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 Abstract                              
Prolonged exposure to aversive stimuli leads to cellular and circuit adaptations that contribute 

to the emergence of neuropsychiatric disorders such as depression. Interactions between the 

dopaminergic (DA) and the serotoninergic (5HT) systems have been implicated in these 

pathological adaptations  ultimately influencing motivated behaviors. Interestingly, the lateral 

habenula (LHb), an ethologically well-conserved epithalamic region, directly and indirectly 

controls DA and 5HT systems, and its activity is modulated by aversive events in both 

humans and animals. Moreover, the activity of the LHb increases in animal models of 

depression and depressed human patients. Conversely, strategies that locally target the LHb 

have been shown to reverse depressive-like symptoms both in animal models and in humans.  

Altogether, this led to the hypothesis that LHb dysregulation could play a role in the 

emergence of depressive like symptoms. However, little is known about the early cellular and 

molecular adaptations that occur within the LHb after exposure to aversive events. Moreover, 

most of the animal models employed to interrogate the LHb role in depressive states used 

acute painful stimuli; whether LHb function becomes aberrant after chronic exposure to 

painless stressors remain elusive. In my thesis work, I explored the precise cellular and 

molecular adaptations of LHb neurons following exposure to different kind of unpredictable 

aversive experiences, and their importance for the expression of depressive like symptoms. 

More precisely, I will present the results of an initial work aiming to identify early cellular 

and molecular adaptations within the LHb following unpredictable stimuli and their 

importance for the emergence of depressive symptoms. This study shows that unpredictable 

foot-shocks lead to decreased surface expression and function of the gamma-aminobutyrate 

receptor (GABABR), a metabotropic receptor that hyperpolarizes LHb neurons through the 

activation of the G protein-coupled inwardly-rectifying potassium channels (GIRKs). This 

decrease of GABABR-GIRK signaling went along with an upregulation of the activity of the 

protein phosphatase 2 (PP2A), which is a well-known down-regulator of GABAB-GIRK 

complex surface expression. GABABR-GIRK signaling tightly controls LHb activity, and its 

downregulation consequently leads to aberrant hyperexcitability of LHb neurons. Using 

specific strategies to restore the GABABR-GIRK signaling within the LHb, such as GIRK 

overexpression, or local pharmacological inhibition of PP2A activity, we were able to 

ameliorate depressive like states following unpredictable foot-shocks.  

 The second study allowed instead to establish the cellular adaptations within the LHb 

following a chronic non-painful aversive experience and during a critical developmental 
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period. I showed that exposure to maternal separation in childhood (MS mice) also leads to 

depressive like symptoms together with a hyperexcitability of LHb neurons. This stress-

driven increase in LHb activity was causally linked to a decrease of the GABABR-GIRK 

signaling. Moreover, using diverse reversal strategies such as chemogenetics or a 

therapeutically-relevant intervention such as Deep Brain Stimulation (DBS), we could 

selectively decrease LHb neuronal activity and consequently ameliorate the depressive like 

symptoms, suggesting a causal link between these two phenotypes. 

Altogether, the work presented in this thesis suggests that LHb neuronal hyperexcitability 

could represent a common substrate necessary for the expression of certain aspects of the 

depressive like state and further supports its relevance as a potential target in the treatment of 

this disorder. 
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Résumé            
L’agression de l'organisme par un agent physique, psychique ou émotionnel déclenche une 

réponse physiologique et comportementale qui permet à un individu de se prévenir du danger 

et de maintenir sa survie. Le système nerveux central a depuis longtemps été identifié comme 

un majeur acteur de cette réponse adaptative. Cependant, une exposition prolongée au stress 

conduit à des adaptations cellulaires et des réadaptations de circuits neuronaux qui contribuent 

à l'émergence de troubles neuropsychiatriques. L’interaction entre le système dopaminergique 

(DA) et sérotoninergique (5HT) a été impliquées dans ces réarrangements physiologiques et 

pathologiques qui influencent les comportements motivationnels de l'individu face à une 

menace. Fait intéressant, l'habenula latérale (Hbl), une région du cerveau très conservée entre 

les espèces, contrôle directement et indirectement les systèmes DA et 5HT, et son activité est 

modulée par des stimuli aversifs chez les humains et les animaux. De plus, l'activité de la Hbl 

est augmentée chez des modèles animaux de la dépression ou lors de l'induction d'un épisode 

dépressif chez des patients humains. Inversement, l’emploie de stratégies ayant pour cible la 

Hbl permettent d’améliorer certains symptômes dépressifs à la fois chez les modèles animaux 

de dépression et chez l’homme. Ainsi, la dérégulation de l’Hbl pourrait jouer un rôle dans 

l'apparition de symptômes dépressifs. Cependant, les changements moléculaires et cellulaires 

précoces qui occurrent au niveau de Hbl suite à l'exposition continue à un environnent 

aversifs restent peu connus. De plus, la plupart des modèles animaux utilisés pour interroger 

le rôle de Hbl dans l'état dépressif implique une exposition répétée de l’animal à des stimuli 

douloureux. Si la fonction de l’Hb est aberrante lors d’une exposition chronique à d’autre type 

de stress reste méconnu. Dans mon travail de thèse, je me suis intéressée aux adaptations 

cellulaires et moléculaires au niveau des neurones Hbl suite à l’exposition de différents types 

d'expériences aversives et leurs relatives importances pour l'expression de symptômes 

dépressifs. 

Plus précisément, je présente dans ce manuscrit, les résultats d'un premier travail qui vise à 

identifier les adaptations cellulaires et moléculaires de Hbl suite à l’exposition de souris à des 

chocs électriques et leurs rôles dans l'émergence de symptômes dépressifs. Cette étude montre 

que l’exposition à de brefs aléatoires chocs électriques entraine une diminution de 

l’expression de surface de récepteur métabotropiques gamma-aminobutyrate B (GABABRs), 

et par conséquent une diminution de leur fonction au niveau des neurones de l’Hbl. GABABR 

est un récepteur métabotropique couplé à la protéine Gi, il hyperpolarise les neurones de l’Hbl 
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par l'activation du canal potassique GIRK. La diminution de la signalisation GABABR-GIRK 

est accompagnée par une augmentation de l'activité de la protéine phosphatase 2 (PP2A), 

reconnue pour induire l’endocytose du complexe GABABR-GIRK. GABABR-GIRK contrôle 

étroitement l'activité Hbl, et par conséquent une diminution de leurs fonctions conduit à 

l’hyperexcitabilité des neurones de l’Hbl. En adoptant des stratégies visant à restaurer 

spécifiquement la signalisation GABABR-GIRK dans l’Hbl, telle que la surexpression GIRK, 

ou l'inhibition pharmacologique locale de l'activité PP2A, nous avons observé une 

amélioration de certains symptomes « dépressifs », établissant ainsi un lien causal entre 

l’aberrante diminution du signal GABABR et certain aspect de l’état dépressifs. 

La deuxième étude permet d'établir l'effet d'une expérience aversive chronique non 

douloureuse sur la fonction Hbl. Dans ce travail, la séparation de petits et de leur mères 

(souris MS) conduit à posteriori au développement de symptômes dépressifs accompagnés par 

une hyperexcitabilité des neurones de la Hbl. Cette augmentation d’activité est, au moins en 

partie, expliquée par une diminution de la signalisation GABABR-GIRK.  De plus, prenant 

avantage de la technologie chimio-génétique ou des récentes avancées en terme thérapeutique 

telle que la stimulation cérébrale profonde (DBS), j’ai été en mesure de réduire localement 

l’activité de l’Hbl des souris MS. D’autre part, l’utilisation de ces diverses stratégies étaient 

suffisante pour améliorer les symptômes dépressifs des souris MS, suggérant un lien de 

causalité entre ces deux phénotypes. 

Dans l'ensemble, ces travaux suggèrent que l'hyperexcitabilité des neurones Hbl pourrait 

représenter un substrat commun nécessaire à l'expression de symptômes dépressifs et ainsi 

constituer une cible potentielle pour traiter certains aspects de la dépression. 
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Introduction           
Physiological and behavioral adaptations of an individual facing a real or potential threat are 

required for the well-being or the survival. This highly adaptive response depends on the 

orchestration of several neuronal circuits ultimately allowing to assign specific negative 

valence to an event and subsequently guide optimal behaviors such as avoidance. 

Monoaminergic systems have been implicated in this immediate encoding of aversive event. 

Indeed both serotoninergic (5HT) neurons of the raphe and dopaminergic (DA) neurons of the 

ventral tegmental area (VTA) have been described to phasically respond to acute aversive 

stimuli and influence negative reinforcement or avoidance learning both in human and animal 

studies (Brischoux et al., 2009; Cohen et al., 2015; Crockett et al., 2009; Deakin and Graeff, 

1991; Hayes et al., 2014; Matsumoto and Hikosaka, 2009a; McCutcheon et al., 2012; Puglisi-

Allegra and Andolina, 2015; Schweimer and Ungless, 2010; Ungless et al., 2010). In contrast, 

exposure to severe or chronic aversive stimuli, particularly when coupled with a lack of 

predictability or lack of control (Maier and Seligman, 1976; Short and Maier, 1993), elicits 

detrimental, long-lasting effects on brain function, that could precipitate the emergence of 

neuropsychiatric disorders, including mood disorders (Anisman and Matheson, 2005; Kessler, 

1997; de Kloet et al., 2005). Mood disorders are associated with deficits in both rewarding 

and punishment encoding, leading to the assumption that dysfunction in neural circuits 

including the DA and 5HT systems may underlie depressive-like symptoms (Nestler and 

Carlezon Jr, 2006; Owens and Nemeroff, 1994; Russo and Nestler, 2013). However, although 

the role of DA and 5HT in depression have received particular attention, these systems are 

interconnected and tightly controlled by a much broader circuit (Ogawa et al., 2014; 

Pollak Dorocic et al., 2014). Considering that persistent negative events have deleterious 

effect in both DA and 5HT system (Owens and Nemeroff, 1994; Russo and Nestler, 2013) it 

is likely that dysregulation of common upstream structures may be critical for the 

development of neuropsychiatric disorders. I therefore became interested in studying the 

potential modifications within neuronal circuits that directly control monoaminergic nuclei.   

The lateral habenula (LHb) is an epithalamic region that directly and indirectly controls DA 

and 5HT neurons (Lammel et al., 2012; Pollak Dorocic et al., 2014; Stamatakis and Stuber, 

2012; Weissbourd et al., 2014). Interestingly, a clinical study reported the potential 

therapeutic benefit of deep brain stimulation (DBS) in the LHb for the treatment of depression 

in a single case in human (Sartorius et al., 2010). This work was one of the first of a long 

series of studies supporting the hypothesis of the potential role of LHb in depression (Lecca et 
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al., 2014; Li et al., 2011, 2013; Seo et al., 2017; Shabel et al., 2014). Despite this growing 

body of evidence, whether LHb dysfunction can be a common substrate underlying specific 

aspects of depressive-like state independently of the events that trigger it remains unknown.  

In my thesis work, I will first introduce the complexity of the depressive disorder, then I will 

briefly summarize key pathological reorganization of the mesolimbic system in depressive-

like state to give a general context of how aversive and reward-related circuits can underlie 

certain aspect of this disease. Next, I will present how LHb can control the mesolimbic system 

and I will discuss the current literature around the cellular properties - from the GABABR to 

the hyperactivity - of the LHb, which can be instrumental for the expression of depressive like 

symptoms.  

Depression 

I. A brief history of depression 
Historical documents throughout the ages point to the long-standing existence of depression 

as a health problem for human beings.  Already in the ancient Greeks, the Hippocrates school 

described the “Melancholia”, a condition associated with “aversion to food, despondency, 

sleeplessness, irritability, restlessness”. Although they believed that an excess of black bile in 

the spleen caused depression, the similarities between the Greek descriptions of depression 

and those of the modern age are striking. The following centuries led to a dark period of 

obscurantism where notably the religions refuted the natural cause of mental illness and 

associated it to witchcraft or demonic possession. Indeed, it was not until the XIXth century, 

that mental illness was reevaluated and successively considered to have psychological and 

social causes or to be an inherited disease. The industrial revolution notably led to the 

building of psychiatric institution, and the brain became the focus of efforts to understand the 

pathophysiology of this disorder. The Second World War marked a turning point, where the 

mental illness started to be considered as a real problem of society. Along with the evolution 

of the psychiatry, the discovery of the first antidepressants greatly ameliorated the condition 

of the depressed patients. Moreover, a new manual categorizing the various mental problems 

were established in the United States, the Diagnostic and statistical manual of mental 

disorders (DSM) (Frader, 1987). 

In a new version of this manual, the major depressive episode is characterized by a persistent, 

unreactive low mood and a loss of interest in pleasure. These symptoms are associated with a 

range of other symptoms such as significant weight loss, insomnia or hypersomnia, 
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psychomotor agitation or retardation, fatigue or loss of energy, feelings of worthlessness or 

excessive or inappropriate guilt, diminished ability to think or concentrate, or indecisiveness, 

as well as recurrent thoughts of death or suicide (Diagnostic and statistical manual of mental 

disorder, 5th edition).  However, depression is recognized to be a highly heterogeneous 

disease, with the presence of variable set of symptoms across individuals. Due to this 

complexity, clinicians and scientists are still trying to discriminate and study specific aspects 

of the disease, ranging from anhedonia, behavioral despair, and social withdrawal to learning 

deficits. This different endophenotypes point out to the diversity of functional alterations: the 

anhedonia, is a dysfunction in reward encoding, which leads to the loss of motivation for 

natural rewards such as food or sex. Alternatively, behavioral distress or hopelessness imply 

impairments in aversive-stimuli encoding, leading to the inability to cope with a negative 

situation. This diversity of symptoms suggests that discrete neural circuits could be implicated 

in different aspects of the disease. 

 
Figure 1. Epidemiology of depression 

A large part of high individual vulnerability can be explained by 
interactions between genetic predisposition which has been estimated at 
37% (Sullivan et al., 2000), and environmental factors (Anisman and 
Matheson, 2005; Kendler et al., 1999; Kessler, 1997). Epidemiologic 
studies provide evidence that early life adversity increases the risk to 
develop depression (Agid et al., 1999; Norman et al., 2012) as well as 
stress in adulthood. Indeed, major adverse life events such as 
humiliation, threatening or loss (Farmer and McGuffin, 2003; Paykel, 
2003; Slavich et al., 2010) as well as accumulation of chronic stressful 
events (Brown and Harris, 1978; Hammen et al., 2009) precipitate 
depression.    

Depression is among the most important cause of disability according to 
a report of the WHO (2017), it is a complex disorder characterized by a 
diversity of symptoms that can be categorized in “endophenotype” such 
as anhedonia, behavioral despair, hopeless, sleep disturbance, social 
withdrawal and cognitive impairment. In its most severe conditions 
depression can lead to suicide. It affects around 4.4 % of the global 
population and it is twice more common in females than males. The 
prevalence globally increases with the age and the average age onset is 
the middle of 20s’ years old with a peak of prevalence at 55-74 years old. 

 

 

 

 

Considering the heterogeneity of etiology and symptoms, a general therapeutic treatment 

taking into account all the variables is difficult to achieve.  

In the next chapter, I will summarize the currently available treatments and their limitations as 

well as newly emerged interventions offering potential promising improvements for 

treatment. 
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II. Treatment of major depressive disorder 
Antidepressant treatment emerged by serendipity in 1950 with the finding that the 

antitubercular agent iproniazid (a monoamine oxidase inhibitor (MAOI)) and that the 

imipramine (tricyclic antidepressant (TCA)) arising from antihistamine research were very 

efficient in relieving depressive symptoms (Kuhn, 1957; Loomer et al., 1957). MAOIs inhibit 

the breakdown of 5HT, noradrenaline (NA), and DA thus increasing the availability of these 

neurotransmitters. TCAs increase the synaptic concentration of 5HT and NA by inhibiting 

their reuptake. These discoveries were concomitant with the finding that reserpine (that 

irreversibly blocks the vesicular monoamine transporter (VMAT)) induces depressive-like 

symptoms (Muller et al., 1955). Overall, these data led to the monoaminergic theory of 

depression, suggesting that an imbalance, mainly in 5HT, NA and DA neurotransmission, is at 

the core of the pathophysiology of depression (Bunney and Davis, 1965; Delgado, 2000; 

Hirschfeld, 2000; Schildkraut, 1965). 

This theory led to the development of new several classes of antidepressants with similar way 

of action, aiming to correct the monoaminergic deficiency. Among them the selective 

serotonin, noradrenaline, and/or dopamine reuptake inhibitors, such as citalopram or 

fluoxetine (SSRI; NRI; NDRI) that are still nowadays the most prescribed antidepressants 

(O’Leary et al., 2014, 2015). Modern antidepressant molecules differ from the older drugs as 

they aim to reduce their deleterious side effects and narrow the neurochemical targets. 

However, even if their tolerance has improved, little ameliorations have been reported in 

terms of the slow onset of clinical effect or their efficacy (Baghai et al., 2011; Holtzheimer 

and Mayberg, 2011a). Indeed, standard treatment still presents a high percentage of 

pharmacological resistance (±30%) or relapse (±50%) (Al-Harbi, 2012; Holtzheimer and 

Mayberg, 2011a; Trivedi et al., 2006). Furthermore, the mechanism of action of such 

molecules on brain wiring, neuronal activity or plasticity remains still elusive.  Thus, the 

monoaminergic theory appears to be too restrictive, and it looks obvious that the therapeutic 

effects of antidepressants cannot be solely explained by the facilitation of 5HT and NA 

neurotransmission (Hindmarch, 2002; Massart et al., 2012). 

Other alternative strategies of the drug treatments have been developed, and are prescribed 

notably in treatment resistant patients such as the electroconvulsive therapy (ECT). This 

procedure showed a remission of 75% in resistant depression with the advantage of its 

immediate effect (Sienaert, 2011). However, the action of ECT is broad, its mechanism is 

poorly understood, and it presents side effects such as confusion and memory loss (Bolwig, 
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2011; Ingram et al., 2008). Alternatively, DBS of the prefrontal cortex (PFC) (Mayberg et al., 

2005), Nucleus Accumbens (NAc) (Bewernick et al., 2010; Schlaepfer et al., 2007) or more 

recently LHb (Sartorius et al., 2010) also have reported amelioration in groups of treatment 

resistant depressed patients. All these structures were primarily selected based on 

neuroimaging studies showing their aberrant activities in depressed patients and/or their 

important role in reward circuits correlated with anhedonia (one of the prominent symptoms 

of depression) (Delaloye and Holtzheimer, 2014). Despite their promising therapeutic interest, 

these studies remain still preliminary. Indeed, the way of action of the DBS is nowadays still 

enigmatic. The observation that DBS and lesions could have similar behavioral effect led to 

the theory that DBS inhibits neuronal activity. However, mixed pattern of neuronal excitation 

and inhibition have been described following DBS in certain brain regions and also raise the 

question of a local effect (Maks et al., 2009; Mcintyre et al., 2004; Vitek, 2002). Further 

studies, looking at the effects of DBS in particular brain regions are thus warranted to refine 

and better understand this intervention. 

