #sc-13992), all purchased from
Santa Cruz Biotechnology; mouse monoclonal anti-rab3a (1:2000; cata-
log #107111) and mouse monoclonal anti-Munc-18 (1:2000; catalog
#116011), which were purchased from Synaptic Systems. All primary
antibodies were incubated overnight at 4°C. HRP-conjugated secondary
anti-mouse or anti-rabbit antibodies (purchased from GE Healthcare)
were used at a dilution of 1:10000 and were incubated for 1 h at room
temperature. Densitometric analysis was performed with Quantity One
software (Bio-Rad) associated with a GS-800 scanner. The ratio of indi-
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vidual proteins to B-actin was then deter-

>

Thése de Marie-Line Reynaert, Lille 1, 2014

Marrocco et al. @ Prenatal Stress, Glutamate, and Antidepressants

mined, and these values were compared for Glutamate
statistical significance.
160 -
Behavioral analysis o 1
Assessment of social memory s
At day 15 of antidepressant treatment, the ju- ° 120 - Hit
venile recognition abilities of the rats (n = 9 - Hit
per group) were assessed using the procedure % g % Hi
described by Dantzer et al. (1987) and adapted 35
as follows. During each of the three sessions .E_, @ gp 4
(three sessions per day), a given juvenile rat % §
(handled with rubber gloves) was introduced Se
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6:30 P.M.). Then, the juvenile was removed, %
kept individually in a cage (39 X 24 X 16 cm) (=)
with fresh bedding and food and water avail- 0
able ad libitum for a defined interexposure in- Vehicle Agomelatine Fluoxetine
terval of 30 or 120 min; it was then presented
again to the adult for a 5 min period. Sessions
were video recorded, and the times spent in B GABA
sniffing (the tested animal sniffs the challeng-
er’s fur), grooming (licking behavior of the ° 160 -
tested animal toward the challenger), ano- L
genital interaction (the tested animal sniffs %
challenger’s ano-genital zone), and play (the = 120 -
tested animal is in rearing position and inter- [ X
acts with anterior paws with the challenger) S0
were measured by a trained observer (Observer g ;
20, Noldus). *g E 80 -
Assessment of anxiety-like behavior § g
Anxiety-like behavior was assessed on day 16 of E =
chronic antidepressant treatment in the light = 40 -
and dark test as previously described (Mar- > [] CONT
rocco etal.,2012). The light and dark box setup s
consisted of the following two compartments: o M PRs
one light compartment (45 X 32 X 32 cm; 50 Vehicle  Agomelatine Fluoxetine

lux; light box) and one dark compartment
(30 X 32 X 32 cm; 5 lux). The compartments
were connected via a small opening (10 X 15
cm) enabling transition between the two boxes.
Rats (n = 9 per group) were placed in the light
compartment, and the time spent in each com-
partment and the latency to the first entry into
the light compartment during the 5 min test
were assessed on-line via a video camera located above the box. Behavior
was automatically analyzed using video-tracking software (View Point).

Figure2.

Assessment of depressive-like behavior

Forced swim test. At day 18 of antidepressant treatment, rats (n = 9 per
group) were subjected to an adapted version of the forced swim test
(Porsolt et al., 1978) in a cylindrical container (height, 59 cm; diameter,
25 c¢m) filled with water at 25°C up to a level of 36 cm. The test was
performed between 12:00 and 5:00 P.M. Twenty-four hours after a 15
min session ( pretest, on day 15), control and PRS rats were tested (day
16) during a 5 min session, during which immobility latency and dura-
tion, climbing, and swimming were automatically analyzed using video-
tracking software (View Point).

Splash test. At day 19 of treatment, a separate set of animals (n = 6-8
per group) underwent an adapted version of the splash test (Santarelli et
al., 2003; Yalcin et al., 2005; Surget et al., 2008). Briefly, the test consisted
of spraying a 10% sucrose solution on the rat in a familiar cage. The
sucrose solution dirtied the coat and induced a grooming behavior. After
applying sucrose solution, the time spent grooming was recorded for 5
min as an index of self-care and motivational behavior. Previous works in
mice have shown that in the splash test, chronic stress decreases groom-

© 2014 Tous droits réservés.

Chronic treatment with agomelatine or fluoxetine largely restores glutamate release in synaptosomes prepared from
the ventral hippocampus of PRS rats. 4, B, Depolarization-evoked glutamate (4) or GABA (B) release was assessed in superfused
synaptosomes prepared from control unstressed rats (CONT) and PRS rats treated with vehicle, agomelatine (40 mg/kg), or
fluoxetine (5 mg/kg) for 21 d. Values are given as the mean == SEM (n = 5 rats per group). *p << 0.05 or **p << 0.01 vs the
respective CONT rats; ##p << 0.01 vs vehicle-treated CONT or PRS rats.

ing behavior, a form of motivational behavior considered to parallel
apathetic behavior as a symptom in depression (Isingrini et al., 2010).
Moreover, stress-induced grooming perturbation is associated with re-
duced hedonic reactivity in the sucrose preference test and increased
immobility in the forced swim test (Pothion et al., 2004; Isingrini et al.,
2010).

Statistical analysis

Data were analyzed by two-way ANOVA (group by treatment) with the
exception of data on social memory, which were analyzed by three-way
ANOVA for repeated measures (group X treatment X interval). The
Fisher’s least significant difference post hoc test was used to isolate the
differences. Correlations were analyzed using the Pearson’s correlation
analysis. A p value =0.05 was considered to be statistically significant.

Results

Chronic treatment with antidepressants reverses the changes
in synaptic vesicle proteins and the ensuing defect in
glutamate release in the ventral hippocampus of PRS rats

We measured the levels of synaptic vesicle proteins in purified
synaptosomal membranes prepared from the ventral hippocam-
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surements of endogenous glutamate and
GABA release. Basal glutamate release did
not change as a function of groups (data are
expressed as pmoles/milligram protein in
the first and the third 3 min fractions; con-
trol rats treated with vehicle: 156.12 =
13.66; PRS rats treated with vehicle:
137.82 £ 17.64) or treatments (control rats
treated with agomelatine: 147.54 * 17.5;
control rats treated with fluoxetine:
172.14 *+ 22.31; PRS rats treated with ago-
melatine: 134 = 21.21; PRS rats treated with
fluoxetine: 154 = 12.37). In contrast,
depolarization-evoked glutamate release
(i.e., depolarization-induced overflow) was
substantially reduced in hippocampal syn-
aptosomes of PRS rats treated with vehicle,
compared with the respective control group
(ANOVA group X treatment, F,,, =
18.67,p < 0.01; Fig. 2A). This reduction was
corrected in PRS rats treated with agomela-
tine and fluoxetine (p < 0.01). No differ-
ence in depolarization-evoked glutamate
release was seen between PRS and control
rats treated with fluoxetine. However, this
datum is biased by the reduction of gluta-
mate release found in control rats treated
with fluoxetine (p < 0.01). Depolarization-
evoked glutamate release was significantly
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Figure 3.  Chronic treatment with agomelatine or fluoxetine corrects anxiety- and depression-like behaviors in PRS rats. 4, B,

The same groups of rats used for the assessment of glutamate release were examined in the light-dark box (4), and in the forced
swim test (B), asindicated in the Methods session. Different groups of rats were tested in the splash test (€). Control unstressed rats
(CONT) and PRS rats were treated intraperitoneally with vehicle, agomelatine (40 mg/kg), or fluoxetine (5 mg/kg) for 21 d. Values
are given as the mean == SEM (n = 9 rats per group). *p << 0.05 or **p << 0.01 vs the respective CONT rats; #p << 0.05 or ##p <

0.01 vs vehicle-treated CONT or PRS rats.

pus of control and PRS rats. PRS rats treated with vehicle for 21 d
showed significant reductions in the levels of synapsin Ia/b
(group X treatment, F, 4 = 6.87, p < 0.01), synapsin Ila
(group X treatment, F, 15y = 4.25, p < 0.05), VAMP (synapto-
brevin; group X treatment, F(, ;) = 3.55, p = 0.05), and Rab3A
(group X treatment, F, 5y = 3.54, p = 0.05), and a trend to a
reduction in muncl8 compared with control unstressed rats
treated with vehicle (Fig. 1; see also Marrocco et al.,, 2012).
Chronic treatment with either agomelatine (40 mg/kg/d, i.p.) or
fluoxetine (5 mg/kg/d, i.p.) for 21 d normalized the levels of
synaptic vesicle-associated proteins in PRS rats. After agomela-
tine treatment, levels of synapsin Ia/b were higher in PRS than in
control unstressed rats, but this was due to the lowering effect of
agomelatine on synapsin Ia/b in control rats. No main changes
due to PRS or antidepressant treatment were observed in synaptic
proteins in the dorsal hippocampus (data not shown). Glutamate
and GABA release was measured in synaptosomes using a super-
fusion method that allows a clean estimation of Ca**-dependent
glutamate exocytosis without the components mediated by the
endogenous activation of either presynaptic autoreceptors/heterore-
ceptors or membrane transporters (Raiteri et al., 1974; Raiteri and
Raiteri, 2000; Bonanno et al., 2005). Synaptosomes prepared from
the ventral hippocampus of unstressed control or PRS rats treated
with vehicle, agomelatine, or fluoxetine were challenged with depo-
larizing concentrations of K ¥, and the superfusate was used for mea-
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higher in PRS rats treated with agomelatine
or fluoxetine, compared with PRS rats
treated with vehicle (p < 0.05). No changes
in basal and depolarization-evoked GABA
release were observed in control and PRS
rats treated with vehicle or antidepressants
(Fig. 2B).

Thus, chronic treatment with antide-
pressants normalizes both vesicle-associated
proteins and depolarization-evoked glutamate release in the ventral
hippocampus of PRS rats, with no or slight effect on control un-
stressed rats.

Behavioral effects of agomelatine or fluoxetine treatments

We used the light-dark test and the forced swim test for the as-
sessment of anxiety-like behavior and depressive-like behavior in
PRS rats (Morley-Fletcher et al., 2011; Marrocco et al., 2012). We
also used the splash test for the assessment of self-care and hedo-
nic behavior (Surget et al., 2008). In addition, we examined social
recognition toward a juvenile rat as a test for social memory
(Dantzer et al., 1987). The same groups of animals used for mea-
surements of glutamate release underwent a social memory test at
day 15, anxiety-like behavior test at day 16, and forced swim test
at day 18 of drug treatment. A separate group of rats was used for
the splash test at day 19 of treatment.

PRS rats treated with vehicle displayed an increased latency to
enter the light compartment of the light-dark box, as expected.
Both agomelatine and fluoxetine abolished differences in
anxiety-like behavior between control and PRS rats (ANOVA,
group X treatment, F, 44y = 4.95, p < 0.05; Fig. 3A). The action
of agomelatine and fluoxetine diverged in the two tests used for
the assessment of depressive-like behavior. In the forced swim
test, agomelatine, but not fluoxetine, reduced the increased im-
mobility time in PRS rats (ANOVA, group X treatment, F, 44 =
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4.24, p < 0.05; Fig. 3B). PRS rats showed
reduced grooming behavior in the splash
test, which reflects an impaired motiva-
tion, and treatment with both agomela- 100
tine and fluoxetine reversed this type
of depressive-like behavior (ANOVA,
group X treatment, F, 57y = 4.49, p < 0.05;
Fig. 3C). Finally, we assessed cognitive social
performance by examining the ability to
recognize a juvenile challenger through
three consecutive 5 min exposures. In un-
stressed control rats, sniffing behavior was
reduced from the first to the second and
third exposure to the intruder. Sniffing be-
havior was reduced to a lesser extent in PRS
rats, and, again, this behavioral abnormality
was corrected by treatments with fluoxetine 0o
or agomelatine (ANOVA, group X treat-
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ment X interval exposure, Fi,q¢ = 2.51,
p < 0.05; Fig. 4A, B).

Thus, the effect of antidepressants on
anxiety- and depression-like behaviors
was “disease dependent,” being selectively
observed in PRS rats.
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The anxiolytic action of agomelatine
and fluoxetine is correlated to
normalization of glutamate release

We have recently reported that depo-
larization-evoked glutamate release in the
ventral hippocampus is negatively corre-
lated with anxiety-like behavior of PRS rats
(Marrocco et al., 2012). All control and PRS
rats used for measurements of glutamate re-
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had been previously tested for anxiety-

like behavior in the light-dark box, and Figure4. Chronictreatment with agomelatine or fluoxetine improves social memory in PRS rats. Control unstressed rats (CONT)
ol

depressive-like behavior in the forced
swim test and the social memory test (see

and PRS rats were treated intraperitoneally with vehicle, agomelatine (40 mg/kg), or fluoxetine (5 mg/kg) for 21 d. Data on sniffing
behavior at the first (T1), second (T2), and third (T3) exposure to the juvenile challenger are shown in A. The percentage of
reduction at the second exposure respect to the first is shown in B. Values are means = SEM (n = 9 rats per group). **p << 0.01

above). We examined, for each animal sy, respective CONT rats; #p << 0.05 vs vehicle-treated CONT or PRS rats.

in each group, the correlation between

depolarization-evoked glutamate release in

the ventral hippocampus and (1) the latency to enter the light box;
(2) the immobility time in the forced swim test; and (3) the reduc-
tion in sniffing behavior at the second exposure to the juvenile chal-
lenger. In addition, we examined whether treatment with fluoxetine
or agomelatine could affect these correlations. We found that
depolarization-evoked glutamate release in the ventral hippocam-
pus was negatively correlated with anxiety-like behavior, and the
correlation was maintained when the analysis included rats treated
with agomelatine and fluoxetine. In contrast, glutamate release
showed a positive correlation with social memory performance only
when rats treated with vehicle and agomelatine were included in the
analysis. Depressive-like behavior in the forced swim test showed no
apparent correlation with glutamate release in the ventral hip-
pocampus. Finally, there was no correlation among the three differ-
ent behaviors with the exception of a negative correlation between
social memory performance and depressive-like behavior restricted
to vehicle- and agomelatine-treated rats (Fig. 5; Table 1).

Discussion

We have shown that chronic treatment with two antidepressants
endowed with different mechanisms of action (i.e., fluoxetine

© 2014 Tous droits réservés.

and agomelatine) reversed the reduction in depolarization-
evoked glutamate release in the ventral hippocampus and cor-
rected a range of pathological behaviors in PRS rats. These
included anxiety-like behavior in the light-dark box; increased
immobility time in the forced swim test; reduced grooming be-
havior in the splash test, reflecting low self-care; and reduced
social memory performance toward a juvenile challenger. The
effects of fluoxetine and agomelatine were similar, but not iden-
tical. In general, agomelatine showed a more complete profile
than fluoxetine in correcting the neurochemical and behavioral
abnormalities of PRS rats, with poor or no effects in unstressed
control rats. In contrast, fluoxetine treatment abolished most of
the differences between unstressed and PRS rats, but also caused
a small but significant reduction of glutamate release in the ven-
tral hippocampus of unstressed rats. Thus, at least in our model,
agomelatine behaves as a “disease-dependent” drug, being selec-
tive for the pathological state (see also Morley-Fletcher et al.,
2011). The lack of agomelatine effect in our control rats is in
disagreement with recent findings showing that chronic ago-
melatine treatment reduces depolarization-evoked glutamate re-
lease in hippocampal synaptosomes of unstressed rats (Milanese
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Correlation analysis of depolarization evoked glutamate release in the ventral hippocampus toward anxiety-like behavior in the light-dark box, depression-like behavior in the forced

swim test, and social memory performance. Pearson’s correlation coefficient (r) values and related p values are reported in Table 1 (n = 5 rats per group). CONT, Control unstressed rats.

Table 1. Statistical analysis of correlation data among depolarization-evoked glutamate release in the ventral hippocampus, anxiety-like behavior in the light-dark box,

depression-like behavior in the forced-swim test, and social memory performance

Veh/Ago/FIx Veh/Ago Veh/Fix Veh
Interactions rvalue pvalue rvalue pvalue rvalue pvalue rvalue pvalue
Glutamate release X social memory 0.32 0.08 0.62* 0.004 0.34 0.14 0.70% 0.024
Glutamate release X anxiety-like behavior —0.49% 0.005 —0.58* 0.007 —0.54* 0.013 —0.78* 0.007
Glutamate release X depressive-like behavior —0.17 0.36 —0.26 0.26 —0.28 0.22 —0.51 0.13
Anxiety-like behavior XX social memory —0.30 0.1 —0.29 0.21 —037 0.10 —0.47 0.16
Anxiety-like behavior X depressive-like behavior 0.15 0.42 0.25 0.27 0.22 0.36 0.50 0.14
Social memory X depressive-like behavior —0.31 0.08 —0.47* 0.036 —037 0.10 —0.40 0.24

Data represent Pearson’s correlation coefficient (r) and related p values. The level of significance was set at p << 0.05 (¥). Veh, Vehicle; Ago, agomelatine; Flx, fluoxetine.

etal.,2013). The following factors might contribute to explaining
these contrasting findings: (1) the different breeding of the ani-
mals (reared from birth in the animal facility in our study); (2)
the execution of multiple behavioral tasks before the assessment
of glutamate release in our study; (3) use of ventral versus total
hippocampus in the two studies; and (4) the different concentra-
tions of K™ ions used to stimulate glutamate release (12 vs 15
mM), resulting in different extents of depolarization-evoked re-
lease in the two studies.

So far, the pharmacological validity of the glutamatergic hy-
pothesis of anxious/depressive disorders was mainly supported

© 2014 Tous droits réservés.

by the antidepressant activity of ketamine, which behaves as a
slow NMDA receptor channel blocker (for review, see Maeng and
Zarate, 2007). To date, the effects of classic antidepressants on
glutamate release have been investigated either under basal con-
ditions or in response to acute or chronic stress that induces a
hyperfunction of glutamatergic neurotransmission in adult “nor-
mal” rats (Bonanno et al., 2005; Musazzi et al., 2010; Tardito et
al., 2010; Reagan et al., 2012; Milanese et al., 2013). Adult animals
exposed to acute or chronic stress represent a model of reactive
depression or post-traumatic stress disorder. Here we were able
to demonstrate an action of antidepressants on glutamatergic
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transmission in PRS rats that recapitulates the hallmark features
of endogenous depression and anxiety, and are characterized by a
reduction in glutamate release in the ventral hippocampus (see
also Marrocco et al., 2012). Antidepressant treatment in PRS rats
enhanced glutamate release without changing GABA release.
This action might correct the imbalance between excitatory
and inhibitory neurotransmission in the ventral hippocampus,
thereby restoring cognitive functions related to stress and emo-
tions in PRS rats (Bannerman et al., 2004; Engin and Treit, 2007;
Fanselow and Dong, 2010). The evidence that chronic antide-
pressant treatment normalizes either the increase or the decrease
in glutamate release (in normal rats exposed to stress and PRS
rats, respectively) suggests that the action of antidepressants crit-
ically involves glutamatergic transmission in the hippocampus.

The precise mechanism by which antidepressants modulate
the function of glutamatergic synapses in the hippocampus re-
mains unknown. The primary mechanisms of action of fluox-
etine and agomelatine may converge into a common intracellular
pathway leading to a functional remodeling of glutamatergic
terminals. An attractive hypothesis is that, regardless of their
primary mechanisms of action, antidepressants epigenetically
regulate the expression of synaptic vesicle-associated proteins at
glutamatergic terminals, thereby correcting the abnormalities of
glutamate released caused by different forms of stress. Epigenetic
mechanisms are now considered as potential targets for antide-
pressant medication (Nasca et al., 2013; Vialou et al., 2013), and
the possibility that these mechanisms involve synaptic vesicle-
associated proteins warrants in-depth investigation. It will also be
interesting to examine whether agomelatine and fluoxetine act
directly on glutamatergic neurons in the ventral hippocampus or
modulate glutamatergic transmission transynaptically by acting
primarily on other stations of the neural circuitry underlying
stress and emotion.

The use of the same animals from each group for behavioral
studies and ex vivo measurements of neurotransmitter release
enabled a correlation analysis between glutamate release in the
ventral hippocampus and anxiety-like behavior, depressive-like
behavior in the forced swim test, and social memory perfor-
mance. Interestingly, the extent of glutamate release was inversely
related to anxiety, and showed a positive correlation with social
memory performance when rats treated with agomelatine were
included in the analysis. This particular profile of correlation was
expected because (1) agomelatine was highly effective in improv-
ing both anxiety-like behavior and social memory in PRS rats,
and (2) reduction of anxiety has a favorable impact on social
memory (Landgraf et al., 1995) by influencing the balance be-
tween reserve and explorative curiosity and improving cognitive
flexibility (Blazevic et al., 2012). It is reasonable to conclude that
agomelatine decreases anxiety-like behavior in PRS rats by cor-
recting the defect of glutamate release in the ventral hippocam-
pus, and that the improvement in social memory is a direct
consequence of the anxiolytic effect. We were surprised to find no
correlation between glutamate release in the ventral hippocam-
pus and depression-like behavior in the forced swim test, as well
as between anxiety- and depression-like behaviors. We suggest
that anxiety and depression are two unrelated psychopatholog-
ical outcomes of the neuroadaptive programming triggered by
early life stress, of which only anxiety might be directly linked
to a presynaptic impairment of glutamate release in the ventral
hippocampus.

