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RƒSUMƒ 
   

La survie d'un individu repose essentiellement sur sa capacitŽ dÕadaptation ˆ des conditions 

de vie en constante Žvolution. Il existe une grande variabilitŽ entre les individus concernant 

leur rŽponse au stress chronique, dŽfinissant le concept de rŽsilience. Il sÕagit dÕun 

mŽcanisme d'adaptation actif correspondant ˆ la capacitŽ d'un individu ˆ Žviter les 

consŽquences nŽgatives sociales, psychologiques et biologiques d'un stress extr•me, qui 

compromettraient son bien-•tre psychologique ou physique. Le phŽnom•ne est complexe et 

fait intervenir de nombreuses structures cŽrŽbrales et de nombreux neurotransmetteurs. 

Parmi les syst•mes neuropeptidergiques, les opio•des endog•nes, comme les enkŽphalines 

(ENKs), seraient des cibles potentiellement impliquŽes dans ces variations naturelles et 

pourraient ainsi, •tre un ŽlŽment dŽterminant de la capacitŽ d'adaptation individuelle, au 

cours de l'exposition au stress chronique. Dans une prŽcŽdente Žtude de lÕŽquipe du Dr Guy 

Drolet, il avait ŽtŽ dŽmontrŽ que les niveaux d'expression de l'ARNm des ENKs Žtaient 

diminuŽs dans le noyau basolatŽral de lÕamygdale (BLA) chez les rats vulnŽrables apr•s un 

stress chronique de dŽfaite sociale (SCDS). De plus, lÕinhibition des ENKs dans la BLA 

permettait de reproduire un phŽnotype de vulnŽrabilitŽ chez le rat, dŽmontrant ainsi le r™le 

prŽpondŽrant de la circuiterie des ENKs dans le dŽveloppement de la rŽsilience.  

Cette th•se a pour objectif principal de comprendre la contribution dans la rŽsilience au 

stress chronique du circuit des ENKs via les rŽcepteurs opio•dergiques Delta (DOPr), tant 

au niveau neuroanatomique que fonctionnel. Nous avons, tout dÕabord, examinŽ par 

hybridation in situ, les niveaux dÕexpression des ENKs dans la BLA chez la souris apr•s un 

SCDS : comme chez le rat, les souris vulnŽrables prŽsentaient une diminution de lÕARNm 

des ENKs dans la BLA par rapport aux animaux rŽsilients et contr™les. Ce rŽsultat confirme 

une conservation entre les rongeurs concernant lÕimplication des ENKs dans la rŽsilience. 

Par la suite, nous avons ŽvaluŽ les niveaux dÕexpression de DOPr dans les structures cibles 

de la BLA. Nous avons spŽcifiquement ciblŽ lÕhippocampe qui entretient un dialogue 

privilŽgiŽ avec lÕamygdale dans la rŽponse au stress et dans lequel, DOPr est fortement 

exprimŽ. LÕexpression de lÕARNm de DOPr Žtait rŽduite dans la rŽgion CA1 de 

l'hippocampe ventral (CA1-vHPC) chez les souris vulnŽrables tandis que le niveau Žtait 
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maintenu chez les animaux rŽsilients comme chez les tŽmoins. Afin de dissŽquer 

lÕimportance de la signalisation DOPr dans le dŽveloppement de la rŽsilience, une 

activation pharmacologique a ŽtŽ effectuŽe : lÕadministration dÕun agoniste de DOPr, le 

SNC80, dans la circulation systŽmique, a augmentŽ la proportion de souris rŽsilientes apr•s 

le SCDS.  

Dans un second temps, nous avons fait lÕhypoth•se que le maintien du niveau dÕexpression 

de DOPr au niveau du CA1-vHPC permettait de maintenir un statut oxydatif contr™lŽ dans 

les neurones, conduisant au phŽnotype de rŽsilience. En effet, le r™le neuroprotecteur de 

lÕactivation de DOPr contre les dommages oxydatifs cellulaires (i.e. stress oxydatif, SO) a 

ŽtŽ dŽmontrŽ dans diffŽrents contextes, notamment chez le rat ischŽmique. Nous avons 

ainsi observŽ des marqueurs du SO - comme les neurones Ç sombres È ou la dilatation du 

rŽticulum endoplasmique - par microscopie Žlectronique ˆ transmission (MET) apr•s un 

SCDS, avec ou sans traitement au SNC80. Nous avons spŽcifiquement ciblŽ les neurones 

excitateurs et inhibiteurs du CA1-vHPC. Nous avons pu mettre en Žvidence que le SNC80 

diminuait la proportion de certains marqueurs du SO, autant chez les animaux rŽsilients que 

vulnŽrables, tandis que pour dÕautres marqueurs, il restaurait les dommages oxydatifs 

induits par le SCDS, uniquement chez les vulnŽrables. Enfin, une Žtude ultrastructurelle des 

mitochondries - comme leur nombre et leur taille - par MET, a confirmŽ ces rŽsultats o• le 

SNC80 restaure les effets dŽlŽt•res du stress uniquement chez les souris vulnŽrables. Ces 

rŽsultats ont permis de dŽmontrer que lÕactivation de la signalisation DOPr est responsable 

de la rŽsilience en maintenant un statut oxydatif contr™lŽ dans les neurones excitateurs et 

inhibiteurs du CA1-vHPC. Pour finir, une Žtude molŽculaire a ŽtŽ effectuŽe par western 

blot, dans lÕhippocampe total, afin de dŽterminer la cible molŽculaire de DOPr impliquŽe 

dans le SO permettant la rŽsilience. Les complexes de la cha”ne respiratoire mitochondriale 

et des enzymes antioxydantes ont ŽtŽ ciblŽs. LÕactivation de DOPr a rŽsultŽ en une 

diminution de lÕexpression de certains complexes sans dŽvoiler la cible molŽculaire exacte 

de DOPr permettant la rŽsilience au stress chronique. Collectivement, ces Žtudes proposent 

un nouveau mŽcanisme par lequel la signalisation ENK-DOPr permettrait le dŽveloppement 

de la rŽsilience au stress chronique en favorisant un Žtat oxydatif contr™lŽ dans les neurones 

de l'hippocampe. 
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ABSTRACT  

The survival of an individual is essentially based on his ability to adapt to ever-changing 

living conditions. There is a great variability among individuals regarding their response to 

chronic stress, defining the concept of resilience. Resilience is an active coping mechanism 

corresponding to an individual's ability to avoid the negative social, psychological and 

biological consequences of extreme stress that would compromise their psychological or 

physical well-being. The phenomenon is complex and recruits many brain structures and 

several neurotransmitters. Among the neuropeptidergic systems, endogenous opioids, such 

as enkephalins (ENKs), could be potential targets involved in the occurrence of these 

natural variations and could thus be a crucial determinant of an individualÕs capacity to 

adapt to chronic stress. In a previous study by Dr Guy Drolet's team, ENK mRNA 

expression levels were shown to be decreased in the nucleus of basolateral amygdala 

(BLA) in vulnerable rats after chronic social defeat stress (CSDS). In addition, the 

inhibition of ENKs in the BLA reproduced this vulnerability phenotype in rats, thus 

demonstrating the preponderant role of the ENK circuitry in the development of resilience. 

The main objective of this thesis was to investigate the contribution of the ENKs circuit via 

the Delta opioid receptors (DOPr) in the chronic stress resilience, both at the 

neuroanatomical and functional levels. We first examined, by in situ hybridization, the 

expression levels of ENKs in BLA in mice after CSDS: as in rats, susceptible mice showed 

a decrease in ENK mRNA in BLA compared to resilient and controls animals. This result 

confirmed the implication of the ENKs in resilience in rodents. Subsequently, we evaluated 

the expression levels of DOPr in the target structures of the BLA. We specifically targeted 

the hippocampus, which maintains a privileged dialogue with the amygdala in the response 

to stress and in which DOPr is strongly expressed. DOPr mRNA expression was reduced in 

the ventral hippocampal CA1 region (CA1-vHPC) in vulnerable mice while the level was 

preserved in both resilient and control animals. In order to dissect the importance of DOPr 

signaling in the development of resilience, pharmacological activation was performed: the 

administration of a DOPr agonist, SNC80, into the systemic circulation, increased the 

proportion of resilient mice after the CSDS. 
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In a second step, we hypothesized that the maintenance of DOPr mRNA expression in 

CA1-vHPC allowed the preservation of a controlled oxidative status in neurons, leading to 

the phenotype of resilience. Indeed, the neuroprotective role of DOPr activation against 

cellular oxidative damages (i.e. oxidative stress, OS) was demonstrated in different 

contexts, particularly in ischemic rats. Thus, we observed markers of OS - such as dark 

neurons and endoplasmic reticulum dilation - by transmission electron microscopy (TEM) 

after CSDS, with or without SNC80 treatment. We specifically targeted excitatory and 

inhibitory neurons of CA1-vHPC. We were able to demonstrate that the SNC80 decreased 

the proportion of some OS markers in both resilient and vulnerable animals, while for other 

markers, it restored CSDS-induced oxidative damages only in vulnerable mice. Finally, an 

ultrastructural study of mitochondria by TEM, confirmed these results where the SNC80 

restored the deleterious effects of stress only in vulnerable mice. These results 

demonstrated that activation of DOPr signaling is responsible for resilience by the 

preservation of a controlled oxidative status in excitatory and inhibitory neurons of CA1-

vHPC. Finally, a molecular study was performed by western blot, in the total hippocampus, 

to determine the molecular target of DOPr involved in OS, allowing stress resilience. 

Complexes of the mitochondrial respiratory chain and antioxidant enzymes were measured. 

The activation of DOPr showed a decrease in the expression of certain complexes without 

revealing the exact molecular target of DOPr allowing resilience to chronic stress. Overall, 

these studies propose a novel mechanism by which ENK-DOPr signaling promotes 

resilience to chronic stress by enhancing a controlled oxidative status in hippocampal 

neurons.   

! !
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LDB : Light-dark box 
LDCVs : Large dense-core vesicles 
Leu-ENK : Leucine-enkephalin 
MEA : Medial part of amygdala / noyau mŽdian de lÕamygdale  
MEAP : Met-ENK-Arg6Phe7 
Met-ENK : Methionine-enkephalin 
MOPr : µ opioid peptide receptor 
mPFC : Medial prefrontal cortex / cortex prŽfrontal mŽdian 
NAc : Nucleus accumbens 
NTS : Noyau du tractus solitaire 
OF : Open-field 
OPr : Opioid peptide receptor 
PAG : Periaqueducal grey 
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PET : Positron emission tomography 
PGi : Paragigantocellularis nucleus 
PKC-! : Protein kinase C-!  
PL : Cortex prŽlimbique 
Pro-ENK : Proenkephalin 
PTSD : Posttraumatic stress disorder 
PVN : Paraventricular nucleus of HPT / noyau paraventriculaire de lÕhypothalamus 
RE : RŽticulum endoplasmique 
RNS : Esp•ces rŽactives de lÕazote  
ROS : Esp•ces rŽactives ˆ lÕoxyg•ne 
RSD : Repeated social defeat  
SI : Social interaction 
SN : Substantia nigra 
SNA : Syst•me nerveux autonome  
SNS : Syst•me nerveux sympathique 
SOD : Superoxide dismutase 
SR : Startle response 
TMT : 2,5-Dihydro-2,4,5-trimethylthiazoline 
UPR : Unfolded protein response  
vSUB : Subiculum ventral 
VTA : Ventral tegmental area / aire tegmentaire ventrale  
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AVANT -PROPOS 
!

Le sujet de cette th•se porte sur la comprŽhension du r™le de la signalisation des 

enkŽphalines via les rŽcepteurs opio•dergiques Delta dans la rŽsilience au stress chronique. 

Elle se compose dÕune introduction, de deux chapitres ainsi que dÕune discussion gŽnŽrale 

et dÕune conclusion. LÕintroduction fait Žtat de la littŽrature concernant le stress : cette 

partie dŽtaille les Žtapes permettant de rŽpondre efficacement ˆ une situation de stress, 

allant de la perception du stimulus ˆ la rŽponse comportementale en passant par les circuits 

empruntŽs et les rŽponses physiologiques qui y sont associŽes. La seconde partie de 

lÕintroduction prŽsente une version intŽgrale de la revue publiŽe, le 11 juillet 2017, dans le 

journal Neural Plasticity Žcrite avec Dr Guy Drolet et Dre Marie-éve Tremblay en 

collaboration avec Dr Louis Gendron (UniversitŽ de Sherbrooke). Cette revue sÕintitule 

Ç Enkephalins : endogenous analgesics with an emerging role in stress resilience È. Elle fait 

Žtat de ce qui est connu des enkŽphalines, de leurs rŽcepteurs associŽs, de leur r™le dans la 

rŽgulation des Žmotions et enfin, dans la rŽsilience au stress chronique. La troisi•me partie 

introduit la rŽcente littŽrature concernant le possible lien entre les pathologies associŽes au 

stress chronique et le stress oxydatif et dÕautre part, entre le stress oxydatif et le syst•me 

opio•dergique. Ë la suite de cette introduction, deux chapitres prŽsentent ma contribution 

scientifique dans le cadre de mon projet principal de th•se. Le premier chapitre renferme la 

version intŽgrale dÕun article intitulŽ Ç Delta opioid receptor signaling promotes resilience 

to stress under the repeated social defeat paradigm in mice È, publiŽ dans le journal 

Frontiers in Molecular Neuroscience en 2018 (M.S. Henry, K. Bisht, N. Vernoux, L. 

Gendron, A. Torres-Berrio, G. Drolet, M.-E. Tremblay). Le second chapitre correspond ˆ 

lÕŽtude dÕun autre marqueur bien connu du stress oxydatif, lÕaltŽration mitochondriale 

induite par le stress chronique et lÕeffet neuroprotecteur des opio•des dans ce contexte. Les 

rŽsultats ŽvoquŽs ici font partie dÕune Žtude ˆ plus grande Žchelle en collaboration avec Dr 

Louis Gendron et Dr Jean-Luc Parent. Ils seront prŽsentŽs sous forme dÕun article (en 

anglais) intitulŽ ÇDelta Opioid Receptor blunts oxidative stress to promote resilience to 

chronic stress: A morphological and molecular study of mitochondriaÈ. 
JÕai Žcrit la revue sur les enkŽphalines avec lÕaide de Marie-éve, Guy et Louis. JÕai effectuŽ 

la mise au point du protocole de stress chronique de dŽfaite sociale en collaboration avec 
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Kanchan Bisht et AngŽlica Torres-Berrio (UniversitŽ McGill, MontrŽal) ̂ lÕinitiative de 

Guy et de Marie-éve. Guy a participŽ ̂ lÕŽlaboration du projet concernant la premi•re 

partie de lÕarticle (chapitre 1) tandis que la seconde partie de lÕarticle et le second chapitre 

sont ˆ lÕinitiative de Marie-éve (chapitres 1 et 2). Ce projet a dÕautre part ŽtŽ ŽlaborŽ en 

collaboration avec Louis concernant la drogue utilisŽe (chapitres 1 et 2). JÕai effectuŽ le 

paradigme de stress, les expŽriences dÕhybridation in situ, les quantifications et les analyses 

(chapitre 1). JÕai, dÕautre part, effectuŽ les expŽriences de microscopie Žlectronique, les 

quantifications et les analyses avec lÕaide de Marie-éve. Les quantifications 

morphologiques des mitochondries ont conjointement ŽtŽ effectuŽes par moi-m•me et 

Gabrielle Duvoisin, stagiaire au laboratoire de Marie-éve Tremblay (chapitre 2). Les 

Western Blot ont ŽtŽ effectuŽs par moi-m•me au sein du laboratoire de Dr SŽbastien HŽbert 

(pr•t de matŽriels et dÕanticorps). Dr Michel Lebel a aussi pr•tŽ des anticorps. 

Les collaborations effectuŽes durant mon doctorat ont donnŽ lieu, en outre, ˆ deux articles 

et ˆ une revue. JÕai participŽ ˆ lÕŽcriture dÕune revue intitulŽe Ç Microglia gone rogue: 

impacts on psychiatric disorders across the lifespan È, publiŽe le 4 janvier 2018, dans le 

journal Frontiers in Molecular Neuroscience, o• jÕai Žcrit les sections sur la dŽpendance ˆ 

lÕalcool et aux drogues, ainsi que les troubles liŽs au sommeil (T. Leng Tay, C. Bechade, I. 

DÕAndrea, M.K. St-Pierre, M.S. Henry, A. Roumier, M.-E. Tremblay). Une riche 

collaboration avec Dr Richard Kinkead et Dre Luana Tenorio-Lopes a donnŽ naissance ˆ un 

article intitulŽ Ç Neonatal maternal separation opposes the facilitatory effect of castration 

on the respiratory response to hypercapnia of the adult male rat: evidence for the 

involvement of the medial amygdala È, publiŽ le 24 octobre 2017, dans le Journal of 

Neuroendocrinology (L. Tenorio-Lopes, M.S. Henry, D. Marques, M.-E. Tremblay, G. 

Drolet, F. Bretzner, R. Kinkead). Cet article est prŽsentŽ en annexe de ce manuscrit. Dans 

cet article, jÕai fait la capture dÕimages et les quantifications du marqueur c-fos dans les 

diffŽrentes rŽgions examinŽes, aussi, jÕai prŽparŽ les figures et rŽdigŽ le matŽriel et mŽthode 

associŽs ̂ cette expŽrience. Un second article ̂ propos du r™le des orexines dans les 

troubles respiratoires liŽs au stress nŽonatal est en cours dÕŽcriture. Pour celui-ci, jÕai 

effectuŽ la mise au point et les expŽriences de double immunofluorescence pour les 

orexines et c-fos ainsi que la capture dÕimages et les quantifications. De la m•me mani•re, 

jÕai prŽparŽ la figure et le matŽriel et mŽthode associŽs ˆ cette expŽrience.  
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1 INTRODUCTION  

1.1 Le stress 
 

La survie dÕun individu est liŽe ˆ sa capacitŽ dÕadaptation ˆ des conditions de vie en 

perpŽtuel changement. Le concept de stress a beaucoup ŽvoluŽ au cours des si•cles, et 

aucune dŽfinition consensuelle nÕa rŽussi ˆ Žmerger. LÕassociation amŽricaine des 

psychologues (American Psychological Association) utilise, de ce fait, la dŽfinition 

proposŽe par Dr Andrew Baum : le stress correspond ˆ Ç une expŽrience Žmotionnelle 

accompagnŽe de changements biochimiques, physiologiques et comportementaux 

prŽvisibles È (Baum, 1990). Plus rŽcemment, le stress se dŽfinit comme une Ç rŽponse 

multifactorielle de lÕorganisme en rŽaction ̂ une contrainte de lÕenvironnement jugŽe 

susceptible de perturber lÕhomŽostasie de lÕindividu È (Day, 2005). Le stress apparait quand 

lÕŽquilibre des param•tres physiologiques (homŽostasie) est menacŽ ou est per•u comme 

tel. DiffŽrents mŽcanismes sont ainsi apparus au cours de lÕŽvolution afin de maintenir 

lÕhomŽostasie en situation de stress, indispensables ˆ la survie de lÕindividu. Certains types 

de stress peuvent •tre bŽnŽfiques produisant lÕŽnergie et la motivation requises pour 

surmonter la situation. Ë lÕinverse, des situations de stress extr•mes et prolongŽes peuvent 

avoir un effet dŽlŽt•re et conduire ˆ des altŽrations neurologiques, neuroendocriniennes, 

immunitaires et cardiovasculaires (Anderson, 1998). Il existe une grande variabilitŽ entre 

les individus en ce qui concerne les rŽponses physiologiques et comportementales 

observŽes face ˆ une situation de stress. Les diffŽrents degrŽs de capacitŽ dÕadaptation 

dŽfinissent le concept de rŽsilience ou ˆ lÕinverse, le concept de vulnŽrabilitŽ (Charney, 

2004; Russo et al, 2012; Wolff, 1995; Yehuda et al, 2006). Ces notions seront prŽsentŽes 

en dŽtail dans la deuxi•me partie de lÕintroduction. Apr•s une br•ve introduction sur la 

nŽcessitŽ dÕŽtudier le stress chronique et un historique ˆ propos du concept de stress, je 

dŽcrierai comment le stress est per•u par lÕorganisme, les rŽponses physiologiques et 

comportementales gŽnŽrŽes par une situation de stress ainsi que les principaux circuits 

neuronaux qui y sont associŽs et en particulier, le syst•me opio•dergique. La seconde partie 

de lÕintroduction prŽsente la version compl•te dÕune revue dŽcrivant le r™le Žmergent des 

enkŽphalines (ENKs) et de leurs rŽcepteurs dans la rŽsilience au stress chronique. Une 
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br•ve introduction sur les ENKs et leurs rŽcepteurs est prŽsentŽe, suivie de leur r™le dans 

les comportements Žmotionnels ainsi que dans la capacitŽ dÕadaptation face ˆ une situation 

de stress ˆ long terme. Enfin, jÕexposerai la littŽrature rŽcente sur le stress oxydatif comme 

potentiel mŽcanisme sous-jacent les troubles associŽs au stress chronique, ainsi que les 

effets connus de la modulation du syst•me opio•dergique sur le stress oxydatif. 

 

1.1.1 Incidence et facteurs de risque  
 

LÕorganisation mondiale de la santŽ a dŽcrit les pathologies liŽes au stress comme 

lÕŽpidŽmie du XXIe si•cle. Chaque annŽe, 20% des travailleurs canadiens prŽsentent des 

troubles associŽs au stress (Statistique Canada (2003) Enqu•te sur la santŽ dans les 

collectivitŽs canadiennes : santŽ mentale et bien-•tre). LÕune des issues les plus 

dŽvastatrices du stress chronique est la dŽpression majeure : dÕici ˆ 2020, cette pathologie 

sera classŽe au deuxi•me rang des causes dÕincapacitŽ au niveau mondial (Cambridge et al, 

1996). LÕexposition rŽpŽtŽe et prolongŽe au stress peut conduire ̂ de nombreux troubles 

endocriniens, mŽtaboliques, comportementaux, cardiovasculaires et immunitaires. Chez la 

femme enceinte, le stress chronique peut induire des perturbations dans le dŽveloppement 

et la croissance de lÕenfant. Le dŽveloppement et la sŽvŽritŽ de ces troubles dŽpendent de 

nombreux facteurs gŽnŽtiques et ŽpigŽnŽtiques, comme lÕexposition au stress ˆ des pŽriodes 

critiques du dŽveloppement ou encore, la prŽsence de facteurs nŽfastes ou protecteurs de 

lÕenvironnement (Chrousos, 2009). Le stress chronique peut prŽcipiter ou induire des 

pathologies psychiatriques comme lÕanxiŽtŽ et la dŽpression majeure (Davidson and 

McEwen, 2012), des troubles cardiaques comme lÕhypertension (Spruill, 2010), des 

troubles mŽtaboliques comme lÕobŽsitŽ (Dallman et al, 2003), des troubles du sommeil 

comme lÕhypersomnie ou lÕinsomnie (Han et al, 2012), ainsi que des troubles obsessifs 

comme lÕalcoolisme (Becker, 2017) ou lÕabus de drogues (Sinha, 2008). Les pathologies 

comportementales dues au stress chronique rŽsultent de lÕactivation continue ou 

intermittente du syst•me du stress (voir la section 1.1.5.) provoquant la sŽcrŽtion prolongŽe 

des mŽdiateurs responsables de lÕanxiŽtŽ et de la dŽpression (Gold et al, 2005; Wong et al, 

2000), des troubles alimentaires et du sommeil (Vgontzas et al, 2001). Ainsi, la recherche 

sÕintŽresse au stress depuis des dŽcennies et semble •tre le sujet dÕactualitŽ phare de notre 
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si•cle. En effet, le stress est, de plus en plus, prŽsent dans notre sociŽtŽ actuelle que ce soit 

au travail - o• Ç productivitŽ È est le nouveau mot dÕordre - ou en privŽ : des relations 

nŽfastes, des probl•mes de santŽ, une insŽcuritŽ financi•re ou encore le trafic automobile 

sont des sources quotidiennes de stress. Cependant, la thŽmatique du stress trouve ses 

origines bien plus t™t dans le temps, au XIXe si•cle.    

 

1.1.2 LÕhistoire du stress  
 

Le concept de stress a ŽtŽ introduit en biologie au XIXe si•cle par Claude Bernard dans son 

Ïuvre Introduction ˆ la MŽdecine ExpŽrimentale (Bernard, 1865). Il y dŽmontre la capacitŽ 

de lÕorganisme ˆ maintenir la stabilitŽ de lÕenvironnement interne, le Ç milieu intŽrieur È, 

face aux perturbations de lÕenvironnement externe, dŽfinissant ainsi la notion 

dÕhomŽostasie, sans la nommer. CÕest Walter Cannon qui invente le terme dÕhomŽostasie. 

Il introduit le cŽl•bre concept de Ç fight or flight È, dŽfinissant ainsi les deux issues 

possibles face ˆ une situation de stress ˆ savoir Ç combattre ou fuir È. Il met en Žvidence les 

diffŽrentes rŽactions physiologiques induites par certaines Žmotions comme la peur ou la 

col•re, et dŽmontre la stimulation de la glande surrŽnale engendrŽe par la rŽaction de peur. 

Il dŽcrit alors la rŽponse au stress comme un syst•me o• les rŽponses physiologiques et 

Žmotionnelles sont intimement liŽes et se produisent en simultanŽ. Il dŽcouvre aussi une 

molŽcule responsable de lÕactivitŽ du syst•me nerveux autonome (SNA) sympathique 

(SNS) quÕil nommera sympathine, laquelle sÕav•rera •tre la noradŽnaline (Cannon, 1929, 

1939). Ë partir de 1936, Hans Selye, considŽrŽ comme le pionnier en mati•re de recherche 

sur le stress, redŽfinit le terme de stress comme Žtant une Ç rŽponse non spŽcifique de 

lÕorganisme en rŽaction ̂ toute demande dÕadaptation qui lui est faite È, dŽfinition encore 

utilisŽe de nos jours (Selye, 1956). Il dŽcrit alors les nombreuses rŽactions physiologiques 

induites par le stress mettant en Žvidence lÕactivation de lÕaxe corticotrope et la sŽcrŽtion du 

cortisol, ainsi que lÕactivation du SNS et la sŽcrŽtion dÕadrŽnaline. Enfin, Selye reprend le 

concept de Ç fight or flight È de Cannon en utilisant le terme de Ç  syndrome gŽnŽral 

dÕadaptation È qui dŽcrit la rŽaction gŽnŽrale dÕalarme correspondant ˆ un effort de 

lÕorganisme pour sÕadapter ˆ de nouvelles conditions. Il sÕagit donc de la rŽponse de 

lÕorganisme aux agressions auxquelles il est exposŽ. Il dŽcrit alors ˆ son tour, trois phases 
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de la rŽponse au stress : la phase dÕalarme, la phase dÕadaptation et celle dÕŽpuisement 

(Selye, 1937, 1950; Selye and Fortier, 1950). Ainsi, les travaux de Walter Cannon et Hans 

Selye ont permis de mettre en Žvidence les rŽponses physiologiques engendrŽes par le 

stress ˆ savoir le r™le crucial du SNS et de lÕaxe hypothalamo-hypophyso-surrŽnalien 

(Ç hypothalamo-pituitary-adrenergic axis È, ou axe HPA) dans la rŽponse adaptative au 

stress (Goldstein and Kopin, 2007).  

Les rŽponses physiologiques seront dŽtaillŽes dans la section 1.1.5.  Avant de les 

dŽclencher, lÕorganisme doit avant tout percevoir le stress, lÕinterprŽter et intŽgrer 

lÕinformation pour pouvoir rŽpondre de fa•on efficace ˆ la situation.  

 

1.1.3 La perception de lÕorganisme face ˆ lÕŽv•nement stressant  
 

La Figure 1 propose un syst•me modŽlisant les Žtapes suivies suite ˆ un Žv•nement 

stressant :  

(1) ƒv•nement stressant rŽel ou fictif ;  

(2) InterprŽtation cognitive ; 

(3) IntŽgration affective de lÕinformation ; 

(4) DŽclenchement des mŽcanismes neurologiques ; 

(5) RŽponse physiologique du SNA et de lÕaxe HPA ; 

(6) Activation des organes cibles ; 

(7) RŽponse comportementale. 
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Figure 1 : Syst•me modŽlisant la rŽponse au stress chez lÕhumain. Le cerveau interpr•te 
(2) et int•gre lÕinformation (3) du stress rŽel ou imaginŽ (1), des mŽcanismes neurologiques 
sont ensuite dŽclenchŽs (4). La rŽponse physiologique du SNA et de lÕaxe HPA a lieu (5) 
permettant dÕactiver les organes cibles (6) et enfin, la rŽponse comportementale permettant 
ou non de surmonter et maitriser la situation. AdaptŽe de (Everly and Lating, 2002).  
 
 

DÕun point de vue de la terminologie, il est important de distinguer le stimulus de la 

rŽponse au stress.  Le terme Ç stress È, utilisŽ par Hans Selye, fait rŽfŽrence ˆ la rŽponse au 

stress. Le terme de Ç stresseur È fait ainsi rŽfŽrence au stimulus, que lÕon peut diviser en 

deux catŽgories. On distingue le stresseur systŽmique - correspondant ˆ une menace 

physique rŽelle Ð du stresseur psychogŽnique, qui dŽpend de la perception et de 

lÕinterprŽtation du stimulus stressant (Herman and Cullinan, 1997). La rŽponse liŽe ˆ un 

stresseur systŽmique (e.g. perte de sang, infection, douleur) nŽcessite une rŽponse 

immŽdiate dŽclenchŽe par des mŽcanismes rŽflexes. Un stresseur systŽmique gŽn•re une 

rŽponse rŽsultant dÕune vŽritable perturbation de lÕhomŽostasie physiologique et 

lÕorganisme nÕa pas besoin de perception consciente pour que la rŽaction ait lieu. Ë 

lÕinverse, le stresseur psychogŽnique menace lÕhomŽostasie et perturbe lÕŽtat Žmotionnel de 

lÕindividu, nŽcessitant sa pleine conscience et faisant appel ˆ la mŽmoire dÕŽv•nements 

antŽrieurs et donc, ˆ lÕintervention de structures cŽrŽbrales cognitives supŽrieures comme le 

cortex sensoriel et le syst•me limbique (McDougall et al, 2005). La plupart des stresseurs 

sont psychogŽniques. L'Žvaluation cognitive fait rŽfŽrence au processus d'interprŽtation 

cognitive : il sÕagit de la signification que nous assignons ˆ lÕŽv•nement tel qu'il se dŽroule 

devant nous. LÕintŽgration affective correspond ˆ l'Žmotion ressentie lors de l'interprŽtation 

cognitive. Ces deux Žtapes dŽpendent principalement des prŽdispositions biologiques, de la 

personnalitŽ, de lÕhistorique et de la capacitŽ d'apprentissage de lÕindividu, ainsi que des 
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ressources d'adaptation disponibles (Figure 1). CÕest la fa•on dont lÕorganisme per•oit le 

stimulus stressant qui va dŽterminer sa catŽgorie (systŽmique ou psychogŽnique) et ainsi les 

circuits neuronaux empruntŽs (Everly et al, 2002).   

 

1.1.4 Les circuits neuronaux impliquŽs dans la rŽponse au stress 
 

LÕexposition ˆ un stress active le tronc cŽrŽbral et les structures du syst•me limbique qui ˆ 

leur tour, contr™lent lÕactivation du SNS et de lÕaxe HPA. LÕinformation de la rŽponse au 

stress est intŽgrŽe ˆ diffŽrents niveaux, dont le nÏud central est le noyau paraventriculaire 

de lÕhypothalamus (PVN). Un stresseur systŽmique va induire une activation directe du 

PVN par lÕintermŽdiaire dÕaffŽrences sensorielles provenant du tronc cŽrŽbral (neurones 

noradrŽnergiques du noyau du tractus solitaire ou NTS et organes circumventriculaires). Le 

PVN est aussi la cible de nombreux axones qui lib•rent diffŽrents neuropeptides comme 

lÕangiotensine II ou le neuropeptide Y qui vont moduler lÕactivitŽ des neurones libŽrant 

lÕhormone corticolibŽrine (Ç corticotropin-releasing-hormone È ou CRH). Les neurones 

CRH du PVN sont aussi la cible dÕaffŽrences glutamatergiques provenant de 

lÕhypothalamus et du NTS ainsi que dÕaffŽrences sŽrotoninergiques du noyau du raphŽ 

(pour revue, (Ulrich-Lai and Herman, 2009)). Ë lÕinverse, un stresseur psychogŽnique 

requiert lÕintervention du syst•me limbique. Aucun consensus universel nÕa ŽtŽ trouvŽ 

quant ˆ la dŽfinition des structures qui composent ce syst•me, de par son hŽtŽrogŽnŽitŽ 

fonctionnelle. On y classe gŽnŽralement le cortex limbique (gyrus cingulaire, cingulum, 

insula et gyrus parahippocampique), lÕhippocampe, lÕamygdale, le septum et 

lÕhypothalamus (Rajmohan and Mohandas, 2007). Les rŽgions limbiques nÕont pas de 

connections directes avec lÕaxe HPA ou le SNA mais sont capables de moduler les deux 

syst•mes de fa•on indirecte. La rŽponse au stress via le syst•me limbique nŽcessite 

lÕintervention de noyaux intermŽdiaires comme le noyau de la strie terminale (BST) ou le 

noyau dorsomŽdian de lÕhypothalamus (DMH) (Herman et al, 2016a). LÕhippocampe et le 

cortex limbique sont connus pour apporter une rŽgulation inhibitrice de lÕaxe HPA tandis 

que lÕamygdale exerce une rŽgulation activatrice de lÕaxe HPA (Figure 2).  
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Figure 2 : SchŽma gŽnŽral des voies rŽgulŽes par un stress. Les stresseurs activent le 
tronc cŽrŽbral et/ou les structures limbiques. Le tronc cŽrŽbral est capable de gŽnŽrer des 
rŽponses rapides de l'axe HPA et du SNA via des projections directes aux neurones du PVN 
ou aux neurones prŽ-ganglionnaires (rŽgulation ascendante, Ç stress response triggersÈ). En 
revanche, les rŽgions limbiques n'ont aucune connexion directe avec l'axe HPA ou au SNA 
et nŽcessitent des synapses intermŽdiaires avant d'accŽder aux neurones autonomes ou 
neuroendocriniens (rŽgulation descendante, Ç top-down regulation È). Une forte proportion 
de ces neurones est situŽe dans des noyaux hypothalamiques qui rŽpondent Žgalement au 
statut homŽostatique, fournissant un mŽcanisme par lequel les informations limbiques 
descendantes peuvent •tre modulŽes en fonction de lÕŽtat physiologique de l'animal (gestion 
intermŽdiaire, Ç middle management È). BST : noyau de la strie terminale; CVO : organe 
circumventriculaire; SAM : syst•me sympatho-adreno-mŽdullaire. AdaptŽe de (Ulrich-Lai 
et al, 2009). 

 

La Figure 3 prŽsente les affŽrences limbiques du PVN. La modulation limbique de la 

rŽponse au stress se produit principalement ˆ partir des affŽrences au niveau du PVN et 

d'autres rŽgions autonomes du cerveau. Les projections GABAergiques de l'amygdale 

centrale (CEA) rŽgulent les rŽponses aux facteurs de stress systŽmique, tandis que celles de 

l'amygdale mŽdiale (MEA) modulent prŽfŽrentiellement les rŽponses aux facteurs de stress 

psychogŽnique. Gr‰ce ˆ des projections glutamatergiques ˆ l'intŽrieur et ˆ l'extŽrieur de 

l'amygdale, l'amygdale basolatŽrale (BLA) joue un r™le ˆ la fois dans la rŽponse aigue au 

stress psychogŽnique et dans la rŽgulation du stress chronique. Le subiculum ventral 

(vSUB) coordonne la sortie de lÕhippocampe en fournissant une entrŽe glutamatergique au 
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niveau des relais inhibiteurs du PVN, limitant les rŽponses au stress psychogŽnique. Enfin, 

le cortex prŽlimbique (PL) inhibe les rŽponses au stress psychogŽnique, et cette inhibition 

est mŽdiŽe principalement par des projections glutamatergiques au niveau des relais 

inhibiteurs du PVN. En revanche, le cortex infralimbique (IL) active les rŽactions 

autonomes et lÕaxe HPA, via des projections directes (NTS) ou indirectes (CEA). 

 

 

Figure 3 : Organisation des affŽrences limbiques. La modulation limbique de la rŽponse 
au stress se produit principalement ˆ partir des affŽrences au niveau du PVN (PVNmpd; 
Ç the medial parvocellular paraventricular nucleus of the hypothalamus) et d'autres rŽgions 
autonomes du cerveau. Les entrŽes excitatrices sont de couleur bleue avec des lignes 
solides et les rŽgions avec entrŽes inhibitrices (GABA) sont reprŽsentŽes en rouge avec des 
lignes bleues pointillŽes. Panneau supŽrieur : le subiculum ventral (vSUB) coordonne la 
sortie de lÕhippocampe en fournissant une entrŽe glutamatergique au niveau des relais 
inhibiteurs du PVN, limitant ainsi les rŽponses au stress psychogŽnique. Panneau central : 
les projections GABAergiques de l'amygdale centrale (CeA) rŽgulent les rŽponses aux 
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facteurs de stress systŽmique, tandis que celles de l'amygdale mŽdiale (MeA) modulent 
prŽfŽrentiellement les rŽponses aux facteurs de stress psychogŽnique. Gr‰ce ˆ des 
projections glutamatergiques ˆ l'intŽrieur et ˆ l'extŽrieur de l'amygdale, l'amygdale 
basolatŽrale (BLA) joue un r™le ˆ la fois dans la rŽponse aigue au stress psychogŽnique et 
dans la rŽgulation du stress chronique. Panneau infŽrieur : le cortex prŽlimbique (PL) inhibe 
les rŽponses au stress psychogŽnique, et cette inhibition est mŽdiŽe principalement par des 
projections glutamatergiques au niveau des relais inhibiteurs du PVN. En revanche, le 
cortex infralimbique (IL) active les rŽactions autonomes et lÕaxe HPA, via des projections 
directes (noyau de solitaire, NTS) ou indirectes (CeA). AdaptŽe de (Ulrich-Lai et al, 2009). 
 