 
Figure 2.  Depression treatments 

A.  Main action of pharmacological therapies: 
Antidepressants aim to restore "imbalanced" brain 
chemistry. They boost monoaminergic 
neurotransmitters by blocking their reuptake (tricyclic 
antidepressants -TCAs-, Selective serotonin reuptake 
inhibitors -SSRIs- Norepinephrine–dopamine reuptake 
inhibitors -NDRIs-, Norepinephrine reuptake inhibitors 
-NRIs-) or by preventing their metabolism 
(monoaminoxidase inhibitors (MAOis).  
B. Current treatments consist of psychological 
treatments (such as psychotherapy) and/or 
antidepressant medication (such as selective serotonin 
reuptake inhibitors [SSRIs] and tricyclic 
antidepressants [TCAs]). However 30% of patients 
exhibit treatment-resistant, and less than the half 
shows remission. 
C. Deep Brain Stimulation (DBS) as alternative 
strategy to treat depression. DBS is a promising 
alternative intervention in the case of treatment-
resistant depression.This approach involving the 
bilateral placement of electrodes at specific 
neuroanatomical sites. The prefrontal cortex (PFC), the 
Nucleus accumbens (NAc) and the lateral habenula 
(LHb), are nowadays the target of clinical trials. These 
regions have been selected based on previous 
neuroimaging studies that report their aberrant 
metabolicactivity as well as loss of brain volume in 
treatment resistant patients.  

 

Overall major depression affects more than 300 million people according to a recent report by 

the World Health Organisation, (WHO 2017-GENEVA). It is a leading cause of disability 

worldwide, with a total annual cost estimated at 118 billion euro in Europe (Sobocki et al., 

2006), and 210 $-billion per year in US (Greenberg et al., 2015). Given the public health 
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significance of this pathology, novel treatments are needed. Indeed, current available 

treatments fail to provide significant improvement nearly half of the time (Al-Harbi, 2012; 

Holtzheimer and Mayberg, 2011a; Trivedi et al., 2006). One explanation is still the lack of 

understanding of the specific brain circuits and molecular changes underlying depressive 

symptoms.  The focus on particular symptoms and novel treatment interventions is a 

necessary step to permit a better understanding of the neurobiology of the illness and achieve 

larger improvements. 

III. Studying depression in laboratory animals 
Using brain imaging approaches and neuroendocrine responses in humans provided valuable 

information about the brain circuitry implicated in mood disorders. Nevertheless, the detailed 

investigation of physiological responses and molecular modifications in the human brain are 

limited by obvious practical and ethical difficulties. To circumvent these limitations, animal 

models have emerged as an alternative and valuable tool to understand the pathophysiology of 

depression. Three sets of criteria have been proposed for assessing animal models of human 

mental disorders: construct validity, face validity, and predictive validity (Nestler and Hyman, 

2010; Willner, 1984). Construct validity refers to the relevance of the mechanism in which the 

model is based. So far, no genetic strong determinants were found for depression (Dunn et al., 

2015) limiting genetic model in replicating multifaceted phenotype and strong pharmacology 

validity. Hence, the main animal models of depression are based on the epidemiological 

evidence that severe or chronic stress and adverse psychosocial experience often precede the 

depressive episode. The face validity corresponds to whether the model resembles depression 

in respect to the presence of ethological similarities and biomarkers. Even if symptoms such 

as guilt, suicidality, and sad mood are typical human features, other endophenotypes can be 

reproduced and measured in laboratory animals. These include notably the helplessness 

(referring to hopelessness in human), anhedonia, social withdrawal and behavioral despair, 

respectively indicated by the increased failure and latency in the shuttle box test, decrease in 

sucrose preference and social interaction, and increased immobility in forced swim test or tail 

suspension test (see Fig. 3). Finally, the predictive validity is when the animal model exhibits 

symptoms’ amelioration with pharmacological and non-pharmacological treatments for 

depression. Here, I will give examples of different models currently used in the literature:  
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Figure 3:Rodent models of depression and behavioral assay to assess the depressive phenotype 

Schematic representing the main models of depression describe in this thesis, and their associate phenotype.  

Different assays used to assess the depressive phenotype are listed below:  

Shuttle box test: The subjects are place in a box with 2 compartments. The test consists of several trials where mice are exposed to 
escapable foot-shocks, as soon as they escape in the opposite compartment the shock stop. If the animal is not escaping after a pre-
determined period, it is considered as failure.  Latency to escape and number of failures are the two parameters measure in this paradigm. 
This test is routinely used to screen learned helplessness vulnerable mice(Chourbaji et al., 2005; Vollmayr and Henn, 2001) 

The tail-suspension test (TST) (Steru et al., 1985) and the forced-swim test (FST), (Porsolt et al., 1977): Rodents are exposed to an acute, 
unescapable, short-duration stress: suspend by the tail or placed in an transparent tank filled with water respectively. Time spent 
performing active “escaping”-behavior (struggling/swimming) is quantified relative to time spent immobile. Higher immobility has been 
interpreted as a sign of behavioral despair or passivity. Although this interpretation can be debated (Nestler and Hyman, 2010), these tests 
have the advantage to permit a rapid, easy screening of potential antidepressant drugs, or depressive-like behavior in rodent (O’Leary and 
Cryan, 2013). 

The sucrose preference test is one of the most common test to assess anhedonia. This test evaluated in a two-bottle choice paradigm the 
consumption of a sucrose solution in respect to the water consumption. Decreased consumption of sucrose is assumed to be indicative of a 
reduction in the motivation for the rewarding solution. This sucrose preference is attenuated by a diversity of chronic stressors, notably the 
chronic mild and unpredictable stress and it is commonly accepted to reflect anhedonia(Willner et al., 1987). 

Social interaction/avoidance test: This test consists to place an unfamiliar congener (usually juvenile) in the home cage of the experimental 
subject or in a neutral environment. Social exploration is measured by the time spent around the congener as well as the amount and 
duration of “social” behaviors (e.g. sniffing, following, grooming, biting, mounting, wrestling…). Social interaction has been described to be 
rewarding (Krach et al., 2010; Trezza et al., 2011) and is affected in model of mood disorder notably in the social defeat model (Krishnan et 
al., 2007). 
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A. Learned helplessness model  

First described by Seligman (1967), the learned helplessness model (LHp), is based on the 

idea that a repetition of uncontrollable/inescapable negative experience leads to 

“helplessness” where the individual would not avoid future escapable adverse situations (they 

give up because they learned that it is useless to avoid). This phenotype has also been reported 

in human, and it is considered as a marker of depression (Abramson et al., 1978; Maier and 

Seligman, 1976).The LHp paradigm in rodents (rats and mice) consists of two “training” 

sessions where subjects are exposed to repetitive uncontrollable and unpredictable stress, such 

as foot-shocks, followed by a testing day, where the animals are exposed to escapable 

stressors. About 20% of the rodents become helpless and subsequently fail to escape, as 

demonstrated by an increasing number of failure and latency to escape in the shuttle box test 

(see Fig. 3). This phenotype persists for approximately ten days (Chourbaji et al., 2005; 

Vollmayr and Henn, 2001). Because the percentage of helpless animals is quite low, and the 

vulnerability to helplessness is highly heritable, breeding of rats presenting helplessness has 

been done. This congenital learned helplessness (cLHp) rats are more vulnerable and show a 

deficit in coping strategy without the training phase (Henn and Vollmayr, 2005). Aside the 

deficit in coping strategy, the learned helpless animals share several characteristics with 

depressed humans. Indeed, this model presents decreased food consumption and loss of 

weight (Dess et al., 1988; Weiss, 1968). Different studies also reported an “anhedonia-like” 

phenotype with a decreased motivation for various kinds of rewards such as sucrose (Enkel et 

al., 2010; Vollmayr et al., 2004), reduced libido ((Henn and Vollmayr, 2005), reduced social 

interaction (Christianson et al., 2008; Short and Maier, 1993), or reduced intracranial self-

stimulation of brain regions associated with reward such as the NAc or medial forebrain 

bundle (Zacharko et al., 1983). Furthermore, other aspects of depressive states have also been 

described such as behavioral despair (Li et al., 2011, 2013), disrupted sleep (Adrien et al., 

1991), cognitive impairments, such as spatial learning deficits (Song et al., 2006) as well as 

biological markers of depression such as altered hypothalamic–pituitary–adrenal (HPA) axis 

(Greenberg et al., 1989). Depression-like syndrome induced by acute or cLHp can be reduced 

by pharmacological or non-pharmacological treatment. Indeed, treatment with imipramine has 

been reported to ameliorate coping strategies in shuttle box and to reduce behavioral despair 

in the forced swim test (FST) (Chourbaji et al., 2005; Li et al., 2013). Marked reversal of LHp 

phenotype was also described after ECT (Sherman et al., 1982). Finally, DBS within the LHb,  

decreases both immobility time in the FST and failure rate in the shuttle box (Li et al., 2011). 
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Overall, the LHp presents in some measures a good construct and face validity. However one 

of its weaknesses is that it shows short-lasting depressive phenotype and a fast action to 

antidepressants which does not reflect the clinical effect of these agents (Pfau and Russo, 

2014). 

B. The chronic mild stress  

The chronic mild stress (CMS) aims to mimic human everyday life stressors of different 

nature that have been reported to be a factor of vulnerability for depression. Based on 

previous work by Katz and colleagues (Katz, 1982), Willner developed the CMS model which 

consists of exposing rodents (mice or rat) for several hours to different kind of micro-

stressors, schedule in relatively unpredictable sequence for several weeks. The mild stressors 

include short periods of food/ water deprivation, small temperature reductions, change of cage 

mates, cage tilt, overnight illumination, intermittent white noise among other similar but 

unpredictable manipulations. One of the core symptoms of this model is the anhedonia, 

illustrated by the gradual decrease in sucrose preference (or intake) over the stress exposure 

(Willner, 2017; Willner et al., 1987), but also by the increased threshold current required to 

support intracranial self-stimulation in VTA (Moreau, 2002). In addition to the decrease in 

reward responsiveness, the CMS also presents deficits in other motivated behaviors such as 

social interactions (Erburu et al., 2015), aggressive behavior  (Strekalova et al., 2004) or 

sexual behavior (Grønli et al., 2005) as well as behavioral despair as suggested by the 

decreased performance in the tail-suspension test (TST) or the FST (Chang and Grace, 2014; 

Lim et al., 2015; Strekalova et al., 2004; Tye et al., 2013; Venzala et al., 2013). Moreover, 

studies have also reported other behavioral similarities with depression such as sleep 

disturbances, with an increase in REM sleep and decreased waking (Grønli et al., 2004), 

increased anxiety in the elevated plus maze (Erburu et al., 2015; Grønli et al., 2004) and 

cognitive impairment such as new object recognition or spatial learning deficits (Erburu et al., 

2015; Song et al., 2006; Venzala et al., 2013). Concerning its predictive validity, the CMS 

model responds to chronic, but not acute, administration of a wide range of established 

antidepressant drugs (Garcia et al., 2009; Willner, 2017; Willner et al., 1987). In addition to 

this, alternative strategies such as ECT (Moreau, 2002) or DBS (Lim et al., 2015) have also 

demonstrated its efficiency to ameliorate the depressive like symptoms triggered by CMS. To 

summarize, the CMS model present excellent face validity and predictive validity since it 

induces the emergence of a wide range of depressive-like symptoms, which can be reversed 

by chronic antidepressant treatment or alternative strategies. However, the model has two 
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significant drawbacks: 1) CMS rodents spend a long part of their lifespan under physical 

stress somehow not reflecting the true nature of stress exposure in human. 2) CMS 

experiments are labor intensive and demand space that can be sometimes difficult to carry out 

and can trigger environmental or experimental bias. 

C. Social defeat 

Considering that stress stimuli in humans leading to a psychopathological state are often of 

social nature, animal models based on social-stress, such as social defeat (SD) present in some 

measures good construct validity. The SD model consists of introducing an experimental male 

rodent in the home cage of an aggressive, dominant male usually of bigger size and 

belongging to a strain with a relatively higher level of aggression. The intruders are rapidly 

attacked and defeated by the residents, assuming a submissive posture. After this brief 

physical experience (several minutes), residents and intruders are usually separated by a 

plastic divider with holes, which allows sensory contacts for the remainder of the 24-h period. 

Each day, defeated rodents are exposed to a different resident aggressor, and the procedure 

usually lasts around ten days (Kudryavtseva et al., 1991). Following repeated defeat, subjects 

exhibit social avoidance behaviors when subsequently exposed to an unfamiliar mousethat 

persist even 4 weeks after the last exposure (“susceptible” mice) (Berton et al., 2006). 

Importantly to note, this long-term effect of SD effect are observed only in single housed but 

not in socially housed animals (Von Frijtag et al., 2000). Around 40% of the defeated mice 

never developed the behavioral symptoms (“resilient” mice) and which gives the advantages 

to study the mechanism behind the resilience to chronic stress (Friedman et al., 2014). 

Moreover, SD induces several other behavioral changes compared to the control, such as 

increased anxiety in the open field or on the elevated plus-maze (Krishnan et al., 2007; 

Kudryavtseva et al., 1991; Venzala et al., 2013). This paradigm also triggers a transient 

decrease in body weight (Krishnan et al., 2007; Venzala et al., 2013) and reduced preference 

for sucrose solution (Chaudhury et al., 2013; Covington et al., 2010; Friedman et al., 2014; 

Krishnan et al., 2007). A study from Friedman and co-workers, also reported behavioral 

despair in susceptible mice assessed in the FST (Friedman et al., 2014), although no such 

behavior has been observed in other studies (Krishnan et al., 2007; Venzala et al., 2013). 

Depressive phenotypes are rescued only after chronic, but not acute, administration of 

antidepressants, and not after non-specific antidepressant treatment such as benzodiazepine 

providing predictive validity (Berton et al., 2006; Cao et al., 2010; Kudryavtseva et al., 1991). 

One concern is that only male rodents can be used for model, since female rats or mice do not 
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fight each other in a resident–intruder confrontation. Yet, epidemiologic studies report a 

higher incidence of depression in woman (Ferrari et al., 2013). 

D. Maternal separation 

A wide range of studies point out the importance of early-life stress in shaping adult behavior 

(Kendler et al., 2002; de Kloet et al., 2005).  The maternal separation (MS), is one of the most 

used early-life stressors to model depression and child neglect (Vetulani, 2013). The paradigm 

consists of separating the pups from both their mother and littermates and temporarily housing 

them in a new environment during the first two weeks of postnatal life. Two experimental 

protocols are usually employed: a prolonged 24h of maternal deprivation or periodic briefer 

periods of maternal separations (3-8h for 1-2 weeks). The separation duration, frequency, and 

its time windows vary among the studies and can be crucial for the behavioral outcomes. The 

consequences of MS on the stress axis have been extensively studied, revealing that profound 

disruption of the natural patterning dam-offspring interaction induced a persistent hyper-

responsiveness of the HPA axis. (for review (Heim et al., 2008; Holmes et al., 2005; de Kloet 

et al., 2005)). Accordingly, studies reported that MS rodents present an increased basal 

plasma corticosterone levels as well as an increase of CRF mRNA in paraventricular nucleus 

as well as an excessive increase of adrenocorticotropic hormone and coticosterone plasma 

level in responses to an acute stressor (Aisa et al., 2007; Lajud et al., 2012). In parallel to this 

pathophysiological effect, MS induces anxiety phenotype (Franklin et al., 2010; Lee et al., 

2007) and a depressive-like profile including anhedonia (Aisa et al., 2007; Franklin et al., 

2010; Gracia-Rubio et al., 2016), helplessness (Lukkes et al., 2017) and behavioral despair 

(Aisa et al., 2007; Couto et al., 2012; Franklin et al., 2010; Gracia-Rubio et al., 2016; Lajud et 

al., 2012; Lee et al., 2007; MacQueen et al., 2003) as well as memory impairment (Aisa et al., 

2007; Couto et al., 2012; Llorente et al., 2011). Chronic antidepressant treatment can 

ameliorate the adaptations triggered by MS (Couto et al., 2012; MacQueen et al., 2003) which 

confirms the predictive validity. Overall, MS is a model with a good face, predictive and 

strong construct validity, and have the advantage to look at psychosocial stress effect in both 

male and female individuals. However, such paradigm did not take into account subtle 

environmental influences, and genetic predispositions and the high variability in the 

separation protocols used have led to some discrepancies in the behavioral outcomes 

particularly in the observation of anxiety behaviors (Tractenberg et al., 2016). Despite this, 

some MS paradigms seem to trigger a robust vulnerability to develop some core symptoms of 
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depression, which validated this model to study particular aspects of the pathophysiology of 

depressive symptoms (Vetulani, 2013). 

Taken together, these studies show that different models induce distinct subsets of depressive 

phenotypes (see Fig.3) that are also heterogeneous in human (Anisman and Matheson, 2005; 

Monteggia et al., 2014; Nestler and Hyman, 2010). Aside from the inherent limitations in 

translating human affective disorders into relevant modeling in rodents, the diverse array of 

useful animal models with their relative strengths can be combined with the recent advances 

in technologies permitting precise circuit identification and manipulation to expand our 

understanding of mechanisms underlying depression. 

Neural circuits of depression 
The neuronal circuits underlying precise depressive symptoms are complex, and there is not a 

good association between aberrant function of defined circuits and their behavioral relevance. 

However, research in the field starts to unravel particular brain structures or circuits that could 

be implicated in discrete symptoms of depression. 

Initial studies firstly focused onto regions that are affected by stress due to its relevance in the 

etiology of depression (Chattarji et al., 2015; de Kloet et al., 2005). Accordingly, a large body 

of work centered their attention particularly in hippocampus and PFC. These two regions 

reported abnormal activity as well as morphological changes in human patients (Chattarji et 

al., 2015; Fales et al., 2008; Manji et al., 2001; Mayberg et al., 2005) and in animal models 

(Chattarji et al., 2015; Covington et al., 2010; Kim and Diamond, 2002; Venzala et al., 2013). 