In conclusion, our data provide the first pharmacological val-
idation for the “glutamatergic hypothesis” of stress-related disor-
ders (Holden, 2003; Hashimoto, 2009; Popoli et al., 2011;
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McCarthy et al., 2012) by demonstrating the action of novel and
classic antidepressants in the PRS model, which replicates devel-
opmental factors involved in the etiology of anxious/depressive
disorders (for review, see Krishnan and Nestler, 2010), and also
has predictive and face validity as an experimental animal model
of anxiety and depression in humans (Darnaudéry and Maccari,
2008). This lays the groundwork for the study of glutamate re-
lease in the ventral hippocampus in other experimental models,
and in humans with anxiety and depression. We suggest that
glutamatergic transmission in the ventral hippocampus, a key
brain region involved in the maladaptive programming caused by
early life stress, represents an attractive pharmacological target
for the development of novel therapeutic strategies.
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2- Altered circadian patterns in the prenatally resirda stress rat model of

depression

PRS adult rats present persistent changes in glegdytecture that parallel those found in
depressed patients (Dugovic et al., 1999). It heasnbshown that PRS rats exhibited
alterations in the sleep architecture: reducedtauraf slow wave sleep, increased duration
of rapid eye movement (REM) sleep, increased nurabBEM sleep events and an increase
in motor activity before the beginning of the datase of the light/dark cycle. A chronic

treatment with the ATD drug agomelatine, which vede to correct the alterations in the
anxious-/depressive-like profile of PRS rais a restoration of abnormalities in glutamatergic
transmission, as described in the previous secélso, corrected PRS-induced abnormalities
in sleep architecture and restore circadian rhytbimshotor activity in the PRS preclinical

model of depression (Mairesse et al., 2013).

Gender is a key unmodifiable risk factor in depi@s®nd both epidemiological and clinical
studies consistently find that women are much niikedy than men to be diagnosed with
depression, with doubled prevalence rates in coisgarto men (Leach et al.,, 2008). We
were able to demonstrate in two distinct studies BRS males and females displayed similar
depressive-like profile in the forced swim test (Mg-Fletcher et al., 2011; Van Waes et al.,

2006), while a sex dimorphism was found for anxi{@yena et al., 2008).

Emerging evidence in both humans and rodents stgytjest disturbances of the circadian
system may contribute to individual differencegmotionality, and emergence of depression
and anxiety or lability, impulsivity, and aggressi@Germain and Kupfer, 2008; McClung,
2007). For example, alterations in the expressio@lock, one of the core circadian genes,
potentiates reward drive, novelty-seeking, and ilsipity, disrupts sleep patterns, and
reduces depression- and anxiety-like behaviorsige rfLe-Niculescu et al., 2008; Roybal et
al., 2007), suggesting an important link betweendincadian system and different aspects of
emotionality. Likewise, human post-mortem studiesvéh documented gene expression
alterations within brain regions that regulate th&élPA axis, including increased
corticotrophin-releasing hormone (CRH) and arginiresopressin (AVP) mRNA in the
paraventricular nucleus of the hypothalamus (PMBQ et al., 2008), and altered ratios of
glucocorticoid (GR) and mineralocorticoid (MR) rete mRNAs in the hippocampus of
depressed patients (Lopez et al., 1998).
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Here, we have studied the interplay between presass and sex in determining circadian
patterns of locomotor activity, in an attempt tottée characterize sex differences in
depressive-like behavior inside a same study. & ialvestigated the circadian expression of

CRH in the PRS model, in relation to the circadiattern of locomotor activity.
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Abstract

Prenatal restraint stress (PRS) in rats is a wadlithented model of early stress known to
induce depression-like behavidmterestingly, most the enduring changes induceBR$ are
sex-dependent, with a depression-like phenotypeglq@iesent in both males and females, and
an anxiety-like phenotype predominating in maleRSPcauses reductions in hippocampal
neurogenesis, CREB phosphorylation and expressfom®I|u5 metabotropic glutamate
receptors only in male rats. In contrast, a prodmhgesponse of the hypothalamus-pituitary-
adrenal axis to stress and a reduced expressiorGhii2/3 receptors in the hippocampus are
seen in both male and female PRS rats. Whetheigelkan circadian patterns caused by PRS
are also sex-dependent is unknown. Here, we exantine relationships between PRS,
gender and the circadian system by monitoring tihening wheel behavior in male and
female adult PRS rats, first under a regular lidgatk (LD) cycle, and then after an abrupt 6h
advance shift in the LD cycle. Furthermore, to stigate whether hypothalamic
modifications are associated with these circadigimalsioral activities, we also measured the
hypothalamic CRH content in males and females &00B8and at 2000h. The pattern of
locomotor activity in PRS rats was erratic and mioagmented, particularly in female PRS
rats. PRS increased and decreased total locomdteityain males and females, respectively,
and induced a significant phase advance in théanmydf circadian activity only in males. In
addition, PRS increased the time required to rdwymize the activity rhythm after an abrupt
phase advance of the LD cycle to a larger extefdnmales than in males. At the beginning of
the light phase, PRS induced a strong increasgmthalamic CRH levels in males but not
in females. At the beginning of the dark phase, RiR&ased hypothalamic CRH levels in
males but reduced CRH levels in females. Theseradusens highlight the importance of the

circadian system in the gender-specific outcomeRs.

Keywords

Prenatal restraint stress; Circadian rhythm; Lodmmactivity; Jet lag; CRH; Gender
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Introduction

Circadian rhythms regulate various physiologicatrégandplay a major physiological role
to insure optimal functioning of the organism amsl adaptation to predict environmental
changes (Gerstner and Yin, 2010). In particulanoammalities in sleep and circadian rhythms
are commonly observed in patients with psychiaand neurodegenerative disord@/gulff

et al., 2010). Interestingly, mood, alertness amghdive performance in healthy individuals
have all been shown to vary with the time of thg. ddood is generally low in the morning,
high in the evening, and declines with extendedefidkess. This led to the proposal that
mood and cognition, like sleep and wakefulness, @adly regulated by circadian and
homeostatic processes and that mood instabilisearirom an abnormal phase relationship
between circadian and homeostatic processes (Wsticé and Van den Hoofdakker, 1999;
Bunney and Potkin, 2008Despite the recognition of an association betwsteap/circadian
rhythm disruption and mental health, mechanistikdiremain poorly understood.

Prenatal restraint stress (PRS) in rats is a wedlsthented animal model of depression and
anxiety (Morley-Fletcher et al., 2004a,b; Maccami &Morley-Fletcher, 2007; Darnaudéry and
Maccari, 2008). Interestingly, most of the outcom&® RS appear to be gender-dependent.
Early studies showed that PRS altered sex hormonlgsin males (Ward and Weisz, 1984;
Ward, 1972). Immune stress during late pregnandyaed anxiety-like behavior in female,
but not male, rats (Paris et al., 2011). Similadiings are reported by Zuena et al. (2008) and
by Brunton et al. (2011) using the model of PRSaomodel of social stress during late
gestation, respectively. PRS causes reductions ippobampal neurogenesis, CREB
phosphorylation and mGlu5 receptor expression oniyale rats (Zuena et al., 2008). There
are exceptions, however. For example, a prolongéadasion of the hypothalamic-pituitary-
adrenal (HPA) axis in response to stress (Macdaai.e1995) and a reduced expression of
mGlu2/3 receptors in the hippocampus wsgen in both male and female PRS rats, although
a greater response to stress was present in fe(@alesa et al., 2008).

Whether alterations in circadian patterns causeddnly life stress are also sex-dependent is
unknown. The PRS model is particularly approprtatexamine this question. PRS is known
to increase REM sleep in male rats (Mairesse g2@1.3), and a positive correlation has been
found between corticosterone response to stresfRE sleep in PRS rats (Dugovic et al.,
1999). Both male and female PRS rats show an isetkeaorticosterone secretion at the end
of the light period although only female PRS ral®owed an increase in total daily
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corticosterone secretion (Koehl et al., 1999). Here monitored the running wheel behavior
in male and female adult PRS rats, first undergalleg light-dark (LD) cycle, and then after

an abrupt 6h advance shift in the LD cycle (a cbhbiological stress). We extended the
analysis to hypothalamic levels of corticotropheteasing hormone (CRH), which is involved

in mechanisms regulating arousal, anxiety, andomesgs to stress (Steiger, 2002; Lightman,
2008). Recently, Zohar and Weinstock (2011) haxend that prenatal stress differentially
modulates CRH expression in male and female rabaieder, CRH has never been studied in

relation to circadian pattern of activity in PR$sra

Material and methods

Animals

Sprague-Dawley nulliparous female rats weighingrapmately 250g were purchased from a
commercial breeder (Harlan, Italia). Animals weepkat constant temperature (22+2°C),
with a regular 12h light/dark (LD) cycle (lights @b 0800h). Water and food were available
ad libitum For a week after arrival, females were group-bdu@! per cage) to coordinate
their estrous cycle. Females were then placed avilexually experienced male for a night
(the following day being designated as day O oftajem), after which they were housed
individually in Plexiglas cages (30x20x15 cm). Rragt females were then randomly

assigned to prenatal restraint stressed (PRS)nrat¢C) groups. (n=12 in each group).

Stress procedure

PRS was carried out according to our standard pob{®laccari et al, 1995): from day 11 of
pregnancy until delivery, pregnant female rats warbjected daily to three stress sessions
starting at 0900h, 1200h and 1700h, during whic¥y ttvere placed in plastic transparent
cylinders (diam.=7.0 cm; length=19.0 cm) and exdose bright light for 45 min. Control
pregnant females were left undisturbed in their @a@ages. Male and female offspring were
weaned 21 days after birth, and only male offspfiog litters containing 10 - 14 pups with
a comparable number of males and females were fosdtle experiments. A maximum of
one or two male pups were taken from each litteeéch measure to remove any litter effects

(Becker and Kowall, 1977; Chapman and Stern, 19%8@r weaning, male and female rats
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from each experimental group (Contreé PRS) were housed in groups of three and
maintained under the same environmental conditimis experiments started (at 4 months of
age). All experiments followed the rules of the @gpgan Communities Council Directive
86/609/EEC.

Running wheel activity

All rats were 4 months old at the start time of exments. Rats were housed in light tight
chambers equipped with continuously operating \etitig fans and placed in individual
cages equipped with a running wheel that allowedicsaous recording of locomotor activity
via an on-line computer (Chronobiology kit, Stanfordft&vare System, CA, USA) under a
regular 12/12 LD cycle (light intensity was set3@-40 Ix at cage floor level). During the
course of the experiments, food and water wereigeohad libitum room temperature (22
°C) and humidity (60 %) were kept constant. A fgsbup of ratsr{ = 10 for each group) was
used to analyze the rhythm of circadian activitgema regular 12/12 LD cycle.

After 10-15 days of adaptation to the running whedhe rhythms of activity were
individually analyzed over 10 consecutive days. dhseet of activity was identified with a 5
min resolution and was defined as the first timepat which the mean intensity of activity
was above 10 % of the maximum and remained abatgothint for at least 50 % of the time
during the following 30 min. The reversed procedwaes used for the cessation (offset) of
activity (first time point below 10 % of maximum duactivity remained below that point for
at least 50 % of the time during the following 3ihjn The time elapsing between the onset
and offset of activity was defined as the totaleiwf nocturnal activity, the peak value of
activity and peak hour of activity were directlytelenined on the actogram for each animal.
The mean 24h integrated activity was determinedatdfing 5 min -by- 5 min the mean
number of revolutions in the wheel over 10 consgeutlays for each animal. The data were

then plotted with a 30 min resolution; this repreéed the mean distance run by the animals.

Jet lag

As chronobiological stressor, rats were subjectedrt abrupt 6h advance shift in the LD
cycle. On the day of the shift, lights were turrgtiéh before the current time, and the new
12h LD cycle (lights on: 0200h) was maintained ¢adter. The time taken for re-entrainment

to the new LD cycle was individually assessed udging "onset" of activity criterion
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determined as previously. This criterion was defias the smallest number of days required
for the shifted activity onset to occur within 30mof lights-off and to be stable for 3 days
under the new LD cycle.

CRH radioimmunoassay

At the end of behavioral experiments, hypothalamimf 7 months old rats, pair sibling with
the animal of the running wheel experiment werediggdissected just after (within 5 min)
the light switch on at 0800h and just after thehtigwitch off at 2000h. To measure
intrahypothalamic CRH, the hypothalami were snagdén and kept at —-80°C until
homogenization. The latter was performed in 1 mleg-HCI 50 mM, pH 7.4, using a Teflon
glass homogenizer. CRH was measured by radioimnssagaRIA) as previously described
(Navarra et al., 1991), with the following modiftimans: a CRH antiserum (kindly donated by
Pr. R. Bernardini) and a (2-[125I]-iodohistidyl32RF were used. The detection limit of the
assay was 1 pg/tube (1p0sample volume for incubation media), with intradanter-assay

coefficients of variation of 5 % and 10 %, respeslyj.

Statistical analysis

Data from the circadian running wheel experimentenanalyzed using two-way analysis of
variance [ANOVA; 2 groups (control and PRS) x 2 ders]. Data from the CRH
hypothalamic content were analyzed using three-aveysis of variance [ANOVA; 2 groups
(control and PRS) x 2 genders x 2 times (0800h 20@Dh). The ANOVA analyses were
always followed by Newman-Keullsost-hoccomparisons. The level of significance was set
at p<0.05.
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Results

Circadian rhythm of running wheel activity in male and female PRS rats

The circadian rhythms of running wheel activity ané regular 12/12 (0800h-2000h) light-
dark cycle were individually analyzed in male amanéle control and PRS rats over 10
consecutive days of continuous registration (see Ej. Male PRS rats anticipated the light
switch off by starting the wheel running activity 2007h when all the other groups started
around 2000h, which is the precise time of lighitslwoff (activity onset, ANOVA for group
effect: R1.3675.85; p < 0.05 Newman-Keulsost-hoctest, Fig. 1, 2A). This phase advance of
the activity onset in male PRS rats impacted disoatctivity offset, which was anticipated at
0631h whereas the activity offset in the other gewvas around 0700h (activity offset,
ANOVA for group x gender: (r36=9.25; p < 0.005 Newman-Keuljgost-hoctest, Fig. 1,
2A). Duration of activity, calculated as the timetlween onset and offset and called “Alpha”
(Fig. 2A), did not differ among the four groups.

Remarkably, there was a clear-cut gender effe@R$% on the levels of activity defined by
the number of wheel revolution (Fig. 1, 2B,C).

First, during the period of lower activity, defined the period between the offset of activity
and the onset of activity of the next day, male PRS were more active than male controls
with no difference between control and PRS femalis (ANOVA for group x gender:
Fa.36=7.68; p < 0.01, Newman-Keulfsost-hoctest, Fig. 2B). More interestingly, during the
period of activity, defined as the period betwdss dnset and the offset of activity, male PRS
rats were again more active than male controlsredse in contrast, female PRS rats were
less active than female controls (ANOVA for groumender: [1.36~39.48; p < 0.00001,
Newman-Keul'spost-hoctest, Fig. 2C). In addition, during this phaseagtivity control

female rats were less active than control male(Ngsvman-Keul'post-hodest, Fig. 2C).

Six-hours phase advance jet lag

As an indicator of the effects of PRS on the apiiit cope with a chronobiological stressor,
we measured the number of days needed for thedawrcahythm of locomotor activity to
become resynchronized after an abrupt 6h advantterrsithe LD cycle (Fig. 3). Both PRS
and gender influenced the time necessary for résgnzation (ANOVA for group x gender:
Fa.3676.27; p < 0.05, Fig. 4B). In control animals, féesatook more days than males to

become resynchronized (Newman-Keydsst-hoctest, Fig. 3B). PRS increased the time to
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become resynchronized to the new LD cycle in bahdgrs, but to a larger extent in female

than in male rats (Newman-Keup®st-hodest, Fig. 3B).

Hypothalamic CRH levels at the beginning of the ligt and the dark phases

Hypothalamic CRH levels were measured at the baygnof the light phase at 0800h and at
the beginning of the dark phase at 2000h (Figlntlependently of the group or the gender,
hypothalamic CRH levels were lower at 2000h thar08d0h (ANOVA for time effect,
F.40739.81, p<0.000001)This might reflect an increased CRH release at B0&d an
increased intracellular CRH accumulation due teduced release at 0800h.

The effect of PRS on hypothalamic CRH levels wasdge dependent (ANOVA for group X
gender: f1.40734.27, p<0.00001). In males, PRS increased CRHEldeloth at 0800h and
2000h (Newman-Keul'gpost-hoctest, Fig. 3). In females, PRS decreased CRH desel
2000h (Newman-Keul'post-hoctest, Fig. 3) but did not cause changes in CRHl$eat
0800h.
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Discussion

Our results show a gender-specific outcome of PRSciocadian systems modulating
locomotor activity, the resynchronization to thevieght-dark cycle, and hypothalamic CRH
levels. The pattern of locomotor activity in PRSsravas erratic and more fragmented,
particularly in female PRS rats. However, totaldlmmtor activity was increased in male PRS
rats and decreased in female PRS rats compardekitoréspective controls. PRS caused a
significant phase advance in the rhythm of circadativity only in male rats. This is in
agreement with our previous study showing that HRficed a phase advance in the
circadian rhythm of locomotor activity (Maccariadt, 2003). Furthermore, when subjected to
an abrupt shift in the light-dark cycle, male arthle PRS rats resynchronized their activity
rhythm to the new light-dark cycle more slowly thamtrol rats. Similar results were found
using other models of early life stress. For exanpiale rats born from hypoxic mothers
have showed significant alterations in the circadibythm of locomotor activity. They
showed a phase advance of their rhythm of actidifier an abrupt 6h phase delay in the LD
cycle, rats from the prenatal hypoxic group toakn#gicantly more time to resynchronize to
the new LD cycle (Joseph et al., 2002). The alteiszhdian locomotor activity of PRS rats
was associated with an increase in REM sleep pusljcshowed in adult male rats (Dugovic
et al., 1999; Mairesse et al., 2013).

These data suggest an involvement of the hypothalsmprachiasmatic nuclei (SCN), which
regulates the circadian clock in mammals (Moore Biathler, 1972; Turek et al., 1995), and
raise the possibility that the circadian clock iger@d by early life stress. The SCN is
composed of different sets of functionally distimeturons. A particular set of SCN neurons
has the function of conveying daily light-dark sagg from other brain regions to “target”
hypothalamic neurons. For example, serotonergiccladinergic neurons regulatércadian
locomotor activityvia SCN neurons (Buijs and Kalsbeek, 2001). Both seergic and
cholinergic neurotransmission might be involvedhe effect of PRS on circadian rhythms.
PRS impairs the development of serotonergic neufi@eters, 1986), and PRS male rats show
increased 5-HT1A mRNA levels in the cerebral cor{storley-Fletcher et al., 2004a). In
addition, exposure to high glucocorticoid levels amute stressors results into significant
alterations in 5-HT turnover in the midbrain—pomeaaof PRS rats, which also show altered
behavioral responses to 5-HT receptor agoniste(£e1988; Muneoka et al., 1997). During
acute restraint stress, ACTH and CRH released uhéeinfluence of 5-HT might influence
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REM sleep (Bonnet et al., 1997), which is abnornmnaltreased in PRS rats (Dugovic et al.,
1999; Mairesse et al., 2013).

The cholinergic system is involved in the executivechanisms of REM sleep (Hobson et al.,
1986), and PRS rats show a cholinergic hypersgitgith response to a CRH challenge (Day
et al., 1998). In addition, acetylcholine release the medial prefrontal cortex and
spontaneous locomotor activity are greater duriregdark phase than during the light phase
in rats of both sexes, and a positive correlatigiste between acetylcholine release and
spontaneous locomotor activity (Takase et al., 200re, all groups of rats showed an
increased locomotor activity during the dark phaather than during the light phase.
However, female PRS rats showed a lower locomattivity and male PRS rats a greater
locomotor activity than all other groups during tthark phase. We have shown previously
that mild stress increases hippocampal acetylchalhease to a greater extent in PRS rats
independently of the gender (Day et al., 1998).sTlati least in the PRS model, acetylcholine
release cannot be related to circadian motor &gtiwith the latter being highly gender-
dependent in PRS rats. It will be necessary to aredsiochemical and behavioral parameters
in the same groups of control and PRS rats to ksittatvhether changes in cholinergic or
serotonergic transmission play any role in the gei@pendent abnormalities of circadian

patterns in PRS rats.

In addition to serotonin or cholinergic system#$yentfactors may be involved in the long-term
effects of PRS on circadian locomotor activity, lsuess CRH. CRH is involved in the
regulation of physiological waking (Opp, 1995) andsleep-wake modifications induced by
acute stress exposure (Gonzalez and Valatx, 18Bider stress conditions, CRH acting as a
neurotransmitter in the locus coeruleus inducesiremeased activity of noradrenergic
neurons, which leads to an increase in paradozieab (Gonzalez et al., 1996; Gonzalez and
Valatx, 1997). The evidence that CRH neurotransomsis altered in PRS rats (Cratty et al.,
1995) and that expression of CRH and its recepsod#ferentially affected by stress in male
and female rats (Zohar and Weinstock, 2011) suggaspotential role for CRH in the
regulation of circadian pattern in PRS rats. CRyulates diurnal activity of the HPA axis,
which, in the rat, peaks around the onset of thik dariod (Girotti et al., 2007). The activity
of CRH neurons within the hypothalamic paraventacunucleus shows daily fluctuations
and is controlled by the SCN (Carnes et al., 1980the beginning of the light phase, PRS
caused a strong increase of hypothalamic CRH lewvelnales, but not in females. At the
beginning of the dark phase, PRS increased hymothalCRH levels in males, but reduced
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CRH levels in females. The increased CRH contertseabeginning of the light phase reflect
a decreased release of CRH at this time of thewlhgn the activity of the HPA axis is low.
CRH data at these 2 times of the day are in agneemi¢h the locomotor hyperactivity of
male PRS rats and the hypo-activity of female P&S during the dark period, and suggest a
possible involvement of CRH in the regulation atadian locomotor activity. Interestingly,

it has been shown that the ratio of the transciybtthe two CRH receptors (CRH-R1 and
CRH-R2) in the amygdala is increased in prenatsligssed males, but not in prenatally
stressed females (Brunton et al., 2011). Male PRS show a strong anxiety component in
their depression-like behavior (Morley-Fletcheakf 2011), whereas female PRS rats show a
depression-like behavior without an anxious compbii8uena et al., 2008; Van Waes et al.,
2011). Thus, sex differences in anxiety-type betrain PRS rats may be explained by the
differential mMRNA expression for CRH-R1, that isxmgenic, and CRH-R2, that is
anxiolytic, in the amygdaloid complex. The circadiariations of CRH found in PRS rats are
in agreement with our previous data showing anredteircadian secretion of corticosterone
plasma levels and hippocampal glucocorticoid remrsgtinding both in male and female PRS
rats (Koehl et al., 1999).