1.1.5 Les rŽponses physiologiques engendrŽes par le stress  
 

1.1.5.1 Le syst•me nerveux autonome 
 

En condition de stress, les rŽponses physiologiques induites sont caractŽrisŽes par 

lÕactivation du SNS et de lÕaxe HPA agissant de mani•re coordonnŽe pour maintenir lÕŽtat 

dÕalerte et favoriser le retour ˆ lÕhomŽostasie. Le SNA correspond ˆ la partie du syst•me 

nerveux responsable des fonctions non soumises au contr™le volontaire : il  contr™le le 

muscle cardiaque, le muscle lisse (e.g. digestion), certaines glandes exocrines (e.g. 

sudation) et endocrines. Le SNA est constituŽ du SNS et du syst•me nerveux 

parasympathique (SNP). Ces deux syst•mes agissent, de fa•on antagoniste, directement sur 

les organes cibles via les ganglions vertŽbraux. La Figure 4 dŽtaille les effŽrences 

respectives du SNP et du SNA.  
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Figure 4 : Les voies effŽrentes du SNA prŽsentant respectivement lÕactivitŽ du SNP (ˆ 
gauche) et du SNS (ˆ droite) sur leurs organes cibles (yeux, cÏur, estomac, intestin, vessie). 
AdaptŽe de (Everly et al, 2002). 
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Alors que le SNA prŽpare lÕorganisme ˆ une action future, le SNP permet la restauration 

des fonctions Ç normales È de lÕorganisme en rŽtablissant lÕhomŽostasie. La rŽponse au 

stress du SNS correspond ˆ la phase dÕalarme, dŽcrite prŽcŽdemment par Hans Selye.  

Ainsi, lÕactivation du SNA est la rŽponse la plus immŽdiate ˆ lÕexposition au stress via 

lÕaction du SNS. LÕexposition au stress provoque lÕactivation des neurones 

prŽganglionnaires sympathiques de la moelle Žpini•re qui projettent aux ganglions 

vertŽbraux innervant les organes cibles et en particulier, la mŽdullo-surrŽnale. LÕactivation 

du syst•me induit une augmentation du niveau sanguin des catŽcholamines, adrŽnaline et 

noradrŽnaline (De Boer et al, 1990), une augmentation du rythme cardiaque et de la 

pression sanguine (Lucini et al, 2002; McDougall et al, 2000), une vasoconstriction 

pŽriphŽrique (Cannon, 1929) et la redirection du flux sanguin de rŽgions comme le syst•me 

gastro-intestinal au profit du muscle squelettique et du SNC (Alper and Zink, 1994; Zhang 

et al, 1996) permettant ainsi la mobilisation de lÕŽnergie nŽcessaire pour une rŽponse 

adaptŽe au stress (Cannon, 1929). LÕintervention du SNP aide ˆ contr™ler la durŽe de la 

rŽponse autonomique sympathique (Porges, 1995; Thompson et al, 2003).  

La rŽponse du SNA induite par le stress nÕŽtant pas le sujet principal de cette th•se, elle ne 

sera pas ŽvoquŽe plus en dŽtail ici, nŽanmoins de nombreuses revues existent (McDougall 

et al, 2005; Ulrich-Lai et al, 2009).  

 

1.1.5.2 LÕaxe hypothalamo-hypophyso-surrŽnalien 
 

LÕactivation du syst•me HPA est la seconde rŽponse centrale la plus immŽdiate. LÕaxe 

HPA est constituŽ du PVN, de lÕadŽnohypophyse et de la glande corticosurrŽnale. La 

rŽponse au stress est caractŽrisŽe par lÕactivation successive de ces noyaux. Ainsi, 

lÕexposition au stress active les neurones noradrŽnergiques du tronc cŽrŽbral (au niveau du 

NTS) qui innervent prŽfŽrentiellement les neurones parvocellulaires du PVN producteurs 

de CRH (Antoni, 1986; Cunningham and Sawchenko, 1988). Ces neurones projettent via 

lÕŽminence mŽdiane vers lÕadŽnohypophyse qui lib•re ainsi lÕhormone adŽnocorticotrope 

(Ç adenocorticotropic hormone È ou ACTH) (Whitnall, 1993). Enfin, lÕACTH stimule la 

production et la sŽcrŽtion des glucocortico•des par la glande corticosurrŽnale, qui sont alors 

libŽrŽs dans la circulation sanguine (Figure 5). Les glucocortico•des circulants favorisent la 
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mobilisation des rŽserves ŽnergŽtiques issues du foie, des graisses et des muscles et 

potentialisent les effets induits par le SNS, afin de fournir ̂  lÕorganisme les ressources 

nŽcessaires pour rŽpondre adŽquatement ˆ la situation. Un rŽtrocontr™le nŽgatif des 

glucocortico•des sur lÕhypothalamus permet de diminuer la libŽration de CRH et de 

favoriser un retour rapide ̂ lÕhomŽostasie. Il permet aussi de limiter lÕexposition prolongŽe 

aux glucocortico•des eux-m•mes, susceptible dÕentra”ner des pathologies importantes. De la 

m•me mani•re, ce sujet est dŽtaillŽ dans une vaste littŽrature (Herman et al, 2016a; Myers 

et al, 2012).  

 

 

Figure 5 : Organisation de lÕaxe 
hypothalamo-hypophyso-adrŽnal (axe 
HPA). La rŽponse au stress de lÕaxe HPA 
est initiŽe par les neurones exprimant 
lÕhormone corticotropine (CRH) dans le 
noyau paraventriculaire de 
lÕhypothalamus (PVN). Un stress 
provoque la libŽration de CRH dans la 
veine porte hypophysaire transportant le 
peptide jusquÕˆ la glande antŽrieure 
pituitaire. Ceci induit la production puis 
la libŽration de lÕhormone 
adrŽnocorticotrope dans la circulation 
systŽmique o• elle va favoriser la 
synth•se et la sŽcrŽtion des 
glucocortico•des au niveau du cortex 
adrŽnal. Les glucocortico•des sont ensuite 
libŽrŽs dans la circulation systŽmique et 
pourront exercer leurs effets 
physiologiques via leurs rŽcepteurs 
disponibles au niveau des nombreux 
organes cibles dont le cerveau. AdaptŽe 
de (Myers et al, 2012).  
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Le stress gŽn•re diffŽrentes rŽactions de lÕorganisme permettant au niveau physiologique de 

rŽagir efficacement face au stress et de rŽtablir lÕhomŽostasie du syst•me. La rŽponse 

comportementale est une composante essentielle permettant de ma”triser ou de tolŽrer la 

situation de stress.    

 

1.1.6 Les rŽponses Žmotionnelles et comportementales liŽes au stress 
 

En terme de comportement, lÕexposition au stress se traduit par deux types dÕŽmotions 

distinctes : la peur et lÕanxiŽtŽ. Elles sont associŽes ˆ un phŽnom•ne Žmotionnel constituant 

un mŽcanisme de dŽfense de lÕorganisme face ˆ une menace quelconque. Autrement dit, il 

sÕagit dÕun processus dÕajustement cognitif destinŽ ˆ ma”triser ou ˆ tolŽrer la situation de 

stress. Ces rŽponses Žmotionnelles sont limitŽes dans le temps, elles dŽpendent du contexte 

et de la personnalitŽ de lÕindividu. La peur est un comportement adaptatif caractŽrisŽ par la 

nŽcessitŽ de se dŽfendre et se traduisant dans un premier temps par une fuite ou un 

Žvitement. En effet, la peur est une Žmotion fondamentalement ancrŽe dans lÕŽvolution, elle 

est indispensable ˆ la survie de lÕesp•ce. M•me les organismes les plus primitifs ont 

dŽveloppŽ ce mŽcanisme de dŽfense contre les menaces extŽrieures. Le terme dÕanxiŽtŽ est 

utilisŽ pour dŽcrire la sensation dysphorique associŽe ˆ lÕanticipation et lÕapprŽhension dÕun 

danger ou dÕun probl•me futur plus ou moins rŽel (American Psychological Association). 

Ainsi, la peur se diffŽrencie de lÕanxiŽtŽ de par lÕidentification explicite du danger. Lorsque 

la stratŽgie dÕadaptation crŽŽe par la peur ne permet pas de maitriser ou de tolŽrer le stress 

alors la peur se transforme en anxiŽtŽ. LÕanxiŽtŽ peut se concrŽtiser par lÕapparition 

dÕattaque panique Žpisodique et lorsquÕelle est gŽnŽralisŽe en pathologie du trouble panique 

(…hman, 2000).  

Ainsi, la rŽponse au stress implique de nombreux syst•mes (axe HPA, SNA) et fait 

intervenir plusieurs structures cŽrŽbrales (tronc cŽrŽbral, syst•me limbique). Les diffŽrents 

circuits empruntŽs pour une rŽponse au stress dŽpendent essentiellement de facteurs 

environnementaux comme le type de stresseur, sa durŽe, le besoin dÕimmŽdiatetŽ de la 

rŽponse ou ˆ lÕinverse, le besoin de faire intervenir des structures cŽrŽbrales cognitives 

supŽrieures. La complexitŽ de la rŽponse au stress nous sugg•re quÕil existe un grand 

Žventail de syst•mes de neurotransmetteurs et de neuromodulateurs impliquŽs. 



! %(!

LÕimplication dÕun certain nombre dÕentre eux a dŽjˆ ŽtŽ dŽmontrŽe (e.g. syst•mes 

GABAergique, glutamatergique, dopaminergique, sŽrotoninergique, cholinergique, 

neuropeptide Y, arginine-vasopressine, substance P, etc. (Kormos and Gaszner, 2013; Mora 

et al, 2012)). Le syst•me opio•dergique fait partie des neuromodulateurs dŽcrits de longue 

date dans la littŽrature du stress. Son r™le Žmergent dans la rŽsilience au stress chronique 

sera ŽvoquŽ dans la revue (section 1.2). 

 

1.1.7 Le syst•me opio•dergique  

 
Le syst•me opio•dergique se compose de diffŽrents neuropeptides dŽrivŽs de trois g•nes : la 

prodynorphine (ˆ lÕorigine des dynorphines et des nŽo-endorphines), la proenkŽphaline (ˆ 

lÕorigine des enkŽphalines, ENKs) et la proopiomŽlanocortine (ˆ lÕorigine des #-

endorphines) (Akil  et al, 1984). Le tableau 1 prŽsente les peptides fonctionnels dŽrivŽs de 

ces trois g•nes ainsi que leurs sŽquences dÕacide aminŽ.  

G•nes  Peptides SŽquences 

Prodynorphine Dynorphine A 

Dynorphine A (1-8) 

Dynorphine  B  

$-NŽoendorphine  

#-NŽoendorphine 

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-trp-Asp-Asn-Gln 

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile 

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Gln-Phe-Lys-Val-Val-Trp 

Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lys 

Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro 

ProenkŽphaline Leu-EnkŽphaline 

Met-EnkŽphaline  

Octapeptide 

Heptapeptide  

Tyr-Gly-Gly-Phe-Leu 

Tyr-Gly-Gly-Phe-Met 

Tyr-Gly-Gly-Phe-Met-Arg-Gly-Leu 

Tyr-Gly-Gly-Phe-Met-Arg-Phe 

ProopioimŽlanocortine #-Endorphine  Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro-Leu-Val-Thr-

Leu-Phe-Lys-Asn-Ala-Ile-Ile-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Glu 

Tableau 1 : Les opio•des endog•nes (g•nes, peptides et sŽquences dÕacide aminŽ).  
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Ces trois neuropeptides se fixent aux trois types de rŽcepteurs avec diffŽrentes affinitŽs : les 

rŽcepteurs opio•dergiques µ (MOPr), !  (DOPr) et " (KOPr).  

1.1.7.1 Structure, voies de signalisation et rŽgulation des rŽcepteurs opio•dergiques 

 
MOPr, DOPr et KOPr sont des rŽcepteurs ˆ sept domaines transmembranaires couplŽs ˆ 

une protŽine G inhibitrice (RCPG) (Chen et al, 1993; Evans et al, 1992; Kieffer et al, 1992; 

Yasuda et al, 1993). Ils sont aussi constituŽs de trois domaines extracellulaires et de trois 

domaines intracellulaires (Figure 6).  

 

Figure 6 : Structure gŽnŽrale dÕun rŽcepteur couplŽ ˆ une protŽine G (RCPG). Les 
rŽcepteurs opio•dergiques sont des protŽines intŽgrŽes dans la membrane couplŽs ˆ une 
protŽine G hŽtŽrotrimŽrique. La structure consiste en sept domaines transmembranaires 
(TM 1 ˆ 7), trois domaines intracellulaires hydrophobes (i1 ˆ i3) et trois boucles 
extracellulaires (e1 ˆ e3) ainsi quÕune queue NÐterminale extracellulaire (NH2) et une C-
terminale intracellulaire (COOH). AdaptŽe de (Sobczak et al, 2014) 

 

Les rŽcepteurs opio•dergiques sont encodŽs par trois g•nes OPRM1, OPRD1 et OPRK1, 

respectivement. Les sŽquences codant les sept domaines transmembranaires sont largement 

conservŽes entre les rŽcepteurs mais celles codant les queues N-terminale et C-terminale 

sont tr•s variables expliquant les diffŽrences dÕaffinitŽ des ligands et les voies de 

signalisation induites. Suite ˆ lÕactivation du rŽcepteur par un agoniste, la conformation du 

rŽcepteur change, activant ainsi la protŽine G. Les sous-unitŽs $ et #/! de la protŽine G se 
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dissocient lÕune de lÕautre et vont activer diffŽrentes voies de signalisation intracellulaires. 

La sous-unitŽ G$ va notamment inhiber la voie de lÕadŽnosine monophosphate cyclique 

(Taussig et al, 1993) conduisant ˆ lÕinhibition de la protŽine kinase A. G$ active Žgalement 

les canaux potassiques liŽs ˆ la protŽine G (GIRK) via une interaction directe, participant 

alors ˆ lÕhyperpolarisation du compartiment post-synaptique (Luscher and Slesinger, 2010). 

La sous-unitŽ G#/! est capable dÕinhiber les canaux calciques voltage dŽpendants (de type, 

N et L) au niveau du compartiment prŽ-synaptique, conduisant ˆ lÕinhibition de la libŽration 

de neurotransmetteurs et de neuromŽdiateurs (Rhim and Miller, 1994; Rusin et al, 1997). 

Enfin, comme de nombreux RCPG, les rŽcepteurs opio•dergiques peuvent Žgalement 

activer les voies des MAP kinases (Ç mitogen-activated-protein È). La signalisation 

intracellulaire induite par les RCPG dŽpend du nombre de rŽcepteurs fonctionnels prŽsents 

ˆ la membrane cytoplasmique. Ils sont essentiellement rŽgulŽs par la phosphorylation et 

lÕinternalisation. En effet, ils sont phosphorylŽs par les kinases associŽes aux RCPG, suite 

au relargage des sous-unitŽs $ et #/!. Cette phosphorylation rend possible la liaison avec la 

#-arrestine, une protŽine impliquŽe dans lÕidentification des rŽcepteurs en vue de leur 

internalisation. LÕinternalisation des rŽcepteurs induit la dŽsensibilisation du rŽcepteur : elle 

provoque la diminution du nombre de rŽcepteurs ˆ la membrane et donc diminue la rŽponse 

cellulaire en prŽsence de ligands (Al -Hasani and Bruchas, 2011). Apr•s lÕinternalisation des 

rŽcepteurs dans les endosomes, ils peuvent •tre dirigŽs vers les lysosomes pour •tre 

dŽgradŽs ou •tre recyclŽs ˆ la membrane (Whistler et al, 2002). Le nombre de rŽcepteurs 

prŽsents ˆ la synapse est Žgalement rŽgulŽ au niveau de lÕexpression. Les g•nes sont autant 

rŽgulŽs au niveau transcriptionnel quÕŽpigŽnŽtique (mŽthylation de lÕADN, mŽthylation, 

acŽtylation et phosphorylation, entre autres, des histones). De nombreux facteurs de 

transcription tels que CREB (Ç C-AMP Response Element-binding protein È), NF" B 

(Ç nuclear factor-kappa B È), AP2 (Ç activating protein 2 È) sont impliquŽs (Wei and Loh, 

2011). Enfin, les g•nes codant les rŽcepteurs opio•dergiques subissent un Žpissage alternatif 

important (Pan, 2005; Wei et al, 2004). La Figure 7 rŽsume bri•vement les voies de 

signalisation induites par lÕactivation dÕun rŽcepteur opio•dergique ainsi que les 

mŽcanismes de rŽgulation (phosphorylation, internalisation, dŽgradation ou recyclage).  
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Figure 7: Voies de signalisation intracellulaires associŽes aux rŽcepteurs 
opio•dergiques. Les rŽcepteurs sont couplŽs ˆ une protŽine G. Les seconds messagers 
impliquŽs sont lÕadŽnylate cyclase (AC), GPCR kinase 2/3 (GRK), la phospholipase C # 
(PLC#), ainsi que la phospatidyl-inositol-3-kinase (PI3K). La libŽration de la sous-unitŽ 
G#% inhibe aussi les canaux Ca2+ voltage-dŽpendant et active les canaux potassiques (K+). 
AdaptŽe de (Sobczak et al, 2014). 

 

1.1.7.2 Distribution des rŽcepteurs opio•dergiques MOPR et DOPr dans le syst•me 

nerveux central 

 
Les ENKs ont une affinitŽ plus ŽlevŽe pour DOPr, m•me s'ils peuvent Žgalement se lier et 

activer MOPr et KOPr dans des cellules transfectŽes exprimant transitoirement MOPr ou 

KOPr (Mansour et al, 1995). Le r™le physiologique des ENKs est dŽterminŽ par leur 

capacitŽ de liaison aux rŽcepteurs et par la distribution anatomique de ces derniers. Des 

Žtudes dŽcrivant la distribution des ENKs in vivo, dans le cerveau de rat, ont similairement 

montrŽ une liaison prŽfŽrentielle ˆ DOPr et MOPr (Mansour et al, 1986). Ainsi, nous nous 

intŽresserons ici uniquement ˆ la distribution de MOPr et DOPr prŽsentŽe dans les Figures 
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8 et 9, respectivement. Erbs et coll•gues ont dŽveloppŽ un mod•le de souris transgŽnique 

exprimant ˆ la fois MOPr et DOPr associŽs ˆ un fluorochrome, mcherry et eGFP, 

respectivement (Erbs et al, 2015). LÕexpression de MOPr est observŽe dans le bulbe 

olfactif, dans les couches corticales II et VI, dans le striatum, dans plusieurs noyaux 

thalamiques, dans le complexe amygdalien, et Žgalement, dans plusieurs structures du 

mŽsencŽphale et du rhombencŽphale (Figure 8).  

 

Figure 8 : Distribution neuroanatomique du rŽcepteur opio•dergique µ (MOPr) chez 
la souris gr‰ce ˆ une construction MOPr-mCherry . La taille des cercles rouges est 
indicative de lÕabondance de MOPr dans les diffŽrentes rŽgions observŽes. Les cercles 
roses indiquent une faible expression. MOPr est exprimŽ ˆ tous les niveaux du SNC. 
AdaptŽe de  (Erbs et al, 2015). 

 

La distribution des DOPr est prŽsentŽe dans la Figure 9. DOPr est principalement observŽ 

au niveau du bulbe olfactif, du bulbe olfactif auxiliaire, des couches corticales II -III et V-

VI, du striatum, du complexe amygdalien, de lÕhypothalamus, dans lÕhippocampe, ainsi que 

dans quelques noyaux du tronc cŽrŽbral. Il existe des diffŽrences importantes entre les 

distributions de DOPr et de MOPr dans plusieurs rŽgions du SNC (e.g. thalamus et 
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complexe amygdalien) ce qui, entre autres, explique les diffŽrents effets pharmacologiques 

des agonistes de MOPr et de DOPr. 

 

 

Figure 9 : Distribution neuroanatomique du rŽcepteur opio•dergique ! (DOPr) chez la 
souris gr‰ce ˆ une construction DOPr-eGFP. La taille des cercles verts est indicative de 
lÕabondance de DOPr dans les diffŽrentes rŽgions observŽes. Les cercles vert p‰le indiquent 
une faible expression. AdaptŽe de (Erbs et al, 2015).  
 

Le syst•me opio•dergique est universellement connu pour son r™le dans le contr™le de la 

douleur, des fonctions physiologiques, comme la fonction cardiaque ou la respiration, mais 

aussi dans la rŽgulation des Žmotions. Le chapitre suivant contient une revue Žcrite en 2017 

mettant en exergue le r™le Žmergent de la signalisation ENK via MOPr et DOPr dans la 

rŽsilience au stress chronique.  

 
!  
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1.2  La signalisation enkŽphalinergique et le stress : Ç Enkephalins : 
endogenous analgesics with an emerging role in stress resilience È 

!
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1.2.1 RŽsumŽ 
 

Le stress psychologique est un Žtat de tension mentale ou Žmotionnelle qui rŽsulte de 

circonstances dŽfavorables ou exigeantes de lÕenvironnement. Le stress chronique est 

connu pour induire des troubles anxieux et la dŽpression majeure. Il est Žgalement 

considŽrŽ comme un facteur de risque pour la maladie d'Alzheimer. Ë lÕinverse, la 

rŽsilience au stress chronique est associŽe ˆ la prŽservation des capacitŽs cognitives et au 

vieillissement normal. La rŽsilience prŽsente des caractŽristiques psychologiques et 

biologiques intrins•ques ˆ un individu qui conf•rent une protection contre le 

dŽveloppement de psychopathologies. Comment pouvons-nous favoriser ou amŽliorer la 

capacitŽ de rŽsilience au stress chronique? De nombreuses Žtudes ont proposŽ des 

mŽcanismes permettant de favoriser lÕapparition du phŽnom•ne. Les r™les de la 

transmission enkŽphalinergique dans le contr™le de la douleur, des fonctions 

physiologiques comme la respiration ou encore, des troubles affectifs, sont ŽtudiŽs depuis 

plus de 30 ans. En revanche, leur r™le dans la rŽsilience au stress chronique a re•u beaucoup 

moins d'attention. Cette revue compile la littŽrature mettant en Žvidence le r™le Žmergent de 

la signalisation des enkŽphalines via leurs deux rŽcepteurs opio•dergiques associŽs, µ et !, 

dans la capacitŽ naturelle d'adaptation face ˆ un style de vie stressant.  

 

1.2.2 Abstract 

 
Psychological stress is a state of mental or emotional strain or tension that results from 

adverse or demanding circumstances. Chronic stress is well known to induce anxiety 

disorders and major depression; it is also considered a risk factor for Alzheimer's disease. 

Stress resilience is a positive outcome that is associated with preserved cognition and 

healthy aging. Resilience presents psychological and biological characteristics intrinsic to 

an individual conferring protection against the development of psychopathologies in the 
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face of adversity. How can we promote or improve resilience to chronic stress? Numerous 

studies have proposed mechanisms that could trigger this desirable process. The roles of 

enkephalin transmission in the control of pain, physiological functions, like respiration, and 

affective disorders have been studied for more than 30 years. However, their role in the 

resilience to chronic stress has received much less attention. This review presents the 

evidence for an emerging involvement of enkephalin signaling through its two associated 

opioid receptors, µ opioid peptide receptor and !  opioid peptide receptor, in the natural 

adaptation to stressful lifestyles. 
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1.2.3 Introduction  
 

Psychological stress is a state of mental or emotional strain or tension that results from 

adverse or demanding circumstances. It has multifaceted causes and occurs frequently over 

a lifetime with varying dimensions and intensity, affecting all walks of life, irrespective of 

a person's occupation or position within a society (Machado et al, 2014). While depression 

is often the devastating outcome of chronic stress (Davidson et al, 2012) and also a risk 

factor and common comorbidity in Alzheimer's disease (Green et al, 2003; Modrego, 

2010), stress resilience, on the other hand, is a positive outcome that is associated with 

preserved cognition, reduced oxidative damage, and healthy aging (Charney, 2004; Pfau 

and Russo, 2015). The American Psychological Association defines resilience as Òthe 

process of adapting well in the face of adversity, trauma, tragedy, threats or even significant 

sources of threat.Ó Heterogeneity in the response to chronic stress suggests that resilience is 

a complex neurobiological process that emerges from a multitude of gene-environment 

interactions. Several mechanisms are proposed to underlie the interindividual differences in 

resilience or vulnerability to chronic stress. 

Within the neuropeptidergic system, the endogenous opioids enkephalins (ENK) which 

signal through the opioid peptide receptors (OPr), µ opioid peptide receptor (MOPr) and !  

opioid peptide receptor (DOPr), could be interesting candidates to naturally promote the 

adaptation to chronic stress. ENK are members of the endorphin family and the first ones to 

be isolated in the brain (Hughes et al, 1975). Considering the binding of morphine and 

ENK to the same receptors, their role as a natural analgesic was rapidly proposed. 

Pioneered studies have provided the first experimental evidence supporting a role of ENK 

in analgesia and stress-induced analgesia (i.e. pain suppression after an exposure to 

stressful stimuli). More specifically, it was shown in the rat that 1) the cerebroventricular 

injection of ENK produces analgesia (Belluzzi et al, 1976; Pert et al, 1977); 2) stress 

increases blood concentrations of ENK (Madden et al, 1977); and 3) stress-induced 

analgesia, such as immobilization stress on a hot plate or cold water stress, could be 

reversed by an opioid antagonist (Amir and Amit, 1978; Bodnar et al, 1978). Subsequently, 

it was hypothesized that ENK were playing a major role in stress processes independently 

of their analgesic functions. Madden et al. reported that inescapable stress induced by 

footshocks (mimicking a posttraumatic stress disorder; PTSD) increases brain levels of 
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ENK (Madden et al, 1977). Another study showed a decrease of ENK immunoreactivity in 

the rat hypothalamus (HPT) after stress induced by footshocks (Rossier et al, 1978). More 

recently, ENK in the rat amygdala (AMG) were implicated in Pavlovian conditioned fear 

(Petrovich et al, 2000; Poulin et al, 2013) as well as in various behavioral and 

neuroendocrine aspects of the stress response (Berube et al, 2013; Berube et al, 2014; Hebb 

et al, 2004). The ENK are known to be involved in a large set of physiological and 

emotional processes, but their role in the individual capacity for stress adaptation has 

received less interest. In this review, the biochemistry of ENK and their anatomical 

distribution within the central nervous system (CNS) will be described first, followed by 

coverage of the well-known functions of ENK in emotional behaviors, including their key 

involvement in Pavlovian conditioned fear, anxiety, and stress response. Subsequently, the 

emerging role of ENK in the development of stress resilience will be discussed, with an 

emphasis on the recruitment of ENK projections coming from the AMG. The AMG is 

considered a key brain structure mediating the regulation of emotions and affective 

behavior, and the role of ENK in the stress response is notably suggested by their extended 

distribution in the AMG. 

 

1.2.4 Enkephalins and their opioid receptors 
 

1.2.4.1 Biochemistry and anatomical distribution of enkephalins and their receptors, 
DOPr and MOPr, in the CNS  

 

ENK are produced from a propeptide precursor, proenkephalin (proENK), which is 

translated from preproenkephalin mRNA that is encoded by a gene distinct from the other 

endogenous opioid peptides (Kakidani et al, 1982; Noda et al, 1982). The maturation of 

propeptides into functional peptides is performed during the vesicular transport within large 

dense-core vesicles (LDCVs) and requires the joint action of several endopeptidases 

(cathepsin L, aminopeptidase B and E, and prohormone convertase 2) (Hokfelt et al, 2000; 

Seidah and Chretien, 1997; Steiner, 1998). In the rat, the proENK is cleaved proteolitycally 

to produce four copies of methionine-ENK (Met-ENK), one leucine-ENK (Leu-ENK), and 

two C-terminal extended Met-ENK. Subsequently, LDCVs are stored near release sites (i.e. 
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presynaptic, extrasynaptic, and dendritic) and released following an increase in intracellular 

calcium (Suudhof, 2008). Once released by neurons, ENK are degraded in order to control 

the diffusion and synchrony of the signal. Some studies demonstrated that radioactively 

labeled ENK are completely degraded in less than a minute upon injection 

(intracerebroventricular) in the rat brain (Noble and Roques, 2007). ENK degradation is 

performed by two neuropeptidases called metallopeptidases: aminopeptidase N and neutral 

endopeptidase (or neprilysin) (Noble et al, 2001; Waksman et al, 1986). In vitro, ENK have 

a slightly higher affinity for DOPr, even though they can also bind and activate MOPr and 

"  opioid peptide receptor (KOPr) in transfected cells transiently expressing MOPr, DOPr, 

or KOPr (Mansour et al, 1995). Studies describing the distribution of ENK in the rat brain 

have demonstrated their preferential binding to DOPr and MOPr by autoradiographic 

labelling (Mansour et al, 1986). 

Given the vast extent of biological processes and physiological systems in which ENK are 

involved (cardiovascular system, thirst and feeding, pain and analgesia, gastrointestinal 

functions, respiration, etc. (Bodnar, 2017)), the expression of ENK, DOPr, and MOPr is 

ubiquitous. Indeed, ENK are distributed among the central, peripheral, and autonomous 

nervous systems, as well as in endocrine tissues (adrenal medulla, endocrine pancreas) and 

their target organs (liver, skin, bones, and lungs) (Denning et al, 2008; Eiden, 1987). For 

the purpose of this review, we will focus mainly on the neuroanatomical distribution of 

ENK and their receptors within the Òemotional brainÓ known as the limbic system that 

includes the cingulate and entorhinal cortex, hippocampus (HPC), septum, HPT, and the 

extended AMG (Drolet et al, 2001). Most of neuroanatomic studies have been conducted in 

rats, although several studies have also been conducted in humans, showing a similar 

distribution across species, especially in the limbic system (Hurd, 1996). Fallon and Leslie 

extensively reported in 1986 the distribution of ENK neurons as well as ENK fibers in the 

rat brain using an indirect immunofluorescence technique (Fallon and Leslie, 1986). ENK 

neurons are found among the entorhinal, piriform, and medial prefrontal cortex (mPFC, 

infralimbic and prelimbic). Most nuclei of the HPT were shown to contain ENK neurons 

(paraventricular, posterior, ventromedial, dorsal, dorsomedial, and lateral nuclei). They are 

widely distributed in the central (CEA), medial (MEA), and basolateral (BLA) AMG and 

its intercalated (IC) nuclei. ENK neurons are also located in the lateral septum, preoptic 
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area, bed nuclei of the stria terminalis (BST), nucleus accumbens (NAc), and ventral 

tegmental area (VTA). In the HPC, ENK are present in mossy fibers and granular cells. 

ENK fibers mainly project from the dentate gyrus to the CA3 region of Ammon's horn, but 

also target some neurons of the CA1 and CA2, and dentate gyrus. Additionally, ENK fibers 

are found in the dorsal and ventral pallidum (Fallon et al, 1986; Gall et al, 1981). 

Similar to ENK, OPr are extensively expressed throughout the CNS (Le Merrer et al, 

2009). The anatomical distribution of MOPr and DOPr is relatively similar to that of ENK 

projections (Mansour et al, 1988). To study the relative distributions of MOPr and DOPr 

throughout the CNS, Scherrer and colleagues have generated a very useful mouse model. 

They first developed DOPr-eGFP knock in (KI) mice, presenting a complete functional 

receptor fused to an enhanced green fluorescent protein (eGFP) (Scherrer et al, 2006). 

These mutant mice were subsequently crossed to another model containing a similar 

construct, MOPr-mcherry KI mice (Erbs et al, 2015). This breeding generated a double KI 

mouse useful for in situ visualization of DOPr and MOPr simultaneously (Erbs et al, 2012; 

Erbs et al, 2015). The study of DOPr and MOPr distribution in the CNS showed that 

coexpression of DOPr and MOPr is observed in HPT, HPC, the lateral parabrachial nucleus 

and vestibular nuclei, circuitries which are involved in survival including water and food 

consumption, sexual behavior, and response to aversive stimuli (Erbs et al, 2015). The 

large distribution of ENK and their associated receptors in the limbic system of rodents and 

humans further suggests that ENK transmission plays a major role in emotional behaviors. 

 

1.2.4.2 Roles in emotional behavior 
 

ENK are indeed involved in several emotional behaviors, including fear conditioning (Asok 

et al, 2013; Haubensak et al, 2010; Petrovich et al, 2000; Poulin et al, 2013; Ragnauth et 

al, 2001; Szklarczyk et al, 2015), anxiety, and stress response (Bilkei-Gorzo et al, 2004; 

Broom et al, 2002a; Chu Sin Chung et al, 2015; Comings et al, 2000; Filliol et al, 2000; 

Granholm et al, 2015; Hernandez et al, 2015; Kennedy et al, 2006; Konig et al, 1996; 

Kung et al, 2010; Liberzon et al, 2007; Nozaki et al, 2014; Perrine et al, 2006; Rezayof et 

al, 2009; Saitoh et al, 2004; Saitoh et al, 2013; Sugiyama et al, 2014; Vergura et al, 2008; 

Zhu and Pan, 2004, 2005). This section will describe the experimental evidence for such a 
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role, mainly derived from studies conducted in rodents, using different approaches, 

neuroanatomical, silencing, pharmacological, and genetic, as well as stress paradigms 

varying in chronicity and intensity. 

 

1.2.4.2.1 Fear conditionning  
 

The fear conditioning paradigm allows assessment of learning and memory in association 

with fear (see Table 2). The first evidence that ENK participate in fear conditioning comes 

from an in situ hybridization study showing an increase in ENK mRNA levels in the CEA 

neurons of rats undergoing this paradigm (Petrovich et al, 2000). Thereafter, it was shown 

that ENK knockout (KO) mice exhibit an exaggerated immobility compared to wild-type 

controls during the auditory-conditioned fear acquisition (Ragnauth et al, 2001). A 

population of GABAergic neurons expressing protein kinase C-!  (PKC-! ) was identified in 

the lateral part of CEA (CEAl), using a molecular genetic approach in mice. Interestingly, 

this population appears to overlap with ENK neurons (Haubensak et al, 2010). In another 

study, it was shown that this neuronal population expressing PKC-!  in the CEAl is 

implicated in the inhibition of fear acquisition (Ciocchi et al, 2010). However, the exact 

role of ENK expressed by these PKC-!  GABAergic neurons is still undetermined.  

Asok et al. also showed that exposure to a component of fox odor, 2,5-dihydro-2,4,5-

trimethylthiazoline (TMT), which triggers innate fear in rats, increases ENK mRNA levels 

in the paraventricular nucleus (PVN) of the HPT (Asok et al, 2013). An increased 

expression of ENK mRNA levels is similarly observed after repeated footshocks, in the 

AMG of SWR/J mice, an inbred strain showing a reduced fear response, while this 

expression was unchanged in C57BL/6J mice, an inbred strain showing a high fear 

response (Szklarczyk et al, 2015). In the same study, administration of MOPr antagonist 

(naltrexone) or DOPr antagonist (naltrindole) increased fear response in SWR/J mice, 

which could be restored with a DOPr agonist. These results suggest that resistance in the 

face of traumatic experiences inducing fear involves ENK from the AMG and that 

vulnerability can be modulated by administration of OPr agonists (Szklarczyk et al, 2015). 

Finally, it has been shown by Poulin et al. that the downregulation of ENK in the rat CEA 

decreases unconditioned fear (Poulin et al, 2013). In this study, rats were submitted to a 
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contextual conditioning paradigm consisting of footshocks administered in a novel 

environment. ENK knockdown (KD) rats showed a reduced fear response during 

conditioning, while the context alone, presented 48&h later, did not produce change in 

freezing behavior. These results indicate that ENK release from CEA neurons is involved in 

the freezing behavior to an unconditioned stimulus, but not in the formation of an 

associative memory (Poulin et al, 2013). Results of ENK distribution studies in addition to 

pharmacological, silencing, and genetic studies demonstrate the prominent role of ENK, 

especially amygdalar ENK, in mediating fear behavior. This connection may further 

suggest a role for ENK in anxiety and stress responses, which are closely related to fear 

behavior. 

 

Table 2: Evidence for ENK signaling involvement using different behavioral tests 

 

 

 
Behavior Paradigm 

 

 

Principles and procedures 
 

 

Evidence for involvement of ENK 
signaling 

 
 
 
 
 
 
 
 
 
 
 

Fear 
 

 
 
 
 
 

Contextual 
fear 

conditioning 
 

In this paradigm, an animal learns to predict 
aversive events based on their environmental 
context. It is a form of learning and memory in 
which an aversive stimulus is associated to a neutral 
context and/or stimulus, resulting in fear responses 
upon presentation of the originally neutral context 
and/or stimulus. The animal is placed into a 
chamber to administer an aversive stimulus (e.g. 
electric footshocks). This procedure can be paired 
with another conditioning stimulus, a sound for 
example. After a delay, the animal is re-exposed to 
the environment and/or conditioning stimulus, 
without the aversive one. Freezing which is 
characterized by the total absence of movement 
except those required for respiration is then 
measured to assess fear responses.  

 
- In rats, ENK mRNA levels are increased in 
CEA upon contextual fear conditioning 
(Petrovich et al, 2000); 
 
- ENK knockout (KO) mice show an 
exaggerated immobility during auditory fear 
conditioning (Ragnauth et al, 2001); 
 
- ENK neurons in CEAl overlap with PKC-! 
GABAergic neurons, which are involved in 
fear behavior (Ciocchi et al, 2010; 
Haubensak et al, 2010); 
 
- In SWR/J mice (showing a reduced fear 
response induced by footshocks), ENK 
mRNA levels are increased in AMG 
(Szklarczyk et al, 2015);  
 
- In SWR/J mice (showing a reduced fear 
response induced by footshocks), 
administration of MOPr and DOPr 
antagonists increase fear response 
(Szklarczyk et al, 2015);  
 
- In rats, ENK knockdown (KD) of CEA 
decreased unconditioned fear (Poulin et al, 
2013). 
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Startle 
response 

 

The startle reflex is considered as an innate and 
involuntary reaction that appears upon exposure to 
an unexpected or threatening stimuli. The response 
corresponds to a quick involuntary contraction of 
the animalÕs skeletal muscles. The test is conducted 
in an automated startle chamber that allows 
measurement of the reflex. 

- ENK KO mice show an exaggerated startle 
response (Bilkei-Gorzo et al, 2004).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Anxiety 

 

 
 

Open-field 
 

This task is based on a rodentÕs preference for dark 
areas. The animal is placed in an open-field 
chamber, an arena with surrounding walls to prevent 
escape, and the exploratory behavior of the center 
(lit) versus periphery (dark) is assessed over time 
with a video-recording.  

- ENK KO mice show a decreased 
exploratory behavior and avoid the central 
part of the open-field (OF) arena (Bilkei-
Gorzo et al, 2004; Konig et al, 1996; 
Ragnauth et al, 2001);  
 

- ENK KO mice, exposed to stress induced 
by footshocks, present an anxiety-like 
behavior (Kung et al, 2010).  

 

 
 
 
 
 
 
 
 

Elevated-
plus-maze 

 

This task is based on a rodent's natural preference 
for dark and enclosed areas, compared to lit and 
uncovered areas, as well as on their natural 
exploratory behavior of a novel environment. The 
animal is placed in the maze and its exploratory 
behavior is assessed over time with a video-
recording. The maze has a cross shape with two 
opposite arms surrounded by walls (dark and 
enclosed area) whereas the two other arms do not 
present walls (lit and uncovered).  