Moreover, optogenetic manipulation of PFC (Covington et al., 2010; Warden et al., 2012) and 

hippocampal regions (Ramirez et al., 2015) have been shown to produce an antidepressant 

effect in rodents. Notably, the hippocampus is mainly recognized for its role in memory 

formation (Kim and Diamond, 2002) while the PFC is mainly implicated in executive 

function (Dalley et al., 2004), both aspects being altered in depression (Beck, 2008; Elliott et 

al., 1996; Marvel and Paradiso, 2004; Wang et al., 2008). However, even if the hippocampus 

and PFC are likely to be involved in certain aspects of depression such as impaired cognitive 

function, it is unlikely that these regions account for all symptoms of the disorder (Nestler et 

al., 2002). As described in previous paragraphs, most depressed patients exhibit a reduced 

ability to experience pleasure (anhedonia) and a loss of motivation. This led to a growing 

amount of research (including this thesis work) to investigate the role of reward and 

motivational circuits in depression.  
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DA neurons in the ventral tegmental area (VTA) and its projections to the NAc have a central 

role in the motivational circuit. Using single unit recording in monkey, Shultz and colleagues, 

have described that VTA DA neurons respond to unpredicted rewards (Schultz, 2007; Schultz 

et al., 1997). This leads to DA release in the NAc necessary for the rewarding properties and 

motivation aspect of natural stimuli such as food and sex (Di Chiara et al., 1999; Schultz, 

2007; Wise, 2004). Conversely, aversive and stressful stimuli have been described to inhibit 

DA neurons phasically (Ungless et al., 2004).  Thus, this VTA–NAc circuit is crucial for the 

recognition of salient stimuli in the environment and for initiating adequate behavioral 

response that aimed at acquiring rewards and avoiding punishment.   

NAc 

LHb 

mPFC 

RMTg 

Hipp 

VTA 

Raphe 

Dopaminergic 

Serotoninergic 

Glutamatergic 

GABAergic 

Unknown 

Figure 4 Simplified schematic of neural circuits implicated in depression.  

Based on the action of antidepressant and chronic stress effects on the brain, different structures have been implicated in depression such as 
serotonin nuclei in the raphe, the hippocampus and mPFC and have been the object of considerable amount work (Chattarji et al., 2015; De 
Deurwaerdère et al., 2017; Duman and Monteggia, 2006; McEwen et al., 2016; Metzger et al., 2017; Owens and Nemeroff, 1994; Turner et al., 
2006). However, considering the complexity and the array of symptoms described in this disease it is unlikely that these structures encompassed 
all aspect of depressive states. Based on the fact that the loss of motivation is a major symptom of depression, researchers get interest to the 
role  of reward/motivational circuits in mood disorders, comprising the VTA and its projection to the Nac (Russo and Nestler, 2013)  as well as its 
direct and indirect input from the LHb  and through the RMTg (Aizawa et al., 2013; Lecca et al., 2014; Proulx et al., 2014). Of course, all these 
various brain areas cannot be considered as distinct, since they are establishing highly overlapping and interacting circuits. (Picture modified 
from Russo and Nestler, 2013). 

 

 

 

 

http://www.nature.com.gate2.inist.fr/nrn/journal/v14/n9/full/nrn3381.html#df3


23 
 

One possible explanation for the information-processing biases characterizing depression 

(anhedonia or behavior despair) is that hypofunction of this VTA-NAc circuit would lead to 

the decrease of rewarding experiences and the exaggerated responses to aversive events.  

Consistent with this idea, human study, documented abnormal functioning of the VTA–NAc 

in depression, as a reduced activation of the NAc in response to rewarding stimuli (Pizzagalli, 

2014). Interestingly, in vivo recordings in VTA DA cells in rodents reported altered burst 

activity (Friedman et al., 2008; Tye et al., 2013) and decreased spontaneously active neurons 

(Chang and Grace, 2014).   Moreover, bidirectional opto-manipulations of DA cells in 

behaving animal gives further support for the causal link between depressive states and the 

modulation of mesolimbic DA system. Indeed, inhibition of VTA neurons transiently induced 

depressive symptoms in naive mice. Conversely, acute phasic bursting stimulation of DA 

neurons transiently reverse depressive phenotype of CMS mice at the level of the control (Tye 

et al., 2013). Although, circuit-specific alterations have not been established, local infusion of 

DA receptors antagonists in the NAc were able to prevent the restorative effect of the 

stimulation suggesting that VTA neurons projecting to the NAc seem partly involved. 

Altogether, these data suggest that alteration of mesolimbic system have a crucial role in 

depression. Although, the hypodopaminergic hypothesis is nowadays debated (Cao et al., 

2010; Chaudhury et al., 2013; Friedman et al., 2014; Krishnan et al., 2007), there is large 

agreement regarding the fact that alterations in the mesolimbic system represent a specific 

substrate for discrete depressive symptoms (Cao et al., 2010; Chang and Grace, 2014; 

Chaudhury et al., 2013; Friedman et al., 2008, 2014; Krishnan et al., 2007; Tye et al., 2013).  

Given this fact, the research field started investigating the role of brain structures located 

upstream the DA system and capable to directly and indirectly influence its activity. In this 

context, particular attention was focused on the LHb, an ephitalamic region that strongly 

modulates DA neuron activity (Christoph et al., 1986; Lammel et al., 2012, 2014; Proulx et 

al., 2014; Stamatakis and Stuber, 2012). 

Emerging role of LHb in depression 
The habenula is an epithalamic region that is highly phylogenetically conserved (Bianco and 

Wilson, 2009). It is located close to the midline surrounded by the thalamus and the third 

ventricle and can be divided in two different main subnuclei, the medial habenula (MHb) and 

the LHb. These subregions present anatomical and morphological differences and differ in 

their connectivity (Aizawa et al., 2011; Andres et al., 1999). 
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Functional and anatomical studies provide evidence that the LHb is mainly composed of long-

range projecting glutamatergic neurons (Aizawa et al., 2012; Lammel et al., 2012; Li et al., 

2011; Pollak Dorocic et al., 2014; Weiss and Veh, 2011). Although a small population of 

GABAergic neurons has been also described in the medial part, their functional connectivity 

is still unspecified (Smith et al., 1987; Zhang et al., 2016b).  

The focus of the present thesis in the LHb is primarily due to the growing amount of evidence 

highlighting its central role in the motivational system and consequently its potential 

implication in the etiology of mood disorders. Here, I will first provide a brief introduction on 

how LHb controls midbrain circuits, and its particular role in aversion encoding. Then, I will 

summarize the current literature supporting the evidence that LHb is hyperactive in 

depression.  

I. Lateral habenula as a node to control midbrain regions 
The LHb is a hub connecting forebrain regions and monoaminergic systems in the midbrain. 

It mainly receives information from the stria medullaris and projects input through the 

fasciculus retroflexus.  

The main functionally identified outputs from the LHb are the rostromedial tegmental nucleus 

(RMTg), (Stamatakis and Stuber, 2012) the DA neurons of VTA (Lammel et al., 2012) as 

well as the 5HT nuclei of raphe (Pollak Dorocic et al., 2014) and the Laterodorsal tegmentum 

(LDT) ; (Yang et al., 2016)). 

Using single-unit recording techniques in anesthetized rats, stimulation of the LHb was 

described to powerfully suppress both the activity of DA neurons in the substantia nigra and 

VTA (Christoph et al., 1986; Ji and Shepard, 2007). Conversely, pharmacological inhibition 

of LHb neurons, in behaving animals transiently increased DA release in the NAc, 

dorsolateral striatum, and to a lower extent in the PFC suggesting that LHb exerts a tonic 

inhibitory control over the function of DA neurons (Lecourtier et al., 2008). Considering that 

LHb is mainly glutamatergic, these studies indicate the presence of an inhibitory relay. In line 

with this hypothesis, tracing experiments reveal the existence of a GABAergic nuclei, caudal 

to the VTA, the RMTg, which receives a strong input from the LHb (Jhou et al., 2009a; 

Kaufling et al., 2009). The RMTg projects mainly to the VTA DA cells (Balcita-Pedicino et 

al., 2011) exerting a strong inhibition onto this neuronal subpopulation (Lecca et al., 2011). 

Consistently, an optogenetic study suggests opto-stimulation of LHb ChR2-expressing 

efferent fibers in the midbrain evokes excitatory postsynaptic currents almost exclusively onto 

GABAergic neurons, rather than DA VTA neurons (Stamatakis and Stuber, 2012). 
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Nevertheless, direct functional glutamatergic connection between the LHb and a 

subpopulation of DA VTA neurons that specifically project to the medial prefrontal cortex 

(mPFC) has also been described (Lammel et al., 2012).    

 Altogether, these data suggest that LHb exerts a strong inhibitory control of the mesolimbic 

system implying a fundamental contribution of this structure in encoding motivational states.  

 

 

Figure 5: Lateral habenula anatomy: a hub between forebrain structures and neuromodulatory nuclei. 

A.  Coronal (left) and sagittal (right) section representing the habenula, epithalamic region that can be subdivided into two 
differents nuclei the medial habenula (in orange, MHb) and the lateral habenula (in red, LHb). This complex,  located beneath 
the hippocampus(Hipp), close to the third ventricle (3V) receives input via the stria medullaris (sm)  and in turn, sends 
efferents to the midbrain through the fasciculus retroflexus (fr). 

B.  Optogenetic studies reported that lateral habenula receives glutamatergic input from the prefrontal cortex (PFC), the 
lateral hypothalamus (LH) and the parvalbumin neurons from the ventral pallidum (VPPV) and mixed 
GABAergic/Glutamatergic input from the entopeduncular nucleus (EPN) and the ventral tegmental area (VTA). Nevertheless, 
GABAergic current from VPPV and the LH have also been described. 

In turn, LHb mainly contains long-range projecting glutamatergic neurons. It sends output in the midbrain controlling directly 
the monoaminergic nuclei (DA of the VTA and 5-HT neurons of the dorsal raphe) and indirectly through the activation of 
GABAergic relays (RMTg or GABAergic interneurons). Moreover, LHb has also been described to control GABAergic neurons in 
the LDT. 
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II. Lateral habenula function in processing negative information 
Seminal study of Hikosaka and colleagues, reported that LHb neurons in monkey, are excited 

by aversive stimuli such as an air puff and inhibited by unpredictable reward. Moreover, after 

pavlovian conditioning, the absence of reward after a conditioned cue also activates the LHb 

neurons. Instead during cue-shock associations, LHb is activated both to the cue and to the 

shock (Matsumoto and Hikosaka, 2009b). Altogether, this suggests a role of LHb in encoding 

aversive states and negative-reward prediction error. Importantly these responses mirror the 

responses of the DA neurons and the activation of the LHb precedes the DA inhibition 

(Matsumoto and Hikosaka, 2007, 2009; Schultz et al., 1997). Altogether these data suggest a 

role of LHb in conveying negative information signaling to the DA cells of the VTA, 

potentially via RMTg, which has in turn described to be phasically activated by aversive 

stimuli and inhibited by reward-related cues (Hong et al., 2011; Jhou et al., 2009b).  

Consistently, optogenetic activation of the LHb fibers in the RMTg has been reported to drive 

real-time aversion in the place preference paradigm as well as decreased motivation for 

reward (Stamatakis and Stuber, 2012). Although LHb neuron projections to RMTg seem to be 

an important pathway to drive aversion, alternative pathway rising from LHb neurons are also 

able to encode negative state. Indeed, direct projections from the LHb to VTA DA neurons 

that in turn send axons to the mPFC have also been described to drive aversion (Lammel et 

al., 2012) as well LHb projections to the LDT (Yang et al., 2016). 

Optogenetic studies also provided a mean to decipher the respective role of discrete inputs 

onto the LHb in negative states. Indeed opto-activation of glutamatergic fibers in the LHb 

from the entopeduncular nucleus (EPN), the lateral hypothalamus, the VTA and the ventral 

pallidum (VP) drive aversion or avoidance (Knowland et al., 2017; Lammel et al., 2015; Root 

et al., 2014a; Shabel et al., 2012; Stamatakis et al., 2016). Moreover, optogenetic stimulation 

of the glutamatergic pyramidal cells mPFC terminals in the LHb increases immobility in the 

FST (Warden et al., 2012).  

Altogether, these studies, mainly taking advantage of optogenetic strategies, provide a strong 

evidence that LHb is a crucial node processing aversive information consequently 

highlighting its importance for the expression of negative state. Considering the prevalence of 

negative states in depression (such as anhedonia, behavioral despair and hopelessness) it is 

not surprising that the field has started investigating the aberrant functions of the LHb in the 

context of depressive states. 
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Figure 6: Lateral habenula encodes of aversive information and drive motivated behaviors 

A. Simplify schematic of response to reward and punishment. Subpopulation of the ventral tegmental area (VTA) dopamine 
(DA) neurons are excited by unpredictable reward and cue predicted reward and inhibit by reward omission. Inversely, lateral 
habenula (LHb) neurons show mirror-inverted phasic responses to DA neurons, excited by unpredicted aversive stimuli, inhibit 
by reward and potentially providing a source of negative reward prediction error signal. 

B. Optogenetic studies role of LHb output in encoding aversive stimuli. ChR2-driven stimulation of LHb terminals within the 
RMTg, indirectly inhibits dopaminergic VTA neurons and induces real-time and conditioned place avoidance, negatively 
reinforces behavior. Moreover, other pathways have also been identified to encode aversive behavior: subpopulation of VTA-
projecting LHb neurons target directly dopamine neurons, this neurons project in turn mainly to the PFC. Opto-stimulation of 
LHb neurons projecting to the VTA DA induces conditioned place avoidance. LDT projecting LHb neurons have also been 
described to target interneurons and stimulation of this pathway induce freezing behavior. 
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III. Lateral habenula modifications in depression 
Human studies provide evidences that aberrant volume of the LHb is correlated with the 

severity of the major depressive disorders (Carceller-Sindreu et al., 2015; Johnston et al., 

2015; Ranft et al., 2010; Schmidt et al., 2017). These morphological changes are supported by 

functional alteration of LHb in depressed patients. Indeed, a positron emission tomography 

study reported increased metabolic activity of LHb in patients experiencing transient 

depression upon tryptophan depletion (Morris et al., 1999). Consistently, animal studies also 

reported an increase of the LHb metabolism in rodent models of depression together with a 

decreased metabolic activity of the VTA (Caldecott-Hazard et al., 1988; Mirrione et al., 2014; 

Shumake et al., 2003). Overall, all these studies point out that the LHb is hyperactive in 

depression. In fact, dampening LHb activity via local DBS was sufficient to ameliorate 

depressive states both in animal studies and in human depressed patients (Kiening and 

Sartorius, 2013; Li et al., 2011; Lim et al., 2015; Sartorius et al., 2010).  

Electrophysiological studies give further support to an increased activity of LHb neurons in 

rodent models of depression allowing a better understanding of the underlying mechanisms. 

Indeed, in vitro studies reported increased spontaneous firing activity and altered burst (Li et 

al., 2011; Seo et al., 2017). Neuronal activity is controlled by both excitatory/inhibitory 

balance as well as intrinsic neuronal properties. Several mechanisms underlying this neuronal 

hyperactivity have been proposed, all converging toward an increased excitatory drive and a 

decreased inhibitory control of a subset of LHb neurons (Namboodiri et al., 2016; Proulx et 

al., 2014).  

Indeed, a specific LHb population projecting to the VTA was described to have a presynaptic 

potentiation of glutamatergic transmission in the LHp rats model of depression (Li et al., 

2011). Using the same model, proteomic analysis of the LHb neurons reported an increased 

level of the β- calcium calmoduline-dependent protein kinase type II (βCaMKII) that resulted 

to be instrumental both for the increased glutamatergic transmission and the expression of 

depressive-like states (Li et al., 2013). Instead, LHb neurons in LHp rats showed decreased 

GABA/AMPA ratio from the EPN due to a reduced GABAergic drive, restored by 

antidepressant treatment (Shabel et al., 2014). 
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Figure 7:  Cellular and molecular adaptations within the habenula in a rodent model of depressive-like states. 

Increased level of the β-CaMKII in LHb neurons has been described in the learned helplessness model potentially increasing the number of 
spines and driving the GluA1-type receptors in the synapse, resulting in a strengthening of the AMPAR-transmission. Moreover, parallel 
mechanisms have also been described in particular LHb neurons sub-populations. Indeed, studies reported an increased presynaptic 
excitatory drive in LHb neurons projecting to the ventral tegmental area (VTA) and a decrease of GABA release from the EPN terminal onto 
LHb neurons. All these mechanisms induce an imbalance in excitatory/inhibitory fast transmission triggering LHb neurons hyperactivity and 
underlying the depressive like symptoms. (Adapted from Lecca et al., 2014).  
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To conclude, several lines of evidence point out toward an increased excitability of LHb as a 

base for the expression of specific depressive like symptoms. However, several points remain 

elusive. For instance, given that previous studies mainly focused on a single animal model of 

depression (mostly LHp), whether LHb hyperactivity is a common feature of depression 

independently of its etiology has still to be proven. Moreover, the early changes following a 

traumatic event able to induce long-term cellular and behavioral adaptations within the LHb 

remain poorly investigated.  

The sets of data presented in this thesis touch upon these exact distinct aspects. Differently 

from the findings I have described above, during my thesis I have highlighted the GABAB-R 

and its effector the G-protein inwardly-rectifying potassium (GIRK) channel as important 

players for the control of the LHb neuronal activity in both physiological and pathological 

conditions. In the next paragraph, I will present the structure, the different signaling pathways 

and their functions, as well as the trafficking and plasticity of the GABAB-Rs.  

GABAB receptors: master of the neuronal activity 
I. GABAB receptor structure and function 

GABA is the major inhibitory neurotransmitter in the central nervous system (CNS) playing a 

key role in modulating neuronal activity. GABA mediates its action via distinct receptors, the 

ionotropic gamma aminobutyric acid type A receptor (GABAA) and the metabotropic gamma 

aminobutyric acid type B receptor (GABABR), the latter mediating the so-called slow 

inhibition. The GABABR was originally defined based on pharmacological responses to 

GABA and specific agonists, including baclofen (Bowery et al., 1981; Hill and Bowery, 

1981). It mediates slow inhibitory neurotransmission in the central nervous system. In 

general, electrophysiological activation of GABABRs requires strong stimulus intensities 

capable to trigger GABA spillover consistent with an extrasynaptic location of GABABRs 

(Scanziani, 2000). 

The GABABR is a 7-transmembrane domain protein that couples the Gi protein (Kaupmann et 

al., 1997). When GABA binds to GABABR, it activates the αi/o-type G proteins, which 

inhibit adenylyl cyclase via Gαi/o reducing the protein kinase A (PKA) activity, and inhibits 

gate ion channels via Gβγ subunits activation (Bettler et al., 2004; Chalifoux and Carter, 

2011; Couve et al., 2000). GABABRs are formed by the association of two different subunits: 

GABAB1 and GABAB2 both required for the formation of a functional receptor (Jones et al., 

1998; Kaupmann et al., 1997; Kuner et al., 1999; White et al., 1998). Indeed, GABAB1 
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contains the agonist binding site (Galvez et al., 1999; Malitschek et al., 1999) while GABAB2 

provides the domain that links the G-coupled protein and is needed for signaling (Robbins et 

al., 2001). Moreover, the GABAB1 subunit shows two possible splice variants: the GABAB1a 

and the GABAB1b (Kaupmann et al., 1997). The GABAB1a is mainly identified in presynaptic 

sites, while the GABAB1b shows a postsynaptic expression (Biermann et al., 2010; Billinton et 

al., 1999; Pinard et al., 2010). Nevertheless, GABABB(1b,2) is also described as autoreceptor in 

GABAergic terminal (Ulrich et al., 2007; Vigot et al., 2006). Importantly, the localization of 

the receptor is also indicative of the transduction signaling. In fact, the presynaptic GABABRs 

usually inhibit the voltage-gated calcium channels (VGCC), decreasing the synaptic release of 

neurotransmitter (notably glutamate and GABA release) (Guetg et al., 2009; Shaban et al., 

2006; Ulrich et al., 2007; Vigot et al., 2006). Instead, the postsynaptically located GABABRs 

via the βγ subunit activation mainly trigger the opening of the inward rectifying potassium 

channels (GIRKs), hyperpolarizing the neuron (Vigot et al., 2006) and thereby tuning 

neuronal excitability in several brain regions (Cruz et al., 2004; Edwards et al., 2017; Gao et 

al., 2017; Padgett et al., 2012; Scanziani, 2000; Wang et al., 2015).  