Previous reports on long-term effects of PRS sugipeg male PRS rats provide an animal
model of depression associated with an anxietypikenotype (not seen in PRS females) and
endowed with face, construct, and pharmacologiedili¥y (Maccari and Morley-Fletcher,
2007; Darnaudéry and Maccari, 2008; Zuena et &l082 Morley-Fletcher et al., 2011;
Mairesse et al., 2013). Present data demonstratddmale PRS rats have abnormalities in
the circadian locomotor activity, which are typi¢alimarks of a depressive-like phenotype.
This is consistent with the evidence that femal&P&s show an increased immobility in the
forced swimming test that can be reversed by chraltiohol administration (Van Waes et al.,
2011). All together, these observations highlidfiet importance of the circadian system in the

gender-specific outcome of PRS.

In conclusion, PRS induces an abnormal circadiarction in adult rats as well as an
increased response to stress (Darnaudéry and Na@@¥8), suggesting an underlying
dysfunction of their circadian clock and a globaldbadaptation to challenges. One of the
current hypothesis on the neuroendocrinology ofrekgion involves a flattened (and
advanced) circadian cortisol rhythm with hyperamiism, possibly due to an increased
sensitivity of the adrenal cortex (Holsboer et #084) thought to normalize pituitary ACTH
release in spite of an enhanced drive from the tingdamic CRH neurons (Holsboer et al.,
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1984; Gold et al., 1986). These hormonal featafekepression can be related to those found
in PRS rats. The persistence of all induced abnldiesaafter stressor removal could be seen
as being particularly advantageous for the desightesting of new therapeutical strategies in

circadian and stress-related disorders.
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Figure 1. Van Camp et al.

A. Representative records of the circadian runwhgel activity of male and female control and PRS
rats over 12 consecutive days. The first LD cyslahiown at the top of each panel. Each horizontal
line represents 24h of the animal's life composexinf vertical bar, each representing a wheel
revolution. B. The twenty-four hours representatioh the mean number of wheel revolution
calculated over 10 consecutive days and plotted wit30 min resolution. C. Details of the light
switch off period with data plotted with a 5 minsodution allowing a clear visualization of the
activity phase advance in male PRS animals. Vawesxpressed as means = S.E.M. n=10 rats per

group.
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Figure 2. Van Camp et al.
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A. Table for the onset, offset and alpha of runmriggel activity considering the 0800h-2000h, 12/12
light-dark cycle. B. Total number of wheel revotis during the period of inactivity corresponding
to the period of time between the offset and thesbof activity, most of this period occured during
light phase. C. Total number of wheel revolutionsing the period of activity corresponding to the
period of time between the onset and the offsedatifvity, most of this period occured during the
dark phase. Values are expressed as means + SiEIM.rats per group.’<0.05 PRSvs control

rats. # $<0.05 femalers male.
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Figure 3. Van Camp et al.

A. Representative activity records of the circadiaming wheel activity of male and female control
and PRS rats subjected to abrupt 6h phase advéatice bD cycle (on day 7 on these records). The
first LD cycle and the new LD cycle, after a 6h adees in the light are shown at the top of each
panel. B. The time required by the animals to relyonize their circadian rhythm of running wheel
activity to the new LD cycle. Values are expresasdaneans + S.E.M. n=10 rats per group<0.05
PRSvs control rats. # p<0.05 femaless male.
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Hypothalamic CRH content determined By Iradioimmunoassay just after the light switch on at
0800h (A.) and just after the light switch off &h (B.). Values are expressed in pg of CRH per mg
of wet tissue as means + S.E.M. n=6 rats per greyg0.05 PRS/s control rats. # p<0.05 female

vs male.
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HORMONAL MANIPULATION OF THE ANXIOUS _ /DEPRESSIVE PHENOTYPE

Hormonal fluctuations are very important in deterimgg mood (reviewed by Van Wingen et
al., 2011; Fernandez-Guasti et al., 2012). It is well esthlels that across cycle, with
fluctuations in estradiol and progesterone levelsmen mood is extremely variable, with
sometimes exacerbation of feelings of sadnessdaptession (Schmidt et al., 1998; Bennett
et al., 2004; Freeman et al., 2006), while testost levels in men appear positively
associated with aggressive behavior and substdnuse §Dabbs and Morris, 1990), which are
presumably mediated by its effect on social donueafTarter et al., 2007), and negatively
associated with depressive mood (Kherea, 2013)nDwaging, an enhancement of anxious-
/depressive like disorders is observed and estragenandrogen supplementation therapies
are efficient in the improvement of these troub(&oares et al., 2001errera-Pérez,
Martinez-Mota and Fernandez-Guasti, 2010)

In animal models, an antidepressant effect of séstone was revealed in rats, both in the
sucrose preference test, as a measure of anhedadi@) the behavioral despair FST (Carrier
and Kabbaj, 2012a).

Ovariectomy induces anxiety in female rats, whipkeral less time in the open arms of an
EPM. One month treatment with daily subcutaneoysciions with estradiol is able to
improve this anxiety parameter (Nissen et al., 2012

In PRS rats, an alteration of sexual patterns seonked, with a demasculinized profile in
males (Ward, 1972; Weisz, 1983), even in secon@igéion offspring (Morgan and Bale,
2011). A decrease in aromatization process, asasadh increase in the-eductase activity,
responsible for the conversion of testosterone itgodihydrotestosterone metabolite was
described (Reznikov et al., 2001). A testosteroection at a very early stage (P1) was able
to reverse the PRS-induced altered phenotype (Bemernardi and Gerardin, 2006). A
decrease in testosterone and in estradiol levelfiale and female PRS rats was established,
while PRS males displayed an increase in DHT lewetsch was an important feature of the
PRS-induced phenotype (Reynaert et al., submi@adpter 2). Thus, PRS females and males
present sleep alterations and hormonal deficitsahacomparable to the situation occurring
during menopause and andropause.

As we have shown an important sex effect in PR8&idad anxious-/depressive-like disorders
(Zuena et al., 2008; Weinstock, 2007; Morley-Fletchkt al., 2011; Van Waes et al., 2011),
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confirmed in the present chapter with the circagattern of locomotor activity, we wanted
to determine how sex hormones could influence nisaorders in the PRS model.

At adulthood, rats were submitted to the followpr@cedures: sham-operation, ovariectomy
or hormonally supplemented with silastic tubesedlllwith dihydrotestosterone (DHT),

finasteride (FIN) or estradiol (E). On month aftargeries, for recovery and hormonal
statement, rats were tested for their anxious-assive-like behavior, respectively in the

elevated plus maze apparatus (Fig. 16) and thetspaat (Fig. 17).

Males Females 3 CONT
Il PRS

50 1 1 * 1
1 1
o 451 : |
£ ] i |
© 40 1 1
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9 351 ! !
(=] 1 1
£ 30 ' !
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5 - | |
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0 i :
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Fig 16- Gonadal hormones modulation of anxious-like phenogye in Control and PRS male and
female rats.

One month after surgeries and hormonal treatmatst,(n=7-8) per group were tested in the Elevated
Plus Maze apparatus. Experiments were performedvelegt 2:00 and 5:00 PM. Results are
represented as the mearnS#E.M of the percentage of time spent in the ogiens. SHAM=sham-
operated animals, DHT=dihydrotestosterone suppléeden FIN=finasteride-supplemented,
OVX=ovariectomy, E=estradiol-supplemented. *p<0v85 Control animals of the same sex, #p<0.05
vs SHAM animals of the same group (CONT or PRS).
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Fig 17- Gonadal hormones modulation of depressive-like phatype in Control and PRS male
and female rats.

One month after surgeries and hormonal treatmats,(n=7-8) per group were tested in the Splash
test. Experiments were performed between 2:00 a0@ BM. Results are represented as the mean +
S.E.M of the latency to groom fur (s) (A) and okthercentage of time spent in grooming (B).
SHAM=sham-operated animals, DHT=dihydrotestosteroripplemented, FIN=finasteride-
supplemented, OVX=ovariectomy, E=estradiol-supplaied. *p<0.05 vs. Control animals of the
same sex, #p<0.05 vs SHAM animals of the same giG@NT or PRS).
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CHAPTER II: PRS, SEX DIFFERENCES AND SEX HORMONES ROLE ON

PREFERENCE FOR REWARDING STIMULUS

3- Locomotor activity response to cocaine is predietifor drug-induced CPP: sex

and stress as modulators

In the previous chapter, we have shown the impoetari considering sex differences in the
features obtained in the PRS model, and given ageldor a role of sex hormones in

mediating PRS-induced anxious-like and/or depreskike symptoms.

Here, we addressed the question of sex differemcd®e PRS effect on vulnerability to the
psychostimulant drug cocaine, considering both foaior-activating effect of the drug, and
its ability to induce a conditioned place prefeenim a context where some responses are
predictive of drug self-administration (locomotioRjazza et al., 1989; novelty seeking,
Klebaur and Bardo, 1999), we wondered if an inaems locomotor activity could be
predictive of an enhanced sensitiveness to codathesed preference, as already revealed for

amphetamine (Mathews, Morrissey and McCormick, 2010
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Abstract (240 words/250)

Behavioral sensitization to psychostimulant drugskmnown to highly contribute to drug
addiction. Here we found that adult rats of botkesesubjected to prenatal restraint stress
(“PRS rats”) develop locomotor sensitization toadsttng doses of cocaine under conditions
in which sensitization did not develop in age- aed-matched unstressed rats. PRS rats also
showed a greater cocaine-preference in a conddigrace preference (CPP) paradigm.
Locomotor response to cocaine was highly correl&edocaine preference in both sexes.
PRS rats show abnormalities in gonadal hormonesracterized by higher levels of
dihydrotestosterone (DHT) in males and lower levdld7{3-estradiol (k) in females. To
examine where these changes were causally relatibe@ increased sensitivity to cocaine, we
assessed cocaine-induced CPP in unstressed andrd®R&fter hormonal manipulations
aimed at modifying DHT and_Hevels in males and females, respectively. Supgigation

of DHT in male unstressed rats enhanced CPP tcsdhee levels observed in PRS rats,
whereas inhibition of DHT synthesis with the-Beductase inhibitor, finasteride, reduced
CPP in male PRS rats. In contrast, dipplementation failed to reduce CPP in female PRS
rats, although ovariectomy increased CPP in feraaf#ressed controls, as expected. These
findings suggest that early life stress interadth wender in shaping the vulnerability to drug
addiction, and that, in males, inhibitors af-Beductase are of potential value in restraining

drug abuse in individual with a positive anamnesistress in the perinatal life.

Keywords: conditioned place preference, cocaine, gendermsanones, prenatal stress
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Introduction

Sex is an important basic human variable; howavemen continue to be underrepresented in
clinical trials. As such, women remain a vulnergtdg@ulation subject to the adverse effects of
pharmacological therapies. Unfortunately, selectidnmale animals is often the “default”

choice, and additional information related to sexpreclinical testing should be considered

when designing and analyzing studies in all areasa all levels of biomedical and health-
related research (Raz and Miller, 2012; ZuckerBeery, 2010; Beery and Zucker, 2011)

Stressful life experiences, such as maltreatmedstrophic events, occupational or financial
difficulties are known as important factor in thgolgy of drug addiction and lead to an
enhanced risk of developing alcohol abuse (reviemeleyes et al., 2011). Several preclinical
studies have shown the ability of stressors ta #hee acquisition of drug self-administration in
rats (Goeders, 2002; Piazza and Le Moal, 1998kdéliges aiming at decreasing corticosterone
levels, such as adrenalectomy or injection of gtodicoids synthesis inhibitor, metyrapone,
decrease the sensitiveness of animals to the addproperties of drugs (Goeders and Guerin,
1996; Rougé-Pont et al., 1995; Marinelli et al97p

The model of prenatal restraint stress (PRS) i iat a well-documented model of
dysregulation of HPA axis characterized by a prgkzhsecretion of corticosterone in response
to stress (Koehl et al., 1997, 1999; Dugovic et 4899) which results from a reduced
expression of type | and - Il corticosteroid receptin the hippocampus (Maccari et al., 1995).
An impairment in corticosteroids negative feedbas&ociated with higher corticosterone levels
is also found in rats predisposed to self-adminetephetamine (Maccari et al., 1991; Piazza et
al.,, 1991). Remarkably, PRS rats display an enlthpoepensity to amphetamine or cocaine
self-administration (Deminiéere et al., 1992; Kipp&t al., 2008), an increased locomotor
response to nicotine and amphetamine (Koehl e2@00; Henry et al., 1995), as well as a
reduced metabolism of 3,4-methylendioxymethamphieiarfecstasy) (Morley-Fletcher et al.,
2004).

It has also been demonstrated that the locomogsporse to psychostimulants may predict
consumption of the drug (Piazza et al., 1989; Deand Phillips, 2012). For example, a greater
sensitivity to locomotor effects of the drug wassasated with higher levels of self-
administration (Deminiere et al., 1989; Piazza lgt 1089). This relationship has also been
shown for cocaine both in male and female rats (dtdmet al., 2001; Zhao and Becker, 2010).
Of note, sex differences are also important in drddiction and, women are more sensitive to

the effects of drugs of abuse although they condes®e Once addicted to a drug, women find
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more difficult to stop consumption than men do, ,aafter an abstinence period, women are
more vulnerable to relapse (Becker and Hu, 200X;afAal Sinha, 2009). A quicker transition to
addiction is also observed in animal models. Accglgl, female rats exhibit higher response to
conditioned place preference (CPP) for cocaine raqdire less pairing sessions to develop
cocaine-CPP, with lower doses than males (Russt.,e2003). Female rats also display an
increase in acquisition of drug self-administratjamith a high breaking point in comparison to
males, which reflects the motivation of the aninmakcatch the drug (Kerstetter and Kippin,
2011;Hu et al., 2004; Lynch et al., 2008). The greagmsgivity of females to drugs of abuse is
mediated by estradiol ¢ because Fadministration enhances both drug-seeking behavidr
sensitization to cocaine, and ovariectomy decreasdwation to drug intake (Lynch, 2006; Hu
et al, 2004; Segarra, 2010; Jackson et al., 2006)dditian, drug craving and reinstatement of
drug seeking are more prominent during the esthase of the follicular cycle (Kippin et al.,
2005). i enhances the activity of the brain-reward systemais (Galankin et al., 2010), and
administration of tamoxifen, a selective estrogeneptor modulator, decreases morphine-
induced CPP in mic&eémaeili, 2009).

In males, the role played by androgens in the valility to drug addiction is controversial. Of
note, most of the findings relied on the effectasétration and testosterone (T) supplementation
or replacement (Camp and Robinson, 1988; Van lagteet al., 1996; Walker et al., 2001;
Chin et al., 2002; Russo et al., 2003; Minerlylet2008;), and, to our knowledge, there are no
studies that specifically examine the role playgddihydrotestosterone (DHT), the major
androgenic metabolite of T, in drug addiction.

It is important to examine the effect of gender @ea steroids on drug abuse taking into
account the potential impact of early life stréRS rats offer a valuable model for the study of
the interaction among early life stress, genedasr sgeroids, and drug abuse. Some (but not all)
biochemical and behavioural phenotypes of PRSaratgiender-dependent (Zuena et al., 2008).
In addition, prenatal stress causes long-lastirepgés in sex steroids in both sexes, which
includeinter alia reductions of T levels and increases in DHT lewreisiales, and reductions in
E. levels in females (Ward, 1972; Weisz et al., 198Ryrase, 1994; Reznikoet al, 2001,
Reznikov and Tarasenko, 2007; Reynaert, SFN, 20¥8)have found recently that changes in
DHT in males and in Ein females are causally related to the abnorrealith hedonic
sensitivity to natural rewards displayed by mald éemale PRS rats, respectively (Reynart et
al., SFN, 2012). Here, we examined how gender/sarids and early life stress influence the
vulnerability to psychostimulants by assessing thootor response to cocaine and cocaine-

dependent CPP in unstressed and PRS rats.
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Methods

Animals

Adult female Sprague-Dawley rats weighing about 858nd sexually-experienced males
(400-500 g) were purchased from Charles River Latiooies (L’Arbresle Cedex FRANCE).
Females were group-housed for 3 weeks for acclonaind oestrous cycle coordination in a
temperature (22+/-2°C) and humidity-controlled roonder a 12h light-dark cycle with lights
off at 20h. Males were single-housed during thisgoe Water and chow were provided
libitum. Then, females were placed with a male for a nagid the day corresponding to
spermatozoids revealing by microscopy or copulaprg visualisation was designated as
embryonic day O (EO), and females were housed ithaially in transparent Plexiglas cages

and randomly assigned to control or stressed gfoap4 per group).

Prenatal restraint stress procedure

Pregnant females were subjected to restraint st@essrding to our standard protocol
(Maccari et al., 1995). At E11 of pregnancy unélidery, female rats were submitted to three
stress sessions daily (45 min each), during whigy twere placed in transparent plastic
cylinders and exposed to bright light or were leftisturbed (control dams).

Only rats from litters of 10-14 rats with a similanmber of males and females were used.
After weaning (P21), offspring grew up (2-3 brosi@e3 sisters per cage) until reaching the
good stage (adulthood) for experimentation. A maxmof two animals was used for a same
group to avoid any litter effect (Becker and Kowdl®77; Chapman and Stern, 1979). All
experiments followed the rules of the European Comitres Council Directive 86/609/EEC.
The local ethics committee approved the prenatakstprocedure. Separate sets of adult rats

(3-4 months of age) were used for surgeries armbavioural and hormonal analyses.

Drug administration

Cocaine (cocaine hydrochloride, Sigma-Aldrich, Egnwas prepared extemponaneously in
saline solution (NaCl 0.9%) and administered ingrédpneally (i.p.). For chronic
administration of cocaine, escalating doses ofdhey were administered for 6 days (15
mg/mL/kg for 2 days, 20 mg/mL/kg for 3 days and3§/mL/kg on day 6).
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Locomotor activity

The impact of PRS and sex on cocaine locomotovatatiy effect was assessed on day 1
(acute effect, single injection of 15 mg/mL/kg) addy 6 of the chronic administration
protocol (30 mg/mL/kg).Control and PRS male and female adult rats wereeglan
locomotor activity cages for 15 min for habituatiagd then, were injected with vehicle or
cocaine, and replaced in the cages of the locomattivity apparatus, for 90 min. The
activity in the front and the back of the cagewasdl as rearing and moving forwards and
backwards were automatically recorded (i-metroRessac, France). Results are represented
as the sum of all the locomotor activity parametang as 10 min interval at the 90 min

recording session.

Conditioned Place Preference (CPP)

Saline solution (NaCl 0.9% in distilled water) wased as vehicle neutral stimulus, whereas
cocaine (15 mg/mL NaCl 0.9%/kg) was used as rewgrsiimulus. To evaluate the influence
of PRS and sex differences on preference to cogmimed chamber, adult (4 mo old) male
and female control and PRS rats (n=7-8 rats peupjravere used for the experiment. The
CPP apparatus was made in opaque Plexiglas andwwaaompartments with different
associated visual cues (one chamber white andttiez grey). On day 1 (pretest), rats were
allowed to explore the whole apparatus for 20 naaum the absence of any stimulus, in order
to determine their spontaneous preference for baenber of the apparatus. Conditioning (8
days, 30 min/session) with cocaine was conductetthenleast preferred side while vehicle
injection was paired with preferred side, as deteech after pretest.

During conditioning sessions, animals were altévebt injected with vehicle or cocaine just
before being placed in the appropriate stimulusgoachamber. Day 10 (test) was performed
as pretest. The time spent in vehicle- and cocapared chambers was automatically
recorded (i-metronic, Pessac, France). Data wepeesged as a percentage of time spent in
cocaine-paired chamber during the test minus teeegt.

In a second time, we addressed the question dirtk&etween cocaine CPP and response to
cocaine-induced locomotor activity. To address igssie, 24 h after CPP test, rats underwent
the chronic administration protocol, as explainbdwe. We have also addressed the question

of sex hormones in modulating cocaine-induced CPP.
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Surgical Procedures

To assess the effect of sex hormones on rats preferfor cocaine, many hormonal
modulations were carried out. Male and female (@3 per group) were anesthetized with 1
mL/kg of a solution of ketamine hydrochloride (16®@/kg IP), xylazine (8 mg/kg IP) and
acepromazine (1 mg/kg IP), and one of the followpngcedures was performed (ovariectomy
(OVX), sham ovariectomy (SO). Ovariectomies comrsish bilateral dorsal incisions (1.0-1.5
cm), 2 cm below the last rib. After removal of thenads, the remaining tissue was replaced
into the peritoneal cavity and the skin incisionsgd with suture. Betadine was applied to
ensure the appropriate asepsis and antisepsis. Sirg@ries were carried out anesthetizing
the animals and making incisions, but not remogogads.

For the hormonal study, 10 mm silastic tube im@dtner diameter 1,98mm; outer diameter
3.18 mm; Biesterfeld France, Rueil-Malmaison Cedeance) were placed subcutaneously
in the midscapular region during surgery. Empty lamgs were used as control in
gonadectomized and SO rats, whereas rats with h@imsupplementation were sham-
operated and implanted with capsules filled eithggh dihydrotestosterone (DHT), estradiol
benzoate (B or finasteride (FIN). All products were providéy Sigma-Aldrich (Saint-
Quentin-Fallavier, France). Implants were expetbtesupply the hormones for two months at
a level close to the physiological one (Van Copfiieret al., 2001).