 

- ENK KO mice present anxiety-like 
behavior in the elevated-plus-maze (EPM) 
(Bilkei-Gorzo et al, 2004); 

- ENK KO mice, exposed to stress induced 
by footshocks, present anxiety-like behavior 
in EPM (Kung et al, 2010);  

- In rats, ENK KD in CEA increases the 
exploratory behavior in EPM (Poulin et al, 
2013); 

- Infusion of a DOPr agonist in CEA 
increases the number of entries and the time 
spent in open arms of the EPM (Randall-
Thompson et al, 2010);  

- Administration of a DOPr antagonist 
diminishes the exploratory behavior in EPM 
(Perrine et al, 2006); 

- Administration of a DOPr agonist increases 
this behavior (Broom et al, 2002a; Nozaki et 
al, 2014; Saitoh et al, 2004; Saitoh et al, 
2013; Vergura et al, 2008); 

- DOPr KO mice spent less time in the open 
arms of EPM (Filliol  et al, 2000); 

 

- MOPr KO mice increases the exploratory 
behavior in EPM (Filliol  et al, 2000);  

- Administration of MOPr agonist increases 
the exploratory behavior in EPM (Rezayof et 
al, 2009). 
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Light -dark 
box 

 

This task is based on a rodentÕs natural preference 
for dark areas, compared to lit ones. The box 
contains two chambers, one light and one dark. The 
animal is placed into the box and its exploratory 
behavior is assessed over time with a video-
recording. 

- ENK KO mice show a decreased 
exploratory behavior in the light-dark box 
(LDB) (Bilkei-Gorzo et al, 2004; Ragnauth et 
al, 2001);  

- ENK KO mice, exposed to stress induced 
by footshocks, present a anxiety-like 
behavior in LDB (Kung et al, 2010); 

- DOPr KO mice spent less time in the 
illuminated portions of the LDB (Filliol  et al, 
2000). 

 

Social 
interaction 

test 
 

This test allows evaluating the propensity of an 
individual to socialize. The rodent is placed in an 
open-field arena alone in the first place and then 
with another individual. The time spent interacting 
with the intruder is measured. 

- ENK KO mice present a reduced duration 
of social interaction (Bilkei-Gorzo et al, 
2004).  

 

 

Forced 
swim test 

 

 
This test is used to evaluate the antidepressant 
efficacy of new compounds. A rodent is placed in a 
pool containing approximately 15 cm3 of water and 
its mobility is measured on a video-recording.  

- Administration of a DOPr agonist increases 
mobility in the forced swim test (Nozaki et 
al, 2014).   

 

 
 

Anhedonia 

 
Sucrose 

preference 
test 

This task is used as an indicator of anhedonia, 
characterized by a lack of interest for a reward. Two 
bottles, one containing a sucrose solution (between 
1% and 5%) and another plain water, are presented 
to the animal. Its preference for the sweetened 
versus plain water reveals anhedonia state. 

 
- After restraint stress, rats showing 
decreased anhedonia (assessed with the 
sucrose preference test) present a reduced 
expression of ENK mRNA in the NAc 
(Poulin et al, 2014).  

 

 

1.2.4.2.2 Stress and anxiety 
 

Several studies performed in humans showed the importance of ENK in anxiety, 

depression, and PTSD, a mental illness that appears after experiencing a traumatic event. 

Indeed, a polymorphism in the gene encoding neutral endopeptidase, involved in ENK 

metabolism, was identified in patients with anxiety disorder, tested with the SCL-90-R 

inventory of psychological symptoms (Comings et al, 2000). Positron emission 

tomography (PET) studies have shown that MOPr expression is decreased in the anterior 

cingulate cortex of patients with PTSD (Liberzon et al, 2007). In patients with depression, 

PET further revealed that the expression of MOPr is decreased in the HPT and AMG 

(Kennedy et al, 2006). These studies suggest that a reduced tone of ENK neurotransmission 

is a key component in the expression of anxiety. 

In rodents, several behavioral paradigms are commonly used to assess the level of anxiety, 

including the elevated plus maze (EPM), open field (OF), and light-dark box (LDB) tests. 

These tests are based on the natural aversion of rodents for open, elevated, or illuminated 
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areas and their natural exploratory behavior in novel environments. In addition, the social 

interaction test (SI) allows evaluating the propensity to socialize. The startle response (SR) 

corresponds to an unconscious defensive response to unexpected or threatening stimuli. All 

behavioral tests discussed in our review are detailed in Table 2. 

The ENK KO mice show an increased anxiety with the EPM, OF, and LDB tests, have an 

exaggerated SR, and a reduced duration of SI (Bilkei-Gorzo et al, 2004; Konig et al, 1996; 

Ragnauth et al, 2001). ENK KO mice exposed to a stress induced by footshocks, 

mimicking PTSD, similarly present anxiety- and depressive-like behaviors, contrary to 

wild-type controls, using the OF, EPM, and LDB tests (see Table 2) (Kung et al, 2010). 

However, the downregulation of ENK in CEA was shown to reduce anxiety as 

characterized by an increase of exploratory behavior (Poulin et al, 2013). ENK KO mice 

are resistant to anxiety- and depression-like behaviors after a chronic mild unpredictable 

stress consisting of daily exposure to different stressors, such as food deprivation and 

restraint stress for five weeks suggesting that ENK enhance the reactivity to chronic stress 

(Melo et al, 2014). ENK appear to have varying and even opposing effects on anxiety, 

depending on the considered CNS region and the type and intensity of stress. 

The high levels of anxiety generally observed in ENK KO mice are also seen upon gene 

inactivation of DOPr (Filliol  et al, 2000). Pharmacological studies conducted in rodents 

support these results obtained through gene inactivation of DOPr, since subcutaneous 

administration of naltrindole, a DOPr antagonist, induces anxiety (Perrine et al, 2006). 

Conversely, intraperitoneal injection of DOPr agonists (SNC80, UFP-512, (+)BW373U86) 

was shown to be anxiolytic (Broom et al, 2002a; Saitoh et al, 2004; Vergura et al, 2008). 

Moreover, infusion of [D-Pen 2,5]-ENK (DPDPE), a DOPr agonist, in CEA exerted similar 

effects, which could be reversed by the administration of naltrindole, a DOPr antagonist. 

Recently, a new DOPr agonist, KNT-127, has received an increasing interest as a potential 

therapeutic treatment for anxiety and depression, although the efficacy of this molecule has 

not yet been investigated in clinical trials. In rodents, KNT-127 produces anxiolytic and 

antidepressant-like effects in a dose-dependent manner (see Table 2) (Nozaki et al, 2014; 

Saitoh et al, 2013). These results are consistent between models and suggest that signaling 

onto DOPr mainly exerts anxiolytic effects. 

In contrast to these findings, a conditional KO mouse for DOPr (Dlx-DOR) in forebrain 



! '%!

GABAergic neurons showed a reduced level of anxiety compared to wild-type littermates, 

demonstrating that stimulation of DOPr in GABAergic neurons of the forebrain is 

anxiogenic (see Table 2) (Chu Sin Chung et al, 2015). In the same way, the gene 

inactivation of MOPr has anxiolytic effects, with MOPr KO mice presenting an increased 

time spent in the open arms of an EPM (Kung et al, 2010). Nevertheless, several 

pharmacological studies instead demonstrated that MOPr activation is anxiolytic. For 

example, intraperitoneal administration of morphine, a MOPr agonist, decreases 

vocalizations in rats exposed to a predator and anxiety assessed with the EPM test (Rezayof 

et al, 2009). Overall, MOPr appear to have varying effects on anxiety, depending on the 

methodological approaches used. 

A few recent studies explored the neuroanatomical specificity of ENK projections that are 

recruited in steady-state conditions or upon stress in rats. Single housing (see Table 3) in 

early life was shown to decrease immunoreactivity of Met-ENK-Arg6Phe7 (MEAP) in the 

brain areas that include the AMG, substantia nigra (SN), HPT, and periaqueductal grey 

(PAG) (Granholm et al, 2015). Hern‡ndez et al. also measured ENK neuropeptidase 

activities in the three main regions of the stress response circuitry (AMG, HPC, and mPFC) 

after acute restraint in rats (see Table 3; (Hernandez et al, 2015)). Neuropeptidases regulate 

the expression of neuropeptides at the release sites. Peptidase activity can thus be used to 

indicate the functional status of neuropeptides. This neuropeptidase activity was found to 

be more intense in AMG than in HPC or mPFC both in control and stressful conditions, 

suggesting that ENK metabolism is preponderant in the AMG. After acute restraint stress, 

ENK-degrading activity was reduced in AMG and increased in HPC, while it remained 

unchanged in the mPFC. In stressed rats, a positive correlation was described between the 

AMG and HPC, while in control rats, a negative correlation was observed between the 

mPFC and HPC. These results suggest a neuropeptidergic functional connection between 

the mPFC, HPC, and AMG, which could be triggered by stress and involved in some of the 

adaptive functions performed by this circuit. 

Overall, these contradictory results found in the literature regarding the influence of ENK 

signaling on anxiety could be attributed first, to the technical approaches (pharmacological, 

genetic), then to the considered nucleus (CEA for example) or associated neurotransmitters 

(GABA), and finally to the type (acute, chronic stress) and intensity of stress. It still 
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remains unknown whether the many effects of ENK circuitry acting in such a diverse array 

of brain circuits might all be recruited together in response to a variety of different stressors 

and different modalities. Different brain circuits could synergistically contribute to the 

stress response, highlighting the huge challenge we face in understanding the functions of 

ENK signaling. Taken together, the combined findings from these silencing, 

pharmacological, genetic, and neuroanatomical studies suggest that the stimulation of ENK 

transmission onto DOPr and/or MOPr might enhance the natural strategies to cope with 

stress. 

 
Table 3: Evidence for ENK signaling involvement under different stress paradigms 
 
 

 

Paradigm 
 

Principles and procedures 

 

Evidence for involvement of ENK 
signaling 

 

Single 
housing 

Given the social behavior of rodents, chronic or acute single 
housing is used to mimic the stress due to social isolation. The 
animal is placed alone in its home cage. 

- Prolonged single housing in early life 
decreases ENK immunoreactivity in AMG, 
substantia nigra, HPT and PAG (Granholm et 
al, 2015).  

 
 

Restraint 
stress 

The animal is placed in a tube in such a way that all movements 
are prevented. The psychological and physiological effects due 
to restraint stress result from the distress and aversive nature of 
the forced immobility.  

- After acute restraint stress, ENK-degrading 
activity is reduced in AMG and increased in 
HPC (Hernandez et al, 2015); 

- After chronic restraint stress, ENK knockout 
(KO) mice do not exhibit anxiety nor 
depression-like behavior (Melo et al, 2014); 

 

- After chronic restraint stress, rats showing 
decreased anhedonia present a reduced 
expression of ENK mRNA in the NAc (Poulin 
et al, 2014).  

 

Social defeat 
stress 

(or resident-
intruder 

paradigm) 

This task exploits the social conflict between two individuals to 
initiate psychological stress. This experiment can be related to 
the intimidation or victimization in humans. An intruder is 
placed in the home cage of a resident each day for a given 
period of time. 

- After a chronic social defeat, Oprm1 A112G 
mice show a strong resilience (Briand et al, 
2015);  

- After a chronic social defeat, resilient rats 
demonstrate a high recruitment of ENK 
afferents from PGi to LC (Reyes et al, 2015);  

- After a chronic social defeat in rats and 
mice, ENK mRNA levels decrease in BLA of 
vulnerable individuals (Berube et al, 2013; 
Henry et al, 2016).  

 

Chronic 
unpredictable 

stress 

This test allows to mimic the unpredictable disruptions of daily 
life. An animal is subjected to different stressors each day for a 
given period of time. Stressors can include restraint stress, 
electric footschocks, wet bedding, group housing, mild shaking 
of the home cage, cold water swim, etc. 

- ENK knockdown (KD) in BLA increases 
anxiety reproducing behavioral responses 
encountered in individuals vulnerable to 
chronic unpredictable stress (Berube et al, 
2014).  
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1.2.5 Role in resilience to chronic stress 
 
An extreme amount of stress can lead to maladaptive behavioral changes such as anhedonia 

and social avoidance, in rodents and humans, as well as serious health consequences by 

impacting on the nervous, endocrine, and immune systems. However, chronic exposure to 

stress can also engender compensatory physiological responses in order to reduce these 

deleterious effects of stress. This mechanism of defense allows maintaining homeostasis in 

the face of adversity. This phenomenon of ÒresilienceÓ corresponds to the ability of an 

individual to maintain normal psychological and physical functioning in the front of stress 

or trauma, in order to avoid mental and physical illnesses (Russo et al, 2012). 

Recent findings regarding the functions of ENK transmission in stress resilience revealed 

the involvement of different brain areas such as the NAc (Poulin et al, 2014; Sweis et al, 

2013) or septum, PVN and PAG (Berube et al, 2013; Berube et al, 2014; Briand et al, 

2015), or locus coeruleus (LC) and paragigantocellularis nucleus (PGi) (Reyes et al, 2015), 

in addition to the BLA as we will discuss below, thus suggesting a high level complexity of 

ENK circuitry in stress resilience. 

Sweis et al. associated the resilience to chronic stress measured by a lack of memory 

impairment poststress to an increased expression of ENK mRNA in the rat NAc, proposing 

that an ENK-mediated increase of dopaminergic tone could improve motivation-based 

cognitive performance (Sweis et al, 2013). This predominant role of ENK projections from 

the NAc is supported by the results of another study. Indeed, it was shown that after 14 

days of restraint stress, rats showing increased anhedonia (as measured by their preference 

for sucrose see Table 2) also presented in the NAc a reduced expression of ENK mRNA 

and 'FosB, a transcription factor that is expressed by ENK neurons. These results suggest 

that the individual vulnerability to chronic stress, determined here by measuring anhedonia, 

is associated with a 'FosB-mediated downregulation of ENK (Poulin et al, 2014). The 

relationship between 'FosB and the resilience to chronic stress was already known (Vialou 

et al, 2010). 

Downstream of ENK, Akil et al. also studied in rats the effects of dominance status and 

housing conditions on the response to a DOPr agonist, SNC80 (Akil  et al, 1984). This 

study revealed that single housing for 50 days leads to a stronger DOPr activation in the 

mPFC, CEA, and NAc. Triad housing for the same period of time also increases DOPr 



! '( !

activation in the mPFC, CEA, and NAc, in addition to the median eminence and thalamus, 

of # rats that we can assimilate to stress resilient individuals considering their defensive 

behaviors and frequent aggressive interactions with $ dominant rats, which instead display 

an offensive behavior (Akil  et al, 1984). This mechanism could be involved in the 

regulation of ENK transmission upon stress. 

Two types of behavioral paradigms are commonly conducted in rodents for studying stress 

resilience (see Table 3). The social defeat paradigm, also named resident-intruder 

paradigm, in which intruder animals are repeatedly submitted to daily interactions with a 

home-cage unfamiliar resident over a given period of time, induces stress resilience by 

mimicking the unpredictable social disruptions of daily life. This paradigm has been shown 

to present excellent etiological, predictive, discriminative, and face validity (Golden et al, 

2011). Moreover, unlike other stress paradigm, social defeat stress leads to long-lasting 

changes in hypothalamic-pituitary-adrenal axis function, making it a stress paradigm of 

choice (Bhatnagar and Vining, 2003). The majority of rodents exposed to this paradigm 

exhibits reduced motivation, anhedonia, and avoids social interactions (Rygula et al, 2005). 

Conversely, despite the deleterious effects of social stress, around 30% of the population 

presents a phenotype of stress resilience, being resistant to the emergence of depressive-like 

behavior. In rats, the daily interaction between individuals results in subordination of the 

intruder, indicated by adoption of a supine position. The latency to assume a defeated 

posture is recorded, and the averaged latency over stress exposition is used as a predictive 

value to define resilience or vulnerability to stress. In mice, the resilience or vulnerability to 

stress is instead assessed at the end of this experiment by using a SI test (see Table 2). The 

second chronic stress paradigm that is commonly used to study stress resilience is chronic 

unpredictable stress. In this experiment, individuals are daily submitted to different 

stressors that include restraint stress, wet bedding, food deprivation, and footshocks. The 

phenotype of resilience or vulnerability to stress is assessed at the end of the experiment in 

mice and rats using behavioral tests previously described such as SI, EPM, and OF (also 

see Table 2).  

For example, Briand et al. used the repeated social defeat paradigm in a mouse model of 

OPRM1 A118G polymorphism (single nucleotide polymorphism, SNP) corresponding to a 

genetic mutation of MOPr observed in humans that is associated with an overall reduction 
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of baseline MOPr availability in regions implicated in pain and affective regulation (Pecina 

et al, 2015), thus allowing to unravel a potential role of MOPr in the resilience to chronic 

stress (Briand et al, 2015). This model presents increased home-cage dominance and 

nonaggressive social interactions, similar to the human carriers of this mutation. In the 

presence of an aggressor during social defeat stress, it also showed a strong resilience to 

chronic stress, determined by a blunted anhedonia and social avoidance following the social 

defeat. Neuronal activation measured by c-fos staining was additionally increased in the 

NAc, septum, BLA, PVN, and PAG, thus suggesting an increased release of endogenous 

opioids upon stress (Briand et al, 2015). In humans, Troisi et al. demonstrated that the 

carriers of this mutation have a greater capacity to experience social reward and are more 

prone to fearful attachment, a personality trait that is related to rejection sensitivity, 

regardless of the quality of maternal care (Troisi et al, 2011; Troisi et al, 2012). 

Reyes et al. also revealed involvement of the ENK circuitry between the LC and PGi in 

stress resilience in rats. In this study, fluorogold, a retrograde tracer, was injected into the 

LC to determine involvement of different afferents (corticotropin-releasing factor, CRF 

neurons from CEA and ENK neurons from PGi) in resilience under the resident-intruder 

paradigm (Reyes et al, 2015). Individuals presenting a reduced latency to present a defeated 

posture (defined as vulnerable rats) showed an increased activation of LC neurons and 

afferents of CRF neurons from CEA. Conversely, resilient rats (longer latency to present a 

defeated posture) demonstrated a higher recruitment of ENK afferents from PGi. Thus, two 

different afferent pathways to the LC, from CRF neurons in the CEA and ENK neurons 

from the PGi, would partly define the interindividual variation with regard to the capacity 

to resist chronic stress. 

Two studies conducted in our laboratory demonstrated that resilience to social defeat and 

chronic unpredictable stress share common variations of expression among the ENK 

systems within specific brain regions in rats (Berube et al, 2013; Berube et al, 2014). ENK 

mRNA (transcripts) were quantified in 23 nuclei of the mPFC, NAc, dorsal striatum, and 

AMG. Only one significant difference between control, resilient, and vulnerable individuals 

was found in the BLA of vulnerable individuals; ENK mRNA levels were decreased in 

vulnerable rats compared to control and resilient rats. In contrast, no difference was found 

in ENK expression in the BLA between controls and resilient animals (Berube et al, 2013). 
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In addition to revealing these associations, the functional role of ENK in the AMG was 

evaluated. The downregulation of ENK in the BLA was shown to increase anxiety both in 

the SI test and EPM thus reproducing certain behavioral responses encountered in 

individuals that are vulnerable to chronic stress (Berube et al, 2014). Finally, the chronic 

social defeat stress was conducted in mice in order to assess ENK signature in the BLA. 

The expression of ENK mRNA was found to be decreased by 33% in vulnerable mice, only 

in the BLA. No difference was found between the control and resilient individuals (Henry 

et al, 2016). These combined results suggest that specific neuroadaptations mediated by 

ENK neurotransmission in the BLA could represent a key mediator of stress resilience. 

Based on these results, we can hypothesize that the decrease in ENK transmission from the 

BLA is a maladaptive mechanism, which mediates the behavioral dichotomy observed 

between vulnerable and resilient animals experiencing chronic stress. 

 

1.2.6 Conclusion  
 

Overall, most of animal studies covered in this review suggest that ENK signaling could be 

targeted for promoting resilience to chronic stress. Resilience to chronic stress is a very 

complex process involving several brain structures and neurotransmitters. When 

considering only one neuropeptidergic system, the ENK acting through DOPr and MOPr, 

numerous implicated brain structures and circuits emerge (see Figure 10 for a schematic 

representation that we overlapped with the cartography of main connectivities known to be 

involved in stress response, fear, and resilience). While the roles of ENK signaling within 

certain brain structures such as AMG, HPT, and NAc were largely described, its 

involvement in other brain regions remains unknown with regard to stress resilience. For 

example, the preoptic area, BST, and piriform cortex express ENK without evidence for a 

potential role in resilience to chronic stress, to our knowledge. All of these circuits must be 

individually dissected. Complete ENK KO models may thus be inadequate for 

characterizing the involvement of ENK signaling in stress resilience. Hence, modulating 

ENK or DOPr/MOPr expression within circumscribed regions or modulating selected 

neuronal circuits appear to be more appropriate. In this regard, optogenetic tools could 

provide a unique opportunity to modulate ENK transmission among selected neuronal 
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circuits, over the course of chronic stress and associated pathologies, as required to unravel 

the mechanisms through which distinct ENK pathways exert their functional role in stress 

resilience. Understanding the synergistic involvement of different circuits in stress 

resilience could additionally provide accurate, powerful, and effective therapeutic strategies 

to prevent or treat long-term anxiety and depression, in addition to a variety of stress- and 

anxiety-related disorders. 

 

 

 

Figure 10: Cartography of main connectivities involved in fear, stress, and resilience, 
as well as demonstrated ENK pathways between areas and expression of ENK, MOPr, 
and DOPr. Pink circles represent brain regions of interest. Full arrows correspond to 
circuitries of stress, fear, and resilience. Dotted arrows represent demonstrated ENK 
circuitries. The black dot corresponds to expression of pro-enkephalin, and purple and blue 
triangles correspond to MOPr and DOPr expression, respectively. AMG: amygdala; HPC: 
hippocampus; HPT: hypothalamus; LC: locus coeruleus; mPFC: medial prefrontal cortex; 
NAc: nucleus accumbens; PAG: periaqueducal grey; PGi: paragigantocellularis nucleus; 
VTA: ventral tegmental area. 
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1.3  Ç Le stress oxydatif est le nouveau stress È 
 
Lors de mon doctorat, nous avons Žmis lÕhypoth•se que la mŽdiation par le syst•me 

opio•dergique de la rŽsilience au stress chronique pouvait faire intervenir le stress oxydatif 

(SO). En effet, certaines pathologies liŽes au stress psychologique ont ŽtŽ associŽes ˆ une 

augmentation du SO (Miller  et al, 2011; Miller and Sadeh, 2014). De plus, quelques Žtudes 

ont montrŽ que lÕactivation ou lÕinhibition des diffŽrents rŽcepteurs opio•dergiques 

modifierait le statut oxydatif de la cellule, nŽfaste ou bŽnŽfique pour celle-ci, en fonction de 

la voie empruntŽe (Nunez et al, 2011; Ozmen et al, 2007; Skrabalova et al, 2013; Yang et 

al, 2009). Dans la prochaine partie, je me suis appliquŽe ˆ tenter de relier ces trois 

ŽlŽments : stress chronique, SO et syst•me opio•dergique. 

1.3.1 DŽfinition du stress oxydatif  
 

LÕorganisme dispose dÕun syst•me dÕoxydation indispensable ˆ tous les organismes ˆ 

mŽtabolisme aŽrobie afin de produire de lÕŽnergie sous forme dÕATP, par phosphorylation 

oxydative. Cette Žnergie est captŽe dans des rŽactions dÕoxydation pour permettre la 

construction et le maintien de structures cellulaires, ainsi que leur bon fonctionnement. 

LÕŽnergie utilisŽe provient alors du mouvement des Žlectrons issus des molŽcules 

oxydables. Il en rŽsulte un environnement globalement rŽducteur dans les cellules et les 

tissus. Les couples de molŽcules dÕoxydo-rŽduction (redox) dans les cellules sont sensibles 

aux mouvements dÕŽlectrons et aux changements redox de lÕenvironnement. LÕŽtat redox 

dŽcrit le rapport de la forme rŽduite ˆ la forme oxydŽe dÕun couple redox spŽcifique. Ce 

syst•me dÕoxydation est ˆ lÕorigine de la production dÕesp•ces rŽactives ˆ lÕoxyg•ne (ROS) 

et de lÕazote (RNS), pouvant •tre nŽfastes ˆ la fonction cellulaire en cas dÕexc•s. 

NŽanmoins, la production contr™lŽe de ROS/RNS est aussi essentielle pour maintenir 

lÕhomŽostasie cellulaire. Par exemple, la gŽnŽration de ROS/RNS par les cellules 

phagocytiques constitue un mŽcanisme de dŽfense important pour combattre les infections. 

De la m•me mani•re, les ROS/RNS, produites en rŽponse ˆ la stimulation par des facteurs 

de croissance, sont impliquŽes dans la rŽgulation de la rŽponse prolifŽrative (Finkel and 

Holbrook, 2000). La production de composŽs rŽactifs peut •tre de source endog•ne - 

mitochondriale par exemple Ð ou exog•ne (ultraviolet, radiations ionisantes, toxines, 

chimiothŽrapieÉ). Un syst•me complexe dÕantioxydants contre les ROS/RNS permet la 
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dŽtoxification cellulaire, il est essentiel au maintien dÕune bonne santŽ physique, ˆ la 

longŽvitŽ de lÕorganisme et ˆ la survie cellulaire. Les mŽcanismes de dŽfense contre les 

ROS/RNS sont assurŽs par de nombreuses enzymes (e.g. superoxyde dismutase, catalase, 

glutathion peroxydase) ou dÕautres constituants cellulaires (e.g. albumine, glutathion, 

vitamine C) (Lobo et al, 2010; Mates et al, 1999). La respiration aŽrobie est lÕexemple le 

plus couramment prŽsentŽ : lors de celle-ci, certains Žlectrons Žchappent ˆ la cha”ne de 

transport d'Žlectrons et convertissent le dioxyg•ne (O2) en radical hydroperoxylique, 

pouvant conduire ˆ la production de molŽcules hautement rŽactives, les radicaux 

superoxydes. L'anion du radical hydroperoxylique est neutralisŽ en prŽsence dÕune enzyme, 

la superoxyde dismutase, en peroxyde d'hydrog•ne. Celui-ci est converti en molŽcule d'eau 

par la rŽaction de Fenton ou en prŽsence de catalase et de glutathion peroxydase (Maurya et 

al, 2016) (Figure 11).  

 

 

 
Figure 11 : Production de radicaux libres lors de la respiration aŽrobie. Pendant la 
respiration aŽrobie, certains Žlectrons Žchappent ˆ la cha”ne de transport d'Žlectrons et 
convertissent l'oxyg•ne molŽculaire (O2) en radical hydroperoxylique (.HO2), convertible 
de mani•re rŽversible en radical superoxyde (.O2). Cet anion .O2, hautement rŽactif, est 
neutralisŽ en prŽsence de lÕenzyme superoxyde dismutase (SOD) en peroxyde d'hydrog•ne 
(H2O2). LÕH2O2 est converti, par la rŽaction de Fenton, en molŽcule d'eau en utilisant deux 
Žlectrons. LÕH2O2 peut Žgalement •tre converti en eau en prŽsence de catalase antioxydante 
enzymatique et de glutathion peroxydase. AdaptŽe de (Maurya et al, 2016). 
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Le SO correspond au dŽsŽquilibre entre une quantitŽ excessive de ROS/RNS produite et 

une disponibilitŽ ou une activitŽ de dŽfense insuffisante des antioxydants. Autrement dit, 

lÕŽquilibre oxydatif de la cellule est compromis quand la production de ROS/RNS et de 

radicaux libres est trop importante ou que lÕactivitŽ antioxydante est trop faible (Sies, 

1997). Les radicaux libres correspondent ˆ des composŽs intermŽdiaires des ROS/RNS, 

nŽfastes pour la cellule. Les principaux radicaux libres sont les radicaux superoxydes, 

hydroxyles ou lÕoxyde nitrique. LÕexc•s des composŽs rŽactifs peut endommager un certain 

nombre de constituants de la cellule comme lÕADN, les protŽines ou encore les lipides. Les 

effets sur la cellule sont multiples : des dommages ˆ la membrane et ˆ lÕADN, la perte de 

fonction des organites et la fuite des Žlectrolytes, en sont les principaux. Le SO accŽl•re, de 

fa•on prŽmaturŽe, le vieillissement cellulaire et conduit ultimement ˆ la mort cellulaire par 

nŽcrose ou apoptose (Czerska et al, 2015). Toutefois, il sÕagit dÕun mŽcanisme rŽversible 

(Cole et al, 2010). La Figure 12 prŽsente les diffŽrentes sources de composŽs rŽactifs et les 

rŽponses cellulaires associŽes ˆ leur production.  
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Figure 12: Les sources et les rŽponses cellulaires induites par la production dÕesp•ces 
rŽactives ˆ lÕoxyg•ne (ROS). Les oxydants sont gŽnŽrŽs par le mŽtabolisme intracellulaire 
normal dans les mitochondries et les peroxysomes, ainsi que par une variŽtŽ de syst•mes 
enzymatiques du cytosol. En outre, un certain nombre d'agents externes peuvent dŽclencher 
la production de ROS. Un syst•me de dŽfense, antioxydant enzymatique et non 
enzymatique, sophistiquŽ, comprenant la catalase (CAT), la superoxyde dismutase (SOD) 
et la glutathion peroxydase (GPx), contrecarre et rŽgule les niveaux de ROS pour maintenir 
l'homŽostasie physiologique. L'abaissement des niveaux de ROS en dessous dÕun seuil 
critique permettant lÕhomŽostasie peut interrompre le r™le physiologique des oxydants dans 
la prolifŽration cellulaire et la dŽfense de l'h™te. La surproduction de ROS peut •tre nŽfaste 
et conduire ˆ la mort cellulaire ou ˆ une accŽlŽration du vieillissement et mener ˆ des 
maladies liŽes ˆ l'‰ge. LÕaugmentation des ROS provoque des dommages alŽatoires au 
niveau des protŽines, des lipides et ˆ l'ADN. En plus de ces effets, les ROS constituent un 
signal de stress qui active des voies de signalisation spŽcifiques au syst•me dÕoxydo-
rŽduction. Une fois activŽes, ces diverses voies de signalisation peuvent soit endommager 
ou protŽger la cellule. AdaptŽe de (Finkel et al, 2000) 
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Lors de mon doctorat, je me suis intŽressŽe aux dommages des constituants cellulaires 

induits par le SO. En effet, il existe de nombreux marqueurs pour Žvaluer les effets du SO. 

Ils sont facilement observables et quantifiables en microscopie Žlectronique : parmi eux, les 

cellules Ç sombres È dues ˆ leur forte densitŽ du cytoplasme et du nuclŽoplasme, la 

dilatation du rŽticulum endoplasmique (RE) et de lÕappareil de Golgi ainsi que lÕaltŽration 

architecturale de la mitochondrie. La structure de ces organites est modifiŽe de fa•on plus 

ou moins drastique lors dÕun SO. Dans la partie suivante, jÕexposerai la littŽrature connue ˆ 

propos des changements de lÕultrastructure cellulaire engendrŽs par le SO.  

 

1.3.2 Les marqueurs cellulaires du stress oxydatif  

 

1.3.2.1 Les cellules Ç sombres È 

 
Les neurones sombres peuvent •tre observŽs en microscopie optique : ils prŽsentent une 

apparence foncŽe homog•ne et semblent rŽtrŽcis. De plus, ils ont une affinitŽ accrue pour 

les diffŽrents colorants utilisŽs en histologie : leurs noyaux et leurs cytoplasmes 

apparaissent de couleur bleu foncŽ avec lÕhŽmatoxyline et lÕŽosine (Figure 13A). Leurs 

dendrites peuvent aussi •tre irrŽguli•res. En microscopie Žlectronique, le nuclŽoplasme, le 

cytoplasme et les dendrites de ces neurones sont denses aux Žlectrons et apparaissent plus 

ou moins foncŽs (Figure 13B).  LÕobservation de neurones sombres dans le SNC fait dŽbat, 

depuis leur dŽcouverte en 1885, o• ils ont ŽtŽ dŽcrits au niveau des ganglions spinaux chez 

diverses esp•ces. DiffŽrentes Žcoles de pensŽes sont nŽes de ce dŽbat : (1) les neurones 

sombres sont un artŽfact, (2) ils sont issus dÕun phŽnom•ne non spŽcifique, (3) ils  

correspondent ˆ une modification fonctionnelle spŽcifique rŽsultant dÕune activitŽ cellulaire 

particuli•re, de lÕadministration dÕune drogue, dÕun processus pathologique ou liŽ ˆ lÕ‰ge, 

(4) ils rŽsultent dÕune combinaison de (1) et (3). Les neurones sombres peuvent appara”tre ˆ 

la perfusion aux aldŽhydes ou pendant le retrait du cerveau de la boite cr‰nienne (Csordas 

et al, 2003; Johnson, 1975; Jortner, 2006).  
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Figure 13 : Exemple de cellules 
Ç sombres È. (A) Neurones  
Ç sombres È (t•te de fl•che), ˆ c™tŽ 
de neurones en santŽ (fl•che), 
observŽs au niveau du cortex chez le 
rat, gr‰ce ˆ un marquage ˆ 
lÕhŽmatoxyline et Žosine par 
microscopie optique. AdaptŽe de 
(Jortner, 2006). (B) Exemple dÕun 
neurone Ç sombre È dans la rŽgion 
CA1 de lÕhippocampe ventral 
(couche pyramidale) chez la souris 
en condition de stress chronique, 
observŽ en microscopie Žlectronique 
ˆ transmission. (C) Exemple dÕune 
microglie sombre dans la rŽgion 
CA1 de lÕhippocampe ventral 
(stratum lacunosum-moleculare) 
chez la souris stressŽe dŽficiente en 
rŽcepteur CX3CR1. AdaptŽe de 
(Bisht et al, 2016b). 

 
 
 
De nombreuses Žtudes ont cherchŽ ˆ dŽmontrer que leur apparition rŽsultait essentiellement 

de certaines conditions pathologiques. Une Žtude, rŽalisŽe en 1975, prŽsente une analyse 

des neurones sombres par microscopie optique et Žlectronique, au niveau du noyau 

vestibulaire latŽral du rat, en condition normale ou suivant une lŽsion au niveau des 

affŽrences vestibulaires (Johnson, 1975). Les auteurs observ•rent une prŽsence de neurones 

Ç sombres È plus importante chez les animaux lŽsŽs par rapport aux contr™les. De la m•me 

mani•re, le retrait du cortex moteur, chez le chat, permet lÕobservation de motoneurones 

Ç sombres È dans la moelle Žpini•re en controlatŽral de la lŽsion (Young and Rowley, 

1970). Les cellules sombres ont ainsi ŽtŽ observŽes dans diffŽrentes conditions autant au 

niveau des neurones (Oster-Granite et al, 1996; Peters et al, 1998; Tremblay et al, 2012) - 

en vieillissement normal dans le cortex prŽfrontal chez le singe (Peters et al, 1998) ou dans 

le syst•me visuel et auditif chez la souris (Tremblay et al, 2012) - que des cellules gliales 

(Figure 13C) (Bisht et al, 2016b). Elles ont aussi ŽtŽ dŽcrites en condition pathologique : 

notamment, dans des mod•les murins de la maladie dÕAlzheimer (Bisht et al, 2016b; Oster-
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Granite et al, 1996), dans le cerveau de rat ischŽmique (Kirino et al, 1984), dans un mod•le 

dÕŽpilepsie chez le rat (Atillo  et al, 1983) et en condition de stress chronique chez la souris  

(Bisht et al, 2016b). Les cellules sombres prŽsentent un certain nombre de caractŽristiques 

du SO comme la dilatation du RE et de lÕappareil de Golgi ainsi quÕune altŽration 

architecturale des mitochondries.   

 

1.3.2.2 Le stress du rŽticulum endoplasmique et la dilatation de lÕappareil de Golgi 

 
Le RE est un organite crucial au sein de la cellule eucaryote, qui est Žtroitement liŽ ˆ la 

membrane nuclŽaire. Il est localisŽ en continuitŽ de la surface membranaire nuclŽaire 

externe et est reliŽ ˆ lÕappareil de Golgi. Il est constituŽ de saccules et de tubules 

interconnectŽs, ainsi que de vŽsicules. Ses fonctions sont multiples : il assure le stockage du 

calcium, la synth•se des lipides et le bon repliement des protŽines, en plus de leur transport. 

Le RE lisse est indispensable ˆ la synth•se des acides gras et des phospholipides ainsi quÕˆ 

lÕassemblage des doubles couches lipidiques et ˆ lÕhomŽostasie calcique. Le RE rugueux, 

dont la surface est constituŽe de ribosomes, assure les fonctions de synth•se et de sŽcrŽtion 

des protŽines (Cooper, 2000). Le bon repliement des protŽines nŽcessite lÕintervention de 

nombreuses protŽines (chaperonnes, enzymes) mais aussi, dÕun microenvironnement 

adŽquat (niveau de calcium, statut redox). De nombreux param•tres intrins•ques ˆ la cellule 

et ˆ son microenvironnement peuvent influencer les fonctions du RE. LÕhypoxie, 

lÕhypoglycŽmie, lÕhyperthermie, lÕacidose, le statut redox, le niveau dÕŽnergie ou encore de 

calcium reprŽsentent les principales causes du stress du RE, conduisant ˆ lÕaccumulation de 

protŽines mal repliŽes dans sa lumi•re. Cette accumulation provoque la dilatation du RE, 

particuli•rement visible en microscopie Žlectronique. En rŽponse ˆ ces perturbations, le RE 

induit des voies de signalisation favorisant la survie cellulaire via lÕintervention de GRP78 

(ou BiP, protŽine chaperonne), ou ˆ lÕinverse, provoquant lÕapoptose cellulaire via CHOP 

(facteur de transcription Ç  CCAAT-enhancer-binding protein homologous protein È). La 

Figure 14 prŽsente un schŽma des param•tres pouvant affecter le RE et induire son stress, 

conduisant ultimement soit ˆ la survie, soit ˆ lÕapoptose de la cellule.  
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Figure 14 : DŽclenchement du stress du rŽticulum endoplasmique (Ç ER stress È) et la 
balance du yin-yang entre la survie cellulaire et lÕapoptose. Une grande variŽtŽ de 
conditions et de composŽs pharmacologiques perturbe lÕhomŽostasie du RE conduisant ̂ 
son stress et ˆ lÕaccumulation de protŽines mal-conformŽes. En rŽponse ˆ cette perturbation, 
le RE induit des voies de signalisation favorisant la survie cellulaire dont le mŽdiateur 
principal est GRP78. Ë lÕinverse, si le stress est trop important, les voies de signalisation, 
dont CHOP est le principal mŽdiateur, vont •tre activŽes pour induire lÕapoptose cellulaire. 
AdaptŽe de (Schonthal, 2012).  
 