Other evidence also suggests that GABABRs inhibit VGCC subtypes at postsynaptic sites 

(Harayama et al., 1998; Pérez-Garci et al., 2006). On top of this, other transduction pathways 

responsible for the GABABR-dependent signaling were described (Zhang et al., 2016a and see 

review Bettler et al., 2004; Xu et al., 2014) although not thoroughly investigated.  

Interestingly, the presence of GABAB2 and both variants of GABAB1 were identified in the 

LHb suggesting a pre- and postsynaptic expression of functional GABABRs (Charles et al., 

2001; Geisler et al., 2003). Several distinct and highly regulated processes affect the presence 

of a functional receptor at the surface including its stabilization, receptor recycling, and 

eventually degradation. After a brief overview of the GABABR trafficking, I will give some 

examples of how the surface expression of the receptor could be regulated. 
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II. GABA B receptors trafficking 
 Newly synthesized cell-surface receptors are processed and passed through distinct 

membrane compartments before reaching the plasma membrane, including the endoplasmic 

reticulum (ER), cis-Golgi network, and trans-Golgi network. Different check points regulate 

GABABR transport to the surface membrane. Notably an Arginine-rich endoplasmic 

reticulum retention signal is present within the C-terminal tail of the GABAB1 subunit (Calver 

et al., 2001; Margeta-Mitrovic et al., 2000; Pagano et al., 2001) as well as an di-lysine motif 

that inhibits its transport from trans-Golgi to the cell surface (Restituito et al., 2005). 

Heterodimerization with GABAB2 seems to induce a conformational change that masks 

retention signals promoting its exit from the endoplasmic reticulum and the GABAB1 

transport to the cell surface (Gassmann et al., 2005; Pagano et al., 2001). Once at the plasma 

membrane GABABRs undergo constitutive clathrin and dynamin-dependent endocytosis 

Figure 8: GABABR subunits and 
functions 

A. Ligand binding to the GABAB 
receptor triggers GDP/GTP exchange 
at the Gα subunit of the 
heterotrimeric (α, β, and γ) G-
proteins, resulting in dissociation of 
the Gα-GTP from the Gβγ dimer. In 
turn, these G-proteins trigger 
activation of downstream effectors, 
including ion channels and enzymes. 
B. Subunit composition and 
localization of GABABRs at synapses. 
Autoreceptors composed of GABAB1a 
or GABAB1b and GABAB2 mediate 
presynaptic inhibition at GABA 
terminals by decreasing Ca2+ entry 
through inactivation of the voltage 
gated channel (VGCCs), whereas 
heteroreceptors containing mostly 
GABAB1a mediate reduction of 
glutamate release. On the 
postsynaptic side, spillover of GABA 
activates the peri and 
extrasynaptically receptors (mostly 
GABAB1b/2 heterodimers) that 
hyperpolarize the neuron by 
activating GIRK channels. 
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(Grampp et al., 2007, 2008; Pooler et al., 2009; Vargas et al., 2008; Wilkins et al., 2008). 

After internalization, GABABRs are transferred to fast and slow recycling endosomes, as well 

as lysosomes. The none-degraded receptors can then recycle back to the membrane (Grampp 

et al., 2008). Blocking vesicle fusion to the plasma membrane by monensin induced 

degradation of 50% of the receptors by redirecting them to lysosomes, suggesting a stable 

equilibrium between internalization and recycling (for review see Benke, 2010).  In the 

following paragraph, I will give several examples of how this process could be regulated 

determining the surface expression of GABABRs. 

III. GABAB receptor regulation  
Desensitization following prolonged exposure to the agonist is a common feature of G-protein 

coupled receptors (GPCRs) down-regulation, reducing protein levels at the surface to prevent 

overstimulation. Usually, desensitization involves phosphorylation by the G protein-coupled 

receptor kinases (GRK) recruiting arrestin, dynamin, and clathrin, leading to internalization of 

the receptor downregulating signaling at the membrane (Gainetdinov et al., 2004). However, 

GABABRs do not seem to follow this common regulatory pathway. Instead, prolonged 

exposure to GABABR agonist, baclofen leads to decreased phosphorylation level (at the serine 

residue (S)892 of the GABAB2) promoting degradation of the receptor; an effect that is 

attenuated by increasing PKA activity (Fairfax et al., 2004). Consistently, PKA 

phosphorylation of GABAB2 S892 has been shown to decrease the desensitization rate 

through potential stabilization of the receptor at the membrane and promotes GABABR 

signaling (Couve et al., 2002). Instead, protein kinase C (PKC)-dependent desensitization 

decreased coupling of the receptor to the G protein following prolonged receptor activation. 

This mechanism involved phosphorylation of GABAB1 subunit by PKC and subsequent N-

ethylmaleimide-sensitive fusion (NSF) protein dissociation from GABABRs both necessary to 

reduce G protein activation (Pontier et al., 2006) 

Apart from the agonist-dependent desensitization, sustained application of glutamate or N-

methyl-D-aspartic acid (NMDA) has also been described to regulate GABABR function.  This 

regulatory pathway increases GABABR targeting to lysosomes and its subsequent 

degradation, resulting in a decrease in receptor expression at the cell surface (Guetg et al., 

2010; Kantamneni et al., 2014; Maier et al., 2010; Terunuma et al., 2010a; Vargas et al., 

2008). Mechanistically, prolonged NMDARs activation triggers phosphorylation of GABAB1 

at S867 by the CaMKII promoting the degradation of the receptor (Guetg et al., 2010). 

Moreover, in cortical and hippocampal cultured neurons, the balance between GABAB2-S783 
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phosphorylation and dephosphorylation by the AMP-activated protein kinase (AMPK) and 

the protein phosphatase type 2 (PP2A) respectively, governs post-endocytic sorting of 

GABABRs. Indeed, phosphorylation of S783 on GABAB2 subunit by  the AMP-activated 

protein kinase (AMPK) stabilizes the complex at the membrane and decreases desensitization 

(Kuramoto et al., 2007; Terunuma et al., 2010a) whereas dephosphorylation of S783 by PP2A 

following prolonged NMDA exposure targets the receptors for lysosomal degradation 

(Terunuma et al., 2010a). Interestingly, electrophysiological studies in brain slice also 

reported PP2A-dependent down-regulation of GABABRs involving a retention within the 

internal compartments in a pathophysiological context (Hearing et al., 2013; Padgett et al., 

2012). 

Importantly, GABABR signaling depends on several other proteins interacting with the 

receptor or their effectors (GIRK/VGCC), such as the members of the potassium channel 

tetradimerization Domain containing proteins (KCTD), the regulator of G protein signaling 

(RGS), the transcription factor CCAAT/enhancer-binding protein homologous protein 

(CHOP),  the Sorting nexin 27 (SNX27), among many others (Labouèbe et al., 2007; Munoz 

and Slesinger, 2014a; Sauter et al., 2005; Schwenk et al., 2010). Indeed interacting proteins 

not only regulate their targeting to specific compartments but are also needed for synthesis 

modulation; their intracellular signaling, for their cross-linkage to neuronal cytoskeleton, 

membrane assembly as well as for their allosteric activation/inactivation (for review see see 

(Benke, 2013; Bettler and Fakler, 2017; Couve et al., 2004; Lujan and Ciruela, 2012; Luján et 

al., 2014; Lüscher and Slesinger, 2010; Padgett and Slesinger, 2010; Pinard et al., 2010; 

Terunuma et al., 2010b). As example, RGS proteins enhance the GTPase activity of Gα 

subunits, accelerating the deactivation of G protein signaling (Doupnik, 2015; Sjögren, 2011). 

Consistently, genetically silencing RGS2 has been reported to lead to a higher GABABR-

GIRK coupling efficiency in the VTA (Labouèbe et al., 2007). One other example is the four 

K+ channel tetramerization domain-containing (KCTD) proteins. KCTDs have been 

identified as auxiliary subunits of the GABABRs. By forming tetramers and binding to the C-

terminal tail of GABAB2, KCTDs stabilize GABABR at the cell surface (Ivankova et al., 

2013), increase agonist potency, accelerate onset and promote desensitization of the 

GABABRs (Fritzius et al., 2017; Schwenk et al., 2010).  

Additionally, the modulation of GABABR function also rely on regulation of its effectors such 

as GIRK channels. For example, a proteomic study reveals that Girk3 subunit interacts with 

the SNX27, a protein implicated in the trafficking of an array of neuronal signaling proteins 

between the endosome and the plasma membrane (Balana et al., 2011; Lauffer et al., 2010; 
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Lunn et al., 2007; Temkin et al., 2011). Functionally, genetical ablation of the SNX27 in the 

VTA DA neurons has been described to reduce the GABABR -GIRK signaling (Munoz and 

Slesinger, 2014b). 

 

 
 

Overall, these studies suggest an important role of GABABRs in dampening neuronal activity, 

presynaptically modulating neurotransmitter release via inactivation of VGCCs but also 

through modulation of postsynaptic GIRK channels that control neuronal excitability.  

LHb hyperactivity has been related to the expression of depressive like symptoms (Li et al., 

2011, 2013; Seo et al., 2017). Previous studies mainly focused on the role of fast 

glutamatergic and GABAergic transmission onto LHb in a rodent model of depression (Li et 

al., 2011, 2013; Shabel et al., 2014). However, considering the critical role of GABABRs in 

controlling neuronal activity, whether GABABRs dysregulation within LHb could contribute 

to the establishment of a depressive phenotype has still to be investigated.  Importantly, 

Figure 9:  GABABRs regulations 
A. Mechanisms of GABABRs 
desensitization.  
B-C. Regulation of GABABRs by 
trafficking. Under normal 
conditions GABABRs are 
constitutively internalized and 
recycled back to the plasma 
membrane. Sustained 
activation of glutamate 
receptors induces 
phosphorylation of GABAB1 by 
CaMKII and dephosphorylation 
by PP2A. These events shift the 
recycling/degradation balance 
towards increase degradation 
by the lysosomes, resulting  in a 
rapid down-regulation of 
GABABRs.  
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GABABRs signaling have been described in pathological states including addiction, anxiety 

and mood disorder (for review Bowery, 2006; Cryan and Slattery, 2010; Lüscher and 

Slesinger, 2010). Regarding depression, the role of the GABABRs is still under debate (Cryan 

and Slattery, 2010; Lujan and Ciruela, 2012). Indeed, an unidirectional relationship between 

GABABR signaling and a precise depressive like behavioral outcome has not been provided. 

One possible explanation is that the different results so far obtained are not taking into 

account the topographical localization (pre and post-synaptic) or region specificity of the 

receptors. In this thesis, I will present two sets of data investigating the plasticity of 

GABABRs in the LHb as an early cellular process following exposure to stress that is not only 

crucial for neuronal output but also for behavioral traits of mood disorders. 
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Methodological section         
Experimental subjects and stress paradigms  

For the first study, 4- to 7-week-old wild-type male C57Bl/6J mice (Janvier laboratories, 

France) were used in accordance with the guidelines of the French Agriculture and Forestry 

Ministry for handling animals and of the ethics committee Charles Darwin #5 of the 

University Pierre et Marie Curie Mice were housed in groups of 4–6 per cage with water and 

food ad libitum. Mice were randomly allocated to experimental groups. 

 In the second study, 4-9 weeks wild-type male and female C57Bl/6J were used. All 

procedures were used in accordance with the guidelines of the French Agriculture and 

Forestry Ministry for handling animals (Committee Charles Darwin #5, University Pierre et 

Marie Curie, Pairs). Part of the current study was carried out in the Department of 

Fundamental Neuroscience (Lausanne, Switzerland). Pregnant dams C57Bl/6J were received 

at the gestational stage E13-18 (Janvier laboratories, France). Mothers were housed two per 

cages with access of food and water at libitum. After birth, pups of either sex remained 

untouched until postnatal day (P) 7. At P7, litters were randomly divided in 2 groups. Control 

group were weaned at P22/23 and housed in groups of 3-5 mice per cage with water and food 

ad libitum. Maternally separated (MS) mice were weaned at P17 and housed in groups of 3-5 

mice per cage. Control and MS mice were housed separately. 

Foot shock paradigm (FS) 

The inescapable-shock procedure was previously described (Stamatakis and Stuber, 2012). 

Briefly, we placed mice into standard mouse behavioral chambers (Imetronics) equipped with 

a metal grid floor. We let them habituate to the new environment for 5 min. In a 20-min 

session animals received either 19 or 0 unpredictable foot shocks (1 mA, 500 ms) with an 

intershock interval of 30, 60 or 90 s. We anesthetized mice for patch-clamp electrophysiology 

1 h, 24 h, 7 d, 14 d or 30 d after the session ended. 

Learned-helplessness model (LHp) 

The procedure consisted of two sessions of inescapable foot shocks (one session per day; 360 

foot shocks per session; 0.3 mA; shock duration between 1 and 3 s; and random intershock 

intervals) followed 24 h after the last session by a test session to assess the LHp. The testing 

was performed in a shuttle box (13 × 18 × 30 cm) equipped with a grid floor and a door 

separating the two compartments. The test consisted of 30 trials of escapable foot shocks. 

Each trial started with a 5-s-long light stimulus followed by a 10 s shock (0.1–0.3 mA). The 
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intertrial interval was 30 s. When the mouse shuttled in the other compartments during the 

light cue, the avoidance was scored. When it shuttled during the shock, the escape latency was 

measured. When the mouse was unable to escape, the failure was scored. The shock 

terminated any time that the animal shuttled in the other compartment. Out of the 30 trials, 

more than 15 failures were defined as an LH. Only LHp mice were behaviorally and 

electrophysiologically tested. 

Maternal separation paradigm 

The maternal separation group consisted of pups removed from their litter and isolated in 

small compartments for 6 hours per day (light phase 8:19h) repeated from P7 to P15 and 

followed by an early weaning at P17. During the separation, animals were maintained in 

heating plate and water was provided, maintaining constant temperature and humidity. The 

control group consisted of mice from independent litters, which were not manipulated until 

the regular weaning at P21 except during cage changing. During cage changing some old 

bedding and nest were transferred into the new cage in order to limit novelty stress. Behavior 

testing and recording where performed 2 to 5 weeks after the stress protocol. 

Behavioral tests  

All behavioral tests were conducted during the light phase (8:00–19:00), 1 or 7 d after the 

shock procedure. Animals were tested only for a single behavioral paradigm, and operators 

were blinded to the experimental group during the scoring. 

Locomotor activity. To assess the locomotor activity we tested mice in an open-field arena. 

Mice were placed in the center of a plastic box (50 cm × 50 cm × 45 cm) in a room with dim 

light. We let them to explore the arena for 5 m and then we acquired the video tracks. During 

the 15-min session, animal behavior was videotaped and subsequently analyzed (Anymaze, 

Ireland). 

Forced-swim test. The forced-swim test was conducted in normal light conditions. Mice were 

placed in a cylinder of water (temperature of 23–25 °C; 14 cm in diameter, 27 cm in height 

for mice) for 6 min. The depth of water was set to prevent animals from touching the bottom 

with their hind limbs. Animal behavior was video-tracked from the top (Viewpoint, France). 

The latency to the first immobility event and the immobility time of each animal spent during 

the test were counted online by two independent observers in a blinded manner. Immobility 

was defined as floating or remaining motionless, which means absence of all movement 

except for the motions required to maintain the head above water. 
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The tail suspension test The tail suspension test was performed with mice being suspended 

by their tails with adhesive tape for a single session of 6 min. Immobility time of each animal 

was scored online by the experimenter. Mice were considered immobile only when they 

suspended passively and motionless 

Sucrose preference test. For the sucrose preference test, mice were single-housed and 

habituated with two bottles of 1% sucrose for 2 d. At day 3 (test day) mice were exposed to 

two bottles filled with either 1% sucrose or water for 24 h. The sucrose preference was 

defined as the ratio of the consumption of sucrose solution versus total intake (sucrose + 

water) during the test day and expressed as a percentage. 

The shuttle box test The shuttle box (13 × 18 × 30 cm) was equipped with an electrified grid 

floor and a door separating the two compartments.  The test session consisted of 30 trials of 

escapable foot-shocks (10 sec at 0.1–0.3 mA) separated by an interval of 30s. The shock 

terminated any time that the animal shuttled in the other compartment. Failure is defined as 

the absence of shuttling to the other compartment within the 10 sec shock delivery.  

Drug/intervention 

LB-100 treatment: Mice were injected with LB-100 (1.5 mg/kg; i.p.; Lixte Inc.) or saline 6–8 

h after the FS (2 h was used for biochemical assays). LHp animals received LB-100 24 h after 

the test day. A set of mice (aged 5 weeks), were single-housed for 3 d and were then treated 

with LB-100 i.p. (1.5 mg/kg/d) for 7 d. Body weight and food pellet and water intake were 

monitored every 2 d. Three days after the last injections, the mice were tested for their 

locomotor activity 

Dreadd(Gi) experiment : Behavioral experiments in DREADD-injected animals were 

performed three weeks after viral infusion. For the shuttle Box, the tail suspension test, and 

the locomotor activity all the groups (YFP or DREADDi injected animals) were injected 15 

minutes with CNO i.p.(1mg kg-1). For sucrose preference experiments, all groups were 

injected with CNO i.p. (1mg kg-1) every 3h for the extent of the preference session (24h) to 

maintain a constant DREADD-mediated inhibition. 

Deep brain stimulation MS mice for DBS experiments were first preselected on the basis of 

their failure rate in the Shuttle box test (A cutoff of 12 failures was used for the preselection). 

50 mice were tested, and 17 of these animals met the criteria. Standard surgical procedures 

were used to implant bipolar concentric electrodes unilaterally into the LHb (coordinates 

−1.45 mm AP, ± 0.45 mm ML and −3.1 mm DV). After 5 days recovery from surgery, DBS or 
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no (Sham) stimulation was applied for 1h (seven stimulus trains of 130 Hz, separated by 

40 ms intervals; 150 µA intensity) prior testing each mouse in the shuttle box test. 

Surgery 

Animals were anesthetized with ketamine (150 mg/kg) and xylazine (10 mg/kg; i.p.) (Sigma-

Aldrich, France).  