One month after surgeries, rats belonging to thieowa experimental groups were tested for
cocaine preference in the CPP paradigm, as afortened.

Statistical analysis.

Data were analyzed by two-way ANOVA for locomotatiaty (group by sex), three-way
ANOVA (group by sex by treatment) for CPP test aeavay ANOVA for CPP test after
hormonal manipulation. The Fisher’s post hoc tesis wised to isolate the differences.
Correlation was analyzed using the Pearson’s aiioal analysis A p value <0.05 was
considered to be statistically significant.
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Results

Gender and early-life stress influence the locomotaesponse to cocaine.

We studied the locomotor response of PRS and wssirlemale and female rats to the a single
or repeated injections of cocaine (escalating dbses 15 to 30 mg/kg in6 days).

A single injection of cocaine (15 mg/kg) increasedomotor activity to the same extent in
unstressed and PRS rats. However, the locomotpomes was much greater in females than
in males. No significant effect of PRS was seen QAM\, sex x treatment effectfs,~=23.0,
p<0.001 Fig. 1A).

After 6 days of repeated injections, the locomaodetivity response remained stable in
unstressed rats of both sexes. In contrast, PRSshatwved an enhanced response to cocaine
after 6 days of treatment. An higher response mafe rats was still observed (ANOVA,
group x treatment effectfsg=10.50, p<0.01Fig. 1B).

Figures 2C to F show locomotor activity recordedl@tmin intervals during the 90 min
sessions in response to single or repeated coicgandions.

After 6 days of cocaine injections, the locomotsponse to cocaine shows a U-shaped curve
as a function of the observation, time. PRS mabtesved a reinforced response to cocaine at
all times, as compared to unstressed control males.

In contrast, female PRS rats showed a great locmmresponse as compared to unstressed
females only after the first 10 min of observatide wish to highlight that in females,
locomotor sensitization could be seen in the fiGmin of observation, when total locomotor
activity was increased by 50% in PRS rats and loyiaB-fold in unstressed rats, as compared

to values observed after an acute injectmon{pare Fig. 1E with 1R.

PRS enhanced preference for cocaine in both male @fiemale rats.

We examined the conditioned place preference foaioe in PRS and unstressed male and
female rats. We found an enhanced preference t@ime-paired chamber in PRS rats of both
sexes. As already observed for locomotor actiyitgce preference was substantially greater
in females than in males in both experimental gso(AINOVA, group effect, fr.s =9.02,
p<0.01, sex effect, 5 =10.03, p<0.01Fig. 2).
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Increase in cocaine CPP is correlated with increasén cocaine-induced locomotor
activity.

To examine whether responses to cocaine in thebetavioral paradigms were correlated,
we designed a experiment in which the same anioradsrwent conditioned place preference
for 8 days (4 days of pairing with cocaine or sajiand, 48 hours later, 6 days of escalating
doses of cocaine (see above), followed by measumeaidocomotor activity. We showed a
positive correlation between the percentage of spent in the cocaine—paired chamber and

the total locomotor activity (Pearson’s correlataefficient, r= 0.40, p<0.0Eig. J).

Modulation of cocaine preference by hormonal maniplation in relation to gender and
early life stress.

We moved from the evidence that DHT levels are éigh PRS rats as a result of an increase
activity of Su-reductase (the enzyme that converts T into DHT8z(fkov and Tarasenko,
2007). In contrast, E2 levels are lower in femdRSHats as compared to unstressed controls.
Manipulations that restore hormonal balance combabrmalities in hedonic sensitiveness to
natural reward in PRS rats (Reynaert et al., subd)itWe examine whether changes in DHT
levels in males and E2 levels in females coulddspansible for the reinforced response to
cocaine in PRS rats, we use the following stratéyynale PRS rats were treated with the 5
reductase inhibitor finasteride (subcutaneous lsdastic tube filled with finasteride), (ii)
male unstressed rats were supplemented with exageDblT (subcutaneous 1 cm silastic
tube filled with DHT), (iii) female PRS rats werapplemented with E2 (subcutaneous 1 cm
silastic tube filled with E2), (iv) female unstresisrats were ovariectomized. Data in males
were fully consistent with a positive role for DHih shaping cocaine preference.
Accordingly, unstressed male rats supplemented @K displayed a cocaine preference
similar to that displayed by PRS rats, and finadéetreatment in PRS rats lowered cocaine
preference to the same levels obtained in unsttlesée. Data in females were less clear, with
ovariectomy increasing cocaine preference in ussé® controls but estradiol
supplementation failing to lower cocaine preferemeePRS rats (ANOVA, [577=3.94,
p<0.01,Fig . 4).
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Discussion

We have shown that unstressed and PRS femaleisptayegd a higher response to cocaine-
induced locomotor activity, and an increase in @oorted place preference (CPP) for cocaine
as compared to the respective groups of male This. is consistent with a large body of
evidence indicating a greater sensitivity of femedés to cocaine, in terms of locomotor
response, CPP, self-administration, and drug-resefb operant behavior (Chin et al.,
2002; Festa et al., 2004; Sell et al., 2000, Vaarkla and Meyer, 1991; Walker et al., 2001,
Becker et al., 1982; Harrod et al., 2005; Kantaklgt2007; Lynch and Carroll, 1999; Lynch
and Taylor, 2004; Roth and Carroll, 2004; Russal.eR003; Walker et al., 2001).

At least under our conditions, escalating dosescafaine did not produce locomotor
sensitization in unstressed rats. Interestinglyyewer, PRS rats showed a greater locomotor
response to the sixth injection of cocaine withpees to the first injection, indicating that
sensitization developed only in animals exposedady life stress. This suggests that early
life stress causes neuroadaptive changes in thelimégc system that progressively reinforce
the action of cocaine. So far, an enhanced behasansitization to psychostimulant drugs
has been found only in male PRS rats (Deminiei.et1992; Koehl et al., 2000, Kippin et
al., 2008). Here, in contrast, both males and fenRS rats showed an enhanced motor
response to repeated injections of cocaine, withafes maintaining a greater response than
males. Similarly, both male and female PRS ratsvelloa greater cocaine preference in the
CPP paradigm, indicating that the higher vulnergbib psychostimulants of PRS rats is not
a prerogative of the male gender. We found a p@sitiorrelation between locomotor
response and cocaine preference, in agreement tivithevidence that rats with greater
behavioral sensitization have a higher vulnergbiid drug addiction (Piazza et al., 1989,
Zhao and Becker, 2010).

Of note, both male and female PRS rats display edspre-like behavior, whereas other
behavioral phenotypes of PRS rats show a gendsat éMorley-Fletcher et al., 2003, Zuena et al.
2008; Van Waes et al., 2011). This raises theasteg possibility that, in PRS rats, the greater
preference for cocaine is related to the deprediierbehavior, perhaps as a form of self-
medication.

Sex hormones shape the response to psychostindrlzgg and are important in determining
sex differences in drug addiction (Lynch, 2002)-3tEstradiol () has been implicated in
the greater response of females to cocaine (Segaak, 2010; Russo et al., 2003), perhaps

as a result of its action on the dopaminergic sy alker et al., 2012).
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The role of T and its metabolite, DHT, in males, mechanisms of reward and drug
addiction, is less established (Festa and Quindaeab, 2004). In a previous work, we have
shown that the effect of early life stress on hécgensitivity to natural rewards in males and
females were mediated by DHT and, Eespectively (Reynaert et al., SFN, 2012). In
particular, male PRS show higher levels of DHT &mchale PRS rats lower,Hevels as
compared to sex-matched unstressed rats. Inhib@foDHT synthesis with finasteride in
male rats and E supplementation in female rats correct the abnlitieg in hedonic
sensitivity for natural rewards in PRS rats (Reyha¢ al., SFN 2012). Here, we found a
similar scenario in male rats, where treatment ridtessed controls with exogenous DHT
enhanced cocaine preference to the same leveld foUPRS rats, whereas treatment of PRS
rats with finasteride reduced cocaine preferenoecdntrast, £ supplementation failed to
affect cocaine preference in female PRS rats, affhavariectomy increased preference in
unstressed rats (see also Bobzean et al., 201€)mparison between present data on cocaine
preference and our previous data on sensitivifyaiatable food (Reynaert et al., SFN, 2012)
suggests that the response of the reward circunatoral rewards and psychostimulant
undergoes the same regulation by early life stagskssex steroids in male but not in female
rats. Perhaps this reflects a greater addictivpgaty of food in males, which, at least in some
animal species, can be evolutionistically relathe predominant food-seeking behavior of
the male gender.

The role of DHT in cocaine preference that emefgms the comparison between unstressed
and PRS rats is consistent with the view that ayelte regulate the vulnerability to drug
addiction (Menéndez-Delmestre and Segarra, 201tlsdwl also Minerly et al., 2008 for a
contrasting view). Of note, anabolic androgen #isrfAAS) abusers have a greater tendency to
become addicted to other drugs of abuse, such eanep heroin, amphetamine, and 3,4-
methylenedioxymethamphetamine (DuRant et al. 1895dlundh et al., 2001; Thevis et al.
2008; Hakansson et al., 2012). In addition, AAStu@e long-lasting changes in the rat brain
reward circuits associated with drug dependencégfita et al., 2011).

In conclusion, we have found that early life strasd gender interact in shaping the response
to, and preference for, cocaine in rats. The piyed by DHT in the greater cocaine
preference of PRS rats suggests a potential use-tgductase inhibitors (e.g., finasteride and

dutasteride) to restrain drug addiction in peopkh & positive anamnesis of early life stress.
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Fig. 1- Females and PRS rats are more sensible telavioral sensitization with cocaine.

On day one of the chronic sensitization procedonae and female control unstressed and PRS rats
are tested for their sensitiveness to the effecanfacute injection of cocaine (15 mg/mL/kg, iip.)
comparison to rats treated with vehicle (A). On @ayats are injected with cocaine (30 mg/mL/kg,
i.p.) or vehicle and tested for their locomotoritt response (B). Data are expressed both a$ tota
locomotor activity during the 90 of test and asirseic. Values are means SEM of 7-8 rats per
group, *p<0.05 vs control animals, # p<0.05 vs gkhireated animals of the same group (Control or
PRS) and sex. CONT=control unstressed rats, VEHsleetreated, COC=cocaine-treated.
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Fig. 2- Females and PRS rats are more sensible toetreinforcing effect of cocaine in a
Conditioned Place Preference paradigm.

The percentage of time spent in the cocaine-paiteamber during the test minus the pretest is
represented. Values are meanSEM of 7-8 rats per group, *p<0.05 vs control aalsnof the same
sex, # p<0.05 vs males of the same group (ContlBRS) and sex. CONT=control unstressed rats.
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Fig. 3- Correlation analysis of cocaine-induced Catitioned Place Preference toward
cocaine-induced locomotor activity.

Pearson’s correlation coefficient (r) and relatedjue is reported in the figure (n=6 rats per gjou
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Conditioned Place Preference
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Fig. 4- Impact of sex hormones on cocaine-inducedo@ditioned Place Preference.

One month after surgeries and hormonal supplemensat rats were tested for their
preference for cocaine, represented by the pergeré time spent in the cocaine-paired
chamber during the test minus the pretest {&Jues are means $EM of 7-8 rats per group,
*p<0.05 vs control animals of the same sex, # ps@®sham-operated animals (SHAM) of the
same group (Control or PRS) and sex. ## p<0.0dhesn-operated animals (SHAM) of tkame
group (Control or PRS) and se€ONT=Control unstressed rats. DHT=dihydrotestostero
supplemented, OVX=ovariectomized, E=estradiol-seipy@nted, FIN=finasteride-
supplemented.
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4- Sex hormones mediate the effect of early life stres natural reward

In this part, we wanted to extend our study on wec&o a particular aspect of addiction,

namely addiction to natural reward chocolate. Adyatnderstanding of a high sensitiveness
to foods or behaviors appeared indeed important ther complete understanding of

disruptions of the reward pathway (Kelley and Bigeg, 2002) in the PRS model.

Moreover, in a context where addiction to high e food like chocolate still receives

poor recognition, and where there are only fewisgidsing conditioned place preference, it
was important in a well-known model of sensitivenés drugs of abuse, to bring further

elements in favor of this hypothesis, and to makecomparison between a strong

psychostimulant, such as cocaine and chocolatéhdnsame protocol of measurement of

drug-induced conditioned place preference.
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Abstract

We used adult rats subjected to prenatal restsaiess (PRS) to study the influence of early
life stress and gender on hedonic sensitivity tiina rewards. In unstressed control rats we
found a strong sex dimorphism in conditioned placeference for palatable food, with
females showing a higher preference. RemarkablyS RRolished sex dimorphism by
enhancing food preference in males and reducinfgiemece in females. PRS had profound
effects on plasma levels of gonadal steroids irh Is@xes, enhancing dihydrotestosterone
(DHT) levels in males and reducingftéstradiol (k) levels in females. Changes in DHT and
E. levels were causally related to changes in foefigpence. In males, DHT supplementation
enhanced food preference in unstressed rats, wharh#ition of DHT synthesis reduced
food preference in PRS rats. In females, ovariegtoeduced food preference in unstressed
rats, and E supplementation enhanced food preference in PR& rs biochemical
surrogates, we measured the transcripts of seleggrees in the hypothalamus, and
monoamine levels in the nucleus accumbens (NAc)prationtal cortex (PFC). Changes in
estrogen receptor mRNA levels in the hypothalarmg @dopamine levels in the NAc were
related to DHT and food preference in males. Intrest, changes in 5-HE receptor mRNA
levels in the hypothalamus and serotonin levelgshm PFC were related to, Bnd food
preference in females. These findings indicate tlatly life stress and gender are
interdependent variables, and that changes in gbrsaeroids sustain the effect of early life

stress on hedonic preference for natural rewards.
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Introduction

Drugs of abuse target the mesolimbic dopaminergstesn and other brain reward circuits
that have evolved to respond to natural rewards) as food and sex. Of note, palatable food
and drugs of abuse stimulate the reward systermiitas ways (Rada et al., 2005; Olausson
et al., 2006). Cocaine-dependent rats prefer swedteater over intravenous cocaine (Lenoir
et al., 2007; Avena et al.,, 2008). Therefore, usideding the mechanisms that regulate
responses to natural rewards may provide new itsighto the pathophysiology and
treatment of drug abuse (Kelley and Berridge, 2002)

A number of variables influence hedonic sensititityhatural rewards, such as context, gender,
and early life events. Environmental cues paireth wéwards acquire incentive salienda
Pavlovian learning, and stimulate reward-seekirgab®r. "Cue reactive" individuals are more
vulnerable to develop impulse control disorderghsas addiction and binge eating (Saunders
and Robinson 2013; Holden, 2001). Here, we usedittoned place preference as a method to
measure the motivational effects of palatable {déehtura et al., 2012).

There are only a few studies on the effect of gerte food rewarding. Endogenoiis
endorphin is essential for motivation to food redvanly in male mice (Hayward and Law,
2007), whereas prior access to a sweet is moreginod¢ against cocaine self-administration
in female than male rats (Cason and Grigson, 20h3ddition, the effect of palatable food
on gene expression in the mesolimbic system (Ongl.e2013) and the phenomenon of
palatable meal anticipation in mice (Hsu et al1®@Q0are both gender-dependent.

Early life events have a profound impact on theetlgymental programming of the reward
system. In rats, neonatal maternal separation eelsaacquisition and maintenance of cocaine
self-administration and food responding (Matthetvalg 1999; Kosten et al., 2004; Zhang et
al., 2005), and an unstable maternal environmeigaira the natural propensity to seek
pleasurable sources of reward (Ventura et al., 012

How gender and early life events interact in shgfie sensitivity to natural rewards is unknown.
We attempted to address this question by usingreatal restraint stress (PRS) model in rats.
Adult “PRS rats”, i.e. the offspring of dams expib$e repeated episodes of restraint stress during
pregnancy, show biochemical and behavioral abndresalthat are indicative of an
anxious/depressive phenotype (Morley-Fletcher.ef@ll1; Laloux et al., 2012; Mairesse et al.,
2013; Marrocco et al., 2012; 2014), and also shovershanced vulnerability toward addiction
(Deminiere et al., 1992; Koehl et al., 2000; Motfdgtcher et al., 2004; Van Waes et al., 2009;
Kippin et al., 2008). Some of the hallmarks of PR&, such as anxiety-like behavior and
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changes in hippocampal neuroplasticity, are geddpendent (Zuena et al., 2008), whereas
others, such as depression-like behavior, arekuoah( et al., 1999; Van Waes et al., 2011).

We now report that prenatal stress and gendemnardightly dependent variables in shaping
hedonic sensitivity in the adult life, and that #féect of PRS on place preference for palatable

food is sustained by profound changes in the ledfedex steroids in both males and females.

Materials and Methods

Animals

Adult female Sprague-Dawley rats weighing about 858nd sexually-experienced males
(400-500 g) were purchased from Charles River Latiooies (L’Arbresle Cedex FRANCE).
Females were group-housed for 3 weeks for acclonaind oestrous cycle coordination in a
temperature (22+/-2°C) and humidity-controlled roonder a 12h light-dark cycle with lights
off at 20h. Males were single-housed during thisgoe Water and chow were provided
libitum. Then, females were placed with a male for a nagid the day corresponding to
spermatozoids revealing by microscopy or copulaprg visualisation was designated as
embryonic day O (EO), and females were housed ithaially in transparent Plexiglas cages

and randomly assigned to control or stressed ghoap4 per group).

Prenatal restraint stress procedure

Pregnant females were subjected to restraint stessrding to our standard protocol
(Maccari et al., 1995; Morley-Fletcher et al., 2D0&t E11 of pregnancy until delivery,
female rats were submitted to three stress sessliaihs (45 min each), during which they
were placed in transparent plastic cylinders angdosed to bright light or were left
undisturbed (control dams).

Only rats from litters of 10-14 rats with a simifaumber of males and females were used. After
weaning (P21), offspring grew up (2-3 brothers/gi8ers per cage) until reaching the good
stage (adulthood) to be used for experimentatiomaXimum of two animals was used for a
same group to avoid any litter effect (Becker amavKll, 1977; Chapman and Stern, 1979). All
experiments followed the rules of the European Canities Council Directive 86/609/EEC.

The local ethics committee approved the prenatakstprocedure. Separate sets of adult rats
(3-4 months of age) were used for surgeries arggbavioral and hormonal analyses. The

time line of experiments is depicted in figure 1.
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Surgical Procedures

To assess the effect of sexual hormones on ratsrenee for high palatable food as natural
reinforcement, many hormonal modulations were edrout. Male and female rats (6-9 per
group) were anesthetized with 1 mL/kg of a solutddrketamine hydrochloride (100 mg/kg
IP), xylazine (8 mg/kg IP) and acepromazine (1 mglR), and one of the following
procedures was performed (ovariectomy (OVX), orebidmy (ORX), sham
ovariectomy/orchidectomy (SO). Ovariectomies cdesisn bilateral dorsal incisions (1.0-1.5
cm), 2 cm below the last rib, and for orchidectomegtis and epididymis were remowdd a
small incision at the tip of the scrotum.

After removal of the gonads, the remaining tissaes weplaced into the peritoneal cavity and
the skin incision closed with suture. Betadine \applied to ensure the appropriate asepsis
and antisepsis. Sham surgeries were carried ouwthatzing the animals and making
incisions, but not removing gonads.

For the hormonal study, 20 mm and 10 mm (for reptent and supplementation treatment
respectively) silastic tube implants (inner diamefg98mm; outer diameter 3.18 mm;
Biesterfeld France, Rueil-Malmaison Cedex, Franeeye placed subcutaneously in the
midscapular region during surgery. Empty implaneewused as control in gonadectomized
and sham-operated rats, whereas rats with hornrepédcement or supplementation were
sham-operated and implanted with capsules filledheei with testosterone (T),
dihydrotestosterone (DHT), estradiol benzoatg (@ finasteride (FIN). All products were
provided by Sigma-Aldrich (Saint-Quentin-Fallavidfrance). Implants were expected to
supply the hormones for two months at a level clésethe physiological one (Van

Coppenolle et al., 2001).

Hormone measurement

Trunk blood was collected after the end of expenirieto measure hormones at basal level
and at the end of experiment 2 to assess the efitagonadectomy and hormones

replacement/supplementation on levels of gonadahbpes. Animals were killed one week

after CPP procedure.

Blood was collected in tubes containing EDTA 6% aamples (n=5-8 rats per group) were
centrifuged for 15 min, at 4°C, 1500 g. to isolptasma. Hormones levels were determined
using ELISA kits (Demeditec Diagnostics, Kiel, Gamy). Samples were analyzed in

duplicate. The sensitivity of tests was 0,066 ngMnr14 pg/mL and 6 pg/mL, respectively

for T, E; and DHT.
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Conditioned Place Preference (CPP)

Conditioned place preference was used to studytsemess to food reward, as described by
Ventura et al. (2012) with minor modifications. &dard diet was used as neutral stimulus,
whereas high palatable food milk chocolate was asewarding stimulus (for both foods, 5
grams were delivered during each conditioning se3sExperiment 1 evaluated the influence
of PRS and sex differences in adult (4 mo old) naalé female control and PRS rats (n=7-8
rats per group). Experiment 2 assessed the infuehsex hormones manipulation and PRS
in adult control and PRS male and female rats ¢operat 3 months of age, then tested at 4
months of age after one month of recovery and hoahassessment (n=6-9 rats per group).
CPP procedure always began after two hours of fieptivation. The CPP apparatus was
made in opaque Plexiglas and had two compartmeitks different associated visual cues
(one chamber white and the other grey). On dayabi(hation), animals were exposed to
milk chocolate for 2 hours. On day 2 (pretest)s ratere allowed to explore the whole
apparatus during 20 minutes in the absence of &imdulus, in order to determine their
spontaneous preference for one chamber of the apgar Conditioning (8 days, 30
min/session) with reward was conducted in the Igasterred side. During conditioning,
animals were alternatively exposed to milk cho@ltatstandard diet as neutral stimulus. Day
11 (test) was performed as pretest. Data were ss@deas a difference of percentage of time

spent in rewarding stimulus-paired chamber durivegtést minus the pretest.