 

Le stress du RE provoque lÕactivation de la Ç rŽponse aux protŽines ayant un probl•me de 

conformationÈ (Ç Unfolded protein response È, UPR) permettant de replier correctement les 

protŽines et faisant intervenir de nombreuses protŽines chaperonnes. Si le but nÕest pas 

atteint, deux syst•mes sont mis en place : (1) la Ç dŽgradation associŽe au REÈ 

(Endoplasmic reticulum associated degradation, ERAD) conduisant ˆ la dŽgradation de la 

protŽine par le protŽasome et (2) la formation de vŽsicules o• les protŽines sont stockŽes 

avec dÕautres dŽbris cellulaires et qui seront recyclŽes par autophagie (Kim et al, 2008; Ron 
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and Walter, 2007; Schonthal, 2012).  

 
LÕŽtude prŽsentŽe en chapitre 1 de ce manuscrit fait Žtat dÕun autre marqueur du SO qui est 

beaucoup moins documentŽ : il sÕag”t de la dilatation de lÕappareil de Golgi. Celui-ci Žtant 

Žtroitement liŽ au RE et participant au traitement des protŽines et des lipides (synth•se des 

glycolipides et de la sphingomyŽline), il semble logique dÕassocier le stress du RE et de 

lÕappareil de Golgi. LÕappareil de Golgi re•oit les protŽines provenant du RE (entrŽe cis) 

afin dÕassurer leur traitement (modifications post-traductionnelles : N et O-glycosylation, 

phosphorylation) et les orienter vers leur destination suivante (lysosome, membrane 

plasmique, sŽcrŽtion ; sortie trans). Il est constituŽ de sacs membranaires aplatis (citernes) 

et de vŽsicules (Cooper, 2000). En 1985, Welch et Suhan prŽsentaient une Žtude 

morphologique des changements des organites, lors dÕun stress thermique, sur des 

fibroblastes de rat par microscopie Žlectronique. Apr•s le choc thermique, les cellules 

montraient une dŽsorganisation compl•te des citernes de lÕappareil de Golgi et une 

augmentation du nombre de vŽsicules dans la rŽgion perinuclŽaire (Welch and Suhan, 

1985).  

 

1.3.2.3 Les mitochondries 
 
La mitochondrie est constituŽe dÕun syst•me de double membrane : une membrane externe 

et une membrane interne qui sont sŽparŽes par un espace inter-membranaire. La membrane 

interne forme des invaginations (cr•tes) qui sÕŽtendent jusquÕˆ la matrice de la 

mitochondrie. La matrice contient le matŽriel gŽnŽtique de la mitochondrie, ainsi que toutes 

les enzymes nŽcessaires au mŽtabolisme oxydatif. La mitochondrie joue un r™le majeur 

dans le mŽtabolisme ŽnergŽtique des cellules eucaryotes. La glycolyse transformant le 

glucose en pyruvate a lieu dans le cytoplasme de la cellule, le pyruvate est alors transportŽ 

au sein de la mitochondrie o• il est converti en acetyl Co-enzyme A, lui-m•me oxydŽ en 

CO2 via le cycle de lÕacide citrique. Cette oxydation est couplŽe ˆ la rŽduction du 

nicotinamide adŽnine dinucleotide (NAD+ en NADH) et flavine adŽnine dinucleotide 

(FAD en FADH2). La rŽaction de transfert des Žlectrons, du NADH et FADH2 ˆ lÕO2 

membranaire, est ˆ lÕorigine de lÕŽnergie nŽcessaire ˆ la production dÕATP. Les acides gras 
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sont aussi convertis en acetyl Co-enzyme A et suivent le m•me processus pour permettre la 

synth•se dÕATP. Par phosphorylation oxydative, les acides gras et les sucres sont convertis 

en ATP (Cooper, 2000). La mitochondrie est la premi•re source de ROS dans la cellule et 

sa production de ROS varie en rŽponse aux modifications intracellulaires du niveau dÕO2. 

LÕhypoxie induit lÕexpression dÕun facteur de transcription (hypoxia-inducible-factor 1, 

HIF1) rŽgulant la glycolyse, la consommation dÕO2 par la mitochondrie et la survie 

cellulaire. Ë lÕinverse, lÕhyperoxie conduit ˆ une forte production de ROS, ˆ une diminution 

de la production dÕATP et ˆ la mort cellulaire (Chandel and Budinger, 2007). Les 

modifications structurelles de la mitochondrie refl•tent ses altŽrations fonctionnelles 

(Brocard et al, 2003). En effet, il a ŽtŽ montrŽ quÕun stress thermique, appliquŽ sur des 

fibroblastes de rat, conduisait au gonflement de la mitochondrie, ˆ la dŽsorganisation des 

cr•tes et ̂  lÕŽlargissement des espaces entre les cr•tes (Welch et al, 1985).  

 

1.3.2.4 Autres marqueurs 
 
Deux autres marqueurs ont ŽtŽ identifiŽs : les granules de lipofuscine et les indentations 

nuclŽaires. Ces marqueurs ne rel•vent pas directement du SO mais y sont Žtroitement liŽs. 

En effet, les granules de lipofuscine sont des marqueurs de vieillissement qui ont largement 

ŽtŽ documentŽs dans ce domaine, il sÕagit de granules cytoplasmiques rŽsultant de 

lÕoxydation dÕacides gras insaturŽs, cette composition les rend particuli•rement visibles en 

microscopie Žlectronique (Sohal and Wolfe, 1986). Enfin, les indentations nuclŽaires, 

correspondant au repliement de la membrane nuclŽaire dans le noyau, ont principalement 

ŽtŽ identifiŽes dans les annŽes 1980 dans le contexte de la maladie dÕHuntington o• elles 

apparaissaient comme un marqueur pathologique de stress (Roos and Bots, 1983). 

Cependant, une Žtude rŽcente montre que ces indentations rŽsultent de la tension exercŽe 

par les fibres de stress dÕactine et quÕelles correspondent ˆ des sites de condensation de la 

chromatine. Ceci sugg•re une forte activitŽ transcriptionnelle au niveau de ces sites 

prŽsentant alors les indentations nuclŽaires comme des marqueurs de plasticitŽ cellulaire 

pouvant •tre bŽnŽfiques aussi bien que nŽfastes (Versaevel et al, 2014).  

Le SO joue un r™le majeur dans le dŽveloppement de nombreuses pathologies comme 

lÕhypertension (Harrison and Gongora, 2009), le diab•te (Maritim et al, 2003), lÕischŽmie et 
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diffŽrentes maladies neurodŽgŽnŽratives telles que la maladie dÕAlzheimer (Multhaup et al, 

1997) ou la maladie de Parkinson (Zhou et al, 2008). Ces pathologies ne sont pas sans 

rappeler celles associŽs ˆ lÕexposition rŽpŽtŽe et prolongŽe au stress. De plus, le SO a ŽtŽ 

reliŽ au vieillissement, il y a plus de 50 ans (Harman, 1956) et les pathologies associŽes au 

stress chronique sont dŽcrites comme un vieillissement accŽlŽrŽ (Wolkowitz et al, 2010). 

Ainsi, depuis quelques annŽes, une modeste littŽrature fait Žtat dÕun lien entre le SO, 

lÕanxiŽtŽ et le stress chronique (Aschbacher et al, 2013; Ditzen et al, 2006; Gingrich, 2005; 

Hovatta et al, 2005; Kromer et al, 2005; Kuloglu et al, 2002a; Kuloglu et al, 2002b; Patki 

et al, 2013).  

  

1.3.3 Le stress oxydatif et les pathologies liŽes au stress chronique 
 

Le cerveau est un des organes les plus vulnŽrables au SO de par son importante 

consommation en oxyg•ne, ses faibles dŽfenses antioxydantes et la prŽsence de constituants 

cellulaires riches en lipide. Historiquement, la recherche sur les troubles associŽs ˆ lÕanxiŽtŽ 

sÕest principalement concentrŽe sur les syst•mes rŽgulateurs comme le syst•me 

GABAergique ou le syst•me sŽrotoninergique. En effet, les traitements par excellence, 

utilisŽs contre lÕanxiŽtŽ, sont les benzodiazŽpines et les inhibiteurs sŽlectifs de la recapture 

de la sŽrotonine (ISRS). Les benzodiazŽpines provoquent une sŽdation, une tolŽrance et une 

dŽpendance. Les ISRS ont un temps dÕaction qui se compte en semaines, avec des effets 

secondaires non nŽgligeables. Cependant, des Žtudes du dŽbut des annŽes 2000, effectuŽes 

chez des patients atteints de diffŽrentes pathologies associŽes ˆ lÕanxiŽtŽ (i.e. troubles 

obsessionnels compulsifs, trouble panique), ont permis de proposer un autre syst•me 

rŽgulateur, impliquŽ dans lÕanxiŽtŽ, ˆ savoir le SO (Kuloglu et al, 2002a; Kuloglu et al, 

2002b). En 2005, une Žtude dŽmontra lÕimplication de deux enzymes fondamentales du 

mŽtabolisme oxydatif (glyoxalase 1 et gluthathion reductase 1) chez des souris de fonds 

gŽnŽtiques diffŽrents prŽsentant des niveaux dÕanxiŽtŽ variables. LÕexpression de celles-ci - 

dont le r™le majeur est de diminuer les dommages cellulaires liŽs au SO - Žtait augmentŽe 

chez les souris les plus Ç anxieuses È, ˆ lÕinverse, les souris les moins Ç anxieuses È 

prŽsentaient une faible expression. De plus, la surexpression de ces enzymes augmentait le 

niveau dÕanxiŽtŽ chez les diffŽrentes souches de souris testŽes, tandis que leur inhibition 
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exer•ait lÕeffet inverse (Hovatta et al, 2005). LÕhypoth•se incongrue dÕun r™le du 

mŽtabolisme oxydatif dans la rŽgulation de lÕanxiŽtŽ donna lieu ˆ la publication dÕune lettre 

au titre provocateur Ç  le stress oxydatif est le nouveau stress È (Gingrich, 2005). DÕautres 

Žtudes ont suivi au sujet du lien possible entre ces enzymes et le comportement anxieux 

chez dÕautres souches de souris, observant des rŽsultats opposŽs ˆ ceux dÕHovatta et al. 

(Ditzen et al, 2006; Kromer et al, 2005). Ces divergences de rŽsultats pourraient 

sÕexpliquer par les diffŽrentes souches de souris utilisŽes, ainsi que les Žventuelles 

diffŽrences dÕintensitŽ de lÕanxiŽtŽ des animaux. NŽanmoins, ces dŽcouvertes ont permis 

dÕŽtablir le lien entre les deux syst•mes sans en dŽterminer le mŽcanisme sous-jacent et un 

lien de causalitŽ Žvident. Des Žtudes plus rŽcentes se sont concentrŽes sur le r™le du SO 

dans le stress chronique. En effet, la dŽpression, lÕanxiŽtŽ et les troubles de la mŽmoire mis 

en Žvidence apr•s un stress chronique social chez le rat, ont ŽtŽ associŽs ˆ lÕaugmentation 

du SO et de lÕinflammation (Patki et al, 2013). Aschbacher et al. (2013) a Žmis lÕhypoth•se 

que le cortisol, sŽcrŽtŽ lors dÕun stress aigu, aurait la capacitŽ de favoriser la rŽsistance aux 

dommages oxydatifs dŽpendamment de lÕexposition ˆ un stress chronique. Enfin, les 

fonctions dÕoxydation de la mitochondrie ont ŽtŽ associŽes ˆ de nombreux mŽdiateurs du 

stress comme les glucocortico•des (GC), les catŽcholamines ou encore les cytokines 

(Manoli et al, 2007). LÕexposition courte ˆ un stress induit une rŽgulation de la biogen•se 

mitochondriale et une activitŽ enzymatique de la cha”ne respiratoire par les GC tandis 

quÕune exposition prolongŽe aux GC conduit ˆ la perturbation de la cha”ne respiratoire, une 

forte production de ROS et des anomalies structurelles de la mitochondries (Duclos et al, 

2004; Manoli et al, 2005). La Figure 15 prŽsente les diffŽrentes rŽponses de la 

mitochondrie, en condition de stress aigu, comparŽes ˆ celles observŽes lors dÕun stress 

chronique, exposŽes par Manoli et al. (2007) dans leur revue. 
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Figure 15 : La rŽponse de la mitochondrie en condition de stress aigu et chronique. 
LÕexposition limitŽe et aigue aux glucocortico•des, ou ˆ dÕautres mŽdiateurs du stress, est 
associŽe avec lÕaugmentation de la biogen•se mitochondriale et lÕactivitŽ enzymatique de 
diverses sous unitŽs du complexe de la cha”ne respiratoire, pour satisfaire la demande 
croissante en Žnergie de la cellule. La production contr™lŽe de ROS, la thermogen•se et 
lÕapoptose servent de mŽcanismes de protection contre les infections et dÕautres dommages 
cellulaires. Ë lÕinverse, lÕexposition ˆ un stress prolongŽ conduit ˆ un dŽsŽquilibre de 
lÕhomŽostasie mitochondriale provoquant une prolifŽration mitochondriale anormale et une 
altŽration de la cha”ne respiratoire. AdaptŽe de (Manoli et al, 2007).  
 

La plupart des Žtudes sont principalement corrŽlatives : le lien de causalitŽ entre le SO et le 

stress psychologique est rarement Žtabli et les mŽcanismes sont encore peu ŽlucidŽs. De la 

m•me mani•re, le r™le du syst•me opio•dergique dans le SO a fait lÕobjet de peu de 

littŽrature et les mŽcanismes sont encore mal compris.  

 
 

1.3.4 Le stress oxydatif et le syst•me opio•dergique  
 
La relation entre ces deux syst•mes a dÕabord ŽtŽ Žtablie dans le cadre des dŽpendances aux 

opiacŽs et des traitements opiacŽs contre la douleur. En effet, les traitements chroniques 

contre la douleur, utilisant la morphine, seraient ˆ lÕorigine dÕune importante production de 

ROS et de RNS. Une forte diminution de glutathion a aussi ŽtŽ observŽe dans le cerveau et 

le foie de rongeurs traitŽs ˆ  court ou long terme avec de la morphine, mais aussi chez 



! )%!

lÕhumain. Il a ŽtŽ montrŽ que la morphine rŽduisait significativement lÕactivitŽ de 

nombreuses enzymes antioxydantes comme la superoxyde dismutase (SOD), la catalase, la 

peroxydase gluthation (Skrabalova et al, 2013; Zhang et al, 2004). LÕadministration spinale 

de morphine diminue le niveau dÕacides gras en augmentant le SO (Ozmen et al, 2007). 

Enfin, le mŽtabolisme de la morphine, lui-m•me, induit du SO (Smith, 2009). Puisque la 

morphine a une affinitŽ prŽfŽrentielle pour les MOPr (Reisine and Pasternak), les effets 

ainsi observŽs par lÕadministration de morphine sur lÕaugmentation du SO seraient 

essentiellement rŽgulŽs par les MOPr. Ë lÕinverse, des Žtudes ont dŽmontrŽ que lÕactivation 

de DOPr produisait lÕeffet opposŽ sur le SO. En effet, lÕactivation de DOPr a un effet 

protecteur contre lÕischŽmie et lÕhypoxie dans divers mod•les comme des neurones en 

culture en condition hypoxique, dans des tranches de cerveaux exposŽes ˆ une hypoxie ou 

exposŽes ˆ une privation de glucose et dÕO2 et in vivo, ainsi que dans le cerveaux de rat 

ischŽmique (Chao et al, 2007; Ma et al, 2005; Yang et al, 2009; Zhang et al, 2000). Cet 

effet neuroprotecteur de lÕactivation de DOPr fait notamment intervenir la rŽduction du SO 

en augmentant lÕactivitŽ de nombreuses enzymes antioxydantes et en diminuant lÕactivitŽ 

des caspases (Yang et al, 2009). Cependant, le mŽcanisme molŽculaire par lequel DOPr 

diminue le SO nÕest pas dŽtaillŽ dans ces articles. Une Žtude a suggŽrŽ que le r™le 

neuroprotecteur de DOPr passerait par une action directe sur la cha”ne respiratoire 

mitochondriale. LÕadministration dÕun agoniste de DOPr, sur des neurones corticaux, rŽduit 

les altŽrations neuronales (ŽvaluŽes par la sŽcrŽtion de lactate dŽshydrogenase) induites par 

un inhibiteur de la cha”ne respiratoire mitochondriale, soit le sodium azide (Zhu et al, 

2009).  
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1.4 Objectifs de recherche  
 
LÕobjectif gŽnŽral de cette th•se est de mettre en lumi•re la contribution fonctionnelle de la 

transmission ENK via DOPr dans le dŽveloppement de la rŽsilience au stress chronique 

chez la souris. Pour rŽpondre ˆ cette question, le paradigme de stress chronique de dŽfaite 

sociale a ŽtŽ effectuŽ. Les rŽponses comportementales observŽes, dans le test dÕinteraction 

sociale, ont permis de distinguer un groupe dÕindividus vulnŽrables au stress chronique et 

un groupe dÕindividus rŽsilients. Dans un deuxi•me temps, ce paradigme a ŽtŽ rŽalisŽ sous 

traitement avec un agoniste de DOPr permettant lÕactivation pharmacologique du rŽcepteur. 

Enfin, diffŽrents marqueurs du SO ont ŽtŽ ŽvaluŽs, par microscopie Žlectronique ˆ 

transmission et par western blot. Cette th•se prŽsente deux chapitres rŽpondant ˆ deux 

objectifs :  

 
Objectif 1 : Dans quelle mesure le syst•me opio•dergique participe t-il ˆ la rŽsilience 

au stress chronique? (Chapitre 1) 

(1) Existe t-il une signature de lÕexpression des ENKs chez les rongeurs dans la rŽsilience 

au stress chronique? CaractŽrisation du niveau dÕexpression de lÕARNm des ENKs dans la 

BLA chez la souris apr•s un SCDS.  

(2) Quelle structure cible la BLA dans le contexte de la rŽsilience au stress chronique? 

CaractŽrisation du niveau dÕexpression de lÕARNm de DOPr au niveau de lÕHPC. 

(3) LÕactivation pharmacologique de DOPr, par lÕagoniste SNC80, permet-elle dÕinduire un 

phŽnotype de rŽsilience au stress chronique?  

 

Objectif 2 : Le maintien dÕun statut oxydatif contr™lŽ permet-il dÕexpliquer le lien 

entre la signalisation ENK/DOPr et la rŽsilience au stress chronique? (Chapitre 1 et 2) 

(1) LÕactivation pharmacologique de DOPr modifie t-elle les marqueurs du SO au niveau 

de lÕultrastructure cellulaire? CaractŽrisation des marqueurs du SO en condition de SCDS et 

en prŽsence de SNC80 (Chapitre 1). 

(2) LÕactivation pharmacologique de DOPr modifie t-elle la morphologie des 

mitochondries, et lÕexpression de protŽines associŽes ˆ son fonctionnement? ƒtude 

morphologique et molŽculaire de la mitochondrie en condition de SCDS et en prŽsence de 

SNC80 (Chapitre 2).  
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2.1.1 RŽsumŽ  
!

L'adaptation au stress chronique est tr•s variable entre les individus. La rŽsilience au stress 

est un processus complexe qui recrute de nombreuses structures cŽrŽbrales et de nombreux 

syst•mes de neurotransmetteurs. Le but de cette Žtude Žtait d'Žlucider l'implication de la 

signalisation de certains opio•des endog•nes, les enkŽphalines (ENK), dans le 

dŽveloppement de la rŽsilience au stress, chez la souris. Le mod•le translationnel du stress 

rŽpŽtŽ de la dŽfaite sociale a ŽtŽ choisi pour reproduire les perturbations imprŽvisibles de la 

vie quotidienne et induire la rŽsilience ou la vulnŽrabilitŽ au stress. Les niveaux 

d'expression de l'ARNm de ENK et de leurs rŽcepteurs delta-opio•des (DOPr) ont ŽtŽ 

quantifiŽs respectivement dans le noyau basolatŽral de lÕamygdale (BLA) et dans les 

rŽgions cibles de la BLA par hybridation in situ. Les niveaux d'ARNm ENK se sont rŽvŽlŽs 

•tre diminuŽs dans la BLA et ceux de DOPr, dans la rŽgion CA1 de l'hippocampe chez la 

souris vulnŽrables uniquement. La stimulation de la voie DOPr, pendant la dŽfaite sociale 

par un traitement pharmacologique avec l'agoniste DOPr, le SNC80, a induit un phŽnotype 

rŽsilient chez la majoritŽ des animaux stressŽs. Les analyses ultrastructurelles ont, en outre, 

rŽvŽlŽ une rŽduction du stress oxydatif dans les cellules pyramidales et les interneurones de 

l'hippocampe CA1 lors du traitement avec le SNC80, proposant un mŽcanisme par lequel la 

signalisation ENK-DOPr pourrait permettre de prŽvenir les effets dŽlŽt•res du stress social 

chronique. 

!  
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2.1.2 Abstract  

!
The adaptation to chronic stress is highly variable across individuals. Resilience to stress is 

a complex process recruiting various brain regions and neurotransmitter systems. The aim 

of this study was to investigate the involvement of endogenous opioid enkephalin (ENK) 

signaling in the development of stress resilience in mice. The translational model of 

repeated social defeat (RSD) stress was selected to mimic the unpredictable disruptions of 

daily life and induce resilience or vulnerability to stress. As in humans, adult C57BL/6J 

mice demonstrated a great variability in their response to stress under this paradigm. A 

social interaction (SI) test was used to discriminate between the phenotypes of resilience or 

vulnerability to stress. After social defeat, the expression levels of ENK mRNA and their 

delta opioid receptors (DOPr) were quantified in the basolateral amygdala (BLA) and BLA-

target areas by in situ  hybridization. In this manner, ENK mRNA levels were found to 

decrease in the BLA and those of DOPr in the ventral hippocampus (HPC) CA1 of 

vulnerable mice only. Stimulating the DOPr pathway during social defeat by 

pharmacological treatment with the nonpeptide, selective DOPr agonist SNC80 further 

induced a resilient phenotype in a majority of stressed animals, with the proportion of 

resilient ones increasing from 33% to 58% of the total population. Ultrastructural analyses 

additionally revealed a reduction of oxidative stress markers in the pyramidal cells and 

interneurons of the ventral HPC CA1 upon SNC80 treatment, thus proposing a mechanism 

by which ENK-DOPr signaling may prevent the deleterious effects of chronic social stress.   
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2.1.3 Introduction  

!

The survival of an individual relies on its adaptation to living conditions in constant 

evolution. The response to chronic stress is highly variable from one individual to another. 

Resilience is defined as ÔÔthe process of adapting well in the face of adversity, trauma, 

tragedy, threats or even significant sources of threatÕÕ (The American Psychological 

Association). Heterogeneity in the response to stress suggests that resilience is a complex 

neurobiological process that emerges from a multitude of gene-environment interactions. 

Several mechanisms have been proposed to underlie the inter-individual difference in 

resilience or vulnerability to stress. Numerous studies support an important contribution of 

endogenous ENKs in the modulation and regulation of stress responses. The potential role 

of ENKs in stress resilience is suggested by their extensive distribution in the basal 

forebrain, especially the prefrontal cortex, nucleus accumbens, dorsal striatum, ventral 

tegmental area, hippocampus (HPC) and amygdala (Le Merrer et al, 2009). The opioid 

enkephalin (ENK) is critical to maintain hedonic and emotional balance, as it attenuates 

endocrine, autonomous and stress-induced behavioral responses (Bali et al, 2015; Henry et 

al, 2017). We have recently shown how ENK transmission is central to the neurobiology of 

stress resilience (Berube et al, 2013; Berube et al, 2014; Henry et al, 2017). Expression 

levels of ENKs mRNA were specifically decreased in the basolateral amygdala (BLA) of 

vulnerable rats, while ENK knockdown in the BLA reproduced a vulnerability phenotype 

in rats (Berube et al, 2013; Berube et al, 2014). In vivo, ENK have a preferential affinity 

for two types of opioid receptors: mu opioid receptor (MOPr) and delta opioid receptor 

(DOPr; (Mansour et al, 1986)). Genetic inactivation of ENK as well as DOPr in mice 

induces a high level of anxiety whereas mice deficient for MOPr display reduced anxiety 

(Bilkei-Gorzo et al, 2004; Filliol et al, 2000). Moreover, DOPr antagonists promote anxiety 

while treatments with agonists exert the opposite effect in rats (Perrine et al, 2006). 

Recently, chronic psychological stress during childhood, post-traumatic stress disorder 

(PTSD), and several other stress related conditions, were found to be associated with 

increased levels of oxidative stress (Miller  et al, 2011; Miller et al, 2014). Conversely, 

reducing anxiety-like behavior in mice using benzodiazepine treatment prevents the 

exacerbated production of reactive oxygen species that is induced by chronic restraint stress 
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(Nunez et al, 2011). Oxidative stress corresponds to the disturbed balance between free 

radicals and antioxidant molecules. Higher levels of toxic reactive species impair cellular 

functions by affecting lipids, proteins, as well as nucleic acids (Czerska et al, 2015). 

Moreover, the neuroprotective effects of DOPr have been linked to reduced oxidative stress 

(Ma et al, 2005; Wallace et al, 2006; Yang et al, 2009). In particular, Wallace et al. (2006) 

demonstrated that DOPr activation, using [D-Pen2, D-Pen5)]-Enkephalin (DPDPE) or 

SNC80, counteracts the oxidative stress induced by human immunodeficiency virus toxins 

in vitro. In addition, DOPr pharmacological activation using intraperitoneal injection of [D-

Ala2, D-Leu5]-Enkephalin (DADLE) is protective against brain hypoxic injury in rats, 

resulting in an attenuation of oxidative damage exerted through increased activity of 

antioxidant enzymes (Yang et al, 2009). On the opposite, morphine (MOPr agonist) 

administration in rat spinal cord exacerbates oxidative stress (Ozmen et al, 2007). The 

purpose of this study was to investigate the functional contribution of ENK/DOPr pathway 

to the emergence of stress resilience in mice, using a combination of stress paradigm, 

behavioral testing, molecular biology and ultrastructural analyses. Social stress was 

specifically targeted considering that social interactions (SIs) represent the main source of 

stress from the environment. We performed the repeated social defeat (RSD) paradigm, 

which results in either vulnerability or resilience to stress. This variance in behavioral 

outcome makes it an excellent model to study the underlying mechanisms of stress 

resilience (Duclot and Kabbaj, 2013; Golden et al, 2011; Krishnan et al, 2007). Our results 

first confirmed the proportion generally obtained for resilient and vulnerable phenotypes in 

mice, as mentioned in Golden et al. (2011). Indeed, 33% of mice displayed a resilient 

phenotype while the rest of them showed vulnerability to stress. The expression levels of 

ENK and DOPr mRNA in the BLA and the HPC, respectively, were measured in animals 

exposed to RSD and their non-stressed controls. The mRNA levels of ENK were found to 

be decreased in the BLA and those of DOPr in the ventral HPC CA1 of vulnerable mice 

compared to control and resilient ones. To assess the functional impact of this pathway on 

stress resilience under RSD, we next hypothesized that activation of DOPr signaling by 

SNC80 treatment throughout RSD could promote resilience. SNC80 is a nonpeptide, 

selective DOPr agonist able to cross the blood brain barrier (Bilsky et al, 1995). This 

compound was previously shown to induce DOPr-mediated anxiolytic (Saitoh et al, 2004; 
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Saitoh et al, 2005), antidepressive (Broom et al, 2002a), as well as analgesic effects in 

rodents (Bilsky et al, 1995). In our experiments, administration of SNC80 induced a 

resilient phenotype in a majority of stressed animals, with the proportion of resilient ones 

increasing from 33% to 58% of the total population. We lastly tested the hypothesis that 

DOPr signaling enhances resilience to chronic social stress by preventing oxidative damage 

to excitatory and inhibitory neurons of the ventral HPC CA1. Ultrastructural analyses were 

thus conducted using transmission electron microscopy (TEM), which revealed a major 

effect of SNC80 on dampening oxidative stress, both in interneurons and pyramidal cells, 

when quantifying changes in several of their features. Indeed, SNC80 reduced the 

proportion of cells with cytoplasmic/nucleoplasmic condensation, nuclear indentation, as 

well as endoplasmic reticulum (ER) and Golgi apparatus dilation, among other markers of 

oxidative stress. 

2.1.4 Materials and Methods  

2.1.4.1 Animals 

All experiments were performed under approval of the institutional animal ethics 

committees, in conformity with the Canada Council on Animal Care guidelines (animal 

protocols n¡ 2014-037, 2016-073 and 242-14B). Male mice were used as detailed below. 

C57BL/6J mice were acquired from Jackson Laboratories (Bar Harbor, ME, USA) and all 

other mice from Charles River (St. Constant, QC, Canada). The animals were housed under 

a 12 h light-dark cycle at 22Ð25¡C with free access to food and water. 

2.1.4.2 Repeated social defeat 

First, CD1 retired breeders (4Ð6 months old) were screened for their level of aggressiveness 

in presence of na•ve C57BL/6 mice (8Ð20 weeks old) for 3 days. C57BL/6J mice (7Ð8 

weeks old) were randomly assigned to social defeat (N = 30, for 3 cohorts; see 

Supplementary Figure 22 for schematic representation) or control groups (N = 26, 3 

cohorts). Mice from the social defeat group (intruders) were subjected to 10 consecutive 

days of stress as described in Golden et al. (2011). In brief, intruders were daily housed 

with an aggressive CD1 mouse in its home cage for 5 min of interaction. For the next 24 h, 

i.e., until the next defeat, the intruders were housed on the other side of the cage, separated 

by a perforated divider allowing for visual, olfactory and auditory contact. Each intruder 
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was exposed to the same group of resident CD1 mice, in a different order, and to a different 

resident daily. The experimental mice were weighed every 2 days and their health status 

monitored carefully. Control C57BL/6J mice were paired-housed in defeat boxes and 

changed partners every day. One day after the final defeat, both defeated and control mice 

underwent a SI test. At first, each mouse was placed alone for 150 s in the middle of an 

open-field arena (42 cm x 42 cm x 42 cm). A CD1 mouse screened for aggressiveness not 

previously used for defeat was then introduced in the social interaction zone (IZ) for 150 s, 

within a wire-mesh enclosure. Videos were recorded and analyzed with ANY-maze 

(Stoelting Co, Wood Dale, IL, USA). The test was performed by an observer blind to the 

experimental conditions. Despite the stress experience, mice still interacting with the CD1, 

i.e., spending more time in the IZ, were considered resilient. Vulnerable mice had a 

tendency to freeze in front of the CD1 and head toward the corner zones (CZs), showing 

social avoidance. Thus, a SI ratio was calculated as the time spent in the SI zone in the 

presence of a CD1 mouse divided by the time spent in the SI zone in the absence of a CD1 

mouse. To discriminate between resilient and vulnerable populations, as generally done in 

mice, a theoretical cut-off criterion was set to 1 for the SI ratio (Berton et al, 2006; Golden 

et al, 2011; Krishnan et al, 2007; Menard et al, 2017). Resilient individuals presented a SI 

ratio superior or equal to 1, and vulnerable ones a SI ratio inferior to 1. Non stressed 

controls included in the experiment had a ratio above 1 and those presenting a SI ratio 

below 1 were excluded, reducing the number of controls from 26 to 18 mice. 

2.1.4.3 Pharmacological treatment 

SNC80 is a selective and nonpeptidic DOPr agonist (Bilsky et al, 1995). Effectiveness of 

the treatment was confirmed using the forced-swim test (FST) and tail suspension test 

(TST) on a cohort of 32 C57BL/6 mice (7Ð8 weeks old) not exposed to RSD (see 

Supplementary Figure 22). The mice were treated with SNC80 s.c. (10 mg/kg) or 

administered a saline solution s.c. (0.9%) 1 h (FST) or 30 min (TST) before the test. For the 

FST, 6 mice per group were each placed in a transparent plastic cylinder (30 cm tall x 20 

cm wide), filled with water (25¡C ± 1¡C, 15 cm deep), for two swimming sessions: an 

initial 10 min of training, followed, 24 h later, by a 6 min test session. Results were 

normalized to the last 4 min of test session. Videos were recorded with ANY-maze and the 

time spent immobile was measured by an observer blind to the experimental conditions. 
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For the TST, 10 mice per group were suspended by the tail with adhesive tape for 6 min in 

a suspension chamber. An automated tail-suspension apparatus (TS100 Tail Suspension, 

Hamilton Kinder, CA, USA) was used to measure total time of immobility. Four animals 

were tested simultaneously on separate units. The last 5 min of testing were recorded. The 

data were clustered in 2 s periods and analyzed (Vibration Monitor software, Hamilton 

Kinder). Settings used in the TST experiments were as follow: threshold 0.40 Newton, off 

delay 40 ms, full scale 4.00 Newton. For the RSD experiments with SNC80 treatment 

(N(control) = 16 and N(defeated) = 26 mice; see Supplementary Figure 22), the compound 

was administered for 2 days of habituation before RSD and then, 1 h prior to the defeat, on 

each day of social stress. SNC80 can induce epileptic seizures. Although we did not 

extensively study this effect, seizures were observed in approximately 80% of the mice 

treated with SNC80. At a dose of 10 mg/kg s.c., the mice experienced mild, epileptic-like 

seizures 6Ð8 min after the injection. The clonic seizures were observed over a period of 2Ð5 

min after their first appearance, in accordance with what has been described by others (Chu 

Sin Chung et al, 2015). Most importantly, no signs of convulsions were observed when the 

animals were submitted to any of our behavioral tests (TST, FST, RSD). 

2.1.4.4 Perfusion and tissue preparation  

The experimental C57BL/6J mice were sacrificed 1 day after the SI test. For in situ 

hybridization, 11 non-stressed control, 7 resilient and 13 vulnerable mice (see 

Supplementary Figure 22) were anesthetized with ketamine/xylazine (80 and 10 mg/kg, 

i.p.) and perfused with 0.9% saline (142.5 mM, pH 7). Brains were fixed by immersion in 

4% paraformaldehyde (PFA; in 0.1 M borax buffer, pH 9.5) for 5 days at 4¡C, followed by 

20% sucrose in PFA/borax solution for one additional day at 4¡C. Twenty micrometer 

coronal slices were cut with a microtome (Leica SM 2000R) and stored at -20¡C in 

cryoprotectant. For TEM, 3 mice per group (control, resilient, or vulnerable, treated or non-

treated with SNC80; see Supplementary Figure 22) were anesthetized with sodium 

pentobarbital (80 mg/kg, i.p.) and perfused with 3.5% acrolein followed by 4% PFA (both 

in phosphate buffer PB 100 mM, pH 7.4). Fifty micrometer-coronal sections were cut in 

sodium phosphate buffer (PBS; 50 mM, pH 7.4) with a vibratome (Leica VT1000S) and 

stored at -20¡C in cryoprotectant. 
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2.1.4.5 Corticosterone ELISA in plasma 

Blood samples were collected from all the experimental C57BL/6J mice through the 

mandibular vein, without anesthesia, 1 h prior to sacrifice. Blood was collected in a 

microvette tube (CB300; Sarstedt, MontrŽal, QC, Canada). Corticosterone levels were 

determined by immunoassay using a commercial ELISA kit (Cayman Chemical, Ann 

Arbor, MI, USA). Plates were read at 405 nm with a Microplate Reader (iMarkTM, Biorad, 

Hercules, CA, USA). Samples were diluted at 1:100 and corticosterone standards prepared. 

Samples concentrations were determined using a standard curve (logarithmic scale) 

followed by a four-parameter logistic fit analysis. 

2.1.4.6 Radioactive in situ hybridization 

Slices from Bregma 1.94 mm to -3.64 mm (The Mouse Brain in Stereotaxic Coordinates, 

Paxinos and Franklin, 3rd edition) were used for in situ hybridization. Protocols for 

riboprobe synthesis and in situ hybridization are described in BŽrubŽ et al. (2013). The 

cRNA probe directed against ENK (938bp) was generated from a plasmid targeting 

nucleotides -104 to +832, and the probe against DOPr (1366bp) targeted nucleotides +48 to 

+1412. Plasmids were generously provided by Drs. Steven L. Sabol (National Institutes of 

Health, Bethesda, MD, USA; (Yoshikawa et al, 1984)) and Mary E. Abood (Lewis Katz 

School of Medicine at Temple University, Philadelphia, PA, USA). Hybridization of brain 

slices was revealed after 18 h (ENK) or 45 h (DOPr) on KODAK BioMax MR Films 

(Kodak, Rochester, NY, USA) exposed with a Precision illuminator B95 (Imaging 

Research, St. Catharines, ON, Canada). Autoradiographic images were digitally acquired 

with a Retiga-2000R camera (QImaging, Surrey, BC, Canada). Optical density was 

quantified using ImageJ and normalized with C14 standard slides (American Radiolabeled 

Chemicals, St. Louis, MO, USA). Mean gray value was measured in each C14 standard 

corresponding to a value of radioactivity in µCi/g of tissue, and then a standard curve was 

calculated. The same measure of gray value was performed for each brain region and 

reported on the standard curve. To identify the different hippocampal regions in which 

DOPr mRNA levels were quantified, The Mouse Brain in Stereotaxic Coordinates (Paxinos 

and Franklin, 2nd edition) was used as a reference. Pyramidal cell layers, in which DOPr 

mRNAs are strongly expressed, served as boundaries to delineate the other layers. 
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2.1.4.7 Electron microscopy 

1) Tissue processing and imaging: Brain sections from Bregma 2.92 mm to -3.52 mm were 

rinsed in PBS (50 mM, pH 7.4), postfixed flat in 1% osmium tetroxide, dehydrated in 

ascending concentrations of ethanol, treated with propylene oxide, and impregnated in 

Durcupan (Sigma-Aldrich, Oakville, ON, Canada) overnight at room temperature as 

described /01234' "*'%&5!&.%*67. After resin polymerization at 55¡C for 72 h, the areas of 

interest containing ventral HPC CA1 were cut at 70 nm with an ultramicrotome (Leica 

Ultracut UC7). Ultrathin sections were collected on square-mesh grids and examined at 

80kV using a FEI Tecnai Spirit G2 microscope. For analysis, 16 pyramidal cells and 10 

interneurons on average, in each of strata oriens and radiatum, were randomly 

photographed at magnifications between 890X and 4800X using an ORCA-HR camera (10 

MP; Hamamatsu). Strata radiatum and oriens were identified based on their cellular and 

subcellular contents, and position relative to the CA1 pyramidal layer.  