The following coordinates were used  for LHb:  (from bregma, in mm): A-P: –1.45; M-L: 

±0.45; D-V: –3.1; the EPN (from bregma, in mm: A-P: –1.25; M-L: ±1.8; D-V: –4.65) 

RMTg: from bregma, in mm: A-P: –2.9; M-L: ±0.5; D-V: –4.3 and VTA: from bregma, in 

mm: A-P: –2.4; M-L: ±0.65; D-V: –4.9).  

DREADDi expression MS and control animals, aged at least 24 days were anesthetized with 

Ketamine (150 mg kg-1)/Xylazine (100 mg kg-1 i.p.) before bilateral injection of rAAV8-

Hsyn-Gi-DREADD-mCherry (University of Pennsylvania, US) in. After three weeks, mice 

were subjected to CNO i.p injection (1mg/kg) for the DREADD activation. 

CochR expression For optogenetic experiments rAAV2.1-hSyn-CoChr-eGFP (University of 

North Carolina, US) was infused in the entopeduncular nucleus. Recordings were performed 3 

weeks after surgery. The injection sites were carefully examined and only animals with 

correct injections were kept for behavioral and electrophysiological analysis.  

DBS electrodes implantation Electrodes (Bilaney, UK) were unilaterally implanted using 

similar procedures and coordinates in the LHb. DBS electrodes were chronically implanted 

using a Superbond resin cements (Sun medical, Japan).  

Retrolabelling of VTA and RMTg projecting neurons For the experiment analyzing the 

output specificity of I-Baclofen, mice were bilaterally injected with a mixture of herpes 

simplex virus (McGovern Institute, US) expressing enhanced GFP and red retrobeads 

(Lumafluor, US) into the RMTg or the VTA. Recordings from fluorescent LHb neurons were 

performed ±12 days following the surgery, and injection site were verified using the 

retrobeads labelling.  

Electrophysiology 

Animals were anesthetized with ketamine and xylazine (50 mg/kg and 10 mg/kg, respectively; 

i.p.; Sigma-Aldrich, France). Analysis was performed in a non-blinded fashion. 

Preparation  LHb-containing brain slices was done in bubbled ice-cold 95% O2/5% CO2-

equilibrated solution containing: 110 mM choline chloride; 25 mM glucose; 25 mM NaHCO3; 

7 mM MgCl2; 11.6 mM ascorbic acid; 3.1 mM sodium pyruvate; 2,5 mM KCl; 1.25 mM 

NaH2PO4; 0.5 mM CaCl2. 250 μm thick sagittal slices (or coronal 2nd study),  were stored at 
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room temperature in 95% O2/5% CO2–equilibrated artificial cerebrospinal fluid (ACSF) 

containing: 124 mM NaCl; 26.2 mM NaHCO3; 11 mM glucose; 2.5 mM KCl; 2.5 mM CaCl2; 

1.3 mM MgCl2; 1 mM NaH2PO4. Recordings (flow rate of 2.5 ml/min) were made under an 

Olympus-BX51 microscope (Olympus, France) at 31 °C. Currents were amplified, filtered at 

5 kHz and digitized at 20 kHz. Access resistance was monitored by a step of −4 mV (0.1 Hz). 

Experiments were discarded if the access resistance increased more than 20%. Animals were 

anesthetized with ketamine and xylazine (50 mg/kg and 10 mg/kg, respectively; i.p.; Sigma-

Aldrich, France). Analysis was performed in a non-blinded fashion. 

Internal solution The internal solution used to examine GABAB and/or GIRK currents and 

neuronal excitability contained: 140 mM potassium gluconate, 4 mM NaCl, 2 mM MgCl2, 

1.1 mM EGTA, 5 mM HEPES, 2 mM Na2ATP, 5 mM sodium creatine phosphate, and 0.6 

mM Na3GTP (pH 7.3 with KOH). The liquid junction potential was ~12 mV. When we 

measured the synaptic inhibitory or excitatory release, the internal solution contained: 130 

mM CsCl; 4 mM NaCl; 2 mM MgCl2; 1.1 mM EGTA; 5 mM HEPES; 2 mM Na2ATP; 5 

mM sodium creatine phosphate; 0.6 mM Na3GTP; and 0.1 mM spermine. The liquid junction 

potential was −3 mV.  

Whole-cell voltage clamp recordings were achieved to measure GABAB-GIRK currents in 

presence of bicuculline (10 μM), NBQX (20 μM) and AP5 (50 μM). For agonist-induced 

currents, changes in holding currents in response to bath application of baclofen were 

measured (at −50 mV every 5-10 s). The plotted values correspond to the difference between 

the baseline and the plateau (for the baclofen and ML297 experiments) or the difference 

between the plateau and the value of holding current after barium (for the I-GTP-γS). 

GABAB-GIRK currents were confirmed by antagonism with 10 μM of CGP54626. When 

stated, 100 μM of GTP-γS was added to the internal solution in place of Na3GTP. Plateau 

currents were then reversed by 1 mM Barium application, a selective inhibitor of K+ 

channels. Changes in holding currents in response to GIRK agonist were measured (at −50 

mV every 5-10 s) by bath application of ML-297 (50 µM), a Selective GIRK1/2 channel 

activator then reversed by 1 mM Barium application. Synaptic GABAB slow IPSCs were 

optically evoked by trains of 10 pulses delivered at 20 Hz through a 470 nm LED. The fast 

GABA amplitude correspond to the amplitude of the first pic of the train, the slow GABA 

current instead were measured after picrotoxin bath application, and correspond to the I-max. 

Miniature excitatory postsynaptic currents (mEPSCs) were recorded in voltage-clamp mode at 

−60 mV in presence of bicuculline (10 μM), AP5 (50 μM) and tetrodotoxin (TTX, 1 μM). 

Miniature inhibitory postsynaptic currents (mIPSCs) were recorded (–60 mV) in presence of 
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NBQX (20 μM) AP5 (50 μM) and TTX (1 μM). EPSCs were evoked through an ACSF-filled 

monopolar glass electrode placed in the LHb. For the experiments in which high-frequency 

stimulation trains were used to determine presynaptic release probability (5 pulses at 20 Hz), 

QX314 (5 mM) was included in the internal solution to prevent the generation of sodium 

spikes. 

Current-clamp experiments were performed using a series of current steps (from −80 pA to 

100 pA or when the cell reached a depolarization block) injected to induce action potentials 

(10-pA injection current per step, duration of 500 ms). Cells were maintained at -55mV 

throughout the experiment. When testing changes in tonic firing, cells were depolarized to 

obtain stable firing activity in current clamp mode. 

 

Analysis and drugs. 

All drugs were obtained from Abcam (Cambridge, UK) and Hello Bio, and Tocris (Bristol, 

UK) and dissolved in water, except for TTX (citric acid 1%), ML297 and CNO (DMSO). 

Online/offline analysis were performed using IGOR-6 (Wavemetrics, US) and Prism 

(Graphpad, US). Data analysis for in vivo electrophysiology was performed off-line using 

Spike2 (CED, UK) software. Sample size required for the experiment was empirically tested 

by running pilots experiments in the laboratory. While behavioral experiments were run in a 

single-to-triple trial, electrophysiological experiments were replicated at least 5 times. 

Experiments were replicated in the laboratory at least twice. Animals were randomly assigned 

to experimental groups. Data distribution was assumed to be normal, and single data points 

are always plotted. Compiled data are expressed as mean ± s.e.m. All groups were tested with 

Grubbs exclusion test (limit set at 0.05) to determine outliers. Significance was set at p < 0.05 

using Student’s t-test two-sided, Kolmogorov-smirnov test, one-way, two-way or three-way 

Anova with multiple comparison when applicable.  
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Context and objectives of the study I: GABAB receptors trigger 
LHb hyperactivity, an early marker of depressive like symptoms 

 

Major depressive disorder is one of the leading causes of disability worldwide, that afflict 

nowadays more than 300 million of people. Yet, more than 30% of the patients do not 

respond adequately to the currently available treatment. One explanation remains the poor 

understanding of the etiology of the disease. Depression is characterized by alteration of 

motivational behavior such as anhedonia and deficit in coping with aversive stimuli. In this 

context, LHb have gained a particular attention. Indeed the literature presented so far, 

highlight a pivotal role of the LHb in regulating monoaminergic activity and motivated 

behavior. Particularly, LHb neurons encode aversive stimuli by phasically increasing their 

firing rate and activation of LHb terminals onto midbrain neurons induces avoidance behavior 

in mice. Moreover, previous studies provide evidence that LHb hyperactivity could underlie 

certain symptoms of depression. However, insights in the cellular and molecular mechanism 

underlying this hyperexcitability and their causal link with the emergence of depressive like 

symptoms remain poor. In this study, we aimed to understand early cellular modifications 

occurring in the LHb after a stressful experience, one of the main triggers to engage 

depressive behaviors in animals and humans. Neuronal activity is tightly control by the 

balance of excitatory and inhibitory transmission. We focused in the GABABR signaling 

which (1) play an important role in the dampening of the neuronal activity in other brain areas 

and (2) present modification of expression in neuropsychiatric disorder such as addiction and 

depression both in humans and animal model of depression rodents. Yet, there is no 

functional evidence of a role of GABABRs in controlling LHb neurons functions and its 

involvement in encoding negative state. Here we reported that, aversive experience, such as 

foot-shock exposure, induces LHb neuronal hyperactivity and depressive-like symptoms. This 

occurs along with an increase in PP2A activity together with a GABABR-GIRK 

internalization leading to rapid and persistent weakening of GABABR-GIRK currents. The 

inhibition of protein phosphatase-2A (PP2A), a regulator of GABABR-GIRK surface 

expression, restores stress-induced GABABR-GIRK reduction and neuronal hyperxcitability. 

Furthermore, PP2A inhibition ameliorates depressive symptoms after FS and in a LHp of 

depression. These data establish causality between GABABR-GIRK plasticity LHb 

yperexcitability and the emergence of depressive like symptoms opening a new window 

toward new target in the treatment of mood disorder. 
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Abstract 
The lateral habenula (LHb) encodes aversive signals and its aberrant activity contributes to depressive-like 
symptoms. However, a limited understanding of the cellular mechanisms underlying LHb hyperactivity has 
precluded the development of pharmacological strategies to ameliorate depressive phenotypes.  Here, we report 
that aversive experience in mice, such as foot-shock exposure (FsE), induces LHb neuronal hyperactivity and 
depressive-like symptoms. This occurs along with increased protein-phosphatase-2A (PP2A) activity, a known 
regulator of GABAB receptor (GABABR) and G-protein-gated inwardly rectifying potassium (GIRK)  channel 
surface expression. Accordingly, FsE triggers GABAB1 and GIRK2 internalization leading to rapid and 
persistent weakening of GABAB-activated GIRK-mediated (GABAB-GIRK) currents. Pharmacological inhibition 
of PP2A restores both GABAB-GIRK function and neuronal excitability. As a consequence, PP2A inhibition 
ameliorates depressive-like symptoms after FsE and in a learned helplessness model of depression. Thus, 
GABAB-GIRK plasticity in the LHb represents a cellular substrate for aversive experience. Furthermore, its 
reversal by PP2A inhibition may provide a novel therapeutic approach to alleviate depressive symptoms in 
disorders characterized by LHb hyperactivity. 
 
 
 
 
 
 

mailto:manuel.mameli@inserm.fr


45 
 

 
Introduction  
Unpredictable aversive stimuli trigger rapid avoidance responses and, if persistent, contribute to the emergence 
of depressive-like symptoms in both animals and humans1. The lateral habenula (LHb) bridges forebrain and 
midbrain nuclei and encodes aversive stimuli2. Analysis of fMRI data in depressed humans3 and metabolic 
activity in rodent models of depression4 (e.g. learned helplessness5) suggests that LHb hyperactivity may 
contribute to depressive-like symptoms6,7-9. However, the early cellular adaptations and precise molecular targets 
responsible for LHb hyperexcitability remain elusive.  
Modifications in GABAB receptor (GABAB-R) expression and polymorphisms of the GIRK genes contribute to 
depressive symptoms in humans and rodents. This provides substantial evidence for the involvement of the 
GABAB-mediated G-protein-gated inwardly rectifying potassium channels (GABAB-GIRK) signaling in the 
etiology of mood disorders10,11.  
Furthermore, pharmacological and genetic-based observations support the idea that adaptations in GABAB-
GIRK signaling may represent a viable target to ameliorate depressive-like symptoms12,13,14. Although these 
findings suggest that GABAB-GIRK function plays a role in mood disorders, they fail to provide a precise 
anatomical substrate in which modifications of GABAB-GIRK occur, and how they may ultimately contribute to 
depressive symptoms.  
Here, we provide evidence that GABAB-GIRK signaling in the LHb is involved in the expression of depressive-
like symptoms in mice. Unpredictable foot-shock exposure (FsE) triggered a reduction in GABAB-GIRK 
signaling, increased PP2A activity (a known regulator of membrane GABAB-GIRK complexes15) and neuronal 
hyperexcitability in the LHb, promoting depressive-like behaviors. We found that local GIRK overexpression or 
pharmacological inhibition of PP2A rescue these FsE-driven cellular modifications. As a consequence, these 
interventions ameliorated behavioral phenotypes including despair, anhedonia and learned helplessness, which 
model distinct aspects of depression5,16,17. These data establish causality between GABAB-GIRK plasticity and 
LHb hyperexcitability, offering a viable rescue strategy to reverse cellular adaptations and behavioral traits of 
depression.  
  
Results 
Depressive-like symptoms and cellular modifications in the LHb  
Although LHb neuronal firing contributes to depressive-like states18, whether cellular modifications occur in the 
LHb after an aversive experience that ultimately contributes to depressive symptoms remains unknown. In 
humans uncontrollable and unpredicted stressful events lead to negative emotional feelings and behaviour 
similar to those found in depression19. The inescapable shock represents a paradigm that recapitulates symptoms 
of depression in a variety of animals20. Here, we examined the behavioral consequences of aversive experience 
by exposing C57/BL6J mice to inescapable and unpredictable foot-shocks21. Control mice were exposed to the 
same behavioral chamber in the absence of any foot-shocks. Re-exposure of mice to the shock-associated 
context 24 hours after the protocol led to a high level of freezing behavior (Fig. 1a), typical of fear memory22, 
without modifying the animals’ locomotor activity (Supplementary Fig. 1a). Seven days after FsE, animal 
behavior analyzed in the forced swim test paradigm (FST)23 revealed a reduced latency to first immobility and 
increased total immobility, indicative of a depressive-like state (Fig. 1b). As hyperexcitability in the LHb 
contributes to depressive-like phenotypes in rodents7,24,25, we hypothesized that the establishment of FsE-driven 
depressive-like traits relies, at least in part, on modifications in LHb function.  In acute brain slices prepared 1 
hour after FsE, we found that the spontaneous firing of LHb neurons recorded in cell-attached configuration was 
higher in slices from FsE mice compared to control (Supplementary Fig. 1b). Furthermore, in whole-cell mode, 
LHb neurons in the FsE group exhibited a higher number of action potentials evoked by current injections 
compared to control (Figs. 1c and d). Together, these data suggest that FsE produces behavioral responses 
reminiscent of depressive-like states as well as LHb neuronal hyperexcitability. 
 
GABAB-GIRK signaling in the LHb 
GABAB-Rs exert control over neuronal excitability via the activation of hyperpolarizing actions of GIRK 
channels26.  To address whether GABAB-Rs and/or GIRKs represent a cellular substrate in the LHb underlying 
neuronal hyperexcitability and the emergence of depressive-like behaviors, we first assessed GABAB-GIRK 
signaling in the LHb of naïve mice. A saturating dose of the GABAB-R agonist baclofen (100 µM) evoked an 
outward current (I-Baclofen) reversed by the GABAB-R antagonist CGP54626 (10 µM; Supplementary Figs. 
2a and b). I-Baclofen was dose-dependent, occurred along with a decrease in input resistance, and was reduced 
in presence of barium (Ba2+, 1 mM, Supplementary Figs. 2a–e), consistent with the activation of GIRK 
channels.  In support of this conclusion, reverse-transcription PCR in LHb revealed the expression of GIRK1-2-
3-4 subunits (Supplementary Fig. 2f)26. Furthermore, GABAB-GIRK signaling controls baseline LHb neuronal 
activity as bath application of the antagonist CGP54626 led to inward currents and increased firing 
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(Supplementary Figs. 2g and h). These results indicate that GABAB-GIRK signaling provide a relevant 
inhibitory control over LHb neuronal activity. 
 
FsE-driven plasticity of GABAB-GIRK in the LHb 
To test the role of GABAB-GIRK signaling in FsE-induced LHb hyperexcitability, we assessed I-Baclofen 1 
hour after FsE. I-Baclofen in slices from FsE mice was reduced compared to controls throughout the LHb (Fig. 
1e; Supplementary Fig. 3a). The FsE-evoked reduction in I-Baclofen persisted up to 14 days and returned to 
control values by 30 days after the FsE (Fig. 1e). I-Baclofen in the presence of Ba2+ was comparable between 
groups (Supplementary Fig. 3b), indicating that solely the GABAB-GIRK component is diminished after 
aversive experience. To also probe GIRK channel function we constitutively activated GIRKs via G/-
dependent mechanisms through the infusion of GTP-γS27. Intracellular dialysis of GTP-γS (100 µM) led to an 
outward current sensitive to extracellular Ba2+, indicative of GIRK channel activation (Fig. 1f). LHb neurons 
from slices of FsE mice showed reduced GTP-γS-induced currents (Fig. 1f), suggesting that FsE weakens 
GABAB-GIRK signaling in the LHb. 
FsE pairs a painful stimulus with a negative experience. We therefore tested whether aversive conditions 
independent of painful stimuli also modify GABAB-GIRK signaling in LHb28,29. The predator odor stress 
paradigm involves an aversive natural stimulus, as opposed to foot-shock. Similarly to FsE mice, I-Baclofen was 
depressed in animals exposed to the predator odor (Supplementary Fig. 3c). Furthermore, 1 hour of restraint 
stress, classically employed to cause depressive-like states in rodents, also reduced I-Baclofen in LHb neurons 
(Supplementary Fig. 3d) 28,29.  
To test whether FsE also modifies fast synaptic neurotransmission, we recorded miniature excitatory-inhibitory 
postsynaptic currents (mEPSCs-mIPSCs) after the FsE (Supplementary Figs. 4a and b). Quantal excitatory and 
inhibitory synaptic transmission remained unaffected in frequency and amplitude (Supplementary Figs. 4a and 
b). No modifications were found of excitatory synaptic strength or AMPA-R subunit composition, as AMPA-
NMDA ratios and rectification indices remained unaffected (Supplementary Fig. 4c). We next evoked EPSCs 
and IPSCs by high-frequency extracellular stimulation30, which yields responses comparable between control 
and FsE mice (Supplementary Fig. 4d). This indicates that fast synaptic transmission onto LHb neurons, 
recorded 1 hour after FsE remained unaffected. 
Together these findings indicate that FsE, and alternative aversive experience, rapidly and persistently modify 
GABAB-GIRK signaling throughout the LHb, thereby representing a common cellular substrate for encoding 
aversive experience of different nature.  
 