Gene expression analysis by Tagman

In order to investigate a correlation between beiralrdata in CPP for chocolate and stress-
/sex-induced modifications of key genes involvedsiress regulation, motivational system,
hedonic feeding, and hormonal regulation, Tagmaal Rene PCR was carried out in the
hypothalamus of rats belonging to the various erpamtal groups. One week after CPP test,
rats were sacrificed and brain areas of interese wept frozen under -80°C until use.

RNA extraction was performed on hypothalamus sasnfsle4-5) using RNeasy Plus mini kit
(Qiagen, Courtaboeuf, France). Concentration of Rééfnples was assed using Nanodrop
(ND-1000, Labtech, Nettetal, Allemagne), and qyaherified by Rin (RNA Integrity
Number; Bioanalyzer 2100, Agilent Technologies, Udis, France).

Appropriated dilutions were performed in order tav@ 1 pg RNA/10 pL sample.
Retrotranscription was carried out with High-CapacDNA Reverse Transcription (RT) kit

(Applied Biosystems, France).
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Transcript levels were then measured by real-tindR Rusing TagMan assays (Applied
Biosystems) and normalized by glyceraldehyde-3-phate dehydrogenase (GAPDH)
expression. Acquisition of data was performed bymseof a StepOnePlusTM software, and
data were obtained as Ct (threshold cycle). The&YCia(Ct of the considered gene - Ct of the
GAPDH gene) and AACt (Ct of a particular gene - Ct of the same genenistressed sham-
operated rats) were calculated. Finally, the cak@**“" allowed us to express data as genes

expression RQ (for relative quantitation) in eaobug in comparison to Control SO males.

Measurement of steady-state levels of monoaminestime nucleus accumbens (NAc) and
prefrontal cortex (PFC).

Catecholamines and serotonin analysis were perfbrame NAc and PFC samples of rats
belonging to the various experimental groups usihg Catecholamine Dual Kit and
Serotonin kit (Eureka srl, Chiaravalle, Italy) amtiog to the manufacturer’s instructions.
Briefly, tissue samples were weighted and homogehia 500 uL of TCA 4%, distributed in
aliquots and stored at -80°C until analysis. Bdttomatographic separations were carried out
on a reversed-phase column (150 x 2.0 mm, Luna Ef8), 100 A pore size, Phenomenex,
Torrance, CA, USA) equipped with a security guarecplumn (Phenomenex) containing the
same packing material. The Liquid Chromatographst&y was composed by a binary pump
(LabFlow 4000, LabService Analytica, Anzola Emilialy), a dynamic mixer (811C, Gilson,
Middleton, WI, USA), an autosampler (Model 231,96ih), and a column oven (LabService
Analytica). The column was maintained at room terapge. The injection volume were 100
ul and the total analysis run time were 20 min. ez were detected by a fluorescence
detector (ProStar, Varian, Walnut Creek, CA, USAgimation wavelength=360 nm and
emission wavelength=490 nm for catecholamines; tattanh wavelength=285 nm and
emission wavelength=344 nm for serotonin). Datalysma was performed using the Star
Workstation software version 6.20 (Varian). Dataavexpressed as monoamines steady-state
levels (pg) per milligram of weight sample in tal?e and represented as RQ (relative

guantitation) in comparison to the respective wssted sham-operated rats in Fig. 6.

Statistical analysis

Statistical analysis was performed by Studentést (Fig. 2B,C), one-way ANOVA followed
by Fisher's PLSD (Fig. 3-6), or two-way ANOVA folled by Fisher's PLSD (Fig. 2A;
Tables 1 and 2). A p value < 0.05 was consideresiigasficant.
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Results

PRS abolished the gender effect on hedonic preferemfor a natural reward

We examined the behavior of adult PRS and unstlessale and female rats in the
conditioned place preference for palatable food. fdend a clear-cut sex dimorphism in
unstressed control rats with higher preferencepfdatable food in females than in males.
PRS enhanced preference in males and reducedemegein females (ANOVA, group sex,
Fa,26712.26, p<0.01), thereby eliminating sex dimorphi{§ig. 2A).

We measured plasma levels of gonadal steroid hamonunstressed and PRS rats of both
sexes. We found that PRS halved T levels and alohmsbled DHT levels in male rats (T,
t=5.26, df=12, p<0.01; DHT, t=2.86, df=13, p<0.db)g. 2B). E; levels were very low in
males and did not differ between unstressed and RBY7.0_+2.05 and 8.3 2.4 pg/ml,
respectively; n = 6). In females, PRS caused a 7@daction in & levels (t=2.22, df=13,
p<0.05) Fig. 2C). Thus, PRS reduced T to DHT ratio in males angsed hypoestrogenism

in females.

Correction of hormonal imbalance abrogated the effet of PRS on hedonic sensitivity.

a) Male rats.

We specifically examined whether either the incegasDHT or the associated reduction in T
levels could account for the greater hedonic pesfee of male PRS rats. We used the
following experimental groups: (i) orchidectomizB®RS rats implanted with empty silastic
tubes; (ii) sham-operated (SO) PRS rats implantitia @ther empty tubes, tubes filled with
T, or tubes filled with the @ reductase inhibitor, finasteride; (iii) orchidestized unstressed
rats implanted with empty tubes or with tubes dilleith T; and (iv) SO unstressed rats
implanted with empty tubes or with tubes filled RviDHT.

Hedonic preference is shown kig. 3A (ANOVA, F50=5.35, p<0.01); androgen levels are
shown inFig. 3B (T, ANOVA, Fg326714,34, p<0.01; DHT, &3,=16,14, p<0.01). Data in SO
rats implanted with empty tubes were identicalltose found in intact rats, with PRS rats
showing greater hedonic sensitivity (p<0.05), loWwdevels (p<0.01), and greater DHT levels
(p<0.05), as compared to unstressed controls. @ctomy in PRS rats caused the expected
drop in DHT levels (p<0.01) and abolished hedomefgrence (p<0.05). The same was found
in SO PRS rats treated with finasteride (DHT levelks0.01; hedonic preference, p<0.01),
suggesting that DHT was responsible for the grgatfierence for palatable food in PRS rats.
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In contrast, the reduction of T had no role in hed®ensitivity because T supplementation in
PRS rats caused no significant changes in pladerpree.

Hormonal manipulation in unstressed rats fully aoméd the critical role of DHT in hedonic
preference. Accordingly, SO unstressed rats supgieed with DHT showed increased
plasma levels of DHT (p<0.01) and displayed the eséw@donic preference as PRS rats (SO
unstressed vs. SO + DHT, p<0.01). Orchidectomyantrol rats had no effect on food
preference; T replacement in orchidectomized cohid also no effect on behavior although

it raised plasma T levels to the same levels fanr®O PRS rats.

b) Female rats

We used the following experimental groups: (i) SRSPrats implanted with empty tubes or
with tubes filled with E; (ii) ovariectomized unstressed rats implantechveinpty tubes or
with tubes filled with g; and (iiil) SO unstressed rats implanted with empbes. Hedonic
preference is shown iRig. 4A (ANOVA, F333=5.22, p<0.01); Elevels are shown ifig.

4B (ANOVA, F(328737.65, p<0.01). Data in SO rats implanted with smipbes were
identical to those found in intact rats, with fem&RS rats showing lower hedonic sensitivity
(p<0.05) and lower E levels (p<0.05), as compared to female unstressts. E
supplementation in SO PRS rats markedly enhan@sia k& levels (p<0.01) and enhanced
hedonic sensitivity to the same levels observedristressed rats (PRS SO vs. PRS+ E
p<0.05). Ovariectomy in unstressed rats causecexipected drop in Elevels and nearly
abolished hedonic preference (p<0.01). rEplacement in ovariectomized unstressed rats
markedly enhanced,Hevels (p<0.01) and restored hedonic preferenbes@ data indicate
that B has a strong impact on hedonic preference in femahk, and that PRS female rats

show a reduced hedonic preference because ofwes Estrogen levels.

Gender and PRS effect on gene expression profile the hypothalamus

We performed TagMan analysis of 25 genes relatedsew differentiation, incentive
motivation, hedonic feeding, and regulation of fiypothalamic pituitary adrenal (HPA) axis
in the hypothalamus of unstressed and PRS ratstbfdexes. Analysis was carried out on 4-5
SO rats implanted with empty tubes used in experinze Only four genes (encoding for
ERo, ERB, serotonin 5-HJc receptor, and cocaine-and-amphetamine receptosciign
peptide or CARTP) showed changes related to se$, PRboth Table 1). PRS increased
ERo, ER3, and CARTP mRNA levels in males, and 5JdTreceptor mRNA levels in

females. Sex dimorphism was also found, with usstd females showing lower ERnd 5-
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HT,c receptor mRNA levels as compared to unstresse@snéh contrast, PRS females
showed lower ER, ERB, and CARTP, and higher 5-Hdreceptor mRNA levels as compared
to PRS maleg¢Table 1). Two-way ANOVA: ERx mRNA levels (group x sex, F(1,16)=3.90,
p=0.06); EB mRNA levels (group effect, F(1,16)=13.22, p<0.84x effect, F(1,16)=123.02,
p<0.01); 5-HT2C receptor mRNA levels (group x sE{,,16)=18.36, p<0.01); and CARTP
MRNA levels (group x sex, F(1,16)=7.58, p<0.05).

We extended the analysis of these four genes &xtsel groups of 4-5 animals subjected to
hormonal manipulation and used for behavioral aig)yi.e. unstressed males treated with
DHT, PRS males treated with finasteride, unstre$spethles subjected to ovariectomy, and
PRS females rats treated with E2.

a) Effect of hormonal manipulation in males

Treatment with DHT significantly increased EBnd reduced 5-HT2C receptor mRNA levels
in unstressed rats. Levels of both transcriptsnistnessed rats treated with DHT were similar
to those found in untreated PRS rats. In conttasgtment of PRS rats with finasteride
substantially reduced EBR ERB, and CARTP mRNA levels. There was no significant
difference between ER ERB, and CARTP mRNA levels between PRS rats treatdd wi
finasteride and untreated unstressed rats (ANOVWRy, BRNA levels, F(2,16)=9.79, p<0.01;
ERB mRNA levels, F(2,16)=19.14, p<0.01; 5-HT2C recepttRNA levels, F(2,16)=8.90,
p<0.01; CARTP mRNA levels, F(2,16)=18.71, p<O0.(Hij. 5A).

b) Effect of hormonal manipulation in females

Ovariectomy significantly enhanced 5-HT2C recept@ARTP, and leptin receptor mRNA
levels in unstressed rats, whereas estrogen traasnbstantially reduced 5-HT2C receptor
and CARTP mRNA levels in PRS rats (ANOVA, 5-HT2Cceptor mRNA levels,
F(2,16)=6.56, p<0.01; CARTP mRNA levels, F(2,16539.p<0.01; leptin receptor mRNA
levels, F(2,16)=5.84, p<0.4q¥Fig. 5B).

Gender and PRS effect on steady-state monoamine &s in the nucleus accumbens

(NAc) and prefrontal cortex (PFC).

Steady-state levels of dopamine (DA), 5-HT, noradlaee (NA), and adrenaline (A) were
measured in 4-5 animals of the same groups usethRXA and behavioral analysis (see

above). Like in behavioral analysis, monoamine legbowed a remarkable sex dimorphism
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in the NAc, with much greater values being obselnegg@males. In the PFC, female PRS rats
showed higher NA and DA levels as compared to rR&& rats, whereas unstressed females
showed higher 5-HT levels as compared to unstressalés. In females, PRS caused a
significant reduction of all monoamines in the NAcreduction in 5-HT levels in the PFC,
and an increase in NA and DA levels in the PFC [@&). Two-way ANOVA: NAc NA
levels (ANOVA, group x sex, F(1,15)=6.83<0.05); NAc A levels (group X sex,
F(1,15)=9.84, p<0.01); NAc DA levels (sex effec(1 £5)=9.21, p<0.01); NAc 5-HT levels
(group effect, F(1,15)=7.17, p<0.05; sex effect,, F$)=10.99, p<0.01); PFC NA levels (sex
effect, F(1,14)=11.23, p<0.01), PFC DA levels (grousex, F(1,15)=5.64, p<0.05), PFC 5-
HT levels (group effect, F(1,14)=9.63, p<0.01; sd#fect, F(1,14)=10.08, p<0.01, group X
sex, F(1,14)=3.88, p=0.06).

In males, PRS did not induce significant changes@moamine levels at least when statistical

analysis included all values obtained in female (Bable 2).

a) Effect of hormonal manipulation on monoamine legls in males

The following groups were compared: SO unstressetl RRS rats implanted with empty
tubes; SO unstressed rats treated with DHT; and®RO rats treated with finasteride. Here,
two-way ANOVA revealed a significant impact of PR8 DA and 5-HT levels in the NAc,
and 5-HT levels in the PFEig. 6A).

PRS enhanced DA levels in the NAc, an effect fudlyersed by treatment with finasteride
(ANOVA, F(2,15)=7.34; p<0.01). As opposed to DA éts;, 5-HT levels were substantially
reduced by PRS in the NAc, and this effect wasiglbrtreversed by finasteride. DHT
supplementation in unstressed rats reduced 5-Hhigsame levels found in untreated PRS
rats (ANOVA, F(2,16)=10.93, p<0.01). Thus changeNAc DA levels fitted nicely with
changes in hedonic sensitivity and serum DHT lewelsereas changes in NAc 5-HT levels
were inversely related.

NA and A levels in the NAc showed significant chaagonly in PRS rats treated with
finasteride (ANOVA, F(2,16)=12.27, p<0.01; and B@=7.96, p<0.01, respectivel{frig.
6A).

In the PFC, changes in DA levels were not staaifllicsignificant. In contrast, PRS caused a
significant reduction in 5-HT levels, and this effevas reversed by finasteride. DHT
treatment in unstressed rats also reduced PFC E¥€ls to a greater extent as compared to
untreated PRS rats (ANOVA, F(2,16)=11.93, p<0.@y. 6A). 5-HT levels were inversely

related to hedonic sensitivity and DHT also in BeC.
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b) Effect of hormonal manipulation on monoamine leels in females

In the NAc, NA, DA, and 5-HT levels were signifiggnreduced in untreated PRS rats and in
ovariectomized unstressed rats (ANOVA, NA, F(2,1%27, p<0.01; DA, F(2,15)=11.72,
p<0.01, 5HT, F(2,15)=9.82, p<0.01). However, asoxgn to behavioral data, estrogen
supplementation was unable to reverse changes jrDMAand 5-HT levels induced by PRS.
A levels were significantly reduced in ovariectosdzunstressed rats and, in PRS rats,
supplementation with E2 corrected the deficit (A2,E5)=36.74, p<0.01) (Fig. 6B). In the
PFC of unstressed rats, ovariectomy caused lamgeases in NA and DA levels, with values
being even higher than those found in untreated REBSN contrast, both ovariectomy and
PRS substantially decreased 5-HT levelstrEatment reversed the effect of PRS on 5-HT
levels in the PFC (ANOVA, NA, E1376.57, p<0.01; DA, E1375.74, p<0.05, 5HT,
F2.1378.94, p<0.01)Kig. 6B).
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Discussion

The main finding of this study is that gender aadydife stress are two interdependent variables
in shaping hedonic sensitivity to natural reward¢he adult life. Our data indicate that gonadal
steroids are essential for the maintenance ofélderiic phenotype in the adult life, and that PRS
alters hedonic sensitivity by causing permanenhgés in the secretion of sex hormones. To our
knowledge, this is the first time that hedonic genty to natural rewards has been examined in
the PRS rat model. PRS rats are more prone to leeaddicted to psychostimulants (Deminiere
et al., 1992; Koehl et al., 2000; Morley-Fletchealk, 2004; Kippin et al., 2008), but no in-depth
analysis of the gender effect on drug-seeking bhehdnas been performed in these animals.
Because palatable food and drugs of abuse stinthiateward system in the same ways (Rada et
al., 2005; Olausson et al., 2006), our findings regythe groundwork for the study of the
interaction between early life stress and gendestsoids in models of addiction.

The female preference for palatable food we haea $® unstressed rats was not unexpected
(Roth et al., 2004; Klump et al., 2013). PRS abelissex dimorphism on hedonic sensitivity by
enhancing place preference in males and reduciace pbreference in females. We wish to
highlight that there were no changes in food commiam, indicating that early life stress and
gender had a specific impact on food reward.

In males, PRS substantially reduced plasma T I¢gelks also Weisz et al., 1982) and enhanced
DHT levels. This is in line with the greater adiyvof Sa-reductase (the enzyme that converts T
into DHT) found in PRS rats (Reznikov et al., 20@kpdyan and Pivina, 2005; Reznikov and
Tarasenko, 2007). In females, PRS caused a magkledtion in serum Hevels, in agreement
with a recent report (Ordyan et al., 2013).

So far, studies of the interaction between edidydiress and sex hormones have focused on the
perinatal period (Pereira et al., 2006; Morgan Rakg, 2011). Here, instead, we adopted a series
of strategies aimed at rebalancing sex hormoneslutt PRS rats, and, therefore, we did not
interfere with the developmental programming dritsnPRS and sex steroids. We found that
DHT supplementation in unstressed male rats enHbarfesdonic sensitivity to levels
approximating those found in PRS rats, whereadbitidn of DHT synthesis with finasteride in
male PRS rats completely reversed the increaseedlortic sensitivity. In contrast, hedonic
sensitivity in PRS rats was not corrected by T Rrppntation. This demonstrated that the
abnormal hedonic sensitivity to natural rewardsngle PRS rats was caused by the increase in
DHT levels, and not by the reduction in T levels iteresting hypothesis for translational

studies is that DHT formation supports drug-seekiefavior in athletes taking testosterone
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esters, or that the use ofi-Beductase inhibitors in humans (e.g., for thettneat of benign
prostatic hyperplasia or androgenetic alopeciape&aichanges in hedonic sensitivity that are
shaped by early life experiences.

In females, estrogens have an established robgirating the activity of the brain reward system
(Galankin et al., 2010), and, Eeplacement or treatment with estrogen recepgantis fully
reverse changes in drug-seeking behavior and respoto psychostimulants caused by
ovariectomy (Lynch 2001; Lynch et al., 2006; Halet 2004; Segarra et al., 2010; Jackson et al.,
2006). Hence, only Elevels were measured in females in our study. Wend that k&
replacement reversed the lowering effect of oveoiag on hedonic sensitivity in unstressed
female rats. In addition,Esupplementation in PRS female rats enhanced redensitivity to
the same levels found in unstressed rats. Agas rdises a number of interesting questions in
humans, e.g. how early life stress affects ovagistnogen production and associated hedonic
sensitivity, or how estrogen treatment during ligrtior after menopause affects responses to
natural rewards.

We searched for potential biochemical correlatasabuld support behavioral data by measuring
the transcripts of a battery of selected genebarhiypothalamus, and monoamine levels in the
NAc and PFC. In the hypothalamus of male rats, gbsnn the transcripts of ERand ER
paralleled changes in hedonic sensitivity and DeMells under basal conditions and following
hormonal manipulations. The increase in both trgptscfound in the hypothalamus of PRS rats
is not in agreement with a previous report shovifrag PRS enhances hypothalamic ER mRNA
levels in the early neonatal period, but not in ddelthood (Henry et al., 1996). Expression of
ERa and § mRNA was under the control of DHT because it wisceed by treatment with
finasteride in PRS rats or by DHT supplementationnstressed rats. DHT is known to activate
ERB in the hypothalamuga its metabolite, &-androstane 3173 diol (Lund et al., 2006; Handa
et al., 2008). In addition, both DHT and-&ndrostane 8173 diol enhance ERexpression in
prostatic tissue of castrated rats (Oliveira et2007). Thus, DHT or its diol metabolite might
interact with ERB in the hypothalamus, thereby regulating the emaf ERs.

In females, we were surprised to find no changeERhexpression in relation to hormonal
modification and hedonic behavior. In contrastnges between hypothalamic 5-HT2C receptor
MRNA levels and hedonic sensitivity were inversedlated. Accordingly, 5-HT2C receptor
MRNA levels were increased in female PRS rats, lwiiisplayed a lower preference for
palatable food. Ovariectomy in unstressed ratsrergtathe transcript of 5-HT2C receptors and
reduced hedonic sensitivity, whereass&pplementation in PRS rats lowered the transofipt

HT2C receptors and increased hedonic sensitivitgsé findings are in nice agreement with the
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aversive and anti-reward properties of 5-HT2C remegyonists (Grottick et al., 2001; Mosher et
al., 2006) and with the increased drug-seeking \behaisplayed by 5-HT2C knockout mice
(Rocha et al., 2002; Chou-Green et al., 2003).