 

2) Ultrastructural analysis: Only neurons showing a nuclear profile above 3 mm in 

diameter (measured with ImageJ) were included in the analysis. Well-characterized 

ultrastructural features were used to assess cellular stress. Cytoplasmic and nucleoplasmic 

condensation (Peters et al, 1998) induces a ÔÔdarkÕÕ appearance of neuronal soma, nucleus 

as well as dendrites and axons. Soma whose mean gray value was below 125 arbitrary units 

were considered as ÔÔdarkÕÕ. Rough ER and Golgi apparatus dilation was identified by the 

expansion of lumen widths above 100 nm. Soma presenting at least one of these features 

were scored (Schonthal, 2012; Welch et al, 1985). Nuclear membrane indentation above 

600 nm (Davies et al, 1997) and lipofuscin granules recognized by their darker, granular, 

heterogeneous matrix and considered a hallmark of aging (Sohal et al, 1986) were also 

quantified. The proportion of neurons displaying at least one of each of these features was 

determined for each subpopulation analyzed (pyramidal cells, interneurons from stratum 

oriens, and from stratum radiatum). 

2.1.4.8 Statistical analyses 

Statistical significance and normality were calculated using GraphPad version 6.0 (La Jolla, 

CA, USA). All variables were normally distributed based on BartlettÕs test. Statistical 
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outliers which were identified using GrubbÕs test were removed from the analyses. Student 

t-test was used to assess effectiveness of SNC80 treatment. Multiple comparisons were 

performed by one-way ANOVA followed by Bonferroni post hoc analyses for behavioral 

characterization and in situ hybridization. Two-way ANOVA with Bonferroni post hoc 

analyses were used to assess the behavioral characterization as well as the effects of SNC80 

treatment in other experiments. For the behavioral characterization, the two examined 

factors are the stress phenotype (non-stressed control, resilient or vulnerable mice) and the 

presence or absence of a CD1 mouse in the wire mesh enclosure during the SI test. 

Regarding electron microscopy (EM) analyses, the two examined factors are the stress 

phenotype and the presence or absence of SNC80 treatment. All data are presented as 

means ± standard error of the mean (SEM). 
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2.1.5 Results  
!

2.1.5.1 Vulnerable mice display a strong social avoidance behavior upon repeated social 

defeat. 

A chronic social defeat stress in mice was performed for 10 days followed by a SI test on 

the next day. Behavioral results are presented in Figure 16. Figure 16A presents a 

schematic overview of the open-field arena used for the SI test, which is divided into three 

main zones (interaction, corners, center). Figure 16B provides examples of movement track 

plots inside the SI test arena in the absence (off target) vs. presence of an aggressive CD1 in 

the wire mesh container (with target). The tested mice freely explored the entire arena in 

the absence of a CD1 mouse (top panel), and this pattern was modified when a CD1 mouse 

was introduced: control and resilient mice tend to spend more time interacting with the 

CD1 (bottom left and middle panels) while a progression toward the CZs was generally 

observed with the vulnerable mice (bottom right panel). This exploration pattern was 

quantified, thus allowing to determine the SI and CZ ratios. Resilient mice with a SI ratio 

above or equal to 1 accounted for 33% of the population (10 resilient mice out of 30), 

whereas vulnerable mice with a SI ratio inferior to 1 accounted for 67% of the population 

(20 vulnerable mice out of 30; Figure 16C), as expected for the RSD paradigm in mice 

(Golden et al, 2011). Non-stressed control mice presenting a SI ratio below 1 (suggesting a 

stressed phenotype) were removed from the experiment, as shown by the encircled symbols 

in Figure 16C.  

Two-way ANOVA was performed to assess differences in the time spent in the IZ and CZs 

between stress phenotypes, in the presence vs. in the absence of a CD1 mouse (Figures 

16E, G). ANOVA analysis of the time spent in the IZ revealed main effects of stress 

phenotype (Figure 1E: F(2,90) = 9.318, p = 0.0002), and interaction target by stress 

phenotype (F(2,90) = 25.81, p < 0.0001). Post hoc analysis especially revealed that control 

and resilient mice spent more time interacting with the CD1 mouse than vulnerable ones 

(Figure 16E). Consequently, vulnerable individuals presented a reduced SI ratio compared 

to control and resilient mice (Figure 16F: F(2,45) = 51.21, p < 0.0001). The time spent in the 

CZs showed main effects of stress phenotype (Figure 16H: F(2,90) = 6.397, p = 0.0025) and 

interaction (F(2,90) = 8.697, p = 0.0004). In presence of a CD1 mouse, vulnerable mice spent 
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more time in the CZs than control and resilient mice without significant difference between 

control and resilient mice (Figure 16G). Thus, vulnerable mice had an increased CZ ratio as 

compared with control and resilient mice (Figure 16H: F(2,44) = 7.738, p = 0.0013), 

indicating a strong social avoidance behavior in the SI test. These results are in accordance 

with the Nature Protocol described by Golden et al. (2011). Confirming efficacy of our 

stress paradigm, we found that stressed mice, whether resilient or vulnerable, presented 

higher plasmatic corticosterone levels than non-stressed controls (Figure 16D: F(2,45) = 

7.244, p = 0.0019). 
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Figure 16. Vulnerable mice display a strong social avoidance behavior upon repeated 
social defeat (RSD). (A) Schematic overview of the social interaction (SI) arena. (B) 
Examples of movement track plots for control, resilient and vulnerable mice inside the SI 
test arena in the absence (off target) vs. presence of an aggressive CD1 (with target). (C) 
Distribution of SI ratio among the mouse population. N(control, C) = 26, N(resilient, R) = 
10, N(vulnerable, V) = 20. Error bars are mean standard error of the mean (SEM). (D) The 
plasmatic corticosterone levels are increased in resilient and vulnerable mice compared to 
controls as measured by ELISA, confirming effectiveness of the stress paradigm. Error bars 
are mean ± SEM. (E) Control and resilient mice spend more time, and vulnerable mice less 
time, in the interaction zone (IZ) in the presence vs. absence of an aggressive CD1 mouse. 
(F) Vulnerable mice present a reduced SI ratio compared to control and resilient mice. (G) 
Control and resilient mice spend the same time, while vulnerable mice spend more time, in 
the corner zones (CZs) in the presence or absence of an aggressive CD1 mouse. (H) 
Vulnerable mice present an increased CZ ratio compared to control and resilient mice. For 
(E, G): Two-way ANOVA, Bonferroni post hoc analysis, n(C) = 18, n(R) = 10, n(V) = 20, 
#p < 0.05, ###, +++p < 0.001, ####, ^^^^, ++++p < 0.0001. The two analyzed factors are the stress 
phenotype (blue, green and red bars for control, resilient and vulnerable mice, respectively) 
and the presence (pale shades) or absence (dark shades) of a CD1 mouse. #for target effect, 
for stress x target effect, ^(Control vs. Vulnerable), +(Resilient vs. Vulnerable). For (D, F, 
H): One-way ANOVA, Bonferroni post hoc analysis, N(C) = 18, N(R) = 10, N(V) = 20, *p 
< 0.05, ** p < 0.01, *** *p < 0.0001. Error bars are mean  ± SEM. 
 

2.1.5.2 Decreased expression levels of ENK and DOPr are associated with vulnerability 

to stress. 

To study the involvement of ENK signaling in stress resilience under the RSD, we 

performed radioactive in situ hybridization and quantified the expression levels of ENKs 

mRNA in BLA of control, resilient and vulnerable mice. Representative schematic of BLA 

is provided in Figure 17A (Bregma -1.94 mm). Representative autoradiography images 

from control, resilient and vulnerable mice are presented in Figure 17C. Resilience to 

chronic stress was previously associated with reduced ENKs mRNA levels in BLA of 

vulnerable rats upon social defeat, and inactivation of ENKs in the same area reproduced a 

vulnerability phenotype (Berube et al, 2013; Berube et al, 2014). Similarly, our current 

analysis revealed a significant reduction of ENKs mRNA in the BLA of vulnerable mice 

compared to control and resilient ones (Figure 17B: F(2,28) = 6.491, p = 0.0048), without 

significant difference between resilient and control animals (Figure 17B). The combined 

results suggest conservation across rodent species of ENK involvement in the resilience to 

chronic social stress. To dissect the ENK circuitry mediating stress resilience, radioactive in 

situ hybridization against DOPr was next performed. Neurons from the BLA are known to 



! *, !

innervate the dorsolateral caudoputamen, prefontal cortex, HPC, and several hypothalamic 

nuclei in rodents (Hoover and Vertes, 2007; Petrovich et al, 2001). Our analyses focused on 

the HPC, considering its critical regulation of the hypothalamic-pituitary-adrenal axis 

during stress (McEwen et al, 2015), the known interplay between the amygdala and the 

HPC in chronic stress response (Vyas et al, 2002), and the abundant expression of DOPr in 

the HPC (Erbs et al, 2012). The analyses were performed across the dorsal, central, and 

ventral HPC (Bregma at -2.06 mm, -2.70 mm and -3.08 mm), comparing the CA1, CA3, 

and ventral subiculum regions (Figure 17D). Quantitative analysis revealed that DOPr 

mRNA expression levels are significantly reduced in vulnerable mice vs. control and 

resilient animals, in only one examined region: stratum oriens of the CA1 from ventral 

HPC (Figure 17E: F(2,29) = 7.588, p = 0.0022). Representative autoradiography images are 

shown in Figure 17F. To support specificity of the probe against DOPr, pictures for 

negative control are shown in Supplementary Figure 23. A table is provided in the 

Supplemental information presenting data from all the hippocampal regions analyzed by in 

situ hybridization (Supplementary Table 4). 
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Figure 17. Decreased expression levels of enkephalin (ENK) and delta opioid 
receptors (DOPr) mRNA are associated with vulnerability to social stress. (A) 
Schematic overview of amygdala region (Bregma -1.94 mm), Image credit: Franklin and 
Paxinos, 2nd edition. (B) ENK mRNA are decreased in the basolateral nucleus of amygdala 
(BLA) of vulnerable mice after RSD. (C) Magnified view of representative autoradiographs 
showing the amygdalar region selected (Bregma -1.94 mm) for ENK mRNA quantification 
by radioactive in situ hybridization. Scale bar = 0.5 mm. (D) Schematic overview of 
Hippocampus (HPC) for quantification in dorsal (Bregma -1.82 mm), central (Bregma -
2.54 mm) and ventral HPC (Bregma -3.08 mm), and subiculum region (Bregma -3.52 mm), 
Image credit: Franklin and Paxinos, 2nd edition. (E) DOPr mRNA are decreased in the 
oriens layer (Or) of CA1 HPC in vulnerable mice after RSD. (F) Magnified view of 
representative autoradiographs showing the ventral HPC region selected (Bregma -3.08 
mm) for DOPr mRNA quantification by radioactive in situ hybridization. Scale bar = 0.5 
mm. For (B, E) One-way ANOVA, Bonferroni post hoc analysis, N(C) = 11, N(R) = 7, 
N(V) = 13, *p < 0.05, ** p < 0.01. Error bars are mean ± SEM. The nomenclature used is 
from the Mouse brain atlas, Paxinos and Franklin, 2nd edition. BMP, posterior basomedial 
nucleus of amygdala; CeA, central amygdala; LA, lateral amygdala; BLA, basolateral 
amygdala; Pir, piriform cortex; CA1/CA3, regions in HPC; DG, dentate gyrus; Py, stratum 
pyramidale; Rad, stratum radiatum; Or, stratum oriens. 
 

2.1.5.3 Administration of a DOPr agonist, SNC80, promotes a resilience phenotype. 

To study the functional role of DOPr signaling in stress resilience under the RSD in mice, 

the DOPr agonist SNC80 was injected 1 h prior to each social defeat session. First, we 

confirmed the effectiveness of 10 mg/kg SNC80 using the FST and TST: individuals 

treated with SNC80 showed reduced immobility time compared to saline-treated ones in 

both paradigms (Figure 18A: t = 3.635, p = 0.0034; Figure 18B: t = 3.249, p = 0.0045), 

indicating that the dose we used induced as expected antidepressant effects. The RSD 

paradigm was next performed on another cohort of naive mice to determine the effects of 

SNC80 treatment on social stress responses (Figures 18CÐG). Figure 3C displays the 

distribution of SI ratio and Figures 18DÐG the strong social avoidance behavior of 

vulnerable mice. Resilient and control mice displayed a SI ratio above 1 whereas vulnerable 

ones showed a SI ratio below 1 (Figure 18C). Two-way ANOVA was performed to address 

significant differences in the time spent in the IZ and CZs between stress phenotypes in the 

presence vs. in the absence of a CD1 mouse (Figures 18D, F). Control and resilient mice 

spent more time interacting with a CD1, while vulnerable ones decreased their interaction 

thus reducing the SI ratio (Figures 18D, E). Vulnerable mice spent more time in the CZs 

than control and resilient ones and thus presented a higher CZ ratio (Figures 18F, G). The 
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SI ratio of both resilient and vulnerable mice was significantly increased when SNC80 

treatment was administered throughout the RSD, compared to the SI ratio calculated 

without SNC80 (Figure 18H: t = 2.662, p = 0.0103). The proportion of resilient mice 

increased from 33% to 58% of the total population (Figure 18I), demonstrating the capacity 

of SNC80 to prevent the emergence of depressive-like behavior upon RSD. 
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Figure 18.  Administration of a DOPr agonist, SNC80, promotes a resilience 
phenotype. (A) Validation of SNC80 effectiveness in the forced swim test (FST). The time 
spent immobile is decreased with SNC80 treatment. White bar corresponds to no treatment 
and the streaky pattern to SNC80 treatment. Unpaired t-test, two tailed, *p < 0.05. N = 6 for 
each group. Error bars are mean ± SEM. (B) Validation of SNC80 effectiveness in the tail 
suspension test (TST). The time spent immobile is decreased with SNC80 treatment. White 
bar corresponds to no treatment and the streaky pattern to SNC80 treatment. Unpaired t-
test, two tailed, *p < 0.05. N = 10 for each group. Error bars are mean ± SEM. (C) 
Distribution of SI ratio among the mouse population. N(C) = 16, N(R) = 15, N(V) = 11. 
Error bars are mean ± SEM. (D) Control and resilient mice spend more time, and 
vulnerable mice less time, in the IZ in the presence vs. absence of an aggressive CD1 
mouse. (E) Vulnerable mice present a reduced SI ratio compared to control and resilient 
mice. (F) Control and resilient mice spend the same time, while vulnerable mice spend 
more time, in the CZs in the presence or absence of an aggressive CD1 mouse. (G) 
Vulnerable mice present an increased CZ ratio compared to control and resilient mice. For 
(D, F): two-way ANOVA, Bonferroni post hoc analysis, N(C) = 16, N(R) = 15, N(V) = 11, 
#p < 0.05, ##p < 0.01, ####, ^^^^,++++ p < 0.0001. The two analyzed factors are the stress 
phenotype (blue, green and red bars for control, resilient and vulnerable mice, respectively) 
and the presence (pale shades) or absence (dark shades) of a CD1 mouse. #for target effect, 
for stress x target effect, ^(Control vs. Vulnerable), +(Resilient vs. Vulnerable). For (E, G): 
One-way ANOVA, Bonferroni post hoc analysis, N(C) = 16, N(R) = 15, N(V) = 11, ** p < 
0.01, *** p < 0.001, **** p < 0.0001. Error bars are mean ± SEM. (H) SNC80 (No treatment) 
during RSD increases the SI ratio compared to a classical RSD (No treatment). Green dots 
and squares correspond to resilient mice while the red ones represent vulnerable mice. Solid 
bar corresponds to no treatment and the streaky pattern to SNC80 treatment. Unpaired t-
test, N(no treatment, NT) = 29; N(SNC80) = 26, *p < 0.05. Error bars are mean ± SEM. (I) 
Chronic treatment with SNC80, administered 1 h prior to the defeat during the 10 days of 
stress, increases the proportion of resilient mice after a classical protocol of RSD (No 
treatment). Resilient mice are represented by green squares while vulnerable ones are in 
red. Solid bar corresponds to no treatment and the streaky pattern to SNC80 treatment. 
N(NT) = 29, N(SNC80) = 26. 
 

2.1.5.4 SNC80 treatment prevents oxidative stress in hippocampal CA1 neurons. 

To identify mechanisms by which stimulating DOPr signaling promotes stress resilience in 

mice, we tested the hypothesis that SNC80 reduces oxidative stress in the ventral HPC 

CA1. The ventral HPC CA1 was specifically targeted considering that: (1) in the current 

study a significant difference of DOPr mRNA expression between resilient and vulnerable 

mice was only observed in this region among the entire HPC; (2) dense neuronal 

projections from BLA to the ventral HPC CA1 were described (Petrovich et al, 2001) as 

well as implicated in anxiety (Felix-Ortiz et al, 2013); and (3) this region plays a prominent 

role in social memory (Okuyama et al, 2016). To address this question, TEM was used to 
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measure well-established features of cellular stress among CA1 neurons of control, 

resilient, and vulnerable mice, with or without SNC80 treatment. Considering that DOPr is 

strongly expressed by CA1 stratum oriens GABAergic interneurons (Stumm et al, 2004) 

that make synapses onto pyramidal cells and stratum radiatum interneurons (Maccaferri, 

2005), the three neuronal subpopulations were selected for analysis. Representative images 

are respectively provided in Figures 19AÐJ (stratum pyramidale), Figures 20AÐJ (stratum 

oriens) and Figures 21AÐJ (stratum radiatum). Two-way ANOVA was systematically 

performed to address significant differences in oxidative features between stress 

phenotypes in the presence vs. in the absence of SNC80 treatment (Figures 19, 20, 21). The 

condensation of cytoplasmic and nucleoplasmic contents, resulting in a ÔÔdarkÕÕ appearance 

in EM, has been associated with the shrinkage of cells undergoing oxidative stress (Bisht et 

al, 2016a; Oster-Granite et al, 1996; Tremblay et al, 2012). ANOVA analysis of dark 

neurons revealed main effects of stress phenotype (Figure 19K: F(2,282) = 4.453, p = 0.0125) 

and SNC80 treatment on their prevalence in the CA1 stratum pyramidale (Figure 19K: 

F(1,282) = 19.76, p < 0.0001). Post hoc analysis especially revealed an increased prevalence 

of dark pyramidal cells in vulnerable mice compared to resilient and non-stressed ones 

(Figure 19K). After treatment with SNC80, this increased prevalence observed upon stress 

in vulnerable mice was prevented (Figure 19K). ANOVA further identified treatment 

effects in both strata oriens (Figure 20K: F(1,157) = 5.403, p = 0.0214) and radiatum (Figure 

21K: F(1,142) = 13.15, p = 0.0004), and a stress phenotype by treatment interaction in 

stratum radiatum (Figure 21K: F(2,142) = 8.918, p = 0.0002). In particular, control and 

vulnerable mice treated with SNC80 displayed a decreased prevalence of dark interneurons 

in stratum radiatum compared to non-treated control and vulnerable mice (Figure 21K). 

However, post hoc analysis did not reveal significant differences in stratum oriens (Figure 

20K). Surprisingly, control mice, which were housed in the room where RSD occurred, 

displayed a significant proportion of ÔÔdark neuronsÕÕ in stratum radiatum (Figure 21K) 

suggesting some degree of stress in these animals witnessing the social defeat. The analysis 

of neurons with a dilated ER, considered the best characterized feature of cellular stress at 

the ultrastructural level (Schonthal, 2012), revealed main effects for both treatment (Figure 

19L: F(1,282) = 67.46, p < 0.0001) and interaction (Figure 19L: F(2,282) = 6.240, p < 0.0022) 

in stratum pyramidale, and treatment effects in strata oriens (Figure 20L: F(1,157) = 22.43, p 
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< 0.0001) and radiatum (Figure 21L: F(1,142) = 24.12, p < 0.0001). Precisely, the proportion 

of neurons with a dilated ER was reduced by SNC80 treatment in stratum pyramidale from 

control and vulnerable mice compared to non-treated control and vulnerable ones (Figure 

19L). For the interneurons, this reduction induced by SNC80 was observed in resilient and 

vulnerable mice (stratum oriens, Figure 20L and stratum radiatum, Figure 21L). The 

proportion of neurons displaying a dilated Golgi apparatus, documented as another cellular 

stress marker (Welch et al, 1985), revealed main treatment (Figure 19M: F(1,282) = 7.664, p 

= 0.0060) and interaction (Figure 19M: F(2,282) = 3.263, p = 0.0397) effects in pyramidal 

cells. A main stress phenotype effect was also observed in stratum oriens (Figure 20M: 

F(2,257) = 4.109, p < 0.0001), but failed to reach significance in stratum radiatum (Figure 

21M). Post hoc analysis revealed a decreased proportion of neurons displaying a dilated 

Golgi apparatus upon SNC80 treatment in stratum pyramidale of vulnerable mice (Figure 

19M). No significant differences were observed for interneurons of oriens and radiatum 

layers (Figures 20M, 21M). Finally, quantitative analyses of lipofuscin granules, i.e., 

cytoplasmic granules resulting from the oxidation of unsaturated fatty acids which are 

related to cellular aging (Sohal et al, 1986), were conducted. Although stress phenotype and 

treatment effects failed to reach statistical significance in ANOVA for all layers (Figures 

19N, 20N, 21N), the number of neurons showing lipofuscin granules was found to be 

significantly reduced upon post hoc analyses in pyramidal cells of SNC80-treated 

vulnerable mice compared to non-treated ones (Figure 19N). Nuclear indentations, also 

related to cellular aging (Roos et al, 1983), displayed a main stress phenotype effect (Figure 

19O: F(2,282) = 6.106, p = 0.0025) and a main stress phenotype by treatment effect in 

stratum pyramidale (Figure 4O: F(2,282) = 8.742, p = 0.0002) while only a stress phenotype 

effect was identified in stratum radiatum (Figure 21O: F(2,142) = 4.656, p = 0.0110). Thus, 

treated vulnerable mice exhibited an increased prevalence of neurons presenting 

indentations compared to treated resilient and control mice in stratum pyramidale (Figure 

19O). Moreover, the prevalence of neurons showing nuclear indentations was specifically 

increased in stratum pyramidale of treated vulnerable mice vs. non-treated ones (Figure 

19O). Finally, post hoc analyses revealed a significant increase of strata oriens and 

radiatum interneurons with indentations in treated vulnerable mice compared to treated 

controls (Figures 20O, 21O). Tables are provided in Supplemental information presenting 
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values for the two-way ANOVAs followed by Bonferroni post hoc analyses for each 

analyzed layer (Supplementary Tables 5, 6, 7). Overall, these findings suggest that SNC80 

treatment prevents the occurrence of cellular stress among CA1 pyramidal cells and 

interneurons, ultimately promoting resilience to chronic social stress. 
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Figure 19. SNC80 treatment prevents oxidative stress in pyramidal cells of CA1 HPC. 
In (AÐC), representative pictures of neurons (N) in the pyramidal layer (Py) of CA1 region 
in ventral HPC after RSD without treatment (NT), in control, resilient and vulnerable mice, 
are shown respectively. In (DÐF), pictures of neurons from the Py layer of CA1 in vHPC 
after RSD with SNC80 treatment (SNC80), in control, resilient and vulnerable mice, 
respectively. Scale bar = 500 nm. In (GÐJ), magnified views of dilated endoplasmic 
reticulum (ER), dilated Golgi apparatus (go), lipofuscin granule (li) and nuclear indentation 
(id), respectively. In (KÐO), graphs for Py layer representing the proportion of dark 
neurons, the proportion of neurons presenting dilated ER, dilated Golgi apparatus, 
lipofuscin granules and indentations, respectively, without and with SNC80 treatment. 
Two-way ANOVA, Bonferroni post hoc analysis, N = 48 cells for each condition. The two 
analyzed factors are the stress phenotype (blue, green and red bars for control, resilient and 
vulnerable mice under RSD, respectively) and the presence or absence of SNC80 treatment 
(dark blue, green and red bars for control, resilient and vulnerable mice under RSD without 
SNC80 treatment, respectively, and pale blue, green and red bars with a streaky pattern for 
control, resilient and vulnerable mice under RSD with SNC80 treatment, respectively). 
Significance: *for stress phenotype effect or #for SNC80 treatment effect or for stress x 
treatment effect, ^(Control vs. Vulnerable), +(Resilient vs. Vulnerable) = ** , ##, ^^p < 0.01, 
###p < 0.001, ####, ++++p < 0.0001. Error bars are mean ± SEM. 
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Figure 20. SNC80 treatment reduces oxidative stress in interneurons from stratum 
oriens of CA1 HPC. In (AÐC), representative pictures of neurons (N) in the oriens layer 
(Or) of CA1 region in ventral HPC after RSD without treatment (NT), in control, resilient 
and vulnerable mice, are shown respectively. In (DÐF), pictures of neurons from the Or 
layer of CA1 in vHPC after RSD with SNC80 treatment (SNC80), in control, resilient and 
vulnerable mice, respectively. Scale bar = 500 nm. In (GÐJ), magnified views of dilated 
ER, dilated Golgi apparatus (go), lipofuscin granule (li), and nuclear indentation (id), 
respectively. In (KÐO), graphs for Or layer representing the proportion of dark neurons, the 
proportion of neurons presenting dilated ER, dilated Golgi apparatus, lipofuscin granules 
and indentations, respectively, without and with SNC80 treatment. Two-way ANOVA, 
Bonferroni post hoc analysis, N(NT: C; R; V) = 26; 24; 26 cells and N(SNC80: C; R; V) = 
27; 33; 27 cells. The two analyzed factors are the stress phenotype (blue, green and red bars 
for control, resilient and vulnerable mice under RSD, respectively) and the presence or 
absence of SNC80 treatment (dark blue, green and red bars for control, resilient and 
vulnerable mice under RSD without SNC80 treatment, respectively, and pale blue, green 
and red bars with a streaky pattern for control, resilient and vulnerable mice under RSD 
with SNC80 treatment, respectively). Significance: *for stress phenotype effect or #for 
SNC80 treatment effect or for stress x treatment effect, ^(Control vs. Vulnerable), 
+(Resilient vs. Vulnerable) = #p < 0.05, ^^p < 0.01, ###p < 0.001. Error bars are mean ± 
SEM. 
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Figure 21. SNC80 treatment reduces oxidative stress in interneurons from stratum 
radiatum of CA1 HPC. In (AÐC), representative pictures of neurons (N) in the radiatum 
layer (Rad) of CA1 region in ventral HPC after RSD without treatment (NT), in control, 
resilient and vulnerable mice, are shown respectively. In (DÐF), pictures of neurons from 
the Rad layer of CA1 in vHPC after RSD with SNC80 treatment (SNC80), in control, 
resilient and vulnerable mice, respectively. Scale bar = 500 nm. In (GÐJ), magnified views 
of dilated ER, dilated Golgi apparatus (go), lipofuscin granule (li), and nuclear indentation 
(id), respectively. In (KÐO), graphs for Rad layer representing the proportion of dark 
neurons, the proportion of neurons presenting dilated ER, dilated Golgi apparatus, 
lipofuscin granules and indentations, respectively, without and with SNC80 treatment. 
Two-way ANOVA, Bonferroni post hoc analysis, N(NT: C; R; V) = 23; 24; 26 cells, and 
N(SNC80: C; R; V) = 25; 24; 26 cells. The two analyzed factors are the stress phenotype 
(blue, green and red bars for control, resilient and vulnerable mice under RSD, 
respectively) and the presence or absence of SNC80 treatment (dark blue, green and red 
bars for control, resilient and vulnerable mice under RSD without SNC80 treatment, 
respectively, and pale blue, green and red bars with a streaky pattern for control, resilient 
and vulnerable mice under RSD with SNC80 treatment, respectively). Significance: *for 
stress phenotype effect or #for SNC80 treatment effect or for stress x treatment effect, 
^(Control vs. Vulnerable), &(Control vs. Resilient), +(Resilient vs. Vulnerable) = ++p < 0.01, 
###,^^^p < 0.001, ####, &&&& p < 0.0001. Error bars are mean ± SEM. 
 

2.1.6 Discussion  

Elucidating the underlying mechanisms of resilience is a pressing medical challenge in the 

21st century, especially considering the devastating outcomes of chronic stress on major 

depression (Davidson et al, 2012), cognitive aging, and neurodegenerative diseases (Green 

et al, 2003; Modrego, 2010). The aim of this study was to investigate the involvement of 

opioid ENK signaling in the development of stress resilience in mice. The RSD paradigm 

was selected to reproduce the unpredictable disruptions of daily life and study the 

underlying mechanisms of stress resilience. As expected from previous RSD studies in 

mice (Golden et al, 2011), we obtained 33% of animals displaying a resilient phenotype 

among the total population. To validate our paradigm, we showed that vulnerable and 

resilient mice demonstrated an increase of their plasmatic corticosterone levels. RSD is 

considered the most demanding paradigm in terms of hypothalamic pituitary-adrenal axis 

activation (Koolhaas et al, 1997). When comparing control and defeated rodents, an 

important variation of plasmatic corticosterone levels was previously reported throughout 

RSD, with a peak measured during the first and the last defeat days in mice and with a 

return to basal levels appearing 1 week after (Keeney et al, 2006). Krishnan et al. (2007) 

obtained a result comparable to ours where vulnerable mice as well as resilient ones had an 
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increase in plasma corticosterone levels on the day following the last defeat. Our results 

indicate that mRNA levels of ENK decrease in the BLA of vulnerable mice compared to 

resilient ones without significant differences between resilient and control animals. 

Previous studies demonstrated a similar reduction of ENKs mRNA levels in the BLA of 

vulnerable rats, while inactivation of ENKs in the same area reproduced a vulnerability 

phenotype (Berube et al, 2013; Berube et al, 2014). These findings provide support to the 

hypothesis that BLA-ENK neurotransmission contributes to the development of stress 

resilience in both rats and mice, raising the intriguing possibility that a similar role might 

be exerted in humans. Reduced mRNA levels of ENK (in the BLA) under the RSD 

paradigm were also associated to a decreased mRNA expression of its DOPr (in BLA 

targeted CA1 stratum oriens of ventral HPC) in vulnerable mice only. These findings 

suggest that signaling between BLA-ENK projections and their targets, DOPr-expressing 

neurons in the CA1 stratum oriens of ventral HPC, is preserved during resilience to social 

stress. Considering that changes in mRNA signals do not necessarily reflect the protein 

levels (Hatzimanikatis et al, 1999), additional experiments determining the changes in ENK 

and DOPr protein expression are however warranted to provide a comprehensive picture of 

their association with stress resilience. In addition, several other, possibly indirect, 

neuroanatomical connections of non-enkephalinergic neurochemical nature such as 

glutamatergic projections (Felix-Ortiz et al, 2013; Rei et al, 2015) may have contributed to 

this phenomenon. Also considering that social stress recruits several brain regions 

including classical ones mediating the stress response, comprising the hypothalamus, 

septum, bed nucleus of stria terminalis, preoptic area and some nuclei in brainstem, as 

shown by mapping experiments with the immediate-early gene c-fos (Martinez et al, 2002), 

and that DOPr is widely expressed across the brain (Scherrer et al, 2006), it would be 

important in future experiments to investigate the role of additional brain areas. 

Pharmacological activation of DOPr with the agonist SNC80 throughout RSD further 

increased the proportion of resilient animals, indicating that the endogenous ENK-DOPr 

system could be targeted to promote coping behavior and adaptation in the face of chronic 

social adversity. ENKs are known to reduce stress-induced neuroendocrine and autonomic 

responses, and also to stimulate these effector systems under normal, non-stressful 

conditions. A distinctive feature of ENKs analgesic action is their blunting of painÕs 
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distressing, affective component, without dulling the sensation itself. Therefore, our 

findings propose that ENK-DOPr signaling may diminish the impact of social stress on 

depressive-like behavior by attenuating physiological responses during resilience, including 

emotional and affective states, leading to reduced anxiety. Indeed, the results from several 

rodent studies consistently indicate that ENK-DOPr signaling mainly exerts anxiolytic 

effects (Drolet et al, 2001; Gendron et al, 2015; Henry et al, 2017). To provide insights into 

the underlying mechanisms, considering that anxiety levels in mice are tightly related to 

antioxidant enzymes expression (Hovatta et al, 2005), ultrastructural analyses of oxidative 

damage to neurons were conducted in the CA1 region (strata oriens, pyramidale, radiatum) 

of ventral HPC. Electron density was first examined considering that the condensation of 

cytoplasmic and nucleoplasmic contents is strongly associated with oxidative challenges to 

neurons (Peters et al, 1998) and glial cells (Bisht et al, 2016a; Bisht et al, 2016b). Dark 

neurons were previously described in elderly monkeys (Peters et al, 1998) as well as rodent 

models of HuntingtonÕs and AlzheimerÕs diseases (Oster-Granite et al, 1996; Turmaine et 

al, 2000; Yang et al, 2008), ischemia (Kirino et al, 1984), epilepsy (Atillo  et al, 1983) and 

aging (Tremblay et al, 2012). In our analyses, social stress and SNC80 were found to exert 

different effects on the electron density between neuronal subpopulations. Among these, 

dark pyramidal cells became more prevalent in vulnerable mice compared to control and 

resilient ones, while SNC80 treatment prevented this increase. Stimulating ENK-DOPr 

signaling may thus reduce the deleterious impact of chronic social stress by preventing 

oxidative damage. This finding is supported by the reduced prevalence of dilated ER that 

we measured upon SNC80 treatment in CA1 interneurons and pyramidal cells from the 

experimental groups analyzed. The best-characterized sign of cellular disturbance at the 

ultrastructural level is ER stress, since the pathological accumulation of unfolded or 

misfolded proteins makes its lumen appear dilated in EM (Malhotra and Kaufman, 2007; 

Ron et al, 2007; Schonthal, 2012). The unfolded protein response (UPR) is triggered upon 

ER stress to stop protein translation, degrade unfolded proteins or activate signaling 

pathways leading to refolding (Ron et al, 2007). During the refolding process, reactive 

oxygen species are produced, leading to impaired redox balance resulting in oxidative 

stress. Since the refolding process depends on redox homeostasis, oxidative stress can 

disrupt proper folding mechanisms thus exacerbating further the ER stress. Similarly, 
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dilation of Golgi cisternae, also associated with oxidative stress (Welch et al, 1985), was 

found to be prevented in pyramidal cells of SNC80-treated vulnerable mice. Whether 

SNC80 treatment decreases ER and Golgi stress directly, or preserves homeostasis by 

activating the UPR pathway, among others, remains to be investigated. Additional signs of 

cellular stress were also reduced upon stimulation of DOPr signaling, such as the 

prevalence of lipofuscin granules, which are long-considered the major hallmark of cellular 

aging (Sohal et al, 1986), in pyramidal cells of SNC80-treated vulnerable mice. This 

finding indicates that pharmacological treatment with DOPr agonists might prevent the 

accelerated-aging effect induced by stress (Green et al, 2003). Additionally, nuclear 

indentations became more frequent in pyramidal cells and interneurons of vulnerable mice 

treated with SNC80. Considering that nuclear indentations have been associated with the 

remodeling of cellular morphology (Versaevel et al, 2014), their appearance might reflect 

an increased neuronal plasticity induced by SNC80 treatment. Indeed, DOPr are known to 

induce long-term plasticity of hippocampal GABAergic synapses (Rozov et al, 2017). 

Overall, this study suggests that ENK/DOPr signaling between the BLA and CA1 (stratum 

oriens) of ventral HPC is preserved in resilient mice and impaired in vulnerable ones under 

the RSD paradigm. Moreover, this study highlighted a key role of DOPr signaling in 

promoting social stress resilience through its protective effect against cellular stress among 

excitatory and inhibitory neurons of the ventral HPC CA1. Additional research focusing on 

the functional role of DOPr in preventing cellular stress in the face of adversity may 

provide novel insights into how the intimate relationship between oxidative stress and 

psychosocial stress influences resilience. The current work underlines the importance of 

studying endogenous opioids as novel therapeutic targets for stress-related disorders, and 

suggests that pharmacological activation of DOPr could be an interesting candidate to 

prevent the exacerbation of cellular stress induced by psychosocial stress. 
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Figure 22. Summary of experiments. Schematic representation of animal cohorts 
including the number of animals used for each experiment. 
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"#$%&'! ()*! Sense probe versus antisense 
probe DOPr.  
Magnified views of brain sections (Bregma -
1.34mm and -2.80mm) tested with sense 
probe versus antisense probe for DOPr. Scale 
bar = 1mm.  
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Table 4. Quantification of DOPr mRNA levels across hippocampus after repeated 
social defeat stress.   
Mean values for all regions in hippocampus quantified for DOPr mRNA levels. Dorsal 
(Bregma 2.06mm), central (Bregma -2.70mm) and ventral hippocampus (Bregma -
3.08mm) were quantified in CA1 and CA3 regions in three different strata (pyramidale, 
oriens and radiatum) as well as in ventral subiculum (SUBv).   

Bregma Levels in Hippocampus Regions Layers Control Resilient Vulnerable  p values 

Dorsal Hippocampus (Bregma = -2.06mm) 

CA1 Pyramidal  0.608 0.590 0.576 0.8179 

  Radiatum  0.232 0.249 0.265 0.6941 

  Oriens 0.323 0.283 0.326 0.642 

CA3 Pyramidal  0.513 0.467 0.498 0.7778 

  Radiatum  0.215 0.230 0.230 0.42 

  Oriens 0.270 0.259 0.248 0.9277 

Ventral Hippocampus  (Bregma = -2.70mm) 

CA1 Pyramidal  0.491 0.492 0.495 0.8551 

  Radiatum  0.196 0.217 0.207 0.752 

  Oriens 0.260 0.256 0.274 0.8788 

CA3 Pyramidal  0.561 0.542 0.568 0.8637 

  Radiatum  0.224 0.233 0.249 0.6991 

  Oriens 0.235 0.247 0.276 0.157 

Ventral Hippocampus  (Bregma = -3.08mm) 

CA1 Pyramidal  0.464 0.484 0.458 0.7607 

  Radiatum  0.194 0.219 0.223 0.5551 

  Oriens 0.271 0.275 0.169 0.0022 

CA3 Pyramidal  0.502 0.534 0.515 0.7921 

  Radiatum  0.224 0.248 0.240 0.6897 

  Oriens 0.219 0.248 0.249 0.3355 

SUBv   0.368 0.467 0.406 0.1962 
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Table 5. Statistical analysis (Two-way ANOVA with Bonferroni post-hoc analysis) for 
prevalence of different oxidative stress markers in stratum pyramidale described by 
electron microscopy. Left part of the table provides statistical data of main effects and the 
right part (purple) provides statistical data for Bonferroni post-hoc. Bold numbers are 
considered as significant.  
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Table 6. Statistical analysis (Two-way ANOVA with Bonferroni post-hoc analysis) for 
prevalence of different oxidative stress markers in stratum oriens described by 
electron microscopy. Left part of the table provides statistical data of main effects and the 
right part (purple) provides statistical data for Bonferroni post-hoc. Bold numbers are 
considered as significant.  
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Table 7. Statistical analysis (Two-way ANOVA with Bonferroni post-hoc analysis) for 
prevalence of different oxidative stress markers in stratum radiatum described by 
electron microscopy. Left part of the table provides statistical data of main effects and the 
right part (purple) provides statistical data for Bonferroni post-hoc. Bold numbers are 
considered as significant. 