FsE-induced subcellular redistribution of GABAB-GIRK within the LHb 
The reduction of GABAB-GIRK function upon aversive experience may rely on receptor-effector complex 
internalization31,32. To test this, we employed quantitative immunoelectron microscopy to compare the LHb 
subcellular distribution of GABAB1 and GIRK2 in control and FsE mice (Fig. 2a). FsE led to a reduction in 
GABAB1 and GIRK2 membrane immunolabeling, with a corresponding increase in their intracellular labeling. 
However, total GABAB1 and GIRK2 immunolabeling remained unchanged (Figs. 2a–c). These subcellular 
modifications support a scenario in which macrocomplexes of GABABRs and GIRKs are internalized after FsE.  
 
PP2A inhibition in LHb rescues GABAB-GIRK signaling after FsE 
The phosphorylation-de-phosphorylation of specific serine residues on the GABAB1 and B2 subunits controls 
GABABRs surface expression, trafficking and function15,33. The protein phosphatase-2A (PP2A)-mediated de-
phosphorylation of serine 783 (S783) in the GABAB2 subunit represents a rate limiting factor for GABAB-Rs 
surface expression15,31,32. Stressful events modify PP2A activity in the central nervous system34,35. PP2A activity 
analyzed from LHb-containing microdissected epithalamus was higher than control mice when measured 24 
hours after FsE (Supplementary Fig. 5a). We therefore predicted that inhibition of PP2A in the LHb could 
rescue FsE-evoked GABAB-GIRK plasticity. To test this, we examined the effect of intracellular dialysis of 
okadaic acid, an inhibitor of PP1/PP2A phosphatases (OA; 100 nM). In control mice, OA did not modify I-
Baclofen indicating that PP1/PP2A activity does not provide substantial control of GABAB-GIRKs signaling at 
baseline (Fig. 3a; t-test, t21=1.1; p>0.05). In FsE mice, OA led to I-Baclofen amplitudes comparable to control 
animals (Fig. 3a), promptly restoring GABAB-GIRK signaling. The use of OA to inhibit PP2A activity is 
however limited to its intracellular application, as it lacks membrane permeability. Recent advances in drug 
development targeted PP2A for pharmacotherapy, allowing for the generation of a membrane permeable 
inhibitor, LB-10036. In the presence of LB-100 (0.1 µM), I-Baclofen was comparable between control and FsE 
conditions (Fig. 3b). To address whether inhibition of PP2A rescues solely GABAB-Rs, or also GIRKs function, 
we employed the intracellular dialysis of GTP-γS to activate GIRKs independently of GABABRs. We found that 
GTP-γS-mediated outward currents in LHb neurons from FsE and control mice were comparable in presence of 
LB-100 (Fig. 3c), indicating that both GABAB and GIRK signaling are restored when inhibiting PP2A.  
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The CaMKII-mediated phosphorylation at S867 of GABAB1 represents an alternative pathway controlling 
GABABRs surface expression33. As opposed to OA and LB-100, application of the CaMKII inhibitor KN93 (10 
µM37,38) failed to recover I-Baclofen in slices from FsE mice (Fig. 3d). These findings suggest that FsE triggers 
an internalization of GABAB-GIRK complexes and subsequent reduction of GABAB-GIRK signaling, that can 
be promptly restored by inhibition of PP2A in vitro. 
 
FsE-driven GABAB-GIRK plasticity and LHb hyperexcitability 
Our data suggest that FsE triggers a reduction in GABAB-GIRK signaling and increases LHb neuronal activity 
(Figs. 1d–f; Supplementary Fig. 1b). To determine if these two functional modifications are linked, we 
examined baclofen-evoked inhibition of LHb neuronal output firing (Figs. 4a and b; Supplementary Fig. 6). 
We predicted that a reduction in GABAB-GIRK function would not only increase baseline firing of LHb 
neurons, but also weaken GABAB-GIRK-induced firing suppression and reduce the modulation of activity by 
GABAB-Rs blockade. Baclofen application in slices from control animals produced an almost-complete 
reduction of LHb neuronal firing, while GABAB-R blockade by CGP54626 increased the firing frequency (Figs. 
4a and b; Supplementary Figs. 6a–c). In slices from FsE mice, LHb neurons exhibited increased excitability, 
but firing was modified to a smaller extent by baclofen and CGP54626 (Figs. 4a and b; Supplementary Figs. 
6b and c).  
Taken together, these findings suggest that FsE-induced GABAB-GIRK reduction diminishes the GABAB-R 
driven inhibition of LHb neuronal activity. In order to establish whether rescuing GABAB-GIRK signaling 
causally recovers FsE-evoked hyperexcitability, we examined the effect of PP2A inhibition on cell excitability in 
slices from control and FsE mice. FsE shifted the input-output (I-O) relationship of LHb neurons, indicative of 
neuronal hyperexcitability (Fig. 4c). In contrast, inhibition of PP2A by bath application of LB-100 in slices from 
FsE mice, led to I-O curves comparable to control conditions (Fig. 4d).  
Together these results demonstrate that PP2A inhibition is sufficient to rescue the loss of GABAB-GIRK 
function in LHb neurons and FsE-evoked hyperexcitability.  
 
Inhibiting PP2A in vivo rescues FsE-driven cellular adaptations in the LHb 
In light of our results in vitro, we predicted that inhibition of PP2A in vivo would also normalize FsE-induced 
GABAB-GIRK reduction and hyperexcitability. To test this, we treated mice systemically with vehicle or LB-
100 (1.5 mg/kg i.p.) 6-8 hours after FsE, a time point at which I-Baclofen is reduced (Fig. 1e). In line with 
previous results39, LB-100 treatment did not modify physiological parameters including body weight, locomotor 
activity, or food and water consumption (Supplementary Figs. 7a and d). LB-100 efficiently inhibits PP2A in 
the brain for ~12 hours, with a peak of its activity at ~8 hours36. Accordingly, we found that a single 
administration of LB-100 restored PP2A activity in the LHb to control levels when measured 24 hours after FsE 
(Supplementary Fig. 5a).  
LHb-containing slices were prepared 1 or 7 days after FsE. We observed that, 1 day after FsE, vehicle-treated 
mice had reduced I-Baclofen (Fig. 5a). In contrast, I-Baclofen was comparable between the control and FsE 
group after systemic injections of LB-100 (Fig. 5a). This indicates that in vivo inhibition of PP2A rescues the 
FsE-evoked plasticity of GABAB-GIRK signaling in LHb. We next explored whether the rescue of GABAB-
GIRK currents by PP2A inhibition occurs along with a functional recovery of LHb neuronal excitability. 
Vehicle-treated FsE animals, exhibited a shift in the I-O curve that was absent in slices from animals treated with 
LB-100 (Fig. 5b). Consistently, LB-100 treatment normalized I-Baclofen and LHb neuronal excitability in FsE 
mice to control levels when assayed 7 days after FsE, (Figs. 5c and d). Thus, in vivo PP2A-inhibition is 
sufficient to rescue the FsE-evoked cellular modifications in the LHb. 
 
GABAB-GIRK plasticity in the LHb for depressive-like symptoms 
If PP2A inhibition rescues GABAB-GIRK function and hyperexcitability upon FsE, it may also represent an 
effective and therapeutically viable intervention to ameliorate the FsE-mediated depressive-like phenotype. We 
found that systemic LB-100 treatment did not affect FsE-driven increase in freezing behavior (Fig. 6a), 
indicating that the cellular modifications and neural circuits underlying this phenomenon are independent of 
PP2A-driven GABAB-GIRK plasticity within the LHb22. Seven days after FsE, vehicle-treated mice exhibited 
reduced latency to the first immobility along with an increased total immobility in the FST (Fig. 6b). In contrast, 
LB-100 treatment led to a normalization of this depressive-like phenotype (Fig. 6b). Similarly, LB-100 treatment 
prior the shock prevented FsE-driven cellular and behavioral modifications (Supplementary Figs. 8a and b). 
Consistent with the increased PP2A activity, this finding points to a necessary role of PP2A to induce GABAB-
GIRK plasticity in the LHb and consequent depressive-like phenotype. 
To define the anatomical substrate for PP2A actions, we infused vehicle solution or LB-100 locally in the LHb 
of control and FsE mice (Fig. 6c). At day 7, we tested mice in the FST paradigm to assess their depressive-like 
phenotype. Consistent with the systemic injection, we found that LB-100 infusion in the LHb led to a 
normalization of the FsE-driven depressive-like phenotype (Fig. 6c). Similarly, doxycycline-driven GIRK2a 
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overexpression within the LHb after FsE (AAV-TRE-GIRK2-eGFP-tTA; Supplementary Figs. 8c–e) also 
rescued FsE-evoked GABAB-GIRK plasticity and depressive-like behaviors (Supplementary Figs. 8f and g). 
Hence, increased PP2A activity and the consequent reduction of GABAB-GIRK signaling in the LHb mediate 
FsE-driven depressive-like phenotype. 
Therefore, PP2A inhibition-driven rescue of FsE-induced GABAB-GIRK plasticity and hyperexcitability in the 
LHb may represent a valid therapeutic strategy to ameliorate depressive symptoms in mice.  
To extend these findings, we employed a learned helplessness model in mice, a depression-like phenotype 
whereby animals present a diminished escape rate after a stressor20. We used control mice exposed to the context 
and mice subjected to two session of inescapable and unpredictable foot-shock. 59 out of 119 mice displayed 
learned helplessness (LH mice), measured as a reduced escape after foot-shocks in a shuttle box paradigm. The 
failure rate to escape classically reflects depressive symptoms in rodents5,17,40 (Supplementary Fig. 9a). To 
establish proof of principle for PP2A inhibition as a viable antidepressant strategy, we compared control mice 
exposed only to the context to mice showing the highest failure rate, as readout of severe depressive symptoms. 
Half of LH mice were injected with vehicle and the other half systemically with LB-100, 24 hours after the 
shuttle box paradigm (Fig. 6d). Different batches of mice were then tested in the FST, for their sucrose 
preference, or in the shuttle box one week after the paradigm to assess depressive-like phenotypes. Vehicle-
treated LH mice displayed decreased latency to the first immobility and increased total immobility in the FST, 
decreased sucrose preference, and high failure rates in escape behavior (Figs. 6e–g), indicating depressive-like 
symptoms. In contrast these parameters improved when treating LH animals with LB-100. We found that LH 
vehicle-treated mice presented a smaller I-Baclofen and increased excitability of LHb neurons compared to LH 
LB-100-treated mice (Supplementary Fig. 9b). These data suggest that inhibition of PP2A reverses GABAB-
GIRK plasticity and hyperexcitability in the LHb in a more established model of depression  
 
Discussion 
Depressive-like symptoms in neuropsychiatric disorders occur along with hyperactivity of LHb neurons in 
rodents and humans7,8,24. This heightens the necessity to understand the underlying mechanisms of LHb 
hyperactivity and design viable tools to reverse these cellular adaptations and ultimately ameliorate depressive 
symptoms. Here we report that aversive experience weakens GABAB-GIRK signaling and increases LHb 
neuronal activity. FsE-induced reduction of I-Baclofen within the LHb occurs along with local increased PP2A 
activity and internalization of GABAB-Rs and GIRK channels leading to LHb neuronal hyperexcitability. PP2A 
inhibition rescues GABAB-GIRK signaling, LHb neuronal excitability and alleviates FsE-driven depressive-like 
phenotype. The therapeutic relevance of our findings is emphasized by the amelioration of depressive symptoms 
in a learned helplessness (LH) rodent model of depression by PP2A inhibition.  
The LH model has the advantage to mimic, at least in part, etiology and symptomatology of human 
depression5,17,41. Nevertheless, to extend the validity of PP2A as a therapeutically relevant target for depressive 
symptoms, future studies will need to test its efficacy in additional alternative models such as social defeat or 
chronic mild stress42.  
We describe that exposure to aversive events selectively depresses the dominant GIRK-dependent component of 
I-Baclofen via the internalization of both receptor and effector15,31-33. GABAB-R endocytosis requires the balance 
of AMP-activated protein kinase-dependent phosphorylation and consecutive PP2A-dependent de-
phosphorylation of the S783 on the GABAB2 subunit15,32,43. Indeed, we report a local increased PP2A activity 
after FsE in line with a scenario in which PP2A levels change upon stressful events34,35. Glutamate receptors and 
dopamine type 2 receptors can promote PP2A activity using in vitro preparation, suggesting potential, although 
yet to be proven, mechanisms of induction for the FsE-driven processes within the LHb44,45. We report that 
PP2A inhibition after aversive experience, not only restores its activity, but also rescues GABAB-GIRK function 
presumably redistributing GABAB-Rs from intracellular to membrane compartments.  
While the above-described mechanisms regulate trafficking of GABAB-Rs, we find that endocytosis of GIRK 
channels occurs along with GABAB-Rs internalization after aversive experience. As predicted, GIRK2 
overexpression within the LHb increases I-Baclofen in baseline conditions, and importantly it rescues FsE-
driven GABAB-GIRK plasticity and depressive-like phenotype. This supports a scenario in which GABABRs and 
GIRK channels may internalize in a macromolecular signaling complex31,32,38,46-49. PP2A may therefore control 
GABAB-GIRK membrane dynamics either by solely targeting the GABABRs, or de-phosphorylating an 
intermediate accessory protein bridging GABABRs with GIRKs50.  
How does the reduction of GABAB-GIRK signaling in the LHb contribute to the depressive symptoms? We 
show that, in the LHb, pharmacological GABABR activation readily suppresses LHb neuronal firing, while in 
contrast GABABR blockade produces increased activity. This indicates that LHb neuronal excitability is, at least 
in part, under a tonic GABAB-mediated control. Notably, increased excitatory drive onto LHb neurons and 
βCaMKII overexpression are sufficient to promote neuronal hyperexcitability and depressive symptoms7,8. 
Therefore, the FsE-evoked rapid GABAB-GIRK reduction in the LHb may represent either a permissive initial 
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cellular trigger for consequent adaptations such as βCaMKII-mediated synaptic modifications, or a parallel 
cellular process that contributes to LHb hyperactivity.  
In light of the downstream projections of LHb neurons to midbrain targets, the FsE-induced depression of 
GABAB-GIRK signaling and LHb neuronal hyperactivity may have profound repercussions at the circuit 
level7,24. Our data indicate that FsE-evoked GABAB-GIRK plasticity occurs throughout the LHb, with no 
apparent territorial specificity. This suggests that FsE may alter neuronal populations within the LHb having 
diverse downstream targets51. Functional retrograde mapping of FsE-driven cellular modifications could further 
provide indications on whether modifications occur in LHb neurons sending axons to midbrain dopamine or 
GABA neurons or alternatively raphe serotonin neurons18. Together, these findings reveal an intracellular 
cascade within the LHb that may in turn remodel midbrain as well as other targets activity contributing to the 
establishment of depressive-like phenotypes26,52,53.  
The rescue of an FsE-induced depressive symptom by local GIRK2a overexpression and inhibition of PP2A 
suggests the necessity of reduced GABAB-GIRK function within the LHb. This is consistent with the idea that a 
local intervention at the level of LHb, in rodents and humans, ameliorates depressive phenotypes7.  
The pharmacotherapy for mood disorders makes use of serotonin-norepinephrine reuptake inhibitors, or tricyclic 
antidepressants54,55. However, the mechanistic-level understanding for their actions remains limited, and chronic 
treatments are necessary to achieve delayed beneficial effects55,5,25. Our results highlight PP2A inhibition as an 
efficient and rapid antidepressant strategy. LHb hyperactivity drives depressive symptoms also after exposure to 
addictive substances24,56 potentially extending the use of this pharmacological strategy to disorders of a different 
etiology. 
Although these observations provide a strong basis to explore the use of PP2A inhibitors to ameliorate 
depressive-like symptoms, further investigations need to assess its validity in the context of neuropsychiatry.  
In conclusion, our findings indicate that experience with a strong aversive component reduces LHb GABAB-
GIRK signaling removing a cellular “brake” on neuronal activity ultimately contributing to the emergence of 
depressive symptoms. Furthermore, the rescue of GABAB-GIRK signaling by targeting PP2A might open 
therapeutically-relevant strategies for disorders characterized by LHb hyperactivity. 
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Figure 1 FsE induces cellular adaptations in the LHb and a depressive-like phenotype. 

(a) Context re-exposure (ReC) 1 day after the procedure (Ctrl vs FsE nmice = 8; 1.2 ± 0.8 vs 55.6 ± 8.3%, t-test: 
t14 = 6.5; ***P < 0.001). (b) Forced swim test (FST) in all experimental groups. Latency to first immobility (left, 
Ctrl nmice = 10 vs FsE nmice = 11; 61.1 ± 6.3 vs 45.2 ± 4.3 s; t-test, t19 = 2.12; *P < 0.05) and total immobility 
(right, Ctrl vs FsE; 131.1 ± 16.1 vs 199.7 ± 9.0 s; t-test, t19 = 3.82, **P < 0.01). (c) Site of recordings (scale bar, 
1 mm). (d) Timeline and sample traces. Right, action potentials vs injected current in all experimental groups 
(Ctrl vs FsE; nmice = 3; ncells= 12–14; two way ANOVA repeated measure (RM) F1,288  = 4.78, *P < 0.05). (e)  
Baclofen-activated currents (I-Baclofen) in Ctrl and FsE conditions. Right, I-Baclofen at different time points 
(Ctrl nmice = 4 vs FsE 1 hour nmice = 5, 1 day  nmice  = 4 , 7 days nmice  = 3, 14 days nmice  = 2, 30 days nmice  = 2; ncells 
= 7–15; 104.5 ± 11.3 vs 55.4 ± 7.2, 59.8 ± 9.6, 40.1 ± 9.0, 39.6 ± 6.6, 133.0 ± 26.1 pA; one way ANOVA and 
Dunnett’s test, F5,64 = 9.1,  ***P < 0.0001, **P < 0.001,*P < 0.05). (f) GTP-γS-evoked currents, bar graphs and 
scatter plot (Ctrl vs FsE; nmice = 3; ncells = 6; 92.5 ± 21.8 vs 38.0 ± 5.3 pA; t-test, t10 =  2.43, *P < 0.05). Data are 
represented as mean ± s.e.m.. 
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Figure 2 Subcellular plasticity of GABABRs and GIRKs in the LHb  
(a) Timeline of experiment and examples of pre-embedding immunoreactivity for GABAB1 and GIRK2. Immunoparticles for GABAB1 and 
GIRK2 found along the plasma membrane (red arrows) and intracellularly (blue arrows) as well as at dendritic spines (S), dendritic shafts 
(Den) and axon terminals (AT). Scale bars, 0.2 μm. (b) Bar graph representing the surface, intracellular and total particle of GABAB1 in 
slices from Ctrl and FsE mice. (Ctrl vs FsE, nmice = 3; Surface, 747.0 ± 58.0 vs 298.7 ± 22.2 particle/µm2 t-test, t4 = 7.21, **P < 0.01; 
Intracellular, 328.7 ± 16.8 vs 633.0 ± 36.3 particle/µm2 t-test, t4 = 7.92, **P < 0.01; Total, 1,076.0 ± 69.1 vs 931.7 ± 55.9 particle/µm2 t-test, 
t4 = 1.62, P > 0.05). (c) Same as (b) but for immunoparticles of GIRK2 (Surface, 796.7 ± 36.7 vs 142.7 ± 12.1 particle/µm2, t-test, t4 = 16.93, 
***P < 0.0001; Intracellular, 139.7 ± 6.7 vs 773.7 ± 10.3 particle/µm2 t-test, t4 = 51.50, ***P < 0.0001; Total, 936.3 ± 40.4 vs 916.3 ± 17.8 
particle/µm2 t-test, t4 = 0.45, P > 0.05). Data are represented as mean ± s.e.m.. 
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Figure 3 PP2A inhibition rescues GABAB-GIRK function in the LHb after FsE 
(a) Timeline, protocols of the experiments and sample traces obtained in presence of PP2A-PP1 inhibitor okadaic acid (OA, 100 nM) in the 
internal solution. Bar graph and scatter plot of I-Baclofen in the presence of OA (Ctrl nmice = 2 vs FsE nmice = 3; ncells = 6–8; 130.7 ± 25.2 pA 
vs 120.4 ± 25.6 pA; t-test, t12 = 0.28, P > 0.05). (b) Sample traces and graph showing the effect of LB-100 (0.1 µM) bath application on I-
Baclofen (Ctrl vs FsE; nmice = 3; ncells = 9; 88.4 ± 18.6 vs 85.1 ± 10.7 pA; t-test, t16 = 0.15, P > 0.05). (c) LB-100 restored also the Ba2+-
sensitive I-GTP-S in FsE animals (Ctrl vs FsE; nmice = 3; ncells = 6; 94.3 ±13.3 vs 110.6 ± 20.8 pA; t-test, t10 = 0.66, P > 0.05). (d) Sample 
traces and graph showing the effect of CaMKII inhibitor KN93 dialysis (10 µM) on I-Baclofen (Ctrl nmice = 2 vs FsE nmice = 3; ncells = 7–8, 
106.3 ± 18.4 vs 57.8 ± 10.4 pA; t-test, t13 = 2.37, *P < 0.05). Data are represented as mean ± s.e.m.. 
 