We also measured endogenous monoamine levels witheuaid of radioactive tracing or
metabolic inhibitors, and, therefore, measuremerdge not informative about the activity of
monoaminergic pathways. In spite of these limitegjowe found gender-dependent changes
caused by PRS and/or hormonal manipulations thiag vedated to place preference for palatable
food. Measurements were performed in the NAc and Bécause monoaminergic transmission
in these two regions is tightly linked to food red/dKelley and Berridge, 2002; Fallon et al.,
2007). In the NAc of male rats, PRS caused an aserén DA levels, which was reversed by
finasteride and mimicked by DHT supplementatiommstressed rats. In contrast, changes in 5-
HT levels in the NAc and PFC were inversely relateBDHT levels and hedonic sensitivity. This
suggests that early life stress in males alterdDs-HT balance in the NAc via a sustained
increase in DHT production. DHT might have a dirgcfion on monoaminergic transmission in
the NAc because direct implant of the hormone éNIAc shell exerts rewarding properties (Frye
et al., 2002). Alternatively, DHT might influendeetactivity of hypothalamic neuropeptides, such
as ghrelin and orexin, thereby causing secondagyggs in monoaminergic transmission in the
NAc that are related to the reinforcing propertésgood (Patyal et al., 2012; Kawahara et al.,
2013).

In females, a better correlation between changesmoamines and hedonic behavior was found
in the PFC, where ovariectomy and PRS caused sichianges in 5-HT levels, and the PRS
phenotype was reversed by estrogen supplementafctivation of PFC serotonergic
transmission by estrogen has been associated tampend cognition enhancement both in
rodents and humans (Maki, 2005; Maki and Dumas920btagaki et al., 2010; Jacome et al.,
2010; Epperson et al.,, 2012). Interestingly, estnognd DHT have been found to exert an
opposite modulation on 5-HT turnover rate in thedimePFC (Handa et al., 1997), which fits
nicely with our data obtained in male and femalts.rdhe precise role of PFC serotonin
transmission in food rewarding remains to be ingattd.

In conclusion, we have shown that gender-depencl@ntges in gonadal steroids sustain the
effect of early life stress on hedonic preference hatural rewards. Physiological or
pharmacological modifications of the hormonal ftatuthe adulthood might profoundly affect
hedonic sensitivity in a manner that is tightly elegent on early life experiences. This may lay
the groundwork for novel therapeutic strategiesedirat restoring the appropriate response to

natural rewards in stress-related disorders, ssidejression and drug addiction.
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Legends

Fig. 1 -Experimental design.

Experiment lwas planned to examine the effect of PRS and geowlesensitivity to high
palatable food (milk chocolate) in a conditione@dqa preference paradigm in adult rats.
Experiment 2 was planned to study the effect of gonadectomy dmmonal
supplementation/replacement with implants filledhatestosterone (T), dihydrotestosterone
(DHT), or finasteride (FIN) in males, and with estiol (E) in females, on food preference.
Surgeries were performed at 3 months of age andasiwere tested one month later. Trunk
blood was collected at the end of experiments 12afm hormonal measurements. Animals
were killed one week after behavioral procedure NCO= unstressed control rats; SO =

sham-operated rats; ORX = orchidectomized rats; G\O¥ariectomized rats.

Fig. 2 —Effect of early life stress and gender on food gmexfice and sex steroids in adult rats.
Conditioned place preference for palatable foodinstressed (CONT) or PRS rats of both
sexes is shown in (A). Plasma levels of sex hormamne shown in (B). Levels of testosterone
(T), dihydrotestosterone (DHT) and estradio})(fere measured one week after the end of
the conditioning procedure. Values are means t\6d.7-8 determinations. p<0.05 vs. the
respective CONT group (*) or vs. the respectiveuge(PRS or CONT) of different sex (#)
(Two-way ANOVA + Fisher's PLSD in A, and Student’'&est in B).

Fig. 3 —Effect of hormonal manipulations on food prefereacel gonadal steroids in male
unstressed or PRS rats.

Food preference and plasma levels of gonadal gesyse shown in (A) and (B), respectively.
Values are means + S.E.M of 5-8 determinations.@i<0s. the respective CONT group (*)
or vs. sham-operated (SO) animals of the same dfRS or CONT) (#) (One-way ANOVA

+ Fisher's PLSD). CONT = unstressed control rats; festosterone-supplemented/replaced
rats; DHT = dihydrotestosterone-supplemented ifaly, = finasteride-treated rats, ORX =

orchidectomized rats.
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Fig. 4 —Effect of hormonal manipulations on food prefereane gonadal steroids in female
unstressed or PRS rats.

Food preference and plasma levels of gonadal geese shown in (A) and (B), respectively.
Values are means = S.E.M of 5-9 determinations.@x0s. the respective CONT group (*)
or vs. sham-operated (SO) animals of the same dfRS or CONT) (#) (One-way ANOVA
+ Fisher's PLSD). OVX = ovariectomized rats;Eestradiol supplemented/replaced rats

Fig. 5 — Effect of early life stress and gender on theresgion of selected genes in the
hypothalamus.

MRNA levels of the selected genes in males and lesmats are shown in (A) and (B),
respectively. Data are expressed as fold changeshas-operated (SO) CONT rats and are
means * S.E.M of 4-5 determinations. p<0.05 vs.(ZINT unstressed rats (*), vs. SO PRS
rats (#) or vs. SO CONT treated with DHT ($) (OneywANOVA + Fisher's PLSD). CONT

= unstressed control rats; DHT = dihydrotestostersupplemented rats; FIN = finasteride-

treated rats; OVX = ovariectomized ratssEestradiol-supplemented rats.

Fig. 6 — Effect of early life stress and gender on monoanhevels in the nucleus accumbens
(NAc) and prefrontal cortex (PFC).

Dopamine (DA), noradrenaline (NA), adrenaline (Apd serotonin (5-HT) levels in males
and females are shown in (A) and (B), respectively.

Data are expressed as fold changes vs. sham-apd@@ CONT rats and are means +
S.E.M. of 4-5 determinations. p<0.05 vs. SO CONE (&), vs. SO PRS rats (#) or vs. SO
CONT treated with DHT ($) (One-way ANOVA + FisherLSD). CONT = unstressed

control rats; DHT = dihydrotestosterone-supplemeéntas; FIN = finasteride-treated rats;

OVX = ovariectomized rats; £ estradiol-supplemented rats.
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Table 1 - Effect of early life stress and gender on hypothalamic gene expression.

Gene name CONT 2 PRS2 CONT = FRS 2 Taquan IT
Sex differentiatiom  ERa 100923 175x015* 118035 1100102 Endl479215 =1
ERE 100+ 913% 147010 069006 0890092 End2806%]1 ml
AR 100916 098007 085015 093012 Eodd560747 ml
Motivational systam SHT.-R 100+ 3058 080=003% 0730058 112=012* En0d562748 ml
DADIAR 100910 108+012 107027  0BE+009 FEod3062203 sl
DADIR 100+ 008 101011 0B2=013 078009 FEodd56112§ ml
Frodyoorphin 100914 114023 0464008 074011 Eodd57135] ml
Frotein linase C3 100+ 921 100019 077017 078007  En0d574583 ml
BDNF 100920 115013 145013 125015 FEn02331967 sl
cFaos 100815 134=044 137=035§ 137027 Fo0d487M24 =]
Delta Fos B 100927 1461038 283146 288144 Eondd50040] ml

Tyrosinehydroxdmse 100=030 0852007 1052033 0702008 FRo00562500 ml

Hedonic feeding CARTF 100= 412  178=016% 099=014 104=0082 Fndlfd517 ml
Orexin 100= 916 144=02]1 100+025 166=043 Fnd)d363995 ml
Orexin K1 100912 118011 0BB+£024 0B4=011 Endd36352 ml
Orrexin B2 100006 103017 0B3=008 101012 BEndd565155 ml
Ghrelin 100= 916 113=014 097=015 105=011 FEndl423835 ml
Leptin B 100=921  145=032 077=008 111=002 FEndd561465 ml
NPY 100= 916 1.13=030 0QB1=015 122=019 FEndl410146 ml

Azout related peptide 100+ 021  02§=0321 038=01+ 074=007 Endl431703 =1

Stress regulstion CRH 100918  125=015 0QB2=015 104015 FEndl4621537 ml
CEHEI] 100= 916 106=009 082016 078=006 Fndd578611 ml
CEHEZ 100=913  105=013 070020 0B5=006 Fndd373617 ml
GE 100=¢18 124=012 0Q87=017 021=010 Fndd361363 ml
ME 100= 907 109=007 083+012 0QB7=006 Fndd363562 ml

Expression of selected genes m the hypothalamus of unstressedor PRS rats of both semes was assayed
by Custom Tagman gRT-PCE. The biolegical function of the genesis highlight=d a5 mdicated by Gene
Ontology. Expressionlevels of sach sample wers normalized to the average levels of unstressed male
rats and expressed 25 Relative Quantitation (FQ)). Data are means = 5. EM of 4-3 determmations.
CONT =Control unstressedrats. p=0.03 (Two-away ANOVA+ Fisher's vs. unstressed rats of the same
sex (¥), or vs. the other sex of the same group (unstressed or PRS rats) (=)).
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Table 2 - Effect of early life stress and gender on steady-state monoamine levels in the nucleus

accumbens (NAc) and prefrontal cortex (PFC).

Monoamines

P CONT & PRS & CONT 3 PRS 2
Nucleus accumbens ~ NA 1393 +2.456 2494+ 6054 285+62.1# 136+ 17.7%#
A S388+11.9# 5738+9.14 176+250# 81.5+7.73*
DA 1955+ 1.91# 4771106 428+ 115% 174 +152%
SHT 1578 £26.68 5633+12.1# 348+853# 189 +26.3%#
Prefrontal cortex NA 19.92+£3.30 19.72+£2398 250+340  37.2+2.59%%
A 26.13+122 4470157 291848 365+ 145
DA 4022+6.05 21.50+351# 374514  61.6+9.17#
SHT 7448 7254 4324672 2165274  76.5+ 14.2*

Data are means £ S.EM of 4-5 determinations. CONT

control unstressed rats: NA

noradrenaline, A = adrenaline, DA = dopamine. p<0.05 (Two-way ANOVA + Fisher’s vs. unstressed

rats of the same sex (¥*), or vs. the other sex of the same group (unstressed or PRS rats) (#)).
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CHAPTER Ill: A SELF-MEDICATION HYPOTHESIS FOR ENHANCED PRS RESPONSE

TO COCAINE AND SEX DIFFERENCES

5- Antidepressant-like effect of cocaine is assaethwith increased reward in male

and female prenatally restraint stressed rats

Cocaine is known to induce depression and anxvetyen administered (Paine, Jackman and
Olmstead, 2002), but mainly during withdrawal, ewanearly stage, 24-44 hours after last
cocaine injection of a chronic sensitization pagadiRudoy and Van Bockstaele, 2007; De
Oliveira Cito et al., 2012). Also, high anxiety grgposes to cocaine self-administration
(Dilleen et al., 2012). However, very little is kmo concerning a putative beneficial effect of
cocaine during chronic sensitization. In the intrcitbn and chapters 1 and 2, we have shown
that PRS animals display depressive-like behavimt @enhanced anxiety in comparison to
control unstressed animals. They also show anaseck sensitiveness toward drugs of abuse,
regarding active research behavior, drug-inducednwtor activity and preference for drug-
paired chamber in CPP. An important sex effect as® demonstrated in the analyzed
profiles. We have thus shown that the PRS model avasry valid model which program
animals to develop both anxious-/depressive-likenpttype and addiction.

Here, we wanted to study these parameters as tworglated pathologies, and we address
the question of a putative anxiolytic/antidepressaffect of cocaine at the basis of the
increased sensitiveness to drugs in PRS rats.

Preclinical evidence suggests that metabotropitagiate (mGlu) receptors, which mediate
glutamate neurotransmission, and are located thauigiimbic and cortical brain sites, are
implicated in drug addiction. mGlu receptors playracial role in regulating behavioral
effects of drugs of abuse relevant to drug addicti®pecifically, antagonists at excitatory
postsynaptic mGlu5 receptors decrease drug selfréstnation, while agonists at inhibitory
presynaptic mGlu2/3 receptor agonists prevent t@esent to drug-seeking and -taking after
a period of abstinence (Markou, 2007). We thusyaieal the expression of these receptors in
the NAc to identify neuropathological processe®eaissed with cocaine administration.
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Abstract

Prenatal Restraint Stress (PRS) in rats is a veglisohented model of early stress known to
induce long-lasting neurobiological and behavi@iérations as increased sensitiveness to
psychostimulants, anxiety/depression-like behavard impairment in the glutamate
machinery and metabotropic glutamate receptoresysthus, the epigenetic programming
modulated by early life stress predisposes to diuge disorders and anxiety/depression like
behavior in the same animal model. We aimed to esddwhether a behavioral sensitizing
history of cocaine could have a beneficial impattiee anxious/depressive phenotype in PRS
rats. Since the anxiety-like profile of PRS ratseéx-dependent, with PRS male rats being
anxious, while the depression-like profile appetrsbe characteristic of both sexes, we
examined both males and female PRS adult ratseirébponse to cocaine. We report that
PRS enhanced conditioned place preference for mecai both sexes with respect to
unstressed rats. Remarkably, cocaine exerted dolgixeffect in PRS males and had anti-
depressive properties in both males and femalef@®Sinterestingly, the reversal of the PRS
anxious/depressive like behavioral phenotype indulbg chronic cocaine treatment was
associated with increased mGlu 5 receptors levetmsales and mGlu 2/3 in both males and
females in the nucleus accumbens. Our findings catdi drug addiction and
anxious/depression as stress-related interdepeniisortlers in the PRS model in males and
females, where the enhanced response to cocainkl beua self-medication strategy to
counteract the anxious/depressive like phenotypeiced by PRS. Changes occurring in
metabotropic glutamate receptors system in theemschccumbens and in the hippocampus
would be the shared common neurobiology of the g@dagical programming that alters the
activity of the reward circuit in response to priahatress both as a model for depression- and

addiction-like disorders.

Keywords: prenatal stress, cocaine, conditioned place mebée, anxiety, depression,
nucleus accumbens, metabotropic glutamate receptors
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Introduction

People who have experienced stressful/traumatigatgsins display high prevalence of
anxious-depressive and addictive disorders (Keyed.,e2012). Growing evidence suggests
mental illness and addiction vulnerability co-engerfjom a unified etiology with shared
environmental and genetic factors (Chambers e2@D]1, 2010a; Brewer et al., 2010) and
new literature show that alterations in reward amativational processes may constitute the
defining characteristics of both depression andicidd (Russo & Nestler, 2013). At
neurocircuitry level, abnormalities in the front@rtex and hippocampus also span mental
disorders frequently occurring with addictions amakious depression (Chambers et al.,
2010b, 2013). Among substance abusers with newssiimns in clinics, almost a third is
taking antidepressants. Women often develop thedntieorder first while men frequently
develop such disorders after the addiction, thukcating that sex differences shape this
comorbidity, too. Nevertheless, it is not cleadifig dependence and depression are different
behavioral expressions of the same neurobiologibabrmalities, or whether one psychiatric
disorder leads the other (Markou et al., 1998).

Stress, and in particular early life stress eventxulates the activity of the reward neuronal
circuit, thus constituting a risk factor for anxsddepressive and addictive disorders
(Charmandary et al., 2003; Seckl et al., 2008pdult “PRS rats”, i.e. the offspring of dams
exposed to repeated episodes of restraint streBS:(prenatal restraint stress) during
pregnancy, the pathological epigenetic programniiggered by early life stress predisposes
to both drug abuse disorders and anxiety/depredig@rbehaviors. PRS rats display an
anxious/depressive like phenotype (Maccari etl®195; Dugovic et al., 1999; Darnaudery et
al., 2006; Maccari and Morley-Fletcher, 2007). PR& show neurochemical alterations,
including glutamate and metabotropic glutamate ptws, and circadian rhythm
abnormalities that are indicative of an anxiousfdsgive phenotype (Dugovic et al., 1999;
Morley-Fletcher et al., 2011; Marrocco et al., 20l2loux et al., 2012; Mairesse et al., 2013,
Marrocco et al., 2014). PRS rats also show an edtawvulnerability toward addiction
(Deminiére et al., 1992; Koehl et al., 2000; Morkgtcher et al., 2004; Van Waes et al.,
2009; Kippin et al., 2008).

While several studies conducted on PRS rats hawemsed functional alterations in
dopamine system in the nucleus accumbens assotatthanced drug use (Alonso et al.,
1994; Henry et al.,, 1995; Rodrigues et al., 2012jeB et al., 2012), we have proven

increasing evidence that alterations in group-I gralip-1l metabotropic glutamate receptors
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and glutamatergic transmission participate to timdaas/depressive profile induced by PRS
(Zuena et al., 2008; Van Waes et al., 2009, 20&loux et al., 2012; Marrocco et al., 2012,
2014). Indeed, antidepressants correct the PRS opjpen by restoring metabotropic
glutamate (mGlu) receptors system (Morley-Fletckeral., 2011) as well as glutamate
transmission in the ventral hippocampus (Marrocdcalg 2014). Evidence is accumulating
that mGIlu5 receptors play an important role in fatyug the reinforcing and incentive
motivational properties of drugs of abuse (Kennylet 2005; Paterson & Markou, 2005).
Indeed, mGIu5 receptor antagonists may be usefalenreasing the reinforcing effects of
psycostimulants and preventing relapse during acted abstinence, whereas mGlu 2/3
receptor antagonists may alleviate the depressiosersed during the early nicotine
withdrawal phase (Markou et al., 2007). Thus, nplastic changes occurring in the
glutamate machinery in the PRS brain may lie atdbre of the pathological programming
that alters the activity of the reward circuit thaduld lead either to a depressive or addictive
phenotype in response to prenatal stress. At pregeninfluence of PRS on mGlu receptors
system in the nucleus accumbens is unknown.

Some of the hallmarks of PRS rats, such as ankletybehaviour and changes in
hippocampal neuroplasticity, are gender-depend&ner{a et al., 2008; Darnaudery &
Maccari, 2008), whereas others, such as deprebkemehaviour and response to natural
reward, are not (Koehl et al., 1999; Van Waes gt28111; Reynaert et al., 2012). Moving
from previous evidence that both male and femal8 RRs display cognitive and depressive-
like behavior that can be prevented by ethanol wation during adolescence (Van Waes et
al., 2009, 2011), we addressed whether a behaeralitizing history of cocaine could have
a beneficial impact on the anxious/depressive ptypecand on the mGlu receptors system in

PRS males and female rats.

Methods

Animals

Adult female Sprague-Dawley rats weighing about 258nd sexually experienced males
(400-500 g) were purchased from Charles River Latooies (L'Arbresle Cedex, France).

Females were group-housed for 3 weeks for acclonaind oestrous cycle coordination in a
temperature (22+/-2°C) and humidity-controlled roonder a 12h light-dark cycle with lights

off at 20h. Males were single-housed during thigsgae Water and chow were provided
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libitum. Then, females were placed with a male for a nagid the day corresponding to
spermatozoids revealing by microscopy or copulapbrg visualisation was designated as
embryonic day 0 (EO), and females were housed ithaially in transparent Plexiglas cages

and randomly assigned to control or stressed ghoap4 per group).

Prenatal restraint stress procedure

Pregnant females were subjected to restraint stessrding to our standard protocol
(Maccari et al., 1995; Morley-Fletcher et al., 2R0&t E11 of pregnancy until delivery,
female rats were submitted to three stress sessiaihs (45 min each), during which they
were placed in transparent plastic cylinders angdosed to bright light or were left
undisturbed (control dams).

Only rats from litters of 10-14 rats with a similanmber of males and females were used.
After weaning (P21), offspring grew up until reawithe good stage (adulthood) to be used
for experimentation (2-3 brothers/2-3 sisters @aged. All experiments followed the rules of
the European Communities Council Directive 86/6@3ZE The local ethic committee

approved the prenatal stress procedure.

Drug administration

Cocaine (cocaine hydrochloride, Sigma-Aldrich, E&nwas prepared extemporaneously in
saline solution (NaCl 0.9%) and administered irgrdpneally (i.p.). For behavioral
sensitization, escalating doses of the drug wenaradtered for 10 days (15 mg/mL/kg for 2
days, 20 mg/mL/kg for 3 days and 30 mg/mL/kg fordays). The time line of experiments is
depicted in figure 1.

Assessment of anxiety-like behavior

Light and dark testOn day 7 of the chronic sensitization proceduats (n=7-8 per group)
were injected with vehicle or cocaine (30 mg/mL/kgd anxiety-like behavior was assessed
as previously described (Marrocco et al., 2014 Tight and dark box setup consisted of two
compartments: one light compartment (45 x 32 x 82 80 lux; light box) and one dark
compartment (30 x 32 x 32 cm, 5 lux; dark box). Toepartments were connected via a
small opening (10 x 15 cm) enabling transition hestw the two boxes. Rats were placed in
the light compartment and the time spent in eaghpaostment and the latency to the first
entry into the light compartment during the 5 mastf were assessed on-lima a video
camera located above the box. Behavior was autoaflgtianalyzed using video tracking
software (View Point).
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Assessment of depressive-like behavior

Forced swim test. At day 9 and 10 of the chronicagme treatment, rats (n=7-8 per group)
were injected with vehicle or cocaine (30 mg/mL/lagd subjected to an adapted version of
the forced swim test (Porsolt et al. 1978) as jesly described (Marrocco et al. 2014).
Following injection, control and PRS male and fesnahts were placed in a cylindrical
container (height, 59 cm; diameter, 25 cm) filledhvwater at 25°C up to a level of 36 cm.
The test was performed between 12:00 and 5:00 Fwénty-four hours after a 15 min
session (pretest, on day 9), rats were tested 10ayuring a 5 min session, during which
immobility latency and duration, climbing, and swimmg were automatically analyzed using

video-tracking software (View Point).