! -&!

2.2 Chapitre 2  
!
!
!
!
!
!

Delta Opioid Receptor blunts oxidative stress to promote 
resilience to chronic stress: A morphological and molecular 

study of mitochondria 
 
 
 
 
 
 

Mathilde S. Henry1, Kanchan Bisht1, Nathalie Vernoux, Ph.D.1, Louis Gendron, Ph.D.3,4,5, 

AngŽlica Torres-Berrio2, Guy Drolet, Ph.D.1,6, and Marie-éve Tremblay, Ph.D.1,7# 

 

 

1 Axe neurosciences, Centre de Recherche du CHU de QuŽbec Ð UniversitŽ Laval, QuŽbec, 
QC, Canada. 

2 Centre de recherche du CHU de Sherbrooke and Institut de pharmacologie de Sherbrooke, 
UniversitŽ de Sherbrooke, Sherbrooke, QC, Canada. 

3 DŽpartement de pharmacologie-physiologie, UniversitŽ de Sherbrooke, Sherbrooke, QC, 
Canada. 

4 Quebec Pain Research Network, Sherbrooke, QC, Canada. 

5 Douglas Mental Health University Institute, MontrŽal, QC, Canada. 

6 DŽpartement de psychiatrie et neurosciences, UniversitŽ Laval, QuŽbec, QC, Canada. 

7 DŽpartement de mŽdecine molŽculaire, UniversitŽ Laval, QuŽbec, QC, Canada. 

 

Les rŽsultats ŽvoquŽs dans ce chapitre font partie dÕune Žtude en collaboration avec Dr 
Louis Gendron et Dr Jean-Luc Parent de lÕUniversitŽ de Sherbrooke et seront integrŽs au 
sein dÕun article de plus grande envergure.  
! !



! -' !

2.2.1 RŽsumŽ  
!
Il existe une grande variabilitŽ entre les individus en ce qui concerne les rŽponses 

physiologiques et comportementales observŽes dans une situation stressante. La rŽsilience 

au stress est un processus complexe qui recrute de nombreuses structures cŽrŽbrales et de 

nombreux neurotransmetteurs. La signalisation des rŽcepteurs opio•dergiques Delta (DOPr) 

a rŽcemment ŽtŽ impliquŽe dans ce processus. En effet, le niveau dÕexpression des ARNm 

de DOPr a montrŽ une diminution dans la rŽgion CA1 de l'hippocampe ventral (CA1-

vHPC) chez les souris vulnŽrables apr•s un stress chronique de dŽfaite sociale (SCDS), tout 

en demeurant inchangŽ chez les animaux rŽsilients comme chez les contr™les. De plus, 

l'activation pharmacologique du DOPr avec un agoniste, le SNC80, induisait un phŽnotype 

rŽsilient chez la majoritŽ des animaux stressŽs. Dans cette Žtude, nous avons Žmis 

l'hypoth•se que la signalisation DOPr favorise naturellement la rŽsilience au stress en 

agissant sur l'Žquilibre oxydatif des neurones de la rŽgion CA1. En effet, l'activation de 

DOPr a un effet neuroprotecteur contre le stress oxydatif en condition hypoxique et 

ischŽmique chez le rat. Le but de cette Žtude Žtait d'Žtudier l'effet de la stimulation de la 

voie DOPr, en utilisant le SNC80, sur la morphologie mitochondriale apr•s SCDS par 

microscopie Žlectronique. Nous avons spŽcialement ciblŽ le CA1-vHPC pour rŽpondre ˆ 

cette hypoth•se. Les analyses ultrastructurelles de la morphologie mitochondriale ont rŽvŽlŽ 

que le traitement SNC80 rŽduit le stress oxydatif dans les cellules pyramidales et les 

interneurones en modifiant leur forme et en amŽliorant leur intŽgritŽ architecturale sans 

affecter leur taille, en particulier chez les souris vulnŽrables. Ces rŽsultats sugg•rent que le 

traitement par SNC80 pourrait restaurer les effets dŽlŽt•res du stress chronique en ciblant 

directement les mitochondries. Nous avons Žgalement effectuŽ des western blot sur 

l'hippocampe total pour identifier les cibles molŽculaires associŽes aux effets bŽnŽfiques de 

la signalisation DOPr sur la rŽsilience. Le SNC80 a augmentŽ l'expression des complexes 

de la cha”ne respiratoire indiquant une amŽlioration de leur activitŽ dans la production 

dÕATP. Toutefois, le SNC80 n'a pas altŽrŽ l'expression dÕenzymes antioxydantes telles que 

la superoxyde dismutase ou la catalase. Des Žtudes futures seront requises afin dÕidentifier 

le mŽcanisme par lequel DOPr favorise la rŽsilience au stress. !
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2.2.2 Abstract 
!
There is a great variability among individuals with respect to the physiological and 

behavioral responses observed in a stressful situation. Resilience to stress is a complex 

process recruiting various brain regions and neurotransmitter systems. Delta opioid 

receptors (DOPr) signaling was recently involved in this process. In particular, DOPr 

mRNA levels were shown to be reduced in the ventral hippocampus CA1 region (CA1-

vHPC) of vulnerable mice upon chronic social defeat stress (RSD) while remaining 

unchanged in resilient ones as in controls. Moreover, pharmacological activation of DOPr 

using an agonist, SNC80, significantly induced a resilient phenotype in a majority of 

stressed animals. In this current study, we hypothesized that DOPr signaling naturally 

promotes stress resilience by acting on the oxidative balance of CA1 region neurons. 

Indeed, DOPr activation is neuroprotective against oxidative stress during hypoxia and 

ischemia in rats. The aim of this study was to investigate the effect of stimulating DOPr 

pathway using SNC80 on mitochondrial morphology under RSD by electron microscopy. 

We specially targeted the CA1-vHPC to address this hypothesis. Ultrastructural analyses of 

mitochondrial morphology revealed that SNC80 treatment reduces oxidative stress in 

pyramidal cells and interneurons by modifying their shape and improving their architectural 

integrity without affecting their size, particularly in vulnerable mice. These results suggest 

that SNC80 treatment might restore the deleterious effects of chronic stress by directly 

targeting mitochondria. We also performed western blot in total hippocampus to identify 

molecular targets associated with the beneficial effects of DOPr signaling on stress 

resilience. SNC80 increased the expression of specific complexes in the respiratory chain 

indicating an enhanced ATP production activity. However, SNC80 did not alter the 

expression of antioxidant enzymes such as superoxide dismutase and catalase. Future 

studies will be required to identify the mechanism by which DOPr activation promotes 

stress resilience. !

! !



! -) !

2.2.3 Introduction  

Chronic stress is known to induce major depression, which is the leading cause of disability 

affecting 350 million people all around the world. Stress is described as an uncomfortable Ç 

emotional experience accompanied by predictable biochemical, physiological and 

behavioral changes È (Baum, 1990). Some stress can be beneficial producing a boost that 

provides energy to help people get through situations. However, exposure to extreme and 

prolonged stress can lead to health consequences by adversely affecting the immune, 

cardiovascular, neuroendocrine and central nervous systems (Anderson, 1998). There is a 

great variability among individuals with respect to the physiological and behavioral 

responses observed in a stressful situation. The different degrees of adaptability define 

resilience or vulnerability to chronic stress. Resilience is a common concept used in 

psychology to define an active coping mechanism referring to Ç the capacity of an 

individual to avoid negative social, psychological, and biological consequences of extreme 

stress that would otherwise compromise their psychological or physical well-being È 

(Russo et al, 2012). 

Several stress-related conditions such as chronic psychological stress during childhood and 

post-traumatic stress disorder (PTSD) were shown to elevate oxidative stress (Miller  et al, 

2011; Miller et al, 2014). All aerobic organisms possess an oxidation system essential to 

the production of cellular energy. This oxidation system is at the origin of the production of 

reactive oxygen (ROS) and nitrogen (RNS) species, which could be harmful to cellular 

function in case of excess. Oxidative stress is defined as a state in which the level of 

oxidation exceeds the ability of cells to eliminate ROS/RNS leading to impairment in 

cellular functions by damaging lipids, proteins, as well as nucleic acids (Czerska et al, 

2015). !

Delta opioid receptors (DOPr), G protein-coupled receptors for endogenous and exogenous 

opioids, are known to play a critical role in mood disorders (Lutz and Kieffer, 2013). 

Especially, we previously demonstrated that the expression levels of DOPr mRNA were 

positively correlated in hippocampus with resilience under the repeated social defeat stress 

(RSD) paradigm in mice (Henry et al, 2018). DOPr activation was also found to be 

neuroprotective against oxidative stress in rat cortex and hippocampus during hypoxia and 

ischemia (Yang et al, 2009; Zhang et al, 2000) as well as against mitochondrial respiratory 
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chain injury induced by sodium azide leading to oxidative stress in cultured cortical rat 

neurons (Zhu et al, 2009).  

In our previous study, we hypothesized that resilience to chronic stress may recruit DOPr 

signaling, leading to a reduction of oxidative stress in hippocampal neurons. To address this 

question, the RSD paradigm was performed in mice, with or without DOPr 

pharmacological activation treatment. Expression levels of DOPr mRNA were found to be 

reduced in the CA1 region of ventral hippocampus of vulnerable mice while remaining 

unchanged in resilient mice and controls. Then, using electron microscopy, we quantified 

different ultrastructural markers of oxidative stress including cytoplasmic/nucleoplasmic 

condensation (ÒdarkÓ neurons) and endoplasmic reticulum dilation, among others, in CA1 

hippocampus. Thus we showed that pharmacological activation of DOPr using SNC80 

improves resilience to chronic social stress. It also restores cellular health in hippocampal 

pyramidal cells and interneurons of vulnerable mice, by preventing the deleterious effects 

of oxidative stress induced during chronic stress. Taken together, these results suggest that 

DOPr naturally promotes resilience to chronic stress by blunting oxidative stress (Henry et 

al, 2018). 

Manoli and colleagues exposed in a review the critical role of mitochondria under acute and 

chronic stress conditions. Mitochondria play a vital role in cellular homeostasis by 

constantly sensing the internal milieu and environmental changes. They provide the 

enormous energy demands essential for proper stress response (Manoli et al, 2007). The 

mitochondrial response to cellular needs involves signaling pathways in order to increase 

mitochondrial performance by recruiting more mitochondria or increasing their volume, 

enhancing activity of oxidative phosphorylation complexes, generating ROS for signaling 

or defense and inducing apoptosis according to stressors (Goldenthal and Marin-Garcia, 

2004). Mitochondria are thus a potential target by which DOPr signaling could blunt 

oxidative stress. Mitochondria consist of a double membrane system: an outer membrane 

and an inner membrane separated by an inter-membrane space. The inner membrane forms 

invaginations (cristae) that extend to the matrix of the mitochondria. The matrix contains 

the genetic material of the mitochondria as well as all the enzymes necessary for oxidative 

metabolism. Morphological changes in mitochondria were proposed to reflect their 

functional alteration (Brocard et al, 2003). For example, a study using multiphoton 
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microscopy demonstrated in yeast that a change of substrate (from glucose to glycerol) 

induced a 3-fold increase in mitochondrial volume without affecting their number (Egner et 

al, 2002). Thermal stress on rat fibroblasts has been shown to lead to mitochondrial 

swelling, disruption of cristae, and widening of spaces between cristae in vitro (Welch et al, 

1985). Thus, morphological analyses of mitochondria under the RSD paradigm in mice, 

with or without SNC80 treatment, were conducted by electron microscopy in the CA1 

region of ventral hippocampus. These analyses included the quantification of mitochondria 

per cells, their gray-value, a size descriptor (area, perimeter) as well as a shape descriptor 

(aspect ratio, roundness, circularity, solidity). To identify potential molecular targets of 

DOPr signaling, western blot analyses targeting oxidative stress markers associated with 

mitochondrial function - including antioxidant enzymes and proteins from respiratory chain 

complexes - were also performed in total hippocampus.  
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2.2.4 Material and Methods  

2.2.4.1 Animals  

CD1 retired breeders (4-6 months old), na•ve C57BL/6 screeners (8-20 weeks old), and 

C57BL/6 mice for forced-swim test and tail suspension test (7-8 weeks old) were provided 

by Charles River (St-Constant, QC, Canada), while experimental C57BL6/J mice (7-8 

weeks old) were from Jackson Laboratories (Bar Harbor, ME, USA). Mice were housed 

under a 12h light-dark cycle with food and water available ad libitum. All experiments 

were strictly conducted according to the protocol approved by the institutional animal 

ethics committee, in conformity with the Canada Council on Animal Care guidelines.  

2.2.4.2 Social defeat stress 

The protocol for chronic social defeat stress was followed as described (Henry et al, 2018). 

Briefly, after a screening of CD1 mice to evaluate their aggressiveness, C57BL/6J were 

placed in the home-cage of CD1 aggressors for 5min per day during 10 days while non 

stressed mice (controls) were paired-housed and switched partners each day. After every 

session, defeated C57BL6/J went back to their home cage. On the eleventh day, controls 

and defeated mice were subjected to a social interaction test to assess their resilience or 

vulnerability phenotype with a calculated social interaction ratio (SI ratio) corresponding to 

the time spent interacting with a novel CD1 versus in absence. Despite the 10 days 

experiment, resilient mice still interacted with CD1 whereas vulnerable tended to avoid 

contact with aggressor. Thus, as shown in our previous study (Henry et al, 2018) resilient 

mice and control mice displayed a SI ratio above 1 while vulnerable ones had a ratio below.   

2.2.4.3 Pharmacological treatment  

The compound SNC80 used for this study as well as the protocol for administration were 

described in our previous work (Henry et al, 2018). Efficacy of the treatment was evaluated 

using a forced-swim test (FST) and a tail suspension test (TST) as previously described 

(Henry et al, 2018). 

2.2.4.4 Perfusion  

The experimental C57BL/6J mice were sacrificed one day after the social interaction test. 

Three animals per group (stress and treatment) were examined by electron microscopy. 

Mice were anesthetized with sodium pentobarbital (80mg/ml, i.p.) and perfused with 3.5% 
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acrolein followed by 4% PFA (both in phosphate buffer Ð PB 100mM, pH 7.4). Fifty 

micrometer-transverse sections were cut in sodium phosphate buffer (PBS ; 50 mM, pH 

7.4) with a vibratome (Leica VT1000S) and stored at -20 ¡C in cryoprotectant. For western 

blot, mice were anesthetized with an intraperitoneal injection of ketamine/xylazine (80 and 

10 mg/kg, respectively) and perfused with a 0.9% saline solution (285 mOsm/L, pH 7.4). 

2.2.4.5 Electron microscopy 

1) Tissues processing  

As previously described (Henry et al, 2018), brain sections from Bregma 2.92mm to -

3.52mm were used and processed for electron microscopy (postfixed in 1% osmium 

tetroxide, dehydrated in ethanol, treated with propylene oxide, and impregnated in resin). 

The areas of interest containing ventral hippocampus CA1 were cut at 70nm with an 

ultramicrotome (Leica Ultracut UC7). Ultrathin sections were collected on square-mesh 

grids and examined at 80kV using a FEI Tecnai Spirit G2 microscope. For analysis, 

pyramidal cells and interneurons (strata oriens and radiatum) were randomly photographed 

at magnifications ranging between 890x and 4800x using an ORCA-HR camera (10 MP; 

Hamamatsu).  

 

2) Quantitative analyses of mitochondria  

Neuronal mitochondria were quantified and their contours were drawn using free-hand 

tools of ImageJ 1.6 software. The quantification was performed blind to the experimental 

conditions. The parameters ÒareaÓ, ÒperimeterÓ, ÒcircularityÓ, Òaspect ratioÓ, ÒroundnessÓ, 

ÒsolidityÓ and Òmean grey valueÓ were measured for each mitochondrion. The circularity, 

aspect ratio, roundness and solidity shape descriptors inform about the shape of 

mitochondria. Since a circularity of 1 corresponds to a perfect circle, the closest to 0, the 

more elongated is the mitochondrion. The aspect ratio corresponds to the major axis 

divided by the minor axis, while roundness is the opposite of the aspect ratio. Finally, 

solidity is the ratio of area divided by its convex hull area. The mean grey value testifies of 

mitochondrial cristae integrity since disruption in cristae leads to light grey holes whereas 

healthy mitochondria display a grey compacted structure. In this study, values correspond 

to the inverse of the mean grey values.  
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2.2.4.6 Western Blot  

1) Protein extraction  

After perfusion with saline solution, the brains were immediately removed and dissected on 

ice to extract the hippocampus. Hippocampal tissues were frozen on dry ice, and kept at 

(  80¡C until processing. Hippocampi were homogenized in 5 times volume/weight of RIPA 

buffer (50 mM Tris, pH 8, 150 mM NaCl, 0.25% Na-deoxycholate, 2 mM EDTA, Triton 

10X, 1 mM PMSF, 10 µl/ml of Phosphatases and Proteases Inhibitors Cocktail), using a 

mechanical homogenizer at 4¡C. After 15min incubation on ice, samples were centrifuged 

for 15min at 12000g at 4¡C. Supernatants were extracted and kept at ( 80¡C.  

 

2) Immunoblot against oxidative stress markers  

Detection of enzymes: 10 µg of protein from each sample were separated by SDS 10% of 

polyacrylamide gels and then, transferred onto Immobilon¨ -P Polyvinylidene difluoride 

membrane (Sigma-Aldrich, MO, USA). Detection of mitochondrial complexes: 10 µg of 

protein from each sample were separated by SDS-PAGE with 10% Tris-Glycine eXtended 

(TGX) Stain-Freeª polyacrylamide gels (Bio-Rad, Hercules, CA, USA). Stain-Freeª gels 

were activated by UV transillumination for 5&min using the Fusion FX5 imaging system 

(Vilbert Lourmat, France). Proteins were transferred to nitrocellulose membranes (Bio-

Rad) and total proteins were visualized under UV using the Fusion FX5 imaging system. 

For both gels, non-specific binding sites were blocked with 5% nonfat dry milk in 

phosphate-buffered saline containing 0.1% Tween 20 (PBS-T) for 1 hour at room 

temperature and were afterwards incubated overnight at 4&¡C with primary antibodies. 

Antibodies used in this study were: anti-Catalase (diluted at 1/1000, C0979, Sigma-Aldrich, 

MO, USA), anti-Mn-SOD (superoxide dismutase, 1/1000, 06984, Millipore, MA, USA) or 

Mito Profile (1/1000, AB110413, Abcam, MA, USA). The following day, membranes were 

washed 3 times in PBS-T and then incubated for 1& hour at room temperature with the 

corresponding secondary antibody in 5% nonfat dry milk in PBS-T, and the 

immunoreactive signal intensity was visualized by enhanced chemiluminescence (ECL, 

Biorad). The Fusion FX5 imaging system was used for immunoblot visualization. Band 

intensities were quantified using ImageJ 1.6 software and normalized to #-actine (1/50000, 

A5316, Sigma-Aldrich, MO, USA) or total proteins per lane. 
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2.2.4.7 Statistical analyses 

Statistical significance and normality were calculated using the online software GraphPad 

version 7.0 and GraphPad version 6.0 (La Jolla, CA, USA). All variables were normally 

distributed based on BartlettÕs test. Multiple comparisons were performed by two-way-

ANOVA to assess the effects of stress and SNC80 treatment followed by Bonferroni post 

hoc analysis. All data are presented as means ± standard error of the mean (SEM).   
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2.2.5 Results  
 

2.2.5.1 SNC80 restores healthy mitochondrial morphology in vulnerable mice.  
 
Structural changes in mitochondria are tightly associated with their functional status, which 

determines their outcome between promoting cell death and protecting cells (Brocard et al, 

2003). Diverse representative shapes of mitochondria as visualized using TEM are provided 

in Figure 24. Figure 24A corresponds to healthy round shape mitochondria while Figure 

24B and 24C present a more elongated shape. Mitochondria from Figure 24D display an 

alteration of architecture with disruption of cristae, while severely damaged mitochondria 

from Figure 24E are devoid of contents. Finally, dumbbell-shaped mitochondria which 

might undergo fusion or fission events are presented in Figure 24F and 24G.  

 

 
Figure 24. Representative pictures illustrating different shapes of mitochondria as 
observed using TEM. (A) Healthy round shape mitochondria. (B) and (C) Elongated 
shape. (D) and (E) Mitochondria with an altered architecture showing disruption of cristae. 
(F) and (G) Dumbbell-shaped mitochondria. Mitochondria are from pyramidal cells in 
CA1-vHPC. These TEM images come from our own library.  
 

2.2.5.1.1 Number of mitochondria  

Number of mitochondria displayed a main effect of stress and interaction (stress x 

treatment) in pyramidal cells (Figure 25A: F(2,174)=4.262, p=0.0156 and F(2,174)=7.492, 
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p=0.0008, respectively). Post hoc analyses revealed an increase of number in resilient mice 

compared to non-stressed ones. Moreover, controls treated with SNC80 exhibited an 

increase of number compared to non-treated. Finally, number of mitochondria was 

decreased in treated vulnerable mice compared to treated control and resilient ones. In 

stratum oriens, only stress by treatment effect was observed (Figure 26A: F(2,145)=4.115, 

p=0.0183). Particularly, vulnerable treated with SNC80 showed a reduced number of 

mitochondria as compared to treated resilient. Mitochondria from stratum radiatum 

interneurons failed to show a significant difference (Figure 27A). As mentioned in Manoli 

et al. (2007), chronic stress can induce an uncontrolled proliferation of mitochondria as 

well as a decrease in their number. Indeed, in response to many stressors, the peroxisome 

proliferators-activated receptor gamma coactivator-1$ (PGC-1$) signaling pathway 

(Puigserver and Spiegelman, 2003) is essential for mitochondrial biogenesis, but can 

eventually become maladaptive as observed in cardiomyopathy induced by cardiac PGC-1 

$ overexpression in mice (Russell et al, 2004). Moreover, a reduced mitochondrial 

biogenesis is observed in diabetic mouse models (Duncan et al, 2007) while abnormally 

proliferated mitochondria is a characteristic feature of mitochondrial myopathies 

(Bourgeois and Tarnopolsky, 2004).   

 

2.2.5.1.2 Mean grey value 

Stratum pyramidale revealed a main effect of stress, treatment and interaction (Figure 25B: 

F(2,174)=3.973, p=0.0205, F(2,174)=4.916, p=0.0279, F(2,174)=7.591, p=0.0007, respectively) 

while mitochondria in interneurons displayed only a main effect of stress and treatment 

(Figure 26B: F(2,145)=10.63, p<0.0001 and F(2,145)=7.668, p=0.0064, Figure 27B: 

F(2,132)=6.559, p=0.0019 and F(2,132)=8.769, p=0.0036). Precisely, resilient and vulnerable 

mice presented an increase of mean grey value compared to control ones in pyramidal cells 

(Figure 25B) suggesting a better-preserved mitochondrial integrity in resilient and 

vulnerable animals which seem to be inconsistent. As previously mentioned, disruption in 

cristae leads to light grey holes (low mean grey value) whereas healthy mitochondria 

displays a grey compacted structure (high). However, mitochondria undergoing oxidative 

stress can show a darker grey value due to lipid oxidation. Indeed, osmium tretroxide used 
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for the treatment of the tissues for electron microscopy has a high affinity for lipid rich 

structures and oxidated components (Wigglesworth, 1981). This interpretation seems to be 

more plausible in this case.  

On the contrary, in strata oriens and radiatum, vulnerable mice displayed a decreased mean 

grey value compared to control and resilient mice indicating a reduced integrity in 

vulnerable mice (Figure 26B and Figure 27B). SNC80 restored the mean grey value in 

stratum radiatum when treated vulnerable mice were compared to non-treated ones (Figure 

27B) or when they were compared to treated control animal in stratum oriens (Figure 26B). 

Finally, in stratum pyramidale, the mean grey value was increased in controls treated with 

SNC80 compared to non-treated controls (Figure 25B) indicating that SNC80 improves 

mitochondrial integrity in general.  

 

2.2.5.1.3 Area and perimeter  

The analysis of mitochondrial area and perimeter did not reveal any effect of stress or 

treatment or interaction in stratum pyramidale (Figure 25D). However, mitochondrial 

perimeter in interneurons of stratum radiatum indicated a main effect of treatment (Figure 

27D: F(1,132)=4.944, p=0.0279) while post hoc analysis did not reach a significant 

difference. Similarly, although a stress by treatment effect was observed for mitochondrial 

area in stratum oriens (Figure 26D: F(2,145)=4.127, p=0.0181), no significant difference was 

revealed after post hoc analysis. These results together suggest that stress and SNC80 

treatment might not modify the size of mitochondria.  

 

2.2.5.1.4 Shape descriptor  

In strata pramidale and oriens, analysis of aspect ratio and roundness revealed a main 

effect of stress by treatment interaction (Figure 25E: F(2,173)=12.38, p<0.0001; Figure 25F: 

F(2,174)=7.149, p=0.0010; Figure 26E: F(2,143)=3.339, p=0.0382, Figure 26F: F(2,143)=4.834, 

p=0.0093) while treatment and interaction effects were described in stratum radiatum for 

the aspect ratio (Figure 27E: F(1,132)=6.763, p=0.0104 and F(2,132)=5.474, p=0.0052) and 

only an interaction effect for the roundness (Figure 27F: F(2,132)=4.630, p=0.0114). 

Especially , treated vulnerable mice presented a reduced aspect ratio (and increased 
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roundness) compared to non-treated ones as well as to treated control and resilient animals 

in pyramidal layer. This result revealed that SNC80 induced a less elongated mitochondrial 

shape in vulnerable mice. This difference was not observed in stratum radiatum and oriens. 

ANOVA further identified interaction effect for mitochondrial circularity in interneurons of 

strata oriens (Figure 26G: F(2,145)=4.444, p=0.0134) and radiatum (Figure 27G: 

F(2,132)=6.256, p=0.0025) whereas it failed to reach significance in pyramidal cells. In 

particular, treated control mice showed reduced mitochondrial circularity compared to non-

treated ones in radiatum layer. Moreover, circularity was increased in treated vulnerable 

animal compared to treated control and resilient ones. Solidity of mitochondria in stratum 

radiatum also revealed the same result as presented for circularity (Figure 27H). Post hoc 

analysis failed to present a significant difference in stratum oriens regarding circularity and 

solidity. Solidity analysis of mitochondria from pyramidal cells revealed a treatment and 

interaction effect (Figure 25H: F(1,173)=4.440, p=0.0366 and F(2,173)=4.193, p=0.0167). 

Precisely, treated vulnerable animal exhibited an increased solidity when compared to non-

treated ones suggesting that SNC80 promotes a more uniform mitochondrial morphology in 

vulnerable mice. Altogether, the measurements with these shape descriptors indicate that 

SNC80 promotes a healthy circle-shape in vulnerable mice and suggest that SNC80 

significantly modifies the shape of mitochondria both in pyramidal cells and interneurons, 

particularly in vulnerable mice, in order to restore the deleterious effects induced by 

chronic stress.  

Tables presenting values for the two-way ANOVAs followed by Bonferroni post hoc 

analyses for each analyzed layer are provided in Tables 8 (stratum pyramidale), 9 (stratum 

oriens) and 10 (stratum radiatum) in the Supplemental information.   
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Figure 25. SNC80 treatment prevents oxidative stress in stratum pyramidale of CA1 
hippocampus. (A) Graph representing the number of mitochondria per cell. (B) Graph 
representing the mean grey value in mitochondria. (C) and (D) Graphs representing area 
and perimeter of mitochondria respectively. (E) and (F) Graphs representing aspect ratio 
and roundness of mitochondria. (G) and (H) Graphs representing the circularity and 
solidity of mitochondria. Two-way ANOVA, Bonferroni post hoc analysis, n=30 
cells/groups (3 animals/group). *  for stress effect or # for SNC80 treatment effect or for 
stress x treatment effect, ^ (Control versus Vulnerable), & (Control versus Resilient), 
+(Resilient versus Vulnerable) = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. 
Error bars are mean ± SEM. 
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Figure 26. SNC80 treatment prevents oxidative stress in interneurons of stratum 
oriens of CA1 hippocampus. (A) Graph for representing the number of mitochondria per 
cell. (B) Graph representing the mean grey value in mitochondria. (C) and (D) Graphs 
representing area and perimeter of mitochondria respectively. (E) and (F) Graphs 
representing aspect ratio and roundness of mitochondria. (G) and (H) Graphs representing 
the circularity and solidity of mitochondria. Two-way ANOVA, Bonferroni post hoc 
analysis, group without treatment: n(C)=27 cells, n(R)=24, n(V)=25 and group with 
treatment: n(C)=27 cells, n(R)=27, n(V)=21 (3 animals/group). * for stress effect or # for 
SNC80 treatment effect or for stress x treatment effect, ^ (Control versus Vulnerable), & 
(Control versus Resilient), +(Resilient versus Vulnerable) = p<0.05, ** = p<0.01, *** = 
p<0.001, **** = p<0.0001. Error bars are mean ± SEM. 
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Figure 27. SNC80 treatment prevents oxidative stress in interneurons of stratum 
radiatum of CA1 hippocampus. (A) Graph for radiatum layer representing the number of 
mitochondria per cell. (B) Graph representing the mean grey value in mitochondria. (C) 
and (D) Graphs representing area and perimeter of mitochondria respectively. (E) and (F) 
Graphs representing aspect ratio and roundness of mitochondria. (G) and (H) Graphs 
representing the circularity and solidity of mitochondria. Two-way ANOVA, Bonferroni 
post hoc analysis, group without treatment: n(C)=20 cells, n(R)=22 n(V)=26 and group 
with treatment: n(C)=24 cells, n(R)=25, n(V)=21 (3 animals/group). * for stress effect or # 
for SNC80 treatment effect or for stress x treatment effect, ^ (Control versus Vulnerable), 
& (Control versus Resilient), +(Resilient versus Vulnerable) = p<0.05, ** = p<0.01, *** = 
p<0.001, **** = p<0.0001. Error bars are mean ± SEM. 
 

2.2.5.2 SNC80 increases expression of complex III and V of mitochondrial respiratory 
chain.  

 
Expression levels of different proteins involved in mitochondrial activity were assessed by 

western blot in the hippocampus. Figure 28A and 28G present representatives bands of 

expression level in proteins for each group. Respiratory chain is located in the inner 

membrane of mitochondria and closely related with the production of adenosine 

triphosphate (ATP). It consists of four linked membrane protein complexes named complex 

I, II, III and IV. Complex V corresponds here to a subunit of ATP synthase. Complex I 

possesses a NADH coenzyme Q reductase activity that retrieves electrons from NADH 

allowing transport of four protons from matrix to intermembrane space. Complex II is a 

succinate coenzyme Q reductase that retrieves electrons from FADH2. Complexe III 

displays a coenzyme Q cytochrome C reductase activity allowing transport of four protons 

from matrix to inter membrane space. Complex IV is a cytochrome C oxidase transporting 

two protons. Finally, complex V is a subunit of the ATP synthase transporting protons into 

mitochondrial matrix to produce ATP (Green and Reed, 1998). Complexes I, II and IV 

failed to show a significant difference between non stressed animals and stressed ones as 

well as with treated mice (Figure 28D, 28E and 28F) while complexes III and V revealed a 

huge effect of SNC80 (Figure 28C: F(1,30)=46.86, p<0.0001 and Figure 28B:  F(1,30)=34.70, 

p<0.0001). Indeed, expression of complex III was increased with SNC80 in all groups 

compared to non-treated mice (Figure 28C) while this increase was only observed in 

control and vulnerable mice for complex V (Figure 28B). However, resilient mice only 

displayed an increased trend toward for complex V expression with SNC80 (Figure 28B). 

Although a main effect of interaction was not observed for complex V, post hoc analyses 
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revealed an increased expression in treated vulnerable mice compared to treated resilient 

ones (Figure 28B). Overall, SNC80 showed a beneficial effect on complexes III and V 

without counteracting a stress effect. These results suggest that SNC80 improves their 

activity in order to generate a higher amount of cellular energy.  

Superoxide dismutase (SOD) is an oxidoreductase, which is the major defense against 

superoxide ion and peroxynitrite. Three isoforms are known, catalyzing the same reaction 

but corresponding to distinct genes with different subcellular locations. Among them, Mn-

SOD (Mn for manganese) is located in mitochondrial matrix and involves alternate 

reduction and reoxidation of catalytic metal (i.e. Mn) at the active site (Fukai and Ushio-

Fukai, 2011). Catalase is also an oxidoreductase that catalyzes H2O2 to H2O and oxygen, 

and is mainly located at peroxisome in the cytoplasm (Bai and Cederbaum, 2001). ANOVA 

analyses revealed that stress and SNC80 treatment do not modify the expression levels of 

superoxide dismutase (SOD; Figure 28H). On the contrary, expression levels of catalase 

showed a main effect of stress and stress by treatment (Figure 28I: F(2,23)=6.397, p=0.0062 

and F(2,23)=3.517, p=0.0465). Especially, resilient and vulnerable mice displayed a reduced 

expression of catalase compared to controls without revealing any effect of SNC80 

suggesting that SNC80 might not target catalase to promote stress resilience.  
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Figure 28. SNC80 treatment reduces expression level of mitochondrial respiratory 
chain complexes in hippocampus. (A) Representative bands for expression level in fives 
complexes of the respiratory chain (CI, CII, CIII, CIV, CV) and (G) Representative bands 
for expression level in superoxide dismutase (SOD) and catalase. From (B) to (F) Graphs 
for expression levels in CV, CIII, CIV, CII and CI in hippocampus for all groups. (H) and 
(I ). Graphs for expression levels in SOD and Catalase in hippocampus for all groups. Two-
way ANOVA, Bonferroni post hoc analysis, n=6/group, * for stress effect or # for SNC80 
treatment effect or for stress x treatment effect, ^ (Control versus Vulnerable), & (Control 
versus Resilient), +(Resilient versus Vulnerable) = p<0.05, ** = p<0.01, *** = p<0.001, 
**** = p<0.0001. Error bars are mean ± SEM. 

 

2.2.6 Conclusion  
!
Our previous study demonstrated that pharmacological activation of DOPr improves 

resilience to chronic social stress by restoring the deleterious effects of oxidative stress 

induced by chronic stress (Henry et al, 2018). Different markers comprising 

cytoplasmic/nucleoplasmic condensation (ÒdarkÓ neurons), dilation of the endoplasmic 

reticulum and Golgi apparatus, increased accumulation of lipofuscin granules, and 

prevalence of indentations were assessed by electron microscopy to determine changes in 

neuronal function. In this current study, we further observed structural changes in 

mitochondria accompanied by an increased expression of molecular markers associated 

with mitochondrial activity. Morphological analyses of mitochondria in stress condition 

with or without treatment revealed that SNC80 significantly modifies the shape of 

mitochondria, particularly in vulnerable mice, and improves mitochondrial integrity 

without changing significantly their size. These results suggest that SNC80 treatment might 

restore the deleterious effects of chronic stress by directly targeting mitochondria. Western 

Blot analyses further showed that SNC80 increases expression of specific complexes in the 

respiratory chain indicating an improvement in their activity to produce ATP. This study 

failed to decipher how SNC80 restores deleterious effect induced by chronic stress and 

thus, the exact contribution of endogenous DOPr in naturally promoting resilience to 

chronic stress remains unclear and warrants further investigation. Indeed, to promote stress 

resilience, DOPr signaling might target other antioxidant enzymes or negatively regulate 

the levels of free radicals such as nitric oxide.  
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2.2.7 Supplemental information 
 

 
 
Table 8. Statistical analysis (Two-way ANOVA with Bonferroni post hoc analysis) for 
diverse morphological features of mitochondria in stratum pyramidale described by 
electron microscopy. Left part of the table provides statistical data of main effects and the 
right part (orange) provides statistical data for Bonferroni post hoc. Bold numbers are 
considered as significant.  
 
 

 
 
Table 9. Statistical analysis (Two-way ANOVA with Bonferroni post hoc analysis) for 
diverse morphological features of mitochondria in stratum oriens described by 
electron microscopy. Left part of the table provides statistical data of main effects and the 
right part (orange) provides statistical data for Bonferroni post hoc. Bold numbers are 
considered as significant.  
 