Figure 4 GABAB-R-
dependent control of activity 
in the LHb after FsE  
(a) Protocol, sample traces (20 pA) 
and time vs firing plot representing 
GABAB-dependent modulation of 
action potential frequency in Ctrl and 
FsE.  (b) Bar graph and scatter plot 
for the baclofen and CGP-dependent 
modulation of LHb neurons activity 
in Ctrl and FsE mice (Ctrl vs FsE, 
nmice = 3; ncells = 6–7; two way 
ANOVA RM, interaction, F2,22 = 
14.5; ***P < 0.0001;). Baclofen-
dependent inhibition in Ctrl is larger 
than in FsE group (two way ANOVA 
multiple comparison, t33 = 3.2; **P < 
0.01), while CGP application fails to 
increase activity (FsE, baseline vs 
CGP, Dunnett’s post hoc test, P > 
0.05). (c) Sample traces (50 pA 
injected) and action potentials vs 
current injections obtained from Ctrl 
and FsE (Ctrl nmice = 4 vs FsE nmice = 
5; ncells = 14–17; two way ANOVA 
RM, F1,348 = 7.41, *P < 0.05). (d) 
Same as (c) but in the presence of 
LB-100 (Ctrl nmice = 4 vs FsE nmice = 5; 
ncells = 16–20; two way ANOVA RM,  

F1,408 = 7.41, P > 0.05).Data are represented as mean ± s.e.m.. 

a b 

a b 
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Figure 5 PP2A inhibition in vivo rescues GABAB-GIRK function and hyperexcitability in the LHb  
(a) In vivo experimental protocol and timeline of experiments. I-Baclofen current, graph and scatter plot in all experimental groups (1.5 
mg/kg i.p.) (vehicle: Ctrl vs FsE; nmice = 3; ncells = 6–7; 96.7 ± 19.6 vs 47.4 ± 11.8 pA; t-test, t11 = 2.23, *P < 0.05; LB-100; Ctrl nmice = 2 vs 
FsE nmice = 3; ncells = 5–10; 93.9 ± 18.4 vs 97.0 ± 18.0 pA; t-test, t13 = 0.11, P > 0.05). (b) Sample traces and input-output curve after LB-100 
(vehicle; Ctrl nmice = 4 vs FsE nmice = 3; ncells= 13–14; two way ANOVA RM, F1,300 = 4.71, *P < 0.05; LB-100; Ctrl nmice = 3 vs FsE nmice = 4; 
ncells = 12–15; two way ANOVA RM, F1,300 = 0.43, P > 0.05). (c) Same as (a) but at 7 days (vehicle; Ctrl nmice = 3 vs FsE nmice = 4; ncells = 8–
14; 99.8 ± 16.4 vs 58.3 ± 7.6 pA; t-test, t20 = 2.62, *P < 0.05; LB-100; Ctrl vs FsE; nmice = 3; ncells = 8–9; 95.5 ± 30.0 vs 93.0 ± 14.8 pA; t-test, 
t15 = 0.079, P > 0.05). (d) Same as (b) but at 7 days (vehicle; Ctrl nmice = 3 vs FsE nmice = 5; ncells = 15-24; two way ANOVA RM, F1,444 = 5.19, 
*P < 0.05; LB-100; Ctrl nmice = 3 vs FsE nmice = 4; ncells = 16–19; two way ANOVA RM, F1,396 = 0.20, P > 0.05). Data are represented as mean 
± s.e.m.. 
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Figure 6 PP2A inhibition ameliorates core symptoms of depression 
(a) Systemic LB-100 and freezing behavior (Ctrlvehicle, FsEvehicle, CtrlLB-100, FsELB-100; nmice = 10, 10, 11, 8 respectively; two way ANOVA, 
interaction, F1,35 = 0.01, P > 0.05). (b) FST analysis (Ctrlvehicle, FsEvehicle, CtrlLB-100, FsELB-100; nmice = 16, 16, 14, 12 respectively; latency to the 
first immobility: two way ANOVA, interaction, F1,54 = 4.90, *P < 0.05; total immobility: two way ANOVA, interaction, F1,54 = 4.44, *P < 
0.05). (c) Left, schematic and sample image for local LB-100 infusion. Scale bar, 400 µm. Right, FST analysis for LB-100 local infusion 
(Ctrlvehicle, FsEvehicle, CtrlLB-100, FsELB-100; nmice = 21, 26, 16, 16 respectively; latency to the first immobility: two way ANOVA, interaction, F1,75 
= 9.06, **P < 0.01; total immobility: two way ANOVA, interaction, F1,75 = 3.96, *P = 0.05). (d) Learned helplessness protocol and LB-100 
treatment. (e) Bar graph and scatter plot for FST analysis (Ctrlvehicle, LHvehicle, LHLB-100; nmice = 5, 5, 6 respectively; latency to the first 
immobility: one way ANOVA, F2,15 = 15.1, ***P < 0.001; total immobility: one way ANOVA, F2,15 = 13.5; ***P < 0.001). (f) Sucrose 
preference across all experimental groups (Ctrlvehicle, LHvehicle, LHLB-100; nmice = 12, 15, 14 respectively; one way ANOVA, F2,41 = 6.89, **P < 
0.002). (g) Scatter plot indicating failure rates in escaping behavior in all experimental groups (Ctrlvehicle, LHvehicle, LHLB-100; nmice = 7; two way 
ANOVA RM, interaction, F2,18 = 77.06, ***P < 0.0001 ). Data are represented as mean ± s.e.m.. 
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Supplemental information         
 
 

Supplementary Figure 1 FsE does not affect 

locomotor activity and increases LHb 

neuronal firing rate (a) Bar graph and scatter plot 

reporting locomotion in the open field (Ctrl vs FsE; nmice 

= 8; 34.4 ± 1.2 vs 31.8 ± 0.8 m; t-test, t14 = 2.03; P > 

0.05). (b) Representative traces from two cells recorded 

in a Ctrl (black) and FsE (red) mouse. Right, bar graph 

and scatter plot for basal action potential firing recorded 

in cell-attached mode in the Ctrl and FsE groups (Ctrl vs 

FsE; nmice = 8; ncells = 42–43; 3.1 ± 0.9 vs 5.8 ± 1.3 Hz;  

Mann Whitney test; **P < 0.01). Data are represented  

as mean ± s.e.m.. 

 
Supplementary Figure 2 Properties of 

GABAB-GIRK signaling in the LHb 
(a) I-Baclofen sample (100 µM) and simultaneous 

reduction in input resistance in LHb neuron. (b) LHb 

neurons show minimal current desensitization after 

the GABAB activation (nmice = 3; ncells = 7, Ipeak-Iplateau = 

–7.1 ± 4.6 pA) (c) Dose-response curve (nmice = 3; 

ncells = 5, EC50 = 9.0 ± 1.0 µM; Hill-slope = 0.8 ± 0.1) 

(d) Bar graph representing Baclofen-mediated 

changes in input resistance (nmice = 3; ncells = 7, ΔRi = 

–639.2 ± 142.9 MΩ) (e) Traces and bar graph 

depicting the I-Baclofen without (darker trace) and 

with (brighter trace) barium in the bath (Ba2+, 1 mM) 

(without vs in presence of Ba2+; nmice = 2; ncells= 5–7; 

101.7 ± 14.2 vs 25.2 ± 18.7  pA, t-test, t10 = 3.3, **P 

< 0.01) (f) RT-PCR qualitative expression of GIRK 

subunits (g) Sample trace and bar graph unmasking 

GABABRs function at baseline after bath application 

of CGP54626 (nmice = 2; ncells = 5, I-CGP = –36.0 ± 

8.7 pA) (h) Example traces reporting the firing 

activity of a LHb neuron record in cell-attached mode 

before and after CGP54626 (10 µM) bath application  

(nmice = 3; ncells = 10, paired t-test, t9 = 2.7, *P < 0.05). 

Data are represented as mean ± s.e.m.. 
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Supplementary Figure 3 FsE and painless aversive experience weakens GABAB-GIRK signaling throughout 

the LHb  
(a) LHb-containing coronal section illustrating the medial habenula (MHb) and the LHb in its medial (LHbm) and lateral division (LHbl). 

Dotted gray lines represent sagittal sections. Bar scale: 250 µm. Right, schematics and graph reporting the medio-lateral distribution of the 

recordings (x axis) and the I-Baclofen (y-axis) in Ctrl and FsE mice (brighter scatter plot represent single recordings; darker symbols report 

the mean ± s.e.m.). (b) Sample I-Baclofen, bar graphs and scatter plots in presence of Ba2+ (1 mM). (Ctrl nmice = 2 vs FsE nmice = 3, ncells = 5–

7; 21.3 ± 3.7 vs 21.3 ± 9.1 pA; t-test, t10 = 0.002, P > 0.05). (c) Sample traces, bar graphs and scatter plot representing I-Baclofen recorded 

from LHb neurons in Ctrl mice and 1h after the odor predator exposure (OPE, fox urine) (Ctrl vs OPE, nmice = 4, ncells = 13–14; 110.5 ± 29.1 

vs 47.4 ± 7.9 pA; t-test, t25 = 2.16, *P < 0.05). (d) Same as (c) but for Ctrl mice and animals subjected to restraint stress (RS, 1 hour) (Ctrl 

nmice = 3 vs RS nmice = 4, ncells = 11–14; 121.7 ± 14.8 vs 68.3 ± 15.3 pA; t-test, t23 = 2.46, *P < 0.05). Data are represented as mean ± s.e.m.. 

c d 
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Supplementary Figure 4 FsE does not affect the fast glutamatergic and GABAergic transmission 
(a) Sample traces, bar graphs and scatters plot showing mEPSCs frequency and amplitude recorded from LHb neurons in Ctrl and FsE mice 

(Ctrl vs FsE; nmice = 5, ncells = 20–21; Frequency, 4.7 ± 0.8 vs 4.5 ± 0.8 Hz, Mann Whitney test, P > 0.05; Amplitude, 25.7 ± 1.8 vs 22.7 ± 1.7 

pA, t-test, t39 = 1.21, P > 0.05). (b) Same as (a) but for mIPSCs (Ctrl vs FsE; nmice = 5; ncells = 20; Frequency, 2.8 ± 0.5 vs 3.6 ± 0.7 Hz; t-test, 

t38 = 0.86, P > 0.05; Amplitude, 44.8 ± 3.7 vs 40.4 ± 3.7 pA; t-test, t38 = 0.82, P > 0.05). (c) Timeline of experiments, representative traces 

and bar graph for the AMPA/NMDA ratio (top, Ctrl vs FsE, nmice = 3, ncells = 8–9; 3.1 ± 0.9 vs 5.5 ± 2.2; Mann Whitney test, P > 0.05) and 

the rectification index (bottom, Ctrl vs FsE, nmice = 3, ncells = 6–10; 5.2 ± 0.9 vs 5.5 ± 1.5; t-test, t14 = 0.14, P > 0.05). (d) Example traces and 

graph of evoked inhibitory post synaptic currents (eIPSCs, 20 Hz train, top panel) (Ctrl nmice = 4 vs FsE nmice = 5; ncells = 18–22; two way 

ANOVA repeated measures (RM), F1,342 = 0.01, P > 0.05). The bottom panel shows traces and graph of a 20 Hz train of evoked excitatory 

post-synaptic currents (eEPSCs; Ctrl vs FsE; nmice = 3, ncells = 8–7; two way ANOVA RM, F1,117 = 1.72, P > 0.05). Data are represented as 

mean ± s.e.m.. 
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Supplementary Figure 5 FsE-driven enhancement of PP2A activity within the 

LHb is reversed by in vivo treatment with LB-100. 
(a) Bar graph and scatter plot showing the PP2A activity within the habenula 24 hours after FsE, with 

or without LB-100 treatment.  Bar graphs report normalized values versus control conditions (%) 

(FsEvehicle vs FsELB-100 % of control; nmice= 40; nreplicates= 10–10; 150.9 ± 22.4 vs 90.8 ± 8.5 %; t-test, t6 

= 2.51, *P < 0.05). LB-100 treatment did not alter baseline PP2A activity (Raw values. Ctrlvehicle vs 

CtrlLB-100; nmice = 24; nreplicates = 6–6; 556 ± 39.7 vs 428.7 ± 84.22 pmoles; t-test, t10 = 1.36, P > 0.05). 

Data are represented as mean ± s.e.m.. 

 

 

 

 

 

 

 
 

 

Supplementary Figure 6 Loss of GABAB-mediated modulation of 

firing in LHb after FsE 
(a) Timeline of cell attached recordings.  (b) Baclofen (100 µM) differentially affects the 

firing activity of LHb neurons in Ctrl (left) and FsE (right)  (Ctrl, nmice = 4; ncells = 10; 

Baseline vs Baclofen, 2.1 ± 0.7 vs 0.3 ± 0.1 Hz; paired t-test, t9 = 2.98, *P < 0.05) (FsE, 

nmice = 4; ncells = 9, Baseline vs Baclofen, 6.5  ± 1.4 vs 4.9 ± 1.4 Hz; paired t-test, t8 = 1.38, 

P > 0.05). (c) CGP54626 (10 µM) increases the firing rate in Ctrl (left) but not in FsE 

(right) (Ctrl, nmice = 4, ncells = 10; Baselne vs CGP, 1.7 ± 0.5 vs 3.8 ± 0.7 Hz; paired t-test, 

t9 = 2.53, *P < 0.05) (FsE, nmice = 4; ncells = 11, Baseline vs Baclofen, 6.8 ± 1.7 vs 8.2 ± 

2.2 Hz; paired t-test, t10 = 1.56, P > 0.05). Data are represented as mean ± s.e.m. 
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Supplementary Figure 7 Safe profile of LB-100 treatment in vivo 
(a) Experimental protocol. Time course representing the weight gain during the treatment (vehicle vs LB-100; nmice = 5; two way ANOVA 

RM; F1,32 = 0.86; P > 0.05). (b) Time course of water consumption during the treatment (vehicle vs LB-100; nmice = 5; two way ANOVA RM; 

F1,24 = 1.72; P > 0.05). (c) Chow consumption (vehicle vs LB-100; nmice = 5; two way ANOVA RM; F1,24 = 0.81; P > 0.05). (d) Bar graph and 

scatter plot showing locomotor activity (vehicle vs LB-100; nmice = 5; 68.26 ± 5.5 vs 60.17 ± 9.5 m; t-test; t8 = 0.93; P > 0.05). Data are 

represented as mean ± s.e.m.. 
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Supplementary Figure 8 LB-100 pre-treatment and LHb-GIRK2 overexpression prevent and rescue GABAB-

GIRK plasticity and depressive-like states  
(a) Schematic of the protocol, representative traces and bar graphs showing the effect of LB-100 pre-treatment on GABAB-GIRK plasticity in 
the LHb (vehicle: Ctrl vs FsE; nmice = 3, ncells = 12–8; 94.9 ± 16.5 vs 42.4 ± 11.5 pA; t-test, t18 = 2.36, *P < 0.05; LB-100; Ctrl vs FsE; nmice = 3, 
ncells = 10-12; 106.9 ± 28.6 vs 94.6 ± 11.0 pA; t-test, t20 = 0.42, P > 0.05). (b) Schematic of the protocol and bar graphs reporting the FST 
analysis (Ctrl vs FsE and vehicle vs LB-100; nmice = 12; latency to the first immobility: two way ANOVA, interaction, F1,44 = 4.11, *P < 0.05; 
total immobility: two way ANOVA, interaction, F1,44 = 8.59, *P < 0.05). (c) AAV-based construct designed for the doxycycline-inducible 
overexpression of GIRK2a and schematic of experimental protocol. (d) Representative brain coronal section including the site of injections for 
the behavioral experiments. Scale bar: 400 µm. (e) LHb immunostaining for the GIRK2a-eGFP upon doxycycline treatment. Scale bar, 20 µm. 
(f) Schematic of the protocol, representative traces and bar graphs showing the effect of GIRK2a overexpression on FsE-induced I-Baclofen 
reduction (AAV-ctrl: Ctrl vs FsE; nmice = 3, ncells = 8; 65.7 ± 8.9 vs 35.8 ± 7.9 pA; t-test, t14 = 2.51, *P < 0.05; AAV-GIRK2: Ctrl vs FsE; nmice = 
3, ncells = 7; 116.6 ± 20.8 vs 107.0 ± 35.2 pA; t-test, t12 = 0.23, P > 0.05; AAV-ctrl Ctrl vs AAV-GIRK2 Ctrl; t-test, t13 = 2.35, *P < 0.05). (g) 
Schematic of the protocol and bar graphs for FST (CtrlAAV-ctrl, FsEAAV-ctrl, CtrlAAV-GIRK2, FsEAAV-GIRK2 nmice = 15, 15, 17, 16 respectively; latency 
to the first immobility: two way ANOVA, treatment, F1,59 = 7.47, **P < 0.01; total immobility: two way ANOVA, interaction, F1,59 = 13.4, 
***P < 0.001). Data are represented as mean ± s.e.m.. 
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 Supplementary Figure 9 Learned helplessness in mice and cellular plasticity in LHb 
(a) On the top, the graph shows the behavioral measurements (escape latency and failures) to assess the learned helplessness. Single dot plot 

represents individual mouse performance (LH= 59 mice; not LH= 60 mice).  On the bottom, the graphs illustrate the behavioral measurement 

for two representative mice. Each graph reports the escape latency (y-axis) during the trials (x-axis). (b) Schematic of the experiments, 

sample traces and bar graph showing that LB-100 treatment (1.5 mg/kg i.p.) improves I-baclofen in the LH model (top panel, LHvehicle vs 

LHLB-100; nmice = 2, ncells = 10; 37.5 ± 9.1 vs 78.0 ± 16.1 pA; t-test, t18 = 2.18, *P < 0.05). On the bottom the representative traces and the graph 

illustrate the reduced excitability in the LH mice treated with LB-100 (LHvehicle vs LHLB-100; nmice = 2, ncells = 11–12; two way ANOVA RM, 

F1,252 = 5.39, *P < 0.05). Data are represented as mean ± s.e.m.. 
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Online methods 
Experimental subjects and inescapable shock procedure  
C57Bl/6J mice wild-type males of 4–7 weeks were used in accordance with the guidelines of the French 
Agriculture and Forestry Ministry for handling animal, and the ethic committee Charles Darwin #5 of the 
University Pierre et Marie Curie. They were housed at groups of 4-6 per cage with water and food ad libitum 
available. Mice were randomly allocated to experimental groups. 
The inescapable shock procedure was previously described in21. Briefly, we placed mice into standard mouse 
behavioral chambers (Imetronics) equipped with a metal grid floor. We let them to habituate at the new 
environment for 5 m. In a 20-minutes session animals received either 19 or 0 unpredictable foot-shocks (1 mA, 
500 ms) with an intershock interval of 30, 60 or 90 sec. We anesthetized mice for patch-clamp electrophysiology 
1 h, 24 h, 7 d, 14 d or 30 d after the session ended.  