Conditioned Place Preference (CPP)

Saline solution (Nacl 0.9% in distilled water) wased as vehicle neutral stimulus, whereas
cocaine (15 mg/mL/kg) was used as rewarding stimulw evaluate the influence of PRS
and sex differences on preference to cocaine-painedhber, a separate set of adult (4 mo
old) male and female control and PRS rats (n=748 per group) was used for the
experiment. The CPP apparatus was made in opagxel@s and had two compartments
with different associated visual cues (one chamileite and the other grey). On day 1
(pretest), rats were allowed to explore the wh@lpagatus for 20 minutes in the absence of
any stimulus, in order to determine their spontasepreference for one chamber of the
apparatus. Conditioning (8 days, 30 min/sessiorih weward was conducted in the least
preferred side. During conditioning, animals welteraatively injected with vehicle or
cocaine just before being placed in the appropsétaulus-paired chamber. Day 10 (test)
was performed as pretest. Data were expressedliffer@nce of percentage of time spent in

cocaine-paired chamber during the test minus teeegt.

Western blot analysis

Control and PRS rats (n=4 per group) were killeddegapitation, and nucleus accumbens
was rapidly dissected and immediatedfored at -80°C. Immunoblotting analysis was
performed on the synaptosomes isolated from the &Apreviously described (Marrocco et
al., 2014). To isolate synaptosomes, tissue wasualignhomogenized with a potter in 10

volumes of HEPES-buffered sucrose (0.32MsucroseMHEPES pH 7.4). All procedures

were performed at 4°C. Homogenates were centrifuagetl000 x g for 10 min, and the
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resulting supernatants were centrifuged at 10,09@0cox 15 min. The pellet obtained from the
second centrifugation was resuspended in 10 volwhétEPES-buffered sucrose and then
spun again at 10,000 x g for 15 min. This pellatitamed the crude synaptosomal fraction.
BCA assay was used to determine protein conceimtratSynaptosome lysates were
resuspended in Laemmli reducing buffer, and 3 pgath sample was first separated by
electrophoresis on Criterion TGX 4 —15% precast $12&E gels (26 wells; Bio-Rad) and
later transferred to nitrocellulose membranes (Bamt). Transfer was performed at 4°C in a
buffer containing 35 mM Tris, 192 mM glycine, an@%2 methanol. We used the following
primary antibodies: rabbit polyclonal anti-mGIuR2(B:500; Upstate, catalog # 06-676),
rabbit polyclonal anti-mGIuR5 (1:500; Millipore, A675), and mouse arfitactin (1:20000;
Sigma, catalog #A5316). All primary antibodies weneubated overnight at 4°C. HRP-
conjugated secondary anti-mouse or anti-rabbitbadtes (purchased from GE Healthcare)
were used at a dilution of 1:10000 and were inedbdor 1 h at room temperature.
Densitometric analysis was performed with Quarfitye software (Bio-Rad) associated with
a GS-800 scanner. The ratio of individual protemg-actin was then determined, and these

values were compared for statistical significance.

Statistical analysis

Data were analyzed by two-way ANOVA for CPP (grdup sex) or three-way ANOVA
(group by sex by treatment) for other behaviorat sa1d western blots. The Fisher’s post hoc
test was used to isolate the differences. A p vald®5 was considered to be statistically

significant.

Results

Cocaine reversed the anxious and depressive-like @hotype of PRS rats

Anxiety-like behavior is shown iRig. 2. Chronic treatment with cocaine (7 days) exerted an
anxiolytic effect on PRS male rats and unstressedral female rats, namely, rats which
display an anxious-like phenotype under basal d¢mmdi (treated with vehicle) (Time in
white, ANOVA, sex x group x treatmenty ksy= 8.82, p<0.01; latency to enter the white box,
sex X group x treatmenthkg= 7.45, p<0.01).
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Depressive-like behavior is shown fg. 3. Chronic treatment with cocaine reduced
immobility behavior displayed by PRS rats in thecém-swim test (ANOVA, group x
treatment, fr.49= 4.63, p<0.05).

PRS enhanced preference for cocaine in both male @fiemale rats

We examined the behavior of adult PRS and contnstrassed male and female rats in the
conditioned place preference for cocaine. We foandenhanced preference for cocaine-
paired chamber both in male and female PRS ratsO¥N group effect, f1,2679.02,
p<0.01, sex effect, (F25=10.03, p<0.01Fig. 4).

Cocaine enhanced metabotropic glutamate receptorsvels in the NAc of PRS rats

PRS had no effect on the expression of mGlu 5 a@du®3 receptors in the NAc while
chronic cocaine treatment increased the expressiortGlu5 and mGlu 2/3 receptors levels in
PRS animalsKig 5). In particular, chronic cocaine increased mGIu3PRS males and in
control unstressed females (ANOVA, sex x treatmg(it,24)=5.132, p< 0.05) namely, the
animal which displayed anxious behavior in thetligark test, while it increased mGlu 2/3 in
both PRS males and females (ANOVA, group x treatr{ieh,24)=4.830, p< 0.05). Thus, the
enhanced expression of mGlu 5 and mGlu 2/3 in tAe Was in accordance with to the
anxiolytic action exerted by cocaine in PRS males the antidepressant effect in PRS males

and females.
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Discussion

Here, we wanted to assess a putative beneficiattedif cocaine on anxious-depressive like
symptoms in the enhanced sensitiveness obseri@R$rats. We report that cocaine exerted
an anxiolytic effect in PRS males and had anti-éggive properties in both males and female
PRS rats. PRS enhanced conditioned place prefefencecaine in both sexes with respect
to unstressed rats. The reversal of the PRS angepmessive-like behavioral phenotype
induced by chronic cocaine treatment and cocaidaded CPP was associated to increased
mGlIu5 receptors levels in males and increased M@{@ueceptors in both males and females
in the NAc.

At present, most of research on anxiety and dejoresike symptoms associated with
cocaine use has been conducted on cocaine withdsgwdrome, which is characterized by
greater cocaine withdrawal-induced anxiety-like dabr and anhedonic depression-like
mood (Markou & Koob, 1991). To our knowledge, tisighe first study that investigates the
effects of cocaine as an antidepressant or anidothtug on mood disorders-associated
behavior during the chronic treatment window, amcan animal model of early life stress.
Remarkably, cocaine reversed anxiety and depred&mbehavior in PRS rats, thus acting as
a disease-dependent drug. Indeed, its anxiolytiorai the light /dark test was exerted only
on PRS males which are more anxious, and additiooalunstressed control females (which
are more anxious than PRS females).

Neurochemically, an increase in the levels of m&land mGlu 2/3 in the NAc followed
chronic administration of cocaine and was assatittdehavioral changes in PRS rats.

This profile is consistent with reports of incredsglutamatergic transmission in brain
structures involved in the regulation of reward q@sses following administration of
psychostimulants, such as the dorsal striatum (Mc&eVieshul, 2005), NAc (Pierce et al.,
1996) and ventral tegmental area (Kalivas & Duffy995). Moreover, drug-induced
adaptations in glutamatergic neurotransmission Hsaen suggested to be involved in the
development of drug dependence (Kalivas et al.52R@nny et al., 2005).

PRS rats are characterized by reduced levels olih@®r males and mGlu2/3 for males and
females in the hippocampus (Zuena et al., 200@yo0éle which is consistent with the sex
dimorphic effect of PRS on anxiety but not on depi@n, and the main involvement of
mGIu5 in anxiety and mGlu2/3 in depression (Nidblet al., 1996, 2005). At present, the
influence of PRS on mGlu has been measured onlyarhippocampus region (Zuena et al.,
2008; Van Waes et al., 2009, 2011; Morley-Fletatteal., 2011). Interestingly, in the NAc,
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PRS did not affect mGlu 5 or mGlu 2/3 levels wheremcaine increased it. Cocaine
enhanced mGlu receptors in accordance with revefsahxious/depressive behavior, with a
selective action on mGIlu5 in more anxious PRS nmats. Alterations of glutamatergic
transmission induced by PRS occur early in devetqnsince it is possible to detect lower
levels of mGIlu5 at pnd14 and of mGlu2/3 at pnd28dux et al., 2012).

Most of neuroadaptive changes found in PRS ratardndhe ventral hippocampus (Zuena et
al., 2008; Marrocco et al., 2012, 2014). The verdtigpocampus critically regulates the firing
rate of dopaminergic neurons in the ventral tegadeariea, which project to the shell of NAc
and mediate drug-seeking behavior (Patton et @ll3R Early changes in glutamatergic
transmission and mGlu receptors system could peatie in to the set up of the reward
system. In support of this hypothesis, it has sewn that the mesencefalic afferents to the
Nac present a dual DA-glutamate phenotype (Dal Bal.e2004, 2008; Berger et al., 2002).
Indeed an induction or de-repression of the glutangac phenotype of DA neurons has been
reported following a neonatal injury (Dal Bo et, &008). The expression of glutamatergic
phenotype in DA neurons may be a regulated phenomg#rat might be re-programmed by
prenatal insult such as prenatal stress. Recetinfis demonstrate that acute cocaine inhibits
DA and glutamate release from midbrain DA neuroma presynaptic D2R but has
differential overall effects on their transmissianghe NAc (Adrover et al., 2014). Cocaine,
by blocking DA reuptake, would prolong DA transiemind facilitate the feedback inhibition
of DA and glutamate release from these terminatir@@er et al., 2014).

Although much study is still needed to unravel nechanisms of glutamate-DA interaction
and its long-term vulnerability to gestational stgit is clear that PRS induces a disblanced
function of both neurotransmitter pathways (Hertrale 1995; Berger et al., 2002; Zuena et
al., 2008; Marrocco et al., 2012). Such imbalanaghirbe inter-regulated in a regional basis
at the level of NAc and ventral hippocampus andpshBRS dual anxious /depressive —
addicted phenotype.

Our findings lay the groundwork for the study oétimfluence on early life stress on drug
addiction as an interdependent and secondary sympfoanxious/depression phenotype in
the PRS model. As a whole, the existence of cordiybin depression and drug abuse,
underlines the importance of the adoption of aagrdted approach in the treatment of these
disorders, where the brain reward system coulddnsidered also as a potentially important
therapeutic target for anxiety and depression. Arigation of the neurobiological and
behavioral mechanisms mediating this comorbidityidaot only lead to the development of

better treatments for these two psychiatric dis@deéout would also enhance our
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understanding of the mechanisms sub-serving matdivalt and affective processes in both
healthy and diseased individuals. Thus, it would ibgresting to explore hypothesis
generated in the field of depression in animal neadé drug dependence and vice versa.
Furthermore, exploration of the self-medication dtjyesis should be aimed at testing whether

various drugs of abuse reverse depressive sympdtoggtin animal models of depression.
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Chronic cocaine treatment
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Fig. 1 Reynaert et al

Experimental time line Adult PRS and CONT unstressed male and female(nafs-8 rats per
group) were injected daily i.p. with escalating eé®®f cocaine 15 -30 mg/kg). On day 7 of chronic
cocaine treatment, rats were assessed for anxlaié¢havior in the light and dark test. On days 9
and 10, depressive-like behavior was measurederfdfted-swim test. In a second experiment, a
separate set of PRS and CONT animals was testggrdégrence to cocaine in a conditioned place
preference paradigm. 48 hours after the testwats killed and brains dissected for analysis oflumG
5 and mGlu2/3 receptors in the western blot (WB)uoleus accumbens (NAc).
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Fig. 2 Reynaert et al.

Cocaine exerted an anxiolytic effect in PRS male taOn day 7 of chronic cocaine treatment,
male and female control unstressed and PRS ratsjasted with cocaine (30 mg/mL/kg, i.p.) or
vehicle and tested for their anxious-like profitethe light and dark box. The experiments takeelac
between 2:00 and 5:00 PM. The time spent (s) imthige chamber and the latency to visit the white
chamber are represented, respectively in (A) and\(Blues are means SEM of 7-8 rats per group,
*p<0.05 vs control animals, ## p<0.01 vs vehickated animals of the same group (Control or PRS)
and sex. CONT=control unstressed rats, VEH=velrelated, COC=cocaine-treated.
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Fig. 3 Reynaert et al.

Cocaine had antidepressant properties in PRS malend female rats On day 9 (prestest, 15
min) and 10 (test, 5 min) of chronic cocaine treattn male and female control unstressed and PRS
rats are injected with cocaine (30 mg/mL/kg, igr.vehicle and tested for their depressive-likefifgo

in the light and dark box. The experiments take@lbetween 2:00 and 5:00 PM. The time spent in
immobility during the test is represented. Values means SEM of 7-8 rats per group, *p<0.05 vs
control animals, #p<0.05 vs vehicle-treated aninsdlthe same group (Control or PRS) and sex, ##
p<0.01 vs vehicle-treated animals of the same gr@lgntrol or PRS) and sex. CONT=control
unstressed rats, VEH=vehicle-treated, COC=cocaewdd.
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Fig. 4 Reynaert et al.

Cocaine-induced conditioned place preference is irgased in PRS ratsIn experiment 2,
male and female control unstressed and PRS rats sudamitted to a conditioned place preference
paradigm where they were injected alternativelyhwiehicle or cocaine (15 mg/mL/kg, i.p.) in
vehicle- or cocaine-paired chamber for 8 days afd@toning sessions. Data are expressed as the
percentage of time spent in the cocaine-paired beamuring the test versus the pretest. Values are
means +SEM of 7-8 rats per group, *p<0.05 vs control aalen#p<0.05 vs vehicle-treated animals of
the same group (Control or PRS) and sex. CONT=cbulrstressed rats.
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Cocaine-induced changes in the expression of mGleceptors in Control and PRS male
and female rats. After cocaine conditioned place preference (expenim2), male and female
control unstressed and PRS rats were are sacriicdchucleus accumbens dissected. mGluR2/3 and
MGIURS5 expression are analysed by western bloa Byt expressed as values are med®EM of 4

rats per group, #p<0.05 vs vehicle-treated animélthe same group (Control or PRS) and sex.
CONT=control unstressed rats, VEH=vehicle-trea@d{=cocaine-treated.
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Conclusion — Cocaine effect on anxious-like profitd rats with modified
hormonal status
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Fig 18 - Effect of cocaine in anxiety-like profileof rats hormonally modulated.

The effect of cocaine on the anxious-like profilasnassessed in the light and dark test. One month
after surgeries and hormonal treatment, rats (n+adt8 per group) received repeated injections of
escalating doses of cocaine (from 15 mg/kg to 3tkghgp.). On day 7 of the chronic treatment, we
assessed whether cocaine could modify the anxiaygrofile of rats with hormonal modification.
Results are represented as the med®E-M of the percentage of time spent in the ligiamber.
CONT= control unstressed rats, SHAM=sham-operatedmals, DHT=dihydrotestosterone
supplemented, FIN=finasteride-supplemented, OVXsectomy, E=estradiol-supplemented,
VEH=vehicle, COC= cocaine. *p<0.05 vs. Control SHAMiImals, #p<0.05 vs SHAM animals of the
same group (CONT or PRS).

DHT-treated control unstressed rats, which disg@ayanxious-like profile (Chapter 1) where not
different from control animals after treatment wiaronic injections of cocaine, showing, again, the
anxiolytic effect of cocaine. The same beneficitie& of cocaine is observed in ovariectomized
control females, that displayed an anxious-likefifgrobefore chronic administration of cocaine
(Chapter one).
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DISCUSSION

In the present thesis, we have shown that drugcaddiand anxiety/depression are stress-
related interdependent disorders in the PRS madedye sex hormones and glutamate lie at

the core of this comorbidity.

1) Antidepressants are effective in PRS ratvia a selective action of glutamatergic
transmission

PRS-induced depressive-like profile, associatedh witpairment in glutamate machinery in
the ventral hippocampus could be corrected by dbrneatment with the antidepressant
(ATD) drug agomelatine, a 5-H{ receptor antagonist/melatonergic receptor (MT1/MT2
agonist, and at a lesser extent with the classealctive serotonin reuptake inhibitor (SSRI)
fluoxetine. Abnormalities of glutamate release,hwéimerging evidence of glutamate role in
the pathophysiology of depressive disorders (Hastam2009; Chaki et al., 2013), were
coupled with large reductions in the levels of Ptitavesicle-associated proteins (SVP)
(Marrocco et al., 2012). SVP are involved in théhpahysiology of depression (Tordera et
al., 2007), and are sensitive to ATD treatment (#danet al., 2002; Rapp et,&2004). The
beneficial action of ATDs could thus pass througla modulation of SVP. In most cases,
works have been carried out in control rats, os satbmitted to acute or chronic stress and
have shown that ATDs aimed to reduce SVP and ghtiamelease, thereby concluding that
an increase in glutamate release was responsibtadalepressed phenotype (Bonanno et al.,
2005; Musazzi et al., 2010; Tardito et al., 201@&gixe et al., 2011; Piroli et al., 2013;
Milanese et al., 2013). However, selective changdke expression of some mGlu receptors
were found under basal or early-life stress coodi(O’Connor et al., 2013).

Here, we report that both fluoxetine and agometatian reverse the pathological phenotype
of PRS rats by improving glutamate release, givurther evidence of the predictive validity
of our model (Marrocco et al., 2012). Agomelatinaswable to restore the levels of much
SVPs in PRS rats, while fluoxetine had no effeatstlhe expression of these proteins,
suggesting two possible therapeutic pathwaya the glutamatergic system where
agomelatine acts through SVP-mediated glutamateasel while fluoxetine-dependent
glutamate restore seems not associated to SVP atafulln the PRS model, depressive-like
symptoms are on contrary associated with impairnmesynaptic glutamatergic transmission,

a profile also seen in the Flinders Sensitive (IRSL, Overstreet and Wegener, 2013) rats, a
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genetic model of depression (Nasca et al., 201%Iu@/3 receptor antagonists, such as
MGSO0039 and LY341495, (known to increase glutametease (Nicoletti et al., 2011) had
ATD-like effect in the rat FST and mouse tail-susgien test (Chaki et al., 2004), as well as
in our model (Marrocco et al., 2012). Also, in tberticosterone (CORT)-treated rats, a
treatment-resistant depression model, ketaminegiwhias been shown to increase glutamate
transmission and synaptogenesis, possibyy inhibition of tonically active GABAergic
interneurons (Duman and Aghajanian, 2012; Li et a010) improved depressive-like
behavior (Koike, lijima and Chaki, 2013), acting thie presynaptic machinery (Muller et al.,
2013). Accordingly, ketamine was shown to produagad (within hours) ATD responses in
patients resistant to typical ATDs (reviewed by $taf, Sanacora, Duman, 2013).

PRS rats are also characterized by an impairmemnGiuR2/3 receptors expression (Zuena et
al., 2008), than was also reversed by agomelatitoel¢y-Fletcher et al., 2011).

Of note, N-acetylcarnithine, a drug which specificeenhances mGlu2 receptors in the
hippocampus, is able to correct the depressivegilenotype displayed by FSL rats (Nasca et
al., 2013) and to reverse the deficit in glutamedkease in these animals, suggesting a
difference in the action of mGlu2 and mGlu3 receptim the regulation of glutamatergic
transmission in the hippocampus (Nasca et al., R4 3listinct role for mGlu2 and mGlu3
metabotropic receptors has been indeed unraveledi @ al., 2007) and could account for
the evidence that both mGlu2/3 receptor antagomists agonists (or potentiators) exhibit
antidepressant effects. In fact, glutamatergic ababties may differ, depending on brain
regions and states of depression and may be athencrease or a decrease in synaptic
glutamate release, so that mGlu2/3 receptor antsigoand agonists can be effective in
different types of depression (Chaki et al., 201¥erestingly, mGlu2/3 receptor antagonists
and mGlu2/3 receptor agonists, assuming that bmtkdchave ATD potential, could be used
for different types of patients. Because an mGlu2t&eptor antagonist has been reported to
have wake-promoting effect (Feinberg et al., 20@bgy may be useful in patients with
increased sleep, while mGlu2/3 receptor agonisisiwimcrease sleep (Feinberg et al., 2005)
may be beneficial in patients with disturbed slpafierns (Chaki et al., 2013).

PRS rats show alterations in circadian rhythm otanactivity and disturbances in sleep
architecture (Mairesse et al., 2013), that can btwesidered as the key feature of their
depressive-like phenotype. Agomelatine, which wale & improve hippocampal mGIuR2/3
receptors of PRS rats (Morley-Fletcher et al., 3@l40 corrected PRS-induced abnormalities

in circadian rhythms (Mairesse et al., 2013).
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2) Both male and female PRS rats display a depresstlike phenotype.

While the underlying neurobiological mechanismsolwed in depression are likely multi-
faceted, disturbed sleep is indeed reported byoug0% of depressed subjects and might be
involved, at least partially, in the onset and seuof depression and in the response to
treatment (reviewed by Palagini et al.,, 2013; RiemaBerger and Voderholzer, 2001).
Emerging evidence in both humans and rodents stgytjest disturbances of the circadian
system may contribute to mood disorders (Germaith ldapfer, 2008; McClung, 2007).
Clock, one of the core circadian genes would belired in reward drive, novelty-seeking,
impulsivity, sleep patterns, and anxiety-/deprassitke behaviors in mice (Le-Niculescu et
al., 2009; Roybal et al., 2007), suggesting an it link between the circadian system and
different aspects of emotionality. Furthermore, niclal literature indicates that
polymorphisms in Clock and related genes are aswatwith mood disorders (Benedetti et
al., 2003; Serretti et al., 2003).

Here, we were thus able to fully characterize thpréssive-like phenotype in PRS male rats,
giving evidence for altered circadian patternsamioimotor activity. PRS male rats display a
phase advance in the onset of activity and indgtaund deficits in resynchronization after a
challenge. These alterations were associated witin@ease in hypothalamic corticotropin-
releasing hormone (CRH) contents.