STRATUM PYRAMIDALE  
No treatment  SNC80 Interaction stress x SNC80  

MARKERS   F(DFn, DFd) p values    
Control vs 
Resilient 

Control vs 
Vulnerable 

Resilient vs 
Vulnerable Control Resilient Vulnerable 

Control vs 
Resilient 

Control vs 
Vulnerable 

Resilient vs 
Vulnerable 

Number  

INTERACTION  F (2, 174) = 7,492 P = 0,0008 Significance? Yes No No Yes No No No Yes Yes 
STRESS F (2, 174) = 4,262 P = 0,0156 t values    3.054      2.255      0.799      2.859      0.242      2.598      0.047      3.202      3.155   

TREATMENT F (1, 174) = 0,0001149 P = 0,9915 p values 0.0026 0.0254 0.4254 0.0048 0.8091 0.0102 0.9626 0.0016 0.0019 

Mean grey 
value 

INTERACTION  F (2, 174) = 7,591 P = 0,0007 Significance? Yes Yes No Yes No No No No No 
STRESS F (2, 174) = 3,973 P = 0,0205 t values    3.584      4.203      0.619      4.235      0.847      1.222      0.195      1.254      1.450   

TREATMENT F (1, 174) = 4,916 P = 0,0279 p values 0.0004 0.0001 0.5367 0.0001 0.3982 0.2234 0.8456 0.2115 0.1489 

Area 

INTERACTION  F (2, 174) = 0,5387 P = 0,5845 Significance? No No No No No No No No No 
STRESS F (2, 174) = 0,6521 P = 0,5222 t values    0.949      0.076      0.874      1.591      0.249      0.405      0.393      1.110      0.718   

TREATMENT F (1, 174) = 1,681 P = 0,1965 p values 0.3439 0.9395 0.3833 0.1134 0.8037 0.6860 0.6948 0.2685 0.4737 

Perimeter 

INTERACTION  F (2, 174) = 0,6393 P = 0,5289 Significance? No No No No No No No No No 
STRESS F (2, 174) = 0,3912 P = 0,6769 t values    0.910      0.448      1.358      1.113      0.326      1.915      0.122      0.353      0.231   

TREATMENT F (1, 174) = 3,716 P = 0,0555 p values 0.3641 0.6547 0.1762 0.2672 0.7448 0.0571 0.9030 0.7245 0.8176 

Aspect ratio 

INTERACTION  F (2, 173) = 12,38 P < 0,0001 Significance? No No No No No Yes No Yes Yes 
STRESS F (2, 173) = 1,444 P = 0,2388 t values    0.103      2.103      2.001      2.049      0.786      4.565      1.159      4.532      3.373   

TREATMENT F (1, 173) = 1,036 P = 0,3103 p values 0.9181 0.0369 0.0470 0.0420 0.4329 0.0001 0.4329 0.0001 0.0009 

Roundness 

INTERACTION  F (2, 174) = 7,149 P = 0,0010 Significance? No No No No No Yes No Yes No 
STRESS F (2, 174) = 1,318 P = 0,2704 t values    0.101      1.789      1.689      1.529      0.833      3.808      2.261      3.547      1.286   

TREATMENT F (1, 174) = 3,226 P = 0,0742 p values 0.9197 0.0754 0.0930 0.1281 0.4060 0.0002 0.0250 0.0005 0.2002 

Circularity 

INTERACTION  F (2, 174) = 2,181 P = 0,1160 Significance? No No No No No No No No No 
STRESS F (2, 174) = 1,574 P = 0,2101 t values    0.009      1.146      1.137      0.603      1.764      2.107      2.359      1.564      0.794   

TREATMENT F (1, 174) = 3,553 P = 0,0611 p values 0.9928 0.2534 0.2571 0.5473 0.0795 0.0366 0.0194 0.1196 0.4283 

Solidity 

INTERACTION  F (2, 173) = 4,193 P = 0,0167 Significance? No No No No No Yes No No No 
STRESS F (2, 173) = 0,5860 P = 0,5576 t values    0.027      1.879      1.905      0.586      0.793      3.451      1.400      2.159      0.740   

TREATMENT F (1, 173) = 4,440 P = 0,0366 p values 0.9785 0.0619 0.0584 0.5586 0.4289 0.0007 0.1633 0.0322 0.4603 

STRATUM ORIENS 
No treatment  SNC80 Interaction stress x SNC80  

MARKERS   F(DFn, DFd) p values    
Control vs 
Resilient 

Control vs 
Vulnerable 

Resilient vs 
Vulnerable Control Resilient Vulnerable 

Control vs 
Resilient 

Control vs 
Vulnerable 

Resilient vs 
Vulnerable 

Number  

INTERACTION  F (2, 145) = 4,115 P = 0,0183 Significance? No No No No No No No No Yes 
STRESS F (2, 145) = 1,968 P = 0,1434 t values    0.994      1.378      0.363      1.319      1.142      2.285      0.883      2.243      3.070   

TREATMENT F (1, 145) = 2,139e-005 P = 0,9963 p values 0.3219 0.1703 0.7171 0.1892 0.2553 0.0238 0.3787 0.0264 0.0026 

Mean grey 
value 

INTERACTION  F (2, 145) = 0,07621 P = 0,9267 Significance? No Yes No No No No No Yes No 
STRESS F (2, 145) = 10,63 P < 0,0001 t values    0.535      3.335      2.715      1.710      1.327      1.782      0.893      2.968      2.133   

TREATMENT F (1, 145) = 7,668 P = 0,0064 p values 0.5935 0.0011 0.0074 0.0894 0.1866 0.0768 0.3733 0.0035 0.0346 

Area 

INTERACTION  F (2, 145) = 4,127 P = 0,0181 Significance? No No No No No No No No No 
STRESS F (2, 145) = 0,7760 P = 0,4622 t values    0.958      1.418      2.317      1.552      1.689      1.927      0.798      2.060      1.314   

TREATMENT F (1, 145) = 0,4416 P = 0,5074 p values 0.3397 0.1583 0.0219 0.1228 0.0934 0.0559 0.4262 0.0412 0.1909 

Perimeter 

INTERACTION  F (2, 145) = 2,513 P = 0,0845 Significance? No No No No No No No No No 
STRESS F (2, 145) = 0,5650 P = 0,5696 t values    1.026      0.948      1.929      1.028      1.569      1.431      0.468      1.513      1.074   

TREATMENT F (1, 145) = 0,3706 P = 0,5436 p values 0.3066 0.3447 0.0557 0.3057 0.1188 0.1537 0.6405 0.1325 0.2846 

Aspect ratio 

INTERACTION  F (2, 143) = 3,339 P = 0,0382 Significance? No No No No No No No No No 
STRESS F (2, 143) = 0,08006 P = 0,9231 t values    0.316      1.895      1.529      2.145      1.936      1.177      0.209      1.397      1.569   

TREATMENT F (1, 143) = 2,563 P = 0,1116 p values 0.7525 0.0601 0.1285 0.0336 0.0548 0.2412 0.8347 0.1646 0.1189 

Roundness 

INTERACTION  F (2, 143) = 4,834 P = 0,0093 Significance? No No No No No No No No No 
STRESS F (2, 143) = 0,03735 P = 0,9633 t values    0.090      1.996      2.027      1.880      1.607      2.082      0.280      1.973      1.677   

TREATMENT F (1, 143) = 0,5222 P = 0,4711 p values 0.9284 0.0478 0.0445 0.0621 0.1103 0.0391 0.7799 0.0504 0.0957 

Circularity 

INTERACTION  F (2, 145) = 4,444 P = 0,0134 Significance? No No No No No No No No No 
STRESS F (2, 145) = 0,06017 P = 0,9416 t values    0.280      1.806      1.479      1.553      0.997      2.353      0.237      2.124      1.903   

TREATMENT F (1, 145) = 0,0001125 P = 0,9916 p values 0.7799 0.0730 0.1413 0.1226 0.3204 0.0200 0.8130 0.0354 0.0590 

Solidity 

INTERACTION  F (2, 148) = 4,582 P = 0,0117 Significance? No No No No No No No No No 
STRESS F (2, 148) = 0,7765 P = 0,4619 t values    1.313      1.793      0.453      1.847      0.182      2.388      0.319      2.446      2.204   

TREATMENT F (1, 148) = 0,09391 P = 0,7597 p values 0.1912 0.0750 0.6512 0.0667 0.8558 0.0182 0.7502 0.0156 0.0291 
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Table 10. Statistical analysis (Two-way ANOVA with Bonferroni post hoc analysis) for 
diverse morphological features of mitochondria in stratum radiatum described by 
electron microscopy. Left part of the table provides statistical data of main effects and the 
right part (orange) provides statistical data for Bonferroni post hoc. Bold numbers are 
considered as significant. 
 
!
  

STRATUM RADIATUM 
No treatment  SNC80 Interaction stress x SNC80  

MARKERS   F(DFn, DFd) p values    
Control vs 
Resilient 

Control vs 
Vulnerable 

Resilient vs 
Vulnerable Control Resilient Vulnerable 

Control vs 
Resilient 

Control vs 
Vulnerable 

Resilient vs 
Vulnerable 

Number  

INTERACTION  F (2, 132) = 0,2439 P = 0,7839 Significance? No No No No No No No No No 
STRESS F (2, 132) = 2,039 P = 0,1343 t values    1.500      0.203      1.392      0.278      0.634      0.538      0.679      0.607      1.269   

TREATMENT F (1, 132) = 0,2546 P = 0,6147 p values 0.1360 0.8394 0.1663 0.7814 0.5272 0.5915 0.4983 0.5449 0.2067 

Mean grey 
value 

INTERACTION  F (2, 132) = 1,270 P = 0,2842 Significance? No Yes Yes No No Yes No No No 
STRESS F (2, 132) = 6,559 P = 0,0019 t values    0.431      3.347      2.977      1.091      1.020      3.018      0.578      1.474      0.930   

TREATMENT F (1, 132) = 8,769 P = 0,0036 p values 0.6672 0.0011 0.0035 0.2773 0.3096 0.0031 0.5642 0.1429 0.3541 

Area 

INTERACTION  F (2, 132) = 0,2439 P = 0,7839 Significance? No No No No No No No No No 
STRESS F (2, 132) = 2,039 P = 0,1343 t values    0.452      0.685      0.221      2.295      0.777      0.351      1.147      1.988      0.899   

TREATMENT F (1, 132) = 0,2546 P = 0,6147 p values 0.6520 0.4945 0.8254 0.0233 0.4385 0.7261 0.2535 0.0489 0.3703 

Perimeter 

INTERACTION  F (2, 132) = 1,958 P = 0,1452 Significance? No No No No No No No No No 
STRESS F (2, 132) = 1,568 P = 0,2124 t values    0.383      0.186      0.217      2.674      1.214      0.088      1.177      2.611      1.499   

TREATMENT F (1, 132) = 4,944 P = 0,0279 p values 0.7023 0.8527 0.8285 0.0084 0.2269 0.9300 0.2413 0.0101 0.1363 

Aspect ratio 

INTERACTION  F (2, 132) = 5,474 P = 0,0052 Significance? No No No No Yes No No No No 
STRESS F (2, 132) = 0,4473 P = 0,6403 t values    0.238      1.335      1.624      2.739      2.930      1.205      0.162      2.629      2.498   

TREATMENT F (1, 132) = 6,763 P = 0,0104 p values 0.8123 0.1842 0.1068 0.0070 0.0040 0.2304 0.8716 0.0096 0.0137 

Roundness 

INTERACTION  F (2, 132) = 4,630 P = 0,0114 Significance? No No No No No No No No No 
STRESS F (2, 132) = 0,6912 P = 0,5028 t values    0.252      1.283      1.048      2.390      2.283      1.375      0.077      2.495      2.592   

TREATMENT F (1, 132) = 3,718 P = 0,0560 p values 0.8014 0.8014 0.2966 0.0183 0.0240 0.1715 0.9387 0.0138 0.0106 

Circularity 

INTERACTION  F (2, 132) = 6,256 P = 0,0025 Significance? No No No Yes No No No Yes Yes 
STRESS F (2, 132) = 1,579 P = 0,2101 t values    0.749      1.406      0.644      2.960      1.761      1.828      0.525      3.395      2.921   

TREATMENT F (1, 132) = 2,905 P = 0,0907 p values 0.4552 0.1621 0.5207 0.0036 0.0806 0.0698 0.6005 0.0009 0.0041 

Solidity 

INTERACTION  F (2, 132) = 6,557 P = 0,0019 Significance? No No No Yes No No No Yes Yes 
STRESS F (2, 132) = 2,773 P = 0,0661 t values    0.859      1.053      0.165      3.089      1.101      1.987      1.218      4.032      2.895   

TREATMENT F (1, 132) = 1,710 P = 0,1933 p values 0.3919 0.2943 0.8692 0.0024 0.2729 0.0490 0.2254 0.0001 0.0044 
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3 DISCUSSION GƒNƒRALE  
 
Les Žtudes prŽsentŽes dans cette th•se ont permis de mettre en lumi•re lÕimportance de la 

signalisation ENK/DOPr dans la neurobiologie de la rŽsilience au stress chronique. 

LÕexpŽrience de stress chronique de dŽfaite sociale mime les perturbations sociales 

quotidiennes et dŽmontre lÕexistence dÕune grande variabilitŽ entre les individus quant ˆ 

leur rŽponse comportementale. Ce paradigme permet, ainsi, de discriminer deux 

populations : les individus rŽsilients et ceux qui sont vulnŽrables au stress chronique. Les 

rŽsultats des Žtudes prŽsentŽes dans cette th•se ont rŽvŽlŽ que la signalisation ENK/DOPr 

est naturellement nŽcessaire pour favoriser la rŽsilience, notamment gr‰ce ˆ son r™le 

neuroprotecteur face au stress oxydatif dans un contexte de stress social chronique. 

Dans cette discussion gŽnŽrale, je prŽsenterai les avantages et les limites du mod•le de 

stress social chronique que nous avons utilisŽ, ainsi que ceux de lÕagoniste DOPr employŽ, 

le SNC80. Je discuterai en dŽtail des rŽsultats obtenus dans les deux Žtudes qui constituent 

le corps de ma th•se, en proposant des perspectives de travail pour la suite. Enfin, je 

terminerai cette discussion sur le dŽveloppement de thŽrapies potentielles pour le traitement 

des troubles anxieux chez lÕhumain, afin de prŽvenir le dŽveloppement de pathologies plus 

sŽv•res associŽes au stress chronique, comme la dŽpression majeure ou les maladies 

neurodŽgŽnŽratives.  
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3.1 Le mod•le de stress chronique de dŽfaite sociale  
 

La recherche de thŽrapies pour traiter les pathologies psychiatriques stagne depuis des 

dŽcennies, malgrŽ quelques pistes prometteuses en cours dÕinvestigation. En effet, les 

mŽdicaments pour soigner la dŽpression majeure ou les troubles bipolaires ont peu ŽvoluŽ 

depuis leur premi•re dŽcouverte et utilisation. Par exemple, le lithium est un rŽgulateur de 

lÕhumeur prescrit dans le cadre des troubles bipolaires pour stabiliser les patients quÕils 

soient en phase maniaque ou dŽpressive. Sa premi•re prescription contre les troubles 

maniaques remonte ˆ 1871 (Shorter, 2009), et il est encore largement utilisŽ aujourdÕhui. 

Ses mŽcanismes dÕaction ont, en partie, ŽtŽ rŽcemment ŽlucidŽs (Beaulieu et al, 2009). De 

la m•me mani•re, lÕhypoth•se de lÕimplication des monoamines (sŽrotonine, 

norepinŽphrine et dopamine) dans la dŽpression a ŽmergŽ il y a 50 ans, et les traitements 

comme les inhibiteurs de monoamines oxydases ainsi que les inhibiteurs de la recapture de 

la sŽrotonine ont ŽtŽ dŽveloppŽs par la suite (Hillhouse and Porter, 2015). Ces thŽrapies ont 

des effets secondaires importants, leur dŽlai dÕaction peut •tre long, et lÕefficacitŽ reste 

modeste selon les patients (Medecine, 2017). La productivitŽ modŽrŽe dans ce domaine 

rŽsulte, entre autres, de la raretŽ des mod•les animaux existants permettant de mimer un 

comportement dit Ç dŽpressif È. Le stress chronique de dŽfaite sociale (SCDS) semble •tre 

ˆ lÕheure actuelle un des meilleurs paradigmes pour reproduire les perturbations sociales de 

la vie quotidienne et induire ainsi un comportement dit Ç dŽpressif È (Golden et al, 2011; 

Huhman, 2006; Krishnan et al, 2007). Il permet de mimer la symptomatologie du PTSD 

(Whitaker et al, 2014) et de la dŽpression (Bondar et al, 2017), comprenant lÕexacerbation 

de la rŽponse de peur (PTSD), le comportement dÕŽvitement et dÕanxiŽtŽ (PTSD, 

dŽpression ; DSM-V), ainsi quÕune altŽration au niveau de lÕaxe HPA (PTSD, dŽpression). 

Le phŽnotype vulnŽrable obtenu apr•s un SCDS peut •tre reversŽ par lÕadministration 

chronique mais non aigue dÕantidŽpresseurs (fluoxetine et imipramine) (Berton et al, 2006; 

Tsankova et al, 2006). De plus, le SCDS diff•re dÕautres paradigmes de stress, comme la 

contention ou la nage forcŽe, de par sa capacitŽ ˆ activer de fa•on continue et ˆ long terme 

la rŽponse neuroendocrine via lÕaxe HPA et la libŽration des catŽcholamines (Koolhaas et 

al, 1997). Son intŽr•t rŽside principalement dans la possibilitŽ dÕŽtudier les diffŽrences 

individuelles quant ˆ la capacitŽ de rŽsister ou non face ˆ un stress chronique.  
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Un des probl•mes majeurs associŽ ˆ ce protocole est lÕobservation de nombreuses blessures 

physiques chez les souris subissant la dŽfaite (Golden et al, 2011). Les blessures physiques 

infligŽes lors des expŽriences nous invitent ˆ rŽflŽchir quant ˆ la pertinence dÕutiliser ce 

paradigme dans le contexte de lÕŽtude du syst•me opio•dergique, dont le r™le premier est le 

contr™le de la douleur. En effet, la douleur engendrŽe par les blessures physiques pourrait 

dŽclencher la libŽration des ENK au niveau central dans les rŽgions du contr™le sensitif et 

Žmotionnel de la douleur dont fait partie le syst•me limbique (Ossipov et al, 2010; 

Waksman et al, 1985; Waksman et al, 1986). De plus, il a ŽtŽ dŽmontrŽ que le stress induit 

par des chocs Žlectriques dans les pattes chez le rat provoque une analgŽsie via lÕactivation 

du syst•me opio•dergique (Amit and Galina, 1986). LÕhypoth•se que les effets du stress sur 

lÕARNm des ENKs (Chapitre 1 Ð Figure 17B) rŽsultent en partie de lÕactivation du syst•me 

de la douleur ne peut donc •tre compl•tement ŽliminŽe. Toutefois, lÕanalgŽsie induite par 

les ENKs ferait intervenir lÕactivation des MOPr plut™t que des DOPr, comme dŽmontrŽ 

par lÕinjection intra-cŽrŽbro-ventriculaire dÕagonistes spŽcifiques de MOPr et DOPr chez la 

souris (Chaillet et al, 1984). Ceci sugg•rerait que les modifications de lÕexpression des 

ARNm de DOPr, que nous avons observŽes (Chapitre1 Ð Figure 17E), ne rŽsultent peu ou 

pas de lÕactivation du syst•me de la douleur.  

 

Nous avons choisi le SCDS comme paradigme de stress chronique pour nos Žtudes car les 

interactions sociales sont la source principale de stress dans la vie quotidienne, rendant le 

mod•le particuli•rement pertinent dÕun point de vue translationnel chez lÕhumain. Le stress 

chronique imprŽvisible consiste ˆ exposer les animaux ˆ un stress diffŽrent chaque jour 

(Berube et al, 2014) et permet aussi de distinguer les deux populations. Les deux 

paradigmes de stress chronique diffŽrent par la nature des stress appliquŽs, la durŽe des 

protocoles et la mŽthode employŽe pour discriminer les rŽsilients des vulnŽrables. 

Reproduire lÕŽtude en utilisant le paradigme du stress chronique imprŽvisible permettrait 

donc dÕinvestiguer la possibilitŽ dÕune signature commune, cÕest-ˆ -dire dÕun mŽcanisme 

universel sous-jacent le r™le des ENKs et DOPr dans la rŽsilience, quel que soit le 

paradigme de stress utilisŽ. 
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3.2 Un dialogue privilŽgiŽ ENK/DOPr entre la BLA et le oriens-CA1-vHPC 
dans la rŽsilience au stress chronique  

 

Les articles de Patrick BŽrubŽ ont mis en Žvidence la contribution fonctionnelle des ENKs 

de la BLA dans le dŽveloppement de la rŽsilience au stress chronique chez le rat (Berube et 

al, 2013; Berube et al, 2014). En effet, il a dŽmontrŽ une diminution de lÕexpression de 

lÕARNm des ENKs dans la BLA postŽrieure (BLAp) chez les animaux vulnŽrables avec un 

paradigme de SCDS (Berube et al, 2013). De plus, lÕinhibition des ENKs, par ARN 

interfŽrent dans ce noyau, a permis de reproduire un phŽnotype vulnŽrable, comme observŽ 

dans un mod•le de stress chronique imprŽvisible (Berube et al, 2014). Dans le chapitre 1 de 

cette th•se, la m•me diminution du niveau des ARNm des ENKs dans la BLA a ŽtŽ 

observŽe chez la souris vulnŽrable avec un paradigme de SCDS (Chapitre 1 Ð Figure 17B). 

Ces rŽsultats sugg•rent quÕun r™le similaire serait exercŽ, par les ENKs de la BLA, dans la 

rŽsilience entre les rongeurs et soul•vent lÕhypoth•se dÕune conservation chez lÕhumain. 

Les Žtudes neuroanatomiques sont essentiellement effectuŽes chez le rat, o• une distinction 

est faite entre la partie antŽrieure (BLAa) et la partie postŽrieure (BLAp) de lÕamygdale 

basolatŽrale, ˆ la diffŽrence de la souris. Pourtant, cette distinction existe bien dans lÕatlas 

de Franklin et Paxinos (The Mouse Brain in Stereotaxic coordinates, 3Žme ƒdition). Chez le 

rat, les neurones exprimant ENK sont principalement localisŽs dans la BLAp tandis quÕils 

sont peu observŽs dans la BLAa (Berube et al, 2013). Comme dŽcrit prŽcŽdemment, la 

diminution de lÕexpression de lÕARNm des ENKs chez les rats vulnŽrables a ŽtŽ observŽe 

dans la BLAp (Berube et al, 2013) tandis que chez la souris, la quantification a ŽtŽ 

effectuŽe dans le noyau au complet (Chapitre 1 Ð Figure 17B). Chez la souris, une rŽponse 

au niveau de lÕexpression de lÕARNm des DOPr a ŽtŽ observŽe dans la couche oriens de la 

rŽgion CA1 de lÕhippocampe ventral (oriens-CA1-vHPF, Chapitre 1 Ð Figure 17E). Or, il a 

ŽtŽ rapportŽ, chez le rat, que les neurones de la BLAa projettent faiblement vers lÕoriens-

CA1-vHPF tandis que ceux de la BLAp y projettent massivement (Petrovich et al, 2001) 

suggŽrant ainsi des r™les bien distincts pour chacune de ces sous-parties. Ainsi, si la 

variation dÕexpression de lÕARNm des ENKs entre les souris rŽsilientes et celles 

vulnŽrables ne sÕapplique que dans un des deux noyaux et que ceux-ci ont bien une 

contribution fonctionnelle distincte chez la souris comme les projections neuronales chez le 
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rat le sugg•rent, le rŽsultat obtenu est probablement Ç diluŽ È par lÕabsence de cette 

distinction anatomique.  

LÕŽtablissement des diffŽrentes stratŽgies dÕadaptation face ˆ un stress chronique est 

associŽ ˆ des changements dans lÕactivitŽ des circuits neuronaux (Reyes et al, 2015). Par 

exemple, lors dÕun stress aigu, lÕactivitŽ du locus coeruleus (LC) est rŽgulŽe ˆ la fois par le 

CRH et les ENKs provenant dÕaffŽrences excitatrices de la CEA et celles inhibitrices du 

PGi, respectivement  (Tjoumakaris et al, 2003). Dans lÕŽtude de Reyes, lÕinjection dÕun 

traceur rŽtrograde dans le LC - combinŽ  ̂ des marquages pour ENK, CRH et cfos 

(activation neuronale) - chez des rats ayant subi un SCDS, a rŽvŽlŽ que les affŽrences 

excitatrices de la voie CRH (LC-CEA) sont engagŽes chez les rats vulnŽrables tandis que ce 

sont les affŽrences inhibitrices de la voie ENK (LC-PGi) qui sont engagŽes chez les rats 

rŽsilients (2015). Ces observations nous invitent ˆ investiguer lÕactivitŽ du circuit neuronal 

entre la BLA et lÕoriens-CA1-vHPF en condition de SCDS chez la souris. Ë cette fin, une 

Žtude neuroanatomique de tra•age neuronal pourrait •tre effectuŽe en condition normale et 

de SCDS. Pour cela, injecter dans la BLA un virus anterograde Cre-dŽpendant dans des 

souris pENK-Cre (la recombinase Cre sÕexprime uniquement dans les neurones ENK) 

prŽalablement croisŽes avec les souris knockin pour DOPr-eGFP (Scherrer et al, 2006) 

permettrait dÕŽvaluer si les projections ENK de la BLA vers les neurones positifs pour 

DOPr dans lÕoriens-CA1-vHPF sont engagŽes chez les animaux rŽsilients ˆ la diffŽrence 

des vulnŽrables.  

 

3.3 LÕexpression des ARNm DOPr est diminuŽe dans le oriens-CA1-vHPC des 
souris vulnŽrables : Que sont ces neurones exprimant DOPr?  

 
Notre premi•re Žtude a montrŽ que les souris vulnŽrables prŽsentaient une diminution des 

ARNm de DOPr au niveau de oriens-CA1-vHPC (Chapitre 1 ÐFigure 17E). Une Žtude a 

montrŽ que lÕactivation optogŽnŽtique des affŽrences glutamatergiques de la BLA vers le 

vHPC favoriserait un comportement anxieux chez la souris dans le labyrinthe en croix 

surŽlevŽ et dans le test de lÕÇ open-field È. Ë lÕinverse, son inhibition exercerait lÕeffet 

opposŽ (Felix-Ortiz et al, 2013). Ces travaux nous sugg•rent que la signalisation 
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ENK/DOPr ferait partie de ces affŽrences inhibitrices projetant de la BLA vers le vHPC 

dans le but de moduler le comportement anxieux.  

Nous pouvons alors nous questionner sur lÕidentitŽ de ces neurones exprimant DOPr dans 

lÕoriens-CA1-vHPC. Les neurones contenant DOPr dans lÕoriens-CA1-vHPC comprennent 

des interneurones GABAergiques chez le rat (Commons and Milner, 1997). Les ARNm de 

DOPr sont connus pour •tre principalement exprimŽs dans les neurones positifs pour la 

parvalbumine (PV+) et moindrement, dans les neurones positifs pour la somatostatine 

(SOM+) tandis quÕils sont compl•tement absents des neurones positifs pour la calrŽtinine 

chez le rat (Stumm et al, 2004). Une Žtude in vitro, sur coupe dÕhippocampe de rat, a 

suggŽrŽ que les interneurones de l'oriens dans la rŽgion CA1 ciblant directement les 

neurones pyramidaux (cellules ˆ panier et axo-axoniques) expriment principalement MOPr, 

tandis que DOPr serait contenu dans les neurones ciblant les autres couches (cellules 

oriens-lacunosum moleculare, OLM et cellules bistratifiŽes) (Svoboda et al, 1999).  

 

3.4 Le SNC80 : avantages et inconvŽnients  
 

Le SNC80 est un agoniste non-peptidique de DOPr (Bilsky et al, 1995) facilement 

disponible et peu dispendieux (structure chimique prŽsentŽe en Figure 29 Ð section 3.8). Il 

est abondamment utilisŽ dans la recherche depuis sa synth•se en 1994 (Calderon et al, 

1994). De plus, il peut •tre administrŽ en pŽriphŽrie tout en ayant un effet central, il 

traverse la barri•re hŽmato-encŽphalique ˆ la diffŽrence des neuropeptides (Bilsky et al, 

1995). Chez le rat, le SNC80 induit un effet supŽrieur aux antidŽpresseurs traditionnels 

dans le test de nage forcŽe (Broom et al, 2002a) et facilite lÕexploration dans les bras 

ouverts du labyrinthe en croix surŽlevŽ (Perrine et al, 2006; Saitoh et al, 2005). 

Un des inconvŽnients majeurs du SNC80 est sa propension ˆ induire des crises Žpileptiques 

de courte durŽe mais non lŽtales chez le rongeur, ainsi quÕune hyperlocomotion (Broom et 

al, 2002b; Jutkiewicz et al, 2005). Les crises peuvent induire une br•ve catalepsie 

susceptible dÕaffecter la capacitŽ dÕŽchappement de la souris pendant la dŽfaite sociale. Ë 

lÕinverse, lÕhyperlocomotion augmenterait la capacitŽ dÕŽchappement de la souris 

(Jutkiewicz et al, 2005). Lors de mes expŽriences, le SNC80 a ŽtŽ injectŽ ˆ 10 mg/kg entre 

30 minutes et 1 heure avant le SCDS, le test de nage forcŽe ou le test de suspension par la 
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queue, afin dÕŽviter ces inconvŽnients (Chapitre 1- Figure 18). De plus, il a ŽtŽ montrŽ, 

chez le rat, que les crises dÕŽpilepsie nÕinterfŽraient pas avec lÕeffet anxiolytique du SNC80 

dans un test de nage forcŽe (Jutkiewicz et al, 2005).  

Dans le contexte du contr™le de la douleur chez la souris, il a ŽtŽ montrŽ que 

lÕadministration aigŸe du SNC80 permet une rŽponse analgŽsique. Ë la seconde injection, 

une forte internalisation du rŽcepteur, due ˆ sa phosphorylation et au dŽcouplage de la 

protŽine G, est observŽe abolissant les effets analgŽsiques du SNC80. Cette 

dŽsensibilisation du rŽcepteur est transitoire car 24 heures plus tard, DOPr est ˆ nouveau 

localisŽ ˆ la membrane plasmique (Pradhan et al, 2009). Apr•s 5 jours de traitement 

quotidien au SNC80, une tolŽrance aux effets analgŽsiques, locomoteurs et anxiolytiques 

est observŽe (Pradhan et al, 2010). ConsidŽrant que lÕeffet anxiolytique du SNC80 est aussi 

sujet ˆ la tolŽrance, nous pouvons nous demander si la drogue nÕaurait pas exercŽ un effet 

uniquement les premiers jours de traitement pendant le SCDS. Ainsi, continuer le 

traitement au SNC80 pour tenter dÕaugmenter davantage le nombre de rŽsilients ou de 

diminuer le SO serait inutile. DÕautres molŽcules peuvent •tre utilisŽes pour diminuer 

lÕeffet de tolŽrance. Cette option sera discutŽe dans la derni•re partie de la discussion 

intitulŽe ThŽrapies. 

 

3.5 Perspectives : premi•re partie du chapitre 1  
 

De nombreuses perspectives Žmergent directement des rŽsultats obtenus dans le chapitre 1. 

En effet, les observations concernant les niveaux de DOPr se sont concentrŽes sur 

lÕhippocampe. Cependant, le PFC (infralimbique, en particulier), lÕAMG, la VTA et le NAc 

sont, entre autres, des rŽgions ˆ investiguer. Comme prŽsentŽ dans la revue (Henry et al, 

2017), lÕactivation de MOPr et DOPr semble produire des effets opposŽs en ce qui 

concerne lÕanxiŽtŽ : DOPr est gŽnŽralement prŽsentŽ comme anxiolytique tandis que MOPr 

exercerait un effet inverse (Filliol  et al, 2000). Cependant, certaines Žtudes ne vont pas dans 

ce sens (Chu Sin Chung et al, 2015; Wilson and Junor, 2008). Ë lÕaide dÕun mod•le murin 

de dŽlŽtion de DOPr uniquement dans les neurones GABAergiques du cerveau antŽrieur 

(Ç forebrain È), lÕŽtude de Chu Sin Chung et al. (2015) a mis en lumi•re un r™le 

anxiogŽnique dÕune sous-population de neurones GABAergiques exprimant DOPr au sein 
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de ces structures. LÕinfusion dÕun agoniste spŽcifique de MOPr dans la CEA chez le rat a 

rŽvŽlŽ des effets opposŽs selon le mod•le utilisŽ : la micro-injection de DAMGO a diminuŽ 

le niveau dÕanxiŽtŽ dans le labyrinthe en croix surŽlevŽ tandis quÕelle lÕaugmentait dans le 

test dÕenfouissement dŽfensif (Wilson et al, 2008). Ces rŽsultats sugg•rent que lÕeffet de 

lÕactivation de MOPr et DOPr est spŽcifique aux contextes et aux structures ŽtudiŽs. Ainsi, 

il semble indispensable de quantifier MOPr en condition de stress social dans lÕoriens-

CA1-vHPC mais aussi, dans les rŽgions prŽcŽdemment citŽes. Il serait aussi intŽressant 

dÕactiver MOPr avec un agoniste comme le DAMGO dont la spŽcificitŽ pour MOPr est 

avŽrŽe (Onogi et al, 1995). Enfin, inhiber de fa•on systŽmique et ponctuellement DOPr ou 

MOPr dans les structures clŽs du cerveau dŽjˆ mentionnŽes permettrait dÕŽlucider 

davantage la contribution fonctionnelle de DOPr et MOPr dans la rŽsilience au stress 

chronique. Pour cela, des approches gŽnŽtiques (Chu Sin Chung et al, 2015), par ARN 

interfŽrents (Berube et al, 2014), ou par micro-infusion dÕagonistes et dÕantagonistes 

(Wilson et al, 2008) peuvent •tre employŽes.  

 

Les rŽcepteurs opio•dergiques, comme de nombreux rŽcepteurs couplŽs aux protŽines G, 

sont capables de sÕhŽtŽrodimŽriser (Bouvier, 2001; George et al, 2000; Jordan and Devi, 

1999). LÕhŽtŽrodimŽrisation permet dÕexercer des effets distincts de ceux observŽs avec 

lÕhomodimŽrisation, suggŽrant des retombŽes majeures en mati•re de thŽrapie (Jordan et al, 

1999). En effet, depuis la dŽcouverte de la formation dÕun hŽtŽrom•re MOPr-DOPr 

(George et al, 2000), une vaste littŽrature fait Žtat notamment de lÕimportance de cet 

hŽtŽrom•re dans le traitement des douleurs aigues et chroniques (Ong and Cahill, 2014). 

Gomes et al. ont dŽmontrŽ lÕeffet synergique rŽsultant de lÕactivation simultanŽe des deux 

rŽcepteurs (Gomes et al, 2004). Cependant, la formation des hŽtŽrom•res entre rŽcepteurs 

opio•dergiques est encore sujette ˆ controverse : la plupart des Žtudes ont ŽtŽ menŽes in 

vitro, ne rŽvŽlant pas forcŽment une rŽalitŽ au niveau physiologique (Gendron et al, 2016; 

Kabli et al, 2014). Une Žtude a montrŽ que le SNC80, connu pour cibler de fa•on sŽlective 

DOPr, est aussi capable dÕactiver lÕhŽtŽrom•re MOPr/DOPr in vitro (Metcalf et al, 2012). 

La co-localisation de MOPr et DOPr a ŽtŽ observŽe dans le CA1-vHPC des souris double 

knockin pour MOPr-mcherry et DOPr-eGFP, en condition basale par immunofluorescence. 

De plus, lÕinteraction de MOPr et DOPr a ŽtŽ dŽmontrŽ par co-immunoprŽcipitation sur 
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lÕhippocampe total (Erbs et al, 2015). Ces Žtudes sugg•rent que lÕactivation de lÕhŽtŽrom•re 

MOPr-DOPr pourrait aussi •tre responsable des effets observŽs du SNC80 (Chapitre 1 Ð 

Figure 18). Combiner agoniste/antagoniste de MOPr et DOPr, respectivement et 

inversement, permettraient dÕŽvaluer quel rŽcepteur est principalement responsable des 

effets observŽs (Jordan et al, 1999). Enfin, lÕutilisation du mod•le de souris double knockin 

pour MOPr-mcherry et DOPr-eGFP (Erbs et al, 2015) pourrait servir ˆ rŽvŽler la 

potentielle formation dÕhŽtŽrom•res MOPr-DOPr par co-immunoprŽcipitation dans le 

contexte du SCDS.  

Pour une perspective ˆ plus long terme, lÕoptogŽn•tique serait un outil intŽressant pour 

dŽcrire prŽcisŽment la contribution fonctionnelle de la signalisation ENK/DOPr entre la 

BLA et lÕoriens-CA1-vHPC dans le dŽveloppement de la rŽsilience au stress chronique. Un 

adŽnovirus, dŽpendant dÕune recombinase Cre, exprimant une channelrhodopsin (sonde 

excitatrice) ou une halorhodopsin (sonde inhibitrice) serait injectŽ dans la BLA de souris 

pENK-Cre et la canule placŽe dans lÕoriens-CA1-vHPC (Challis et al, 2014). Apr•s 

rŽtablissement, les souris seraient soumises ˆ un SCDS modifiŽ (Challis et al, 2014; Challis 

et al, 2013): apr•s les 5 minutes de contact physique avec lÕagresseur, les souris seraient 

dŽplacŽes de lÕautre c™tŽ de la paroi en plexiglas pour un contact sensoriel de 20 minutes 

durant lequel la souris recevrait une stimulation au laser pour stimuler ou inhiber la voie 

dÕintŽr•t par la lumi•re. Les souris retourneraient ensuite dans leur cage jusquÕˆ la 

prochaine dŽfaite pendant les 10 jours de protocole. En effet, il a ŽtŽ montrŽ que la pŽriode 

critique, conduisant ˆ lÕŽvitement social caractŽristique du phŽnotype vulnŽrable, 

correspond aux 20 minutes de contact sensoriel apr•s le contact physique (Challis et al, 

2013). Leur niveau dÕanxiŽtŽ serait ŽvaluŽ avec un test dÕinteraction sociale. Un phŽnotype 

vulnŽrable serait attendu suite ˆ la photo-inhibition, tandis que la photo-stimulation devrait 

favoriser lÕapparition dÕun phŽnotype rŽsilient. 

 

3.6 DOPr favorise naturellement la rŽsilience en rŽduisant les effets dŽlŽt•res 
du stress oxydatif induit par le stress chronique.  

 

Nos analyses ultrastructurelles ont mis en Žvidence un nouveau mŽcanisme par lequel 

DOPr pourrait favoriser la rŽsilience au stress social chronique (Chapitre 1 et 2 Ð Figures 
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19 ˆ 21 et 25 ˆ 27). Les neurones sombres Žtaient moins nombreux avec le traitement au 

SNC80 dans les diffŽrentes couches du CA1-vHPC analysŽes. L'aspect sombre de ces 

neurones en microscopie Žlectronique serait dž au cytoplasme et au noyau devenus denses 

aux Žlectrons. Les tissus cŽrŽbraux ont ŽtŽ post-fixŽs avec du tŽtroxyde d'osmium, qui 

oxyde les acides gras insaturŽs. La rŽduction du tŽtroxyde d'osmium conduit ˆ un osmium 

mŽtallique noir, dense aux Žlectrons (Di Scipio et al, 2008). De plus, le tŽtroxyde d'osmium 

a une affinitŽ pour les protŽines oxydables (Wigglesworth, 1964). Cette haute affinitŽ 

expliquerait la variabilitŽ des niveaux de gris observŽs dans les organites, et l'apparence 

sombre des neurones, dans ce contexte, serait due ˆ la modification des composants 

protŽiques et lipidiques du cytoplasme et du nuclŽoplasme. Les neurones sombres ont dŽjˆ 

ŽtŽ documentŽs en condition pathologique chez lÕhumain, comme lÕischŽmie (Jenkins et al, 

1981) ou lÕŽpilepsie (Ingvar et al, 1988) et dans le dŽveloppement post-natal du cortex chez 

le rat (Caley and Maxwell, 1968). Ils ont aussi ŽtŽ observŽs dans des mod•les murins de 

vieillissement normal (Tremblay et al, 2012) ou pathologique comme la maladie 

dÕHuntington (Turmaine et al, 2000) ou dÕAlzheimer (Yang et al, 2008). Il a ŽtŽ montrŽ que 

m•me si une majoritŽ de neurones sombres sont dans une voie de dŽgŽnŽrescence, un sous-

ensemble pourrait spontanŽment recouvrir leur Žtat de santŽ normal (Csordas et al, 2003). 