Electrophysiology 
Animals were anesthetized with Ketamine/Xylazine (50mg/10mg Kg-1 i.p.; Sigma-Aldrich, France). Analysis 
was performed in a non-blinded fashion. 
The preparation of LHb-containing brain slices was done in bubbled ice-cold 95% O2/5% CO2-equilibrated 
solution containing (in mM): cholineCl 110; glucose 25; NaHCO3 25; MgCl2 7; ascorbic acid 11.6; Na+-
pyruvate 3.1; KCl 2.5; NaH2PO4 1.25; CaCl2 0.5.  Sagittal slices (250 µm) were stored at room temperature in 
95% O2/5% CO2-equilibrated artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl 124; NaHCO3 
26.2; glucose 11; KCl 2.5; CaCl2 2.5; MgCl2 1.3; NaH2PO4 1. Recordings (flow rate of 2.5 ml/min) were made 
under an Olympus-BX51 microscope (Olympus, France) at 32 °C. Currents were amplified, filtered at 5 kHz and 
digitized at 20 kHz. Access resistance was monitored by a step of –4 mV (0.1 Hz). Experiments were discarded 
if the access resistance increased more than 20%.  
The internal solution to measure GABAB-GIRK currents and neuronal excitability contained (in mM): potassium 
gluconate 140, NaCl 4, MgCl2 2, EGTA 1.1, HEPES 5, Na2ATP 2, sodium creatine phosphate 5, and Na3GTP 
0.6  (pH 7.3 with KOH). The liquid junction potential was ~12 mV. When we measured the synaptic inhibitory 
or excitatory release the internal solution contained (in mM): CsCl 130; NaCl 4; MgCl2 2; EGTA 1.1; HEPES 5; 
Na2ATP 2; Na+-creatine-phosphate 5; Na3GTP 0.6, and spermine 0.1. The liquid junction potential was –3 mV. 
For cell-attached recordings the internal solution consisted of ACSF. 
Cell-attached recordings were performed in GΩ seal and in presence of synaptic blockers for AMPA- (NBQX, 
20µM) and GABA-dependent (Bicuculline, 10µM) transmission. Pipettes were filled with ACSF. Action 
potential activity was recorded in voltage-clamp mode, maintaining an average 0 pA holding current.  
Whole-cell voltage clamp recordings were achieved to measure GABAB-GIRK currents in presence of 
Bicuculine (10µM), NBQX (20µM) and AP5 (50µM). For agonist-induced currents, changes in holding currents 
in response to bath application of baclofen were measured (at –50 mV every 5 s). GABAB-GIRK currents were 
confirmed by antagonism with either 10 µM of CGP54626, a specific GABAB-Rs antagonist or 1 mM Ba2+, a 
selective inhibitor of inward rectifiers K+ channels. For the GTP-γS experiment, 100µM of GTP-γS was added to 
the internal solution in place of Na3GTP. For the Okadaic acid (OA) and the CaMKII inhibitor KN93 
experiments, respectively 100nM of OA or 10µM of KN93 were added in the internal solution. The PP2A 
inhibitor LB-100 (0.1µM) was bath applied. 
Miniature excitatory postsynaptic currents (mEPSCs) were recorded in voltage-clamp mode at –60 mV in 
presence of bicuculline (10 µM) and TTX (1 µM). Miniature inhibitory postsynaptic currents (mIPSCs) were 
recorded (–60 mV) in presence of NBQX (20 µM) and TTX (1 µM). EPSCs and IPSCs were evoked through an 
ACSF-filled monopolar glass electrode placed ~200 µm from the recording site in the stria medullaris. AMPA: 
NMDA ratios of evoked-EPSC were obtained by AMPA-EPSC +40 mV/NMDA-EPSCs at +40 mV. 
Rectification Index (RI) was computed by AMPA-EPSC–60/AMPA-EPSC+40.  For the experiments in which 
high-frequency stimulation trains were used to determine presynaptic release probability, QX314 (5 mM) was 
included in the internal solution to prevent the generation of sodium spikes. 
Current-clamp experiments were performed using a series of current steps (from –80 pA to 100 pA or when the 
cell reached a depolarization block) injected to induce action potentials (5-10 pA injection current per step, 
duration of 800 ms). ACSF was complemented with synaptic blockers for AMPA- (NBQX, 20µM) and GABA-
dependent (Bicuculline, 10µM) transmission. Cells were maintained to their original resting membrane potential 
(after breakthrough) throughout the experiment. 

Surgery, viral strategy and local infusion 
Animals were anesthetized with Ketamine (150 mg/kg)/Xylazine (10 mg/kg i.p.) (Sigma-Aldrich, France). For 
LB-100 local infusion bilateral injections of LB-100 (1 µM; ~300 nl) in the LHb were performed: A-P: –1.7; M-
L: ±0.45; D-V: –3.1. Control animals were infused with PBS. For GIRK2a overexpression, a recombinant 
adeno-associated virus (AAV) coding for the mouse GIRK2a sequence was used (NM_010606.2) (AAV-
GIRK2a particles were custom made at UNC North Carolina, USA). The GIRK2a sequence is fused to EGFP 
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and inserted under the control of a TET-ON system. AAV-GIRK2a-EGFP and AAV-Venus as a control were 
injected bilaterally in the LHb at a final volume of 300-500 nl. After three weeks, mice were subjected first to 
the FsE procedure and then to the doxycycline treatment that consisted of intragastric administrations of 5 
mg/100µl twice per day for three consecutive days (from day 2 to day 5 after FsE). Retrobeads (Lumafluor, 
Nashville, US) were added in all cases to the infused solution for post histological identification of the injection 
site. Brain slices from injected mice were directly examined under fluorescent microscope for the identification 
of the injection site. Only animals with correct injections site were included in the analysis. 

Reverse transcription-PCR 
Total RNA of lateral habenula was extracted using Trizol (Invitrogen) and transcribed into cDNA using 
SuperScript II Reverse Transcriptase (Invitrogen). PCR were conducted with Taq DNA polymerase (Invitrogen) 
according to manufacturer’s protocol using the following primers: GIRK1: forward primer 5’-
GTGAGTTCCTTCCCCTTGACCA-3’, reverse primer 5’-TCGTCCTCTGTGTATGATGTTCG-3’, GIRK2: 
forward primer 5’-GACGACCTGCCGAGACACAT-3’, reverse primer 5’-
CGATGGTGGTTTCTGTCTCTATGG-3’, GIRK3:  forward primer 5’-GGGACGACCGCCTCTTTCTC-3’, 
reverse primer 5’-GCCCCACAACACTTCATCCA-3’, GIRK4: forward primer 5’-
GAAGGAATGGTAGAAGCAACAGG-3’, reverse primer 5’ GAAGGAATGGTAGAAGCAACAGG-3’ 

Immunostaining 
Mice were anesthetized with pentobarbital (30 mg/kg, i.p.; Sanofi-Aventis) and perfused transcardially with 4% 
(w/v) paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.5. Brains were post-fixed overnight in the same 
solution and stored at 4°C. Fifty-micrometer-thick sections were cut with a VT1000S (Leica). Sections were 
incubated 48 hours with rabbit anti-GFP primary antibody (1:2000, Molecular Probe) in PBS, 10% horse serum, 
0,1% Triton at 4°C. Sections were then washed in PBS solution and incubated two hours with secondary 
antibody (Donkey anti-rabbit Alexa 488-conjugated antibody, 1:400, Jackson Immunoresearch). Finally, sections 
were cover-slipped in anti-fading mounting medium (moviol-DABCO 25 mg/ml). Images were taken using an 
Olympus macroscope and a DM-6000 Leica microscope. 

Electron microscopy 
Immunohistochemical reactions at the electron microscopic level were carried out using the pre-embedding 
immunogold method. Free-floating sections containing the lateral habenula were incubated in 10% NGS diluted 
in TBS. Sections were then incubated in either anti-GIRK2 antibodies or anti-GABAB1 (1-2 μg/ml diluted in 
TBS containing 1% NGS), followed by incubation in goat anti-rabbit IgG coupled to 1.4 nm gold or goat anti-
mouse IgG coupled to 1.4 nm gold (Nanoprobes Inc., Stony Brook, NY, USA), respectively. Sections were post-
fixed in 1% glutaraldehyde and washed in double distilled water, followed by silver enhancement of the gold 
particles with a HQ Silver kit (Nanoprobes Inc.). Sections were then treated with osmium tetraoxide (1% in 0.1 
M PB), block-stained with uranyl acetate, dehydrated in graded series of ethanol and flat-embedded on glass 
slides in Durcupan (Fluka) resin. Regions of interest were cut at 70-90 nm on an ultramicrotome (Reichert 
Ultracut E, Leica, Austria) and collected on pioloform-coated single slot copper grids. Staining was performed 
on drops of 1% aqueous uranyl acetate followed by Reynolds’s lead citrate. Ultrastructural analyses were 
performed in a Jeol-1010 electron microscope. Electron photomicrographs were captured with ORIUS SC600B 
CCD camera (Gatan, Munich, Germany). Digitized images were then modified for brightness and contrast using 
Adobe PhotoShop CS5 (Mountain View, CA, USA) to optimize them for printing. 
Next, we performed quantitative analyses to establish the relative frequency of GIRK2 and GABAB1 
immunoreactivity in the LHb in control and FsE condition.  
We used 60-µm coronal slices processed for pre-embedding immunogold immunohistochemistry. The 
procedures were similar to those used previously 57. Briefly, for each of three animals from the experimental 
groups, three samples of tissue were obtained for the preparation of embedding blocks, totaling n = nine blocks 
per group. To minimize false negatives, electron microscopic serial ultrathin sections were cut close to the 
surface of each block, as immunoreactivity decreased with depth. We estimated the quality of immunolabeling 
by always selecting areas with optimal gold labeling at approximately the same distance from the cutting surface, 
which was defined within 5 to 10 µm from the surface. Randomly selected areas were then photographed from 
the selected ultrathin sections and printed with a final magnification of 45,000X. Quantification of immunogold 
labeling was carried out in reference areas totaling ~2,000 µm2 for each age. Immunoparticles identified in each 
reference area and present along the plasma membrane and intracellular sites in dendrites, spines and axon 
terminals were counted.  

PP2A phosphatase activity assay. 
Wild-type C57Bl6 mice were used to test PP2A phosphatase activity after FsE in three different conditions: 
Controls, 24 h after the FsE, 24 h after the FsE with an intraperitoneal injection of LB-100 (1.5 mg/kg) 2h before 
the sacrifice. Habenula was dissected on ice and placed in cold extraction buffer (20 mmol/L imidazole-HCl, 2 
mmol/L EDTA, 2 mmol/L EGTA, pH7.0) supplemented with protease inhibitors (Roche, France). Tissues from 



66 
 

two animals were pooled and homogenized using a pestle and sonicated for 10 sec, and lysates were centrifuged 
at 2,000 × g for 5 min. Lysates were quantified using a bicinchoninic acid assay kit (Pierce Europe) and an equal 
amount of proteins (130 μg), for each pool, were assayed with the PP2A Immunoprecipitation Phosphatase 
Assay Kit (Millipore, France) according to the manufacture’s protocol. 

 

Behavioral paradigms 
All behavioral tests were conducted during the light phase (8:00–19:00), 1 or 7 days after the shock procedure. 
Animals were tested only for a single behavioral paradigm, and operators were blind to the experimental group 
during the scoring.  

Predator odor test 
Mice were exposed to a predator odor by presenting for 5 min a cotton ball soaked with red fox urine (5 ml Red 
fox P; Timk’s, Safariland Hunting Corp., Trappe, MA) placed in a plastic container (holes equipped) in a corner 
of a transport cage. For the control group, instead of fox urine we added 5ml of water. One hour after the 
procedure, the mice were anesthetized for the vitro recordings. 
Restraint stress  
A ventilated 50 ml falcon tube placed at the center of a transport cage was employed to constrain the mice for 1h 
(from 9.00 to 10.00 am). Control animals were left undisturbed in a transport cage for the same amount of time. 
The mice were anesthetized for the vitro recordings, one hour after the procedure. 

Re-exposure to the context  
For this experiment mice were re-exposed 24 h after to the chamber where they received (or not) shocks for a 
total duration of 5 m. Online analysis of the freezing was performed by scoring videos in a room separate from 
the mice during the test period. Offline analysis was performed by a second observer. Freezing was defined as 
the absence of visible movement except that required for respiration (fluctuation in the volume of the thorax) 
(score: 1). Scanning was scored when the animal showed a sole movement of the head to scan the environment 
in a defensive position (score: 0.5). The behavior was scored according to a 5-sec time-sampling procedure every 
25 sec. The observer scored the animal as freezing, scanning or active during the 5 sec time frame and then 
proceeded to the next chamber. A single episode of freezing or scanning during the 5 sec observation was taken 
as an episode. Each animal was observed 10 times for total 5 minutes session. The cumulative score were 
converted into percent time freezing by dividing the number of freezing-scanning observations by the total 
number of observations for each mouse58. 

Locomotor activity 
To assess the locomotor activity we tested mice in an open field arena. Mice were placed in the center of a 
plastic box (50 cm x 50 cm x 45 cm) in a room with dim light. We let them to explore for 5m and then we 
acquired the videotracks. During the 15m session, animal behavior was videotaped and subsequently analyzed 
(Viewpoint, France). 
Forced swim test  
Forced swim test was conducted under normal light condition as previously described24,59. Mice were placed in a 
cylinder of water (temperature 23-25°C; 14 cm in diameter, 27 cm in height for mice) for 6 min. The depth of 
water was set to prevent animals from touching the bottom with their hind limbs. Animal behavior was video-
tracked from the top (Viewpoint, France). The latency to the first immobility event and the immobility time of 
each animal spent during the test was counted online by two independent blind observers. Immobility was 
defined as floating or remaining motionless, which means absence of all movement except motions required to 
maintain the head above the water. 

Sucrose preference test 
For the sucrose preference test, mice were single housed and habituated with two bottles of 1% sucrose for 2 
days. At day 3 (test day) mice were exposed to two bottles filled with either 1% sucrose or water for 24h. The 
sucrose preference was defined as the ratio of the consumption of sucrose solution versus total intake (Sucrose + 
water) during the test day expressed as percentage.  
Learned helplessness model  
The procedure consisted in 2 session of inescapable foot-shock (1 session per day, 360 foot-shock per session, 
0.3 mA, shock duration between 1 and 3 s and random intershock intervals) followed 24h after the last session 
by a test session to assess the LH5. The testing was performed in a shuttle box (13 x 18 x 30 cm) equipped with a 
grid floor and a door separating the two compartments. The test consisted of 30 trials of escapable foot-shock. 
Each trial started with a 5 s duration light stimulus followed by a 10 s shock (0.1 - 0.3mA). The intertrial interval 
was 30s.  When the mouse shuttled in the other compartments during the light cue the avoidance was scored. 
When it shuttled during the shock the escape latency was measured. When the mouse was unable to escape the 
failures were scored. The shock terminated any time that the animal shuttled in the other compartment.  Out of 
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the 30 trials, more than 15 failures were defined as LH. Only LH mice were behaviorally and 
electrophysiologically tested. 

Analysis and drugs. 
All drugs were obtained from Abcam (Cambridge, UK), Tocris (Bristol, UK) and Sigma-Aldrich (France) and 
dissolved in water, except for TTX (citric acid 1%). 
Mice were injected with LB-100 (1.5 mg/Kg i.p.; Lixte Inc.) or saline 6-8 hours after the FsE (2 hours were 
instead used for biochemical assays). LH animals received LB-100 24 hours after the test day. A set of mice (5 
weeks), were single housed for 3 days and then underwent LB-100 i.p. (1.5 mg/kg/day) treatment for 7 days to 
assess the health profile of the molecule. Body weight, pellet and water intake were monitored every 2 days. 
Three days after the last injections mice were tested for their locomotor activity. 
Online/offline analyses were performed using IGOR-6 (Wavemetrics, US) and Prism (Graphpad, US). Data 
distribution was previously tested with the Kolmogorov Smirnoff and D’Agostino Pearson test. Depending on 
the distribution, parametric or not parametric test were used. Single data points are always plotted. 
Electrophysiological and behavioral experiments were replicated within the laboratory. Sample size was pre-
estimated from previously published research and from pilot experiments performed in the laboratory. Compiled 
data are expressed as mean ± s.e.m. Significance was set at p < 0.05 using unpaired t-test, one or two-way 
ANOVA with multiple comparison when applicable. The use of the paired t-test and two way ANOVA for 
repeated measured were stated in the legend figure text. The Mann Whitney test was used when required. 
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Context and objectives of the study II: LHb hyperactivity as a 
long term adaptation underlying MS-