Here, for the first time, the behavioral phenotypes also analyzed in female rats; and we
were able to demonstrate that female PRS rats, kriowlisplay a depressive-like phenotype
in the forced swim test (Van Waes et al.,, 2006) aigbred circadian patterns of
corticosterone secretion (Koehl et al., 1999), displayed alterations in circadian rhythms of
locomotor activity. However, the profile obtained PRS females showed differences in
comparison to PRS males. This may be explainedh&ylifferential impact of PRS in males
and females in term of anxiety, with male PRS stswing an anxiety-like component in
their depressive-like phenotype, while PRS femdidsnot. Indeed, it has been shown that
the expression of CRH receptors, in relation toietydike behavior was differentially
affected by prenatal stress in male and female(Batsnton, Donadio and Russell, 2011) and
CRH receptors antagonist exerts anxiolytic effegectfically in rats displaying innate
anxious behavior (Keck et al., 2001).

These results are consistent with the observatianrhood symptoms are often accompanied
by significant differences in the diurnal rhythntycof the HPA axis.

For instance, many depressed individuals exhibmpgkned fluctuations in 24 h cortisol levels

(Burke et al., 2005; Gold and Chrousos, 2002). Hupastmortem studies have documented
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gene expression alterations within brain regionat ttegulate the HPA axis, including
increased CRH and arginine vasopressin (AVP) mRiN#&e paraventricular nucleus of the
hypothalamus (Bao, Meynen and Swaab, 2008), aededltratios of GR and MR receptor
MRNAs in the hippocampus of depressed patients gtogt al., 1998). CRH receptors
antagonists were efficient in the treatment of depion (Holsboer, 1999).

3) PRS enhances addiction-like behavior for cocairgs well as for a natural reward such

as chocolate.

Moving from the evidence that PRS exerts a sped@ffect in male and female rats, we
wanted to extend the study of sex-dependent imp&dcPRS on vulnerability to drug
addiction.

Here, we report that, independently of their prahhistory, females were more sensible than
males to the locomotor activating effect of cocainensistently with several works, as
already mentioned in the introduction (Lynch, Ra@hd Carroll, 2002). PRS enhanced
locomotor activity in response to cocaine. Previgus has been shown that a single injection
of cocaine was sufficient to increase responseR® Pats (Kippin et al., 2008). Here, we
have shown that a single injection was not sufficie see the higher sensibility of PRS rats
to the effects of cocaine on locomotion, consisyewith the work of Henry et al. (1995),
showing that enhanced behavioral sensitizationmpheetamine in PRS rats was observed
after several injections of the drug. Of note, ago report that PRS females, like males,
display an increased locomotor response to cocHiee 6 days of chronic administration of
the drug. There was, until now, only one studylmimpact of cocaine in prenatally stressed
male and female rats. This study also demonstridigdfemale PRS rats exhibit a strong
behavioral response to cocaine after several injest while no effect of PRS was observed
in males (Thomas et al., 2009). Of note, the paitased in this study, while being prenatal
stress, differs somewhat as stress is applied ilatgestation in comparison to our standard
protocol.

Of note, response to cocaine-induced locomotorigctivas predictive of the expression of
preference toward cocaine CPP, as previously slhvattnamphetamine (Mathews, Morrissey
and McCormick, 2010). Here, for the first time, &iso demonstrated that PRS enhanced
cocaine preference in PRS male rats in a CPP pgamnadyiving further evidence of their
increased vulnerability to drugs. Also, we wereeald demonstrate the same profile of

vulnerability in PRS females.
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Moving from this evidence, we extended our studglttocolate as natural reward, to examine
in the PRS well characterize model of enhancederalmility to drugs of abuse (Deminiere et
al., 1992; Koehl et al., 2000; Kippin et al., 2008rley-Fletcher et al., 2003; Reynaert et al.,
in preparation), how chocolate, could act like agdr

Our data demonstrate that chocolate conditionecepgtaeference induces specific changes in
brain areas involved in hedonic feeding (hypothalem(Williams, 2014). Of note, genes
modifications in the hypothalamus have been linkethe appetive power of salt (Liedtke et
al., 2011). We have also demonstrate changesdftaolate CPP in the NAc, the key target
structure of drugs of abuse (Nestler et al., 2@GG5)vell in prefrontal cortex, also involved in
addiction processes, in animals exhibiting an eoédnattraction for chocolate-paired
chamber. The serotonergic system was greatly imelicn the behavioral response, and an
increase in 5-HIc receptors expression was protective, a resulttwfiis with the evidence

of a positive effects of 5- HE receptors agonists therapeutic potential in bdtbsidy and
drug abuse (reviewed by Higgings, Sellers and Réatc2012). Moreover, we found that DA
steady-state levels in the NAc were increased awledsed in male and female PRS rats,
respectively. These data are in line with recamdist revealing the involvement of dopamine
in what authors call “food addiction” (Baik, 2013)espite the lack of recognition of this
evidence by the DSM, and the risk that this consitlen will remain controversial for a long
time (Berridge et al., 2010). This is quite sunmgsbecause the concept of food addiction was
already evoqued by the group of Hoebel in 1988 rjeiledez and Hoebel, 1988). The question
of chocolate as a drug was also asked (Bruinsmarlaneh, 1999), and appears relevant as
some people are describing themselves as “choeoshalHetherington and MacDiarmid
1993. Besides, the dopamirfehydroxylase inhibitor, nepicastat, suppresses aate self-
administration and reinstatement of chocolate segii rats (Zaru, 2013).

We were thus able, by using a well characterizedehof addiction, to bring further elements
in favor of the idea that chocolate could have daliciive power. From this study, it appears
that females sensitiveness to drugs is stimulugtdgnt, since PRS females appear in some
way “protected” from sensibility to the reinforciqoperties of chocolate while they are

vulnerable to cocaine stimulus. Also in this paetx played a key role in shaping rats profile.

4) Sex hormones exert a fundamental role in anxioldepressive disorders and addiction.

There are clear sex differences in the incidenceé anset of stress-related and other
psychiatric disorders, such as depression, angaety drug abuse in humans (Reviewed by
Ter Horst et al., 2012) with high prevalence ratewomen (Nolen-Hoeksema, 2001; Kessler

© 2014 Tous droits réservés. -170 - doc.univ-lille1.fr



Thése de Marie-Line Reynaert, Lille 1, 2014

et al., 1995; Bekker and van Mens-Verhulst, 200@sHer, 2003; Lewinsohn et al., 1998;
Steiner, Dunn and Born, 2003). However, women ooietito be underrepresented in both
epidemiological and clinical trials (Soldin and Msdn, 2009) Unfortunately, in preclinical
studies, selection of male animals is also often‘default” choice and additional information
related to sex in preclinical testing should besidered as the biological significance of sex
hormones for mental health and disease is ackngete@Raz and Miller, 2012; Zucker and
Beery, 2010; Beery and Zucker, 201$5ex hormones are indeed of great importance in
determining anxious-depressive disorders, as obddroth in humans and in animal models,
and testosterone plays a key role in the onsdiasfet disorders, as very recently reviewed by
McHenry et al., 2014.

Here, we report that dihydrotestosterone (DHT) $rppntation in control unstressed male
rats, that confers to them a PRS-like profile isical in inducing in them both an anxiety-
/depressive and addictive-like profile.

Until know, most works on sex hormones in malesehawestigated the role of testosterone
in modulating this kind of behaviors. Removal ofammal’s testes—their primary source of
endogenous androgens - through gonadectomy (GPe§uted in increased anxiety-like and
decreased cognitive behavior (Frye and Seliga, 2B0thger and Frye, 2004).

In previous preclinical studies, testosterone (Mxia@ytic and antidepressant effect was
demonstrated (Carrier and Kabbaj, 2012a; Frye aat,\®009). But, it has been shown that
T beneficial effect was not mediated by T itself bia its conversion into estradiol (Carrier
and Kabbaj, 2012b) or other T metabolites that lesiogen receptors (Osborne, Edinger and
Frye, 2009) while DHT did not induce any modificatiin anxiety/depression (Carrier and
Kabbaj, 2012b; Svensson, 2012). Other studies réjmeficial effect of DHT but DHT was
injected and/or administered just before the bearalitests (Edinger and Frye, 2005; Frye
and Edinger, 2004). In an oldest work, a lowest @atibn and highest defaecation in the
open field was found in DHT-treated animals, agya ef anxiety-like behavior (Slob, Bogers
and Van Stolk, 1981), consistently with our data.

In females, we have shown that ovariectomy in @ninstressed rats induced anxiety-like
behavior, consistently with other works (De Chaeesl., 2009). In PRS females, we have
found a decrease in estradiol levels, which readhedlevels obtained in ovariectomized
control females. This suggests that a protecticeofamay counteract the impact of estradiol
deficit in PRS females to protect them from anxiéke progesterone.

Considering depressive-like behavior, ovariectortsp @&xerted critical effect, and we can

assume that for this parameter, deficit in estidaie at the core of the phenotype obtained in
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PRS females, even if we were not able, in thisiprebry study, which needs further
investigations, to demonstrate a beneficial effettestradiol supplementation, although
estradiol supplementation appears efficient in eximng behavioral despair in female rats
(Walf and Frye, 2005). In PRS animals, hormonal imaation failed in correcting well
anxiety-/depressive-like profile, and others expemtations are needed to better characterize
the impact of sex hormones in anxiety-/depresskesprofile of PRS animals. Also, human
and animal studies indicate that drugs of abussctifhales and females differently, but the
mechanism(s) underlying sex differences are sidirly known (Wissman et al., 2011).

In my PhD thesis, while DHT impact on addiction eens unknown, DHT supplementation
in control unstressed males appears critical inuemy an enhanced response both to
chocolate and cocaine, while finasteride decregze&derence in males. An interesting
hypothesis for translational studies is that DHTmfation supports drug-seeking behavior in
athletes taking testosterone esters, or that thelSi-reductase inhibitors in humans (e.g., for
the treatment of benign prostatic hyperplasia dragenetic alopecia) causes changes in hedonic
sensitivity that are shaped by early life expemsndn females, estrogens have an established role
in regulating the activity of the brain reward gyst(Galankin, Shekunova and Zvartau, 2010),
and E replacement or treatment with estrogen recepgantls fully reverse changes in drug-
seeking behavior and responses to psychostimwdanted by ovariectomy (Lynch, et al., 2001,
Hu et al., 2004; Segarra et al., 2010; JacksonjnBob and Becker, 2006). We found that E
replacement reversed the lowering effect of ovesiag on hedonic sensitivity in unstressed
female rats. In addition,Esupplementation in PRS female rats enhanced redensitivity to

the same levels found in unstressed rats. Continattye effect of hormones found in chocolate
CPP, ovariectomy increased cocaine-induced CPPomtrat rats to levels obtained in PRS
females, consistently with another work (Bobzeamlgt2010). It appears that estrogens could
exert a different impact in function of the inteépsaf stimuli, and that the anxiety or depression

state plays a key role in modulating addictive-hbiedavior.

5) A self-medication hypothesis for the enhanced sgitiveness to drugs in PRS rats.

In the third chapter of the thesis, we wanted tdeunlie the comorbidity between anxiety,
depression and addiction in the PRS model in Ydeswere able to demonstrate an anxiolytic
and antidepressive effect of chronic administrabboocaine in a disease-dependent manner.
This effect of the drug was closely linked to thefiee of preference for cocaine in rats. Our
data provides thus evidence for a self-medicaticategy in animals, with PRS rats of both

sexes being more sensible to cocaine-induced Ceaube of its antidepressive-like effect.
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Interestingly, alcohol, while deleterious in cohntaoimals, was also shown to have beneficial
effect in PRS female rats (Van Waes et al.,, 20Thg fact that sensitiveness to cocaine
would be mediated by an improvement of depressikee{phenotype would explain why
diazepam treatment was able to promote abstinencats from cocaine self-administration
(Augier, Vouillac and Ahmed, 2012). Of note, ratsated repeatedly with cocaine, nicotine,
or alcohol show significant anxiety-like respondeiowing cessation of chronic drug
administration (MerloPich et al., 1995; Rodriguezkbnseca et al., 1997). Relapse would be
due to these negative symptoms, and drug takinddimireinstated in an attempt to alleviate
such symptoms.

If the self-medication hypothesis is well taken ancount in humans (Khantzian, 1985;
Markou, Kosten and Koob, 1998), it was very importeo address this issue in the PRS
model which recapitulates hallmarks of anxiety,rédepion and addiction. It appears from the

present study that addiction in our model is a sdaoy symptom of anxiety/depression.

6) Alterations in glutamate transmission and mGlu eceptors expression lies at the core
of the behavioral abnormalities in the PRS model imat.

We have shown in the first Chapter of the thesa ghutamatergic abnormalities lied at the
core of the behavioral alterations and the depredgie profile displayed by PRS rats, and
that treatment with ATDs corrected PRS-inducedrdiscs.

In Chapter 3, we have shown that cocaine exerteacidaon on glutamatergic system in the
NAc. Our behavioral results showing that PRS mal#& female rats are more sensible to the
rewarding effect of cocaine in CPP suggest that RR8Id be more sensible to cocaine-
induce glutamate release in the NAc. An increase®uR2/3 in the NAC of PRS rats would
hence be a compensatory mechanism to respond ¢éntemnced cocaine-induced glutamate
release (Kippin et al., 2008), as mGIuR2/3 receptaegatively modulate glutamate
transmission (Nicoletti et al., 2011). As we haddwh, cocaine exerts anxiolytic and
antidepressive action. The effect of cocaine onresgon of mGlu receptors in the NAc
would not only explain the response to the drugCiP but also its beneficial effect in
improving mood. Indeed, NAc is the key structureoived in reward. Impairments in reward
circuitry have been found both in patients suffgrinom depression and patients with
addictive disorders (Krishnan and Nestler, 2008\cNvould be therefore at the interface
between cocaine rewarding and mood-enhancing gffectso and Nestler, 2013) and would
have a fundamental role in depression (Sturm et24l03). A communication between

hippocampus, which has been shown to be the kextste involved in the behavioral

© 2014 Tous droits réservés. -173 - doc.univ-lille1.fr



Thése de Marie-Line Reynaert, Lille 1, 2014

abnormalities in our model (Marrocco et al., 202014), and the NAc could be involved
(Belujon and Grace, 2011).

CONCLUSION

In conclusion, we have given further elements wofaf the high validity of the PRS model
as a multifaceted model which allows the study aforbid disorders with an integrated
approach. We have given evidence for drug addic®a self-medication strategy in treating
anxious-/depressive-like profile.

Also, in our studies on anxiety, depression andictidth, we have demonstrated that the
early-life stress interact with gender and sex lares in determining such behaviors. PRS-
like profile could be corrected by rebalancing homal status; and, we were also able to
induce a PRS-like profile in control unstressedrats by modulating hormones. Together,
these results suggest that an imbalance in sexdmasncan lead to several disorders. This
point raises a number of interesting questions umdns, e.g. how early life stress affects
androgen or estrogen production and associatedhitedensitivity and addictive behavior, or
how estrogen or androgen treatment could have padnin the response to drugs. Our results
also pave the way to the development of new pehzedatherapeutical strategies that take
into account the individual story. Finally, altecsis of the glutamatergic system in the
nucleus accumbens and ventral hippocampus couleé l@vkey role in shaping the

comorbidity between stress-related disorders irfPiR& model in rat.

PERSPECTIVES

To further investigate the action of cocaine asatidepressant drug, we aimed at analyzing
the expression or mGlu receptors in the ventrgbdampus. We will also analyze glutamate
release in rats treated with cocaine, as we hage #®t antidepressant drugs were able to
correct abnormalities in glutamate release in P&S {Marrocco et al., 2014). It would be
also interesting to assess animals response taneoGPP after a chronic treatment with
antidepressants. Indeed, the hypothesis is thatnviteated with antidepressant treatment,
PRS rats would not self-medicate with drugs, sd thair preference for cocaine would
decrease. We also envisage the administration ofumé&teptors agonists, antagonists or

allostatic modulators to further characterize theolvement of glutamate system in the
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vulnerability to drug addiction and propose medaa (Kalivas and Volkow, 2011) in the
PRS model. We aim at examining the role of dopammnie vulnerabily to cocaine in the
PRS model (Koob and Nestler, 1997), in a contexer@PRS rats are shown to display
changes in the expression and binding of dopangneptors (Henry et al., 1995; Berger et
al., 2002), increased excitation of DA neurons @$kaecht, Haj-Dahmane and Shen, 2013)
and to be hyper-responsive to the DA receptor aj@pomorphine (Marrocco et al., 2012)
(Reviewed by Baier et al., 2012). We will aim agastigating the interaction between early-
life stress and cocaine, in the connections betweeairal hippocampus and NAc (Lipska et
al., 1995), glutamate and dopamine pathways (Engibal., 2008; Qi et al., 2011; Adrover,
Shin and Alvarez, 2014). The PRS model appearsyavwadid multi-symptomatic model for

dressing this issue (Deroche-Gamonet and Piaz4,)20

As epigenetic factors are involved both in drugietioh and in depression (Renthal and
Nestler, 2009), we will analyze the expression ahe epigenetic regulators, that intervene
with acetylation or methylation of DNA, such as HARIDACs, DNMT1, meCP2, in the
nucleus of ventral hippocampus and NAc. We wilbadsudy the impact of the injection of
HDAC inhibitors in rats response to cocaine selhadstration (Romieu et al., 2008). As
genome organizes long lasting sex differences @& lihainvia epigenetic differentiation
(Kurian, Olesen and Auger, 2010), it would be iesting to address the question of
epigenetics in sex hormones, in the PRS model,evh@emonal alterations are seen (Pallarés
et al., 2013, Reynaert et al., submitted). Anotpeint would be the assessement of the
glycosylation status of proteins that intervenéhi@ gonadal steroids hormones production as
glycosylation could modify the biological potenc§ gonadotrophins and modify estrogen

and androgen productiegNussey and Whitehead, 2001).

Finally, we would also like to better understand thechanisms of action of sex hormones
and their role in anxiety/depression in femalesal®p studying progestogens that would be

relevant in prenatal-stress processes (Frye 2Gill).

The examination of the methodological issues camogrthe aforementioned points is

currently in progress.
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ABSTRACT

Stress is an important factor in the etiology obuhdisorders and addictive behaviors. Prenatadiyamt
stressed (PRS) rats, i.e. the offspring of damsngtddl to repeated episodes of stress during gigda
days of gestation display stress-related disorslech as anxiety- and depressive-like disordersalsat
increased vulnerability to drugs of abuse. An impant of glutamate release in the ventral hippocamp
lies at the core of the anxiety-like profile of PR&s. Hence, we decided to investigate the effiéct
antidepressant treatment on glutamatergic systeouirmodel. We found that chronic treatment with
classical antidepressant drugs was able to enlylmzenate release and correct anxious-/depreskee |
profile of PRS male rats. Of note, a clear-cut efigct has been shown in PRS-induced profile, with
males being more anxious while male and female RSdisplay a similar depressive-like behavijor.
Here, for the first time, the alteration of circadlipatterns, as a feature of depressive-like phpaatas
analyzed both in male and female rats, and we $lam@n a gender-specific outcome of PRS on circadian
systems modulating locomotor activity, the resyoofmation to the new light-dark cycle, and
hypothalamic CRH levels. Also concerning addicti@male profiles are less studied, so, we extettued
impact of sex in our model to addiction. We havendestrated that sex and in particular sex hormones
played a key role in determining rats preferencalfags in a conditioned place preference paradigmd
that sensitiveness was expressed in a stimulugidepe manner (chocolate as natural reward in
comparison to cocaine). Finally, we found an enbdmreference for cocaine in females and in PRS rat
of both sexes. This increase in preference forineaaas linked to locomotor activating effect blstoato
the anxiolytic and antidepressant effect of thegdiithis suggests that preference for a drug isrexgtg
when animals found a beneficial effect of this dimgorrecting their mood disorders, reinforcing th
hypothesis of self-medication in addictive-likeatiders.

RESUME

Le stress est un facteur d’importance dans I'd@ielales troubles de I'humeur et des comportements
addictifs. Des rats stressés prénatalement (PR8ata restraint stress), i.e. la progéniture deefies
soumises a des épisodes répétés de stress lesrniiprs jours de gestation, présentent des trolibkeau
stress telles que des affections de type anxigégsgigion mais également une vulnérabilité aux dregu
Une diminution de la libération de glutamate dahgppocampe ventral s’avére au cceur du profil
d'anxiété des rats PRS. Aussi, nous avons entrégtisdier dans notre modele l'effet d'un traitetmen
antidépresseur (ATD) sur le systéme glutamatergitjloeis avons montré qu’un traitement chronique
avec des ATDs classiques était en mesure d'amélatibération de glutamate et de corriger le prof
anxiodépressif des rats PRS males. Notons qu'wh et du sexe a été mis en évidence dans lé profi
induit par le PRS, les méles étant plus anxieursajoe les rats PRS males et femelles présentent un
comportement de type dépressif similaire. Ici, ptarpremiere fois, la modification des patterns
circadiens, comme caractéristique de la dépressiaié analysée dans une méme étude a la foiseshez
rats males et femelles. Ainsi, nous avons montréfigt spécifique du sexe concernant I'impact desst
prénatal sur les systémes circadiens, modulantiviteic locomotrice, la resynchronisation pour un
nouveau cycle lumiére-obscurité, et les niveauxC&H hypothalamique. Nous avons ensuite étendu
I'étude de l'influence du sexe dans notre moddbke @épendance. Nous avons établi que le sexe, let en
particulier les hormones sexuelles, jouent un cdedans la détermination de la préférence depoats
les drogues dans un paradigme de préférence de @iaclitionnée, et que la sensibilité était expgimé
d'une maniere stimulus-dépendante (chocolat coménempense naturelle, comparativement a la
cocaine). Enfin, nous avons constaté que l'augmi@mtde la préférence pour la cocaine était libeft
d'activation de la locomotion, mais aussi a l'edfetiolytique et antidépresseur de la drogue. Sagjére
gue la préférence pour une drogue est augmentsguidiles animaux ressentent un effet bénéfique de
cette drogue dans I'amélioration de leurs troutdkee$humeur, renforgant I'hypothése de l'automédica
dans les problémes d’addiction.
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