Dans ce contexte, nous pouvons nous demander si le traitement au SNC80 emp•cherait ˆ 

lÕorigine les dommages oxydatifs sÕaccumulant au cours du paradigme de SCDS, ou sÕil 

restaurerait apr•s dommages lÕŽtat de santŽ des neurones sombres.  

 

La dilatation du RE est la marque de SO la plus dŽcrite dans la littŽrature (Schonthal, 

2012). Notre Žtude a montrŽ une diminution du nombre de neurones, pyramidaux et 

interneurones du CA1-vHPC, prŽsentant un RE dilatŽ (Chapitre 1 Ð Figures 19 ˆ 21). Le 

dŽsŽquilibre du milieu redox est un des nombreux facteurs susceptibles dÕengendrer le 

stress du RE conduisant ˆ une accumulation pathologique de protŽines mal conformŽes 

dans sa lumi•re. Les cellules peuvent dŽclencher une rŽponse, appelŽe rŽponse cellulaire 

aux protŽines mal conformŽes ou Ç Unfolded protein response È (UPR), afin de replier 

correctement leurs protŽines. Chez les animaux stressŽs, le syst•me est possiblement saturŽ 

et lÕUPR provoque l'apoptose au lieu de restaurer l'homŽostasie et de favoriser la survie 

neuronale (Ron et al, 2007). Comme suggŽrŽ dans la discussion de lÕarticle, l'administration 
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de SNC80 pourrait directement favoriser l'UPR. Pour rŽpondre ˆ cette question, des 

analyses du stress du RE et de lÕactivitŽ UPR pourraient •tre conduites aux niveaux 

cellulaires et molŽculaires, notamment par l'Žvaluation de l'activation de plusieurs 

rŽgulateurs de lÕUPR ainsi que lÕexpression de protŽines chaperonnes responsables du bon 

repliement des protŽines. La quantification par western blot de la phosphorylation de IRE1$ 

(Ç inositol-requiring enzyme 1 alpha È) et PERK (Ç protein kinase RNA (PKR)-like ER 

kinase È), des kinases localisŽes sur la membrane du RE qui sÕauto-phosphorylent lors du 

stress du RE, permettrait dÕŽvaluer efficacement lÕactivitŽ UPR (Oslowski and Urano, 

2011).   

 

LÕanalyse morphologique par microscopie Žlectronique des mitochondries, en condition de 

stress avec le traitement, a rŽvŽlŽ que le SNC80 semblait amŽliorer l'intŽgritŽ 

mitochondriale sans aucun effet sur leur taille. De plus, le SNC80 a significativement 

modifiŽ la forme des mitochondries, en particulier chez les souris vulnŽrables, ce qui 

sugg•re que le SNC80 serait capable de restaurer les effets dŽlŽt•res induits par le stress 

chronique (Chapitre 2 Ð Figures 25 ˆ 27). Ces rŽsultats confirment ceux obtenus dans le 

premier chapitre. Les changements morphologiques des mitochondries sont Žtroitement liŽs 

ˆ leurs fonctions (Brocard et al, 2003). Elles subissent constamment un remodelage 

structurel tant en conditions normales que pathologiques. Deux phŽnom•nes peuvent •tre 

observŽs : la fusion et la fission. Ces processus peuvent se produire en simultanŽ et sont 

Žtroitement influencŽs par les changements mŽtaboliques et pathologiques survenant au 

sein de la mitochondrie elle-m•me ou dans son environnement. Ils contribuent au contr™le 

de qualitŽ de la mitochondrie. En effet, la fusion dÕune mitochondrie avec celle(s) 

avoisinante(s) permet de maitriser un stress environnemental en diluant le contenu en ADN 

de la mitochondrie altŽrŽe, en plus de favoriser un Žchange de protŽines et de lipides. La 

fission permet de crŽer de nouvelles mitochondries mais aussi, de gŽnŽrer des 

mitochondries de moindre taille plus faciles ˆ Žliminer par autophagie (Twig et al, 2008; 

van der Bliek et al, 2013; Youle and van der Bliek, 2012). Une Žtude a montrŽ que la 

distinction entre les Žv•nements de fusion et de fission pourrait renseigner sur la destinŽe de 

la mitochondrie. Le pŽrim•tre des mitochondries serait positivement corrŽlŽ avec un 

phŽnom•ne de fission tandis que leur soliditŽ serait associŽe ˆ la fusion. Les mitochondries 
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avec un plus grand pŽrim•tre tŽmoignant dÕun gonflement ont plus tendance ˆ se 

fragmenter (Westrate et al, 2014). Comme mentionnŽ dans les rŽsultats du chapitre 2, la 

soliditŽ reprŽsente le ratio de lÕaire totale sur lÕaire convexe (plus petit polygone formŽ 

autour de lÕobjet contenant tous les pixels de lÕobjet). Ainsi, une soliditŽ tendant vers 0 

correspond ˆ une morphologie plus tortueuse avec davantage de branchements tandis 

quÕune soliditŽ approchant 1 tŽmoigne dÕune structure plus uniforme et compacte. Dans 

notre Žtude, peu importe la couche du CA1-vHPC observŽe (strata pyramidale, oriens, 

radiatum), aucune diffŽrence significative nÕa ŽtŽ observŽe quant au pŽrim•tre des 

mitochondries. En revanche, le SNC80 semble rŽtablir la soliditŽ ˆ un niveau proche de 1 

pour les individus vulnŽrables. Ces rŽsultats nous sugg•rent que le SNC80 pourrait 

favoriser la fusion des mitochondries afin de les maintenir en santŽ. Ainsi, la fusion 

mitochondriale serait un des mŽcanismes par lequel lÕactivation endog•ne de DOPr 

favoriserait la rŽsilience au stress chronique. La reconstruction 3D des mitochondries avec 

un microscope Žlectronique ˆ balayage aiderait ˆ prŽciser les changements structurels 

survenus lors du stress et avec le traitement au SNC80 (Lea et al, 1994).  

 

LÕanalyse molŽculaire par western blot a montrŽ que le SNC80 augmente l'expression des 

complexes III et V impliquŽs dans la cha”ne respiratoire suggŽrant quÕil favorise aussi leur 

activitŽ (Chapitre 2 Ð Figure 28). NŽanmoins, la condition de stress n'a pas modifiŽ 

l'expression de ces complexes suggŽrant que le SNC80 ne restaurerait pas leur niveau 

d'expression. Un stress chronique imprŽvisible, chez le rat, inhibe lÕactivitŽ des complexes 

I, III et IV de la cha”ne respiratoire dans le cortex et le cervelet (Rezin et al, 2008). Le 

stress chronique rŽpŽtŽ, chez le rat, augmente aussi le niveau des protŽines des complexes I, 

II, III dans le PFC tandis quÕil diminue le niveau des protŽines du complexe IV dans 

lÕhippocampe (Xing et al, 2013). LÕactivation pharmacologique de DOPr diminue les 

dommages neuronaux induits par lÕinhibition du complexe IV de la cha”ne respiratoire 

mitochondriale (Zhu et al, 2009). Il a ŽtŽ montrŽ que lÕŽpicatechin, un puissant antioxydant, 

connu pour ses propriŽtŽs protectrices cardiaques chez lÕhumain, est capable de moduler la 

morphologie et la fonction des mitochondries via son activitŽ de liaison ˆ DOPr au niveau 

du cÏur chez la souris (Panneerselvam et al, 2013). Dans notre Žtude, le stress nÕa eu aucun 

effet significatif sur lÕexpression de la Mn-SOD (Chapitre 2 Ð Figure 28H) contredisant 
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Patki et coll•gues (2013) qui ont montrŽ une diminution de lÕexpression de la Mn-SOD 

dans lÕhippocampe de rat apr•s un SCDS. La contradiction apparente entre nos rŽsultats et 

la littŽrature peut sÕexpliquer par les diffŽrents mod•les animaux et les stresseurs utilisŽs. 

De plus, nos Žtudes ultrastructurelles ont ŽtŽ conduites dans la rŽgion CA1-vHPC alors que 

le western blot a ŽtŽ effectuŽ sur lÕhippocampe complet pouvant expliquer, en partie, 

lÕabsence de rŽsultats concluants avec le SNC80. En effet, la compartimentation 

dorsale/intermŽdiaire/ventrale de lÕhippocampe nÕest pas seulement une distinction 

anatomique mais rŽv•le aussi des fonctions diffŽrentes, et il en va de m•me pour les rŽgions 

CA1, CA2, CA3 et le gyrus dentŽ (Fanselow and Dong, 2010).  

Ainsi, lÕŽtude molŽculaire nÕa pas permis de dŽterminer quelle(s) protŽine(s) le SNC80 

ciblerait pour rŽtablir l'effet dŽlŽt•re induit par le stress chronique. La/les cible(s) 

molŽculaire(s) exacte(s) du DOPr endog•ne favorisant la capacitŽ naturelle dÕadaptation 

face au stress chronique demeure(nt) donc inconnue(s). Des recherches plus approfondies 

devront •tre conduites. Les enzymes gluthation peroxydase et rŽductase ainsi que le niveau 

dÕoxydation des protŽines pourraient •tre testŽes par western blot pour finaliser lÕŽtude 

(Patki et al, 2013).  

 

3.7 Hypoth•ses de mŽcanismes entre l'activation endog•ne de DOPr et le 
maintien d'un statut oxydatif contr™lŽ chez les rŽsilients 

!
LÕeffet neuroprotecteur de lÕactivation de DOPr contre le SO a ŽtŽ dŽmontrŽ dans le 

cerveau ischŽmique de rat (Yang et al, 2009). Dans cet article, lÕactivation de DOPr 

attŽnuait le SO induit par la blessure ischŽmique, effectuŽ par suture de lÕart•re cŽrŽbrale 

pendant 2 heures, en favorisant la capacitŽ antioxydante des neurones hippocampaux et 

corticaux. En effet, la stimulation de DOPr a rŽduit la production de radicaux libres en 

inhibant lÕactivitŽ caspase, sans interfŽrer avec lÕaugmentation de lÕexpression des 

cytokines pro-inflammatoires (interleukine IL1# et facteur de nŽcrose tumorale TNF$) 

induite par lÕischŽmie. Il avait ŽtŽ prŽcŽdemment montrŽ in vitro que lÕeffet neuroprotecteur 

de lÕactivation de DOPr recrutait la voie des kinases ERK (Ma et al, 2005; Narita et al, 

2006). Cependant, in vivo, lÕinhibition pharmacologique de la kinase ERK a conduit, dans 

cette Žtude de Yang et al., ˆ la mort prŽmaturŽe des animaux ischŽmiques traitŽs ou non 
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avec lÕagoniste de DOPr, dŽmontrant ainsi que lÕactivation de DOPr nÕest pas suffisante 

pour rŽtablir les effets exacerbŽs de lÕischŽmie dus ˆ lÕinhibition de ERK (Yang et al, 

2009). LÕactivation de DOPr semble aussi inhiber la production dÕoxyde nitrique (NO) et 

par consŽquent, lÕactivitŽ de la caspase 3. En effet, une importante production de NO 

conduit ˆ la libŽration du cytochrome c de la mitochondrie conduisant ultimement ˆ 

lÕapoptose (Ryter et al, 2007). Une autre Žtude a montrŽ que lÕactivation de DOPr permet 

de restaurer les effets dŽlŽt•res provoquŽs par le dysfonctionnement mitochondrial, incluant 

la dŽpolarisation de la membrane mitochondriale, la surcharge calcique et la production de 

ROS. De la m•me mani•re, lÕactivation de DOPr inhiberait la libŽration de cytochrome c et 

lÕactivation de la caspase 3. Cet effet neuroprotecteur ferait aussi intervenir la voie PKC-

ERK et en particulier, la kinase ERK mitochondriale (Zhu et al, 2011).  

 

Une autre hypoth•se, faisant intervenir le facteur neurotrophique dŽrivŽ du cerveau 

(BDNF), peut aussi •tre proposŽe pour expliquer le mŽcanisme dÕaction de la stimulation 

de DOPr sur le maintien du statut oxydatif contr™lŽ dans les neurones hippocampaux chez 

les rŽsilients. Le BDNF est un mŽdiateur clŽ de la rŽsilience au stress chronique (Berton et 

al, 2006). Alors que lÕexpression du BDNF est augmentŽe dans le NAc chez la souris 

vulnŽrable (Krishnan et al, 2007), son expression est augmentŽe dans le gyrus dentŽ des 

rats rŽsilients au stress chronique (Duclot et al, 2013; Taliaz et al, 2011). DÕautre part, des 

Žtudes ont montrŽ que lÕadministration dÕun agoniste de DOPr conduit ˆ lÕaugmentation du 

BDNF dans lÕhippocampe chez le rat, produisant un effet antidŽpresseur (Torregrossa et al, 

2006; Zhang et al, 2006). Le SO a ŽtŽ associŽ ˆ une diminution du BDNF dans certaines 

pathologies psychiatriques, comme les troubles bipolaires et la schizophrŽnie (Kapczinski 

et al, 2008; Zhang et al, 2015). La diminution du BDNF est davantage prŽsentŽe comme 

une consŽquence du SO et non lÕinverse. Cependant, la littŽrature reste modeste ˆ ce sujet 

et lÕhypoth•se est ˆ approfondir.   

 

3.8 ThŽrapies 
 

Cette th•se avait pour objectif la caractŽrisation de la transmission ENK via DOPr dans le 

contexte de la rŽsilience au stress. Elle visait ˆ Žlucider les mŽcanismes fondamentaux 
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impliquŽs. JÕai donc tr•s peu abordŽ le potentiel thŽrapeutique Žmanant de ces travaux. 

JÕaborderai ce sujet dans la partie qui suit. Les rŽcepteurs opio•dergiques sont pressentis 

comme cible thŽrapeutique pour les troubles de lÕanxiŽtŽ depuis des dŽcennies (Emrich et 

al, 1982a; Emrich et al, 1982b). LÕopium et la morphine sont utilisŽs depuis des si•cles 

pour leurs effets euphorisants et anxiolytiques. Les nombreux effets secondaires, comme la 

constipation ou les risques dÕarr•t respiratoire, et la dŽpendance qui y sont associŽs, ont 

limitŽ leurs perspectives dÕutilisation dans le cadre des troubles anxieux. Cependant, de 

nombreux composŽs ont ŽtŽ dŽveloppŽs ces derni•res annŽes afin de rŽduire au maximum 

ces effets secondaires, tout en maintenant les effets anxiolytiques. Bien que le potentiel 

thŽrapeutique du SNC80 semble important, ce composŽ peut induire des convulsions, une 

hyperlocomotion et il induit une forte tolŽrance, limitant son utilisation en traitement 

chronique. Une revue de 2006 a mis lÕaccent sur les molŽcules ciblant DOPr dŽveloppŽes ˆ 

ce moment et dŽpourvues dÕactivitŽ convulsivante (Jutkiewicz, 2006). Plus rŽcemment, une 

revue a compilŽ la littŽrature ˆ ce sujet (Dripps and Jutkiewicz, 2017). Les agonistes de 

DOPr (ARM390, ADL5747, ADL5859, KNT127, AZD2327), prŽsentŽs dans le paragraphe 

suivant, ont ŽtŽ testŽs pour leur effet analgŽsique, antidŽpresseur ou anxiolytique (structures 

chimiques en Figure 29).  

LÕARM390 et le SNC80 ont des propriŽtŽs communes considŽrant leur liaison ˆ DOPr et 

leur effet analgŽsique. LÕadministration ponctuelle dÕARM390 chez la souris ne conduit pas 

ˆ une dŽsensibilisation du rŽcepteur ˆ la diffŽrence du SNC80 (Pradhan et al, 2009). Le 

traitement chronique induit toutefois une tolŽrance au niveau des effets analgŽsiques pour 

les deux drogues. Cependant, la tolŽrance nÕest pas observŽe pour les effets locomoteurs et 

anxiolytiques avec lÕadministration de lÕARM390 faisant de cette molŽcule une 

amŽlioration concr•te par rapport au SNC80 (Pradhan et al, 2010). LÕADL5747 et 

lÕADL5859 rŽduisent lÕinflammation et la douleur neuropathique chez la souris, sans 

affecter la locomotion, ni conduire ˆ lÕinternalisation du rŽcepteur (Nozaki et al, 2012). 

LÕADL5859 montre une spŽcificitŽ dix fois plus ŽlevŽe pour DOPr que pour lÕhŽtŽrom•re 

MOPr-DOPr (van Rijn et al, 2013). Un traitement aigu avec le KNT127, chez la souris, 

exerce un effet analgŽsique dans la douleur inflammatoire induite et un effet antidŽpresseur, 

dans le test de nage forcŽe, sans affecter la locomotion ni induire une forte internalisation. 

Le traitement chronique conduit ˆ une tolŽrance de lÕeffet analgŽsique mais pas pour lÕeffet 
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antidŽpresseur (Nozaki et al, 2014). Bien que les Žtudes chez les rongeurs et les singes aient 

rŽvŽlŽ des effets antidŽpresseurs et anxiolytiques prometteurs pour lÕAZD2327 sans effet de 

tolŽrance (Hudzik et al, 2011; Hudzik et al, 2014), lÕŽtude prŽclinique chez des patients 

atteints de dŽpression anxieuse nÕa pas permis dÕobtenir des rŽsultats concluants (Richards 

et al, 2016).  

 

 

Figure 29 : Structures chimiques dÕagonistes de DOPr (SNC80, ARM390, ADL5747, 
ADL5859, KNT127, AZD2327). 
 

DÕapr•s les rŽsultats et conclusions prŽsentŽs dans cette th•se, une approche thŽrapeutique 

intŽressante pour traiter les troubles liŽs au stress chronique et anxieux serait de conjuguer 

un agoniste de DOPr dŽpourvu dÕeffet secondaire avec des antioxydants. Les antioxydants 

se dŽfinissent comme toute molŽcule retardant, prŽvenant ou diminuant les dommages 

oxydatifs dans le but de prŽvenir le SO en contrant les effets dŽlŽt•res provoquŽs par 

lÕexc•s de  ROS (Halliwell and Gutteridge, 2007). Parmi ces molŽcules antioxydantes, on 
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compte les enzymes (superoxyde dismutase, catalaseÉ) et les composŽs non enzymatiques, 

comme les vitamines ou encore les polyphŽnols contenus dans les fruits et les lŽgumes. Les 

antioxydants sont dŽjˆ utilisŽs pour le traitement de certaines pathologies. LÕedaravone est 

un composŽ mimant les phŽnols, utilisŽ au Japon pour diminuer les dommages dus ˆ une 

ischŽmie. Ce composŽ prŽsente une activitŽ antioxydante in vitro (Nishinaka et al, 2010), 

rŽduit les dommages dans le cerveau ischŽmique de souris (Zhang et al, 2005) et montre de 

tr•s bons rŽsultats chez les patients (Miyaji  et al, 2015). Son efficacitŽ a aussi ŽtŽ rapportŽe 

dans lÕencŽphalopathie liŽe ˆ une hypoxie-ischŽmie chez le nouveau-nŽ (Noor et al, 2005). 

Il a aussi ŽtŽ testŽ dans un mod•le murin de sclŽrose latŽrale amyotrophique (SLA  

(Takahashi, 2009)) et vient dÕ•tre validŽ pour le traitement de la SLA (Rothstein, 2017). 

Une abondante littŽrature fait Žtat dÕune potentielle utilisation dÕantioxydants pour traiter 

dÕautres maladies neurodŽgŽnŽratives comme la maladie dÕAlzheimer et le Parkinson 

(McBean et al, 2017), mais aussi pour les dŽsordres neuropsychiatriques comme la 

schizophrŽnie, les troubles bipolaires, les troubles anxieux et la dŽpression (Salim, 2014).  

En 2013 et 2016, deux revues compilaient la littŽrature au sujet de nouvelles potentielles 

thŽrapies pour la dŽpression ciblant certaines molŽcules du SO et du stress nitrosatif (Lee et 

al, 2013; Maurya et al, 2016). Parmi celles-ci, lÕacide ascorbique et le tocophŽrol sont 

capables de prŽvenir les altŽrations de lÕactivitŽ des complexes II et IV de la cha”ne 

respiratoire mitochondriale induit par un stress chronique chez le rat, tout en restaurant les 

perturbations cognitives associŽes au stress chronique (Tagliari et al, 2010; Tagliari et al, 

2011). La minocycline, un antibiotique ˆ fort pouvoir antioxydant normalisant lÕactivitŽ 

microgliale, a montrŽ des rŽsultats prometteurs en complŽment dÕun traitement pour la 

dŽpression majeure dans une Žtude prŽclinique (Dean et al, 2014). Enfin, le resvŽratrol, un 

polyphŽnol composant du raisin, connu pour ses propriŽtŽs antivieillissement (Pandey and 

Rizvi, 2013) a montrŽ des effets antidŽpresseurs chez la souris par une rŽgulation du BDNF 

au niveau de lÕhippocampe (Ali  et al, 2015). De nombreuses molŽcules antioxydantes sont 

en cours ou en voie dÕ•tre testŽes. Les rŽsultats obtenus jusquÕalors sont souvent 

contradictoires dŽmontrant la nŽcessitŽ de la recherche dans ce domaine.  
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4 CONCLUSION  
 
Le stress chronique est la pathologie du XXIe si•cle dont lÕissue la plus dŽvastatrice est la 

dŽpression chronique. Plus de 300 millions de personnes en sont atteintes dans le monde 

entier dŽmontrant lÕurgence de trouver des traitements pour guŽrir au mieux cette maladie 

tr•s hŽtŽrog•ne. Les thŽrapies contre la dŽpression ont stagnŽ depuis des dŽcennies. 

AujourdÕhui, de nombreuses pistes prometteuses sont en cours dÕinvestigation.  

Le SO Žtait au centre de lÕattention il y a 15 ans, prŽsentŽ comme un accŽlŽrateur du 

vieillissement. Il revient aujourdÕhui ˆ la mode, notamment avec lÕutilisation dÕun 

antioxydant, lÕedaravone, comme traitement contre la sclŽrose latŽrale amyotrophique. Le 

lien avec le stress psychologique chronique est apparu en 2000, et a ŽtŽ ponctuellement 

ŽtudiŽ depuis, pointant du doigt une piste prometteuse pour le dŽveloppement de thŽrapies.  

Dans cette th•se, nous nous sommes principalement concentrŽs sur les mŽcanismes 

fondamentaux de la rŽsilience au stress chronique via lÕŽtude de la signalisation 

ENK/DOPr. Nos rŽsultats indiquent quÕil existe un dialogue privilŽgiŽ entre la BLA et le 

CA1-vHPC de cette signalisation ENK/DOPr, qui est prŽservŽ chez les individus rŽsilients 

ˆ la diffŽrence des individus vulnŽrables. Cette prŽservation rend possible le maintien dÕun 

statut oxydatif viable pour les neurones pyramidaux et les interneurones du CA1-vHPC. 

Cette Žtude sugg•re quÕune attention toute particuli•re devrait •tre portŽe ˆ lÕaltŽration du 

statut redox des neurones en condition de stress chronique. En plus dÕapprofondir les 

connaissances sur la circuiterie et les mŽcanismes fondamentaux qui rŽgissent la rŽsilience 

au stress chronique, ces investigations pourraient conduire ˆ des thŽrapies prometteuses 

pour traiter la dŽpression mais aussi les pathologies neurodŽgŽnŽratives dont le stress 

chronique est un accŽlŽrateur bien connu.  
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6.1 RŽsumŽ 
Les manifestations respiratoires du trouble panique (PD) se caractŽrisent par une plus 
grande instabilitŽ respiratoire et une meilleure rŽactivitŽ au CO2 par rapport aux individus 
normaux. Alors que la prŽvalence des PD est environ trois fois plus ŽlevŽe chez les femmes 
que chez les hommes, les origines de ce dimorphisme sexuel restent incomprises. Tout 
comme les patients atteints du PD, les rates femelles adultes soumises ˆ une sŽparation 
maternelle nŽonatale (NMS) montrent une augmentation de leur rŽponse ventilatoire au 
CO2. ƒtant donnŽ que cet effet induit par la NMS n'est pas observŽ chez les hommes, nous 
avons Žmis l'hypoth•se que la testostŽrone emp•chait l'hypersensibilitŽ au CO2 induite par 
la NMS. Les chiots soumis ˆ la NMS ont ŽtŽ placŽs dans un incubateur 3 h / jour ˆ partir 
des jours 3 ˆ 12 apr•s l'accouchement. Ë l'‰ge adulte (8 ˆ 10 semaines d'‰ge), les rats ont 
ensuite ŽtŽ soumis ˆ une intervention chirurgicale fictive ou ˆ une castration. Quatorze jours 
plus tard, la respiration a ŽtŽ mesurŽe au repos (air ambiant) et pendant une exposition 
aigu‘ ˆ l'hypercapnie (5 et 10% de CO2 pendant 10 minutes) en utilisant la 
plŽthysmographie. Pour mieux comprendre les mŽcanismes impliquŽs, l'expression de c-fos 
a ŽtŽ utilisŽe comme un indicateur de l'activation neuronale. Les cerveaux ont ŽtŽ recueillis 
apr•s exposition ˆ l'air ou au CO2 pour la quantification par immunohistochimie des 
cellules positives c-fos dans des rŽgions sŽlectionnŽes, comprenant le noyau 
paraventriculaire de l'hypothalamus (PVN), l'hypothalamus dorso-mŽdial et le complexe 
amygdalien. La castration a conduit ˆ une augmentation de 100% de la rŽponse 
hyperventilatoire ˆ 10% de CO2 chez les rats tŽmoins. De fa•on inattendue, la castration n'a 
eu aucun effet sur la rŽponse hyperventilatoire des rats NMS. L'intensitŽ de la rŽponse 
hypercapnique Žtait inversement corrŽlŽe avec l'expression de c-fos dans la partie mŽdiale 
de l'amygdale. Nous concluons que la testostŽrone prŽvient l'hyperrŽactivitŽ au CO2 tandis 
que la NMS attŽnue la sensibilitŽ au sevrage hormonal. Nous proposons qu'une influence 
inhibitrice de l'amygdale mŽdiale contribue ˆ cet effet. 
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6.2 Abstract 
 Respiratory manifestations of panic disorder (PD) include a greater respiratory 
instability and enhanced responsiveness to CO2 compared to normal individuals. While the 
prevalence of PD is ~3 times greater in women compared with men, the origins of this 
sexual dimorphism remain poorly understood. Much like PD patients, adult female rats 
previously subjected to neonatal maternal separation (NMS) show an increase in their 
ventilatory response to CO2. Because this effect of NMS is not observed in males, we 
hypothesized that testosterone prevents NMS-induced hyper-responsiveness to CO2.  
 Pups subjected to NMS were placed in an incubator for 3 h/day from postnatal days 
3 to 12. Control pups remained undisturbed. At adulthood (8 to 10 weeks of age), rats were 
then subjected either to sham surgery or castration. Fourteen days later, breathing was 
measured at rest (room air) and during acute exposure to hypercapnia (5 and 10% CO2 for 
10 min each) using plethysmography. To gain insight into the mechanisms involved, c-fos 
expression was used as an indicator of neuronal activation. Brains were collected following 
air or CO2 exposure for quantification of c-fos positive cells by immunohistochemistry in 
selected regions, including the paraventricular nucleus of the hypothalamus (PVN), the 
dorso-medial hypothalamus, and the amygdalar complex. Castration produced a 100% 
increase of hyperventilatory response to 10% CO2 in control rats. Unexpectedly, castration 
had no effect on the hyperventilatory response of NMS rats. The intensity of the 
hypercapnic response was inversely correlated with c-fos expression in the medial 
amygdala. We conclude that testosterone prevents the hyper-responsiveness to CO2 
whereas NMS attenuates sensitivity to hormone withdrawal. We propose that an inhibitory 
influence from the medial amygdala contributes to this effect.   
 
KEYWORDS: panic disorder; neonatal stress; hypercapnia; testosterone; c-fos; PVN, 
amygdala. 
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6.3 Introduction  
 Panic disorder (PD) is a psychiatric disorder characterized by frequent panic attacks 
that are acute and unexpected. A panic attack is defined as an episode of overwhelming 
distress during which the patient rapidly develops symptoms such as sweating, heart 
palpitations, and fear of death. For a sub-population of PD patients, respiratory 
manifestations are a hallmark of this disorder; symptoms include intense air hunger, 
shortness of breath, and hyperventilation (Hoppe et al, 2012; Schenberg, 2016). The 
pathophysiological mechanism triggering the occurrence of panic attacks involves complex, 
inter-related processes. On one hand, the increased prevalence of sleep disordered breathing 
(SDB) in PD patients along with excessive respiratory and behavioral responsiveness to 
CO2 stimulation point to abnormalities in the respiratory network and mechanisms 
responsible for CO2 sensing (Papp et al, 1993; Stein et al, 1995). On the other hand, the 
fact that panic attacks and PD diagnosis emerge at puberty (Reed and Wittchen, 1998) and 
show a higher prevalence in women strongly suggest that neuroendocrine disruption also 
contributes to the pathophysiology (Donner and Lowry, 2013; Pigott, 2003). Despite recent 
progress in our understanding of PD (Johnson et al, 2010; Schenberg, 2016), the lack of 
proper animal models reproducing these two aspects of the disease impedes progress. 
 Childhood adversities comprising parental loss or neglect are significant risk factors 
for PD (Battaglia et al, 2014; Roberson-Nay et al, 2010). Early life stress alters brain 
development and today, we know that insufficient interactions between the mother and her 
offspring augment responsiveness of the hypothalamic-pituitary-adrenocortical axis (HPA) 
to stressors throughout life (Francis and Meaney, 1999; Liu et al, 1997). Neonatal maternal 
separation (NMS) has mixed effects on behavioral indicators of anxiety in adult rodents 
(Neumann et al, 2005; Quintino-dos-Santos et al, 2014; Zhang et al, 2012). Over the past 
decade, however, our laboratory has demonstrated that NMS (3h/day from postnatal days 3 
to 12 in rats) is sufficient to disrupt development of the neural circuits that regulate 
breathing in a persistent and sex-specific fashion (Behan and Kinkead, 2011; Kinkead et al, 
2014). CO2 inhalation is a potent anxiogenic stimulus and panic patients exposed to this 
condition are more responsive than ÒhealthyÓ subjects (Gorman et al, 1994). At adulthood, 
the respiratory phenotype of rats subjected to NMS shows several features reported in PD 
patients including respiratory instability during sleep and a sex-specific augmentation of the 
hyperventilatory response to CO2 (Genest et al, 2007b; Kinkead et al, 2009). Specifically, 
the ventilatory response to hypercapnia (HCVR) of NMS females was found to be 63% 
larger than in non-stressed controls, whereas this increased responsiveness was not 
observed in males (Genest et al, 2007a). Moreover, these effects of NMS on the CO2 
response may only emerge when the animals reach sexual maturity (Tenorio-Lopes et al, 
2016).  

There are substantial functional and anatomical interactions between the 
corticotrophic (hypothalamic-pituitary-adrenocortical; HPA) and gonadotrophic 
(hypothalamic-pituitary-gonadal; HPG) axes (Viau, 2002). Some stressors can increase 
testosterone secretion (Chichinadze and Chichinadze, 2008), while testosterone inhibits 
HPA function by acting on the paraventricular nucleus of the hypothalamus (PVN) (Viau, 
2002). NMS results in a persistent and sex-specific (male bias) augmentation of basal HPA 
activity and data show that this form of neonatal stress also alters HPA-HPG interactions. 
As a result, acute exposure to stress augments testosterone levels in NMS males contrary to 
non-separated controls (Fournier et al, 2014). Based on these observations, it is plausible 
that in males, augmented levels of testosterone prevent NMS-related enhancement of the 
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hyperventilatory response to CO2. Although rarely considered, such ÒprotectiveÓ effects 
may therefore explain the sex-based differences in PD manifestation. 
To test this hypothesis, we first compared respiratory activity of non-separated versus 
separated rats that were either subjected to sham surgery or castration. Measurements were 
made at rest and during acute exposure to two levels of hypercapnic stimulation. The 
symptoms experienced during a panic attack reflect the interactions between hypothalamic 
and amygdalar structures associated with the regulation of stress, fear, and ventilatory 
responses (including CO2-sensing) (Sardinha et al, 2009). To gain mechanistic insight, we 
then performed c-fos immunohistochemistry to identify key structures within this network 
that are particularly responsive to each experimental stimulation. Parts of these results have 
been published in abstract form (Tenorio-Lopes et al, 2016; Tenorio-Lopes et al, 2015). 
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6.4 Methods   

6.4.1 Animals and ethical approval 
 Experiments were performed on 104 adult male SpragueÐDawley rats (55 NMS and 
49 non-stressed controls) between 59 to 68 days of age; Table 1 provides details of mean 
ages, body weights, and animal distribution amongst the experimental groups. All animals 
used in this study were born and raised in our animal care facilities. Rats were supplied 
with food and water ad libitum and maintained under standard laboratory conditions (21oC, 
12:12-h darkÐlight cycle: lights on at 06:00 and off at 18:00). The Animal Care Committee 
of UniversitŽ Laval approved all the experimental procedures and protocols which were in 
accordance with the guidelines of the Canadian Council on Animal Care. 
 

6.4.2 Mating and neonatal maternal separation (NMS) procedures 
 Virgin females were mated and delivered 12-15 pups. Two days after delivery, 
litters were culled to 12 pups, when necessary, with an equal number of males and females 
when possible. The NMS protocol was identical to the one used in our previous studies 
(Genest et al, 2004). Briefly, each litter was separated daily from the mother 3h/day 
(09:00Ð12:00) from post-natal days 3 to 12. Separated pups were placed in a temperature 
(35¡C) and humidity (45%) controlled incubator and isolated one from another using a 
cardboard partition. Non-separated control animals (CTRL) were continuously maintained 
under standard animal care procedures throughout the neonatal period with minimal human 
intervention. Since short periods of handling has distinct effects on HPA development 
(Lehmann et al, 2002), these animals are the most desirable control group for investigations 
of the effects of NMS on central nervous system development (Fournier et al, 2015; 
Lehmann and Feldon, 2000). On postnatal day 21, rats were weaned and housed 2 per cage 
under standard animal care conditions until adulthood (8 - 10 weeks old), at which time the 
ventilatory measurements were performed. Note that, for each group, rats originated from 
at least eight different litters to ensure that treatment-related differences were not due to a 
litter-specific effect. 
 

6.4.3 Series I Ð Gonadectomy and whole-body plethysmography 

6.4.3.1 Surgical procedures   
Within each group (NMS and CTRL), male rats were selected and randomly assigned to 
one of these experimental procedures: castration or sham surgery, as done previously 
(Fournier et al, 2014). Briefly, rats were anaesthetized by inhalation of isoflurane (3% in 
air). A vertical incision was made in the abdomen slightly above the bladder. In the 
castrated group, the gonads were retracted and removed; in sham-operated animals, a 
vertical incision was made and the gonads were identified but not removed. At the 
beginning of the surgery, rats received subcutaneous injections of a non-steroidal anti-
inflammatory drug (carprofen; 2mg/ml, 20 mg/kg; Pfizer, Kirkland, QC, Canada), local 
analgesic (xylocaine 2% with bupivacaine 0.5%; Hospira, MontrŽal, QC, Canada) and 
fluids (2 ml of saline). Postoperative treatments continued for 24h. Animals were returned 
to the animal care facility and housed in pairs for a 2-week period of recovery until the 
experiments were performed. 
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6.4.3.2 Ventilatory measurements   
Ventilation was measured in unrestrained and awake rats using a whole-body, flow-through 
plethysmograph (PLY3223 Buxco Electronics, Sharon, CT - USA) as previously shown 
(Fournier et al, 2015). Briefly, the system consists of a 2-liter Plexiglas experimental 
chamber. The system was calibrated by injecting a known volume (5 ml) into the chamber 
with a glass syringe at a rate corresponding to the air flow range typically generated by the 
rat. Fresh air (baseline) or a hypercapnic gas mixture was delivered into the experimental 
chamber at a constant rate with a bias flow regulator (PLY1020; Buxco Electronics, 
Sharon, CT). Room air or gas mixtures were delivered to the experimental chamber at a 
constant rate (1.3 to 1.6 l/min). Barometric pressure, chamber temperature (TC), humidity 
and the rectal temperature of the animals (TB) were also measured at the beginning of each 

experiment to express the tidal volume (VT; and thus minute ventilation, V
.
 E) in ml 

normalised to BTPS (body temperature (37¡C), ambient pressure, and water vapor 
saturation (47 mmHg)) (Drorbough and Fenn, 1955). Composition of the gas mixtures 
flowing in and out of the chamber was analyzed with an oxygen analyzer (model S-3A, 

Ametek, Pittsburgh, PA) for subsequent calculation of oxygen consumption (V
.
  O2) in an 

open system (Mortola and Dotta, 1992). 
 

6.4.3.3 Protocol  
Each rat was allowed to acclimatize to the chamber for ! 45 min. Baseline (normocapnic) 
measurements were made when the animal was quiet and the ventilatory variables were 
stable. All measurements were performed between 13:00 to 15:00 to minimize changes in 
endocrine and respiratory activity associated with the circadian rhythm. The baseline values 
obtained were representative of the data recorded over the preceding 10 min. A gas mixture 
of 5% CO2 in air was then delivered into the chamber for 10 min. In males, previous work 
using 5% CO2 revealed modest effects of stress on the hypercapnic response (Genest et al, 
2007b). The CO2 level was therefore raised to 10% for an additional 10 min to determine 
whether NMS-induced changes are dose-dependent. At the end of hypercapnia, each rat 
was taken out of the chamber for a final body temperature measurement, followed by deep 
anesthesia with a mixture of ketamine (Pfeizer, Kirkland, QC, Canada; 80 mg/kg) and 
xylazine (Bimeda, Cambridge, ON, Canada; 10 mg/ kg). 
 

6.4.3.4 Blood sampling and hormone analyses  
Once the rat reached a deep level of anesthesia, a terminal blood sample was withdrawn 
from the left ventricle. The rat was then perfused to harvest brain tissue as described below. 
Blood samples were placed in a serum-gel clotting activator Microtube (Sarstedt AG & 
Co., NŸmbrecht Germany). After centrifugation (12.000 rpm at 4¡C for 12 min), blood 
serum was collected and stored in a (80¡C freezer until assayed. Assays of total 
testosterone were conducted in duplicate using a testosterone ELISA kit (Cayman Chemical 
Company, Ann Arbor, MI, USA) and a microplate spectrophotometer (Quant; Bio-Tek 
Instruments Inc., Winooski, VT, USA). According to the manufacturer, the sensitivity of 
the kit is 0.1 nM/L and intra assay variation within the data range is 4.4%. Testosterone 
concentrations were calculated from the four-parameter logistic standard curve using 
Sigma-Plot 12.3 (Systat Software, San Jose, CA, USA). 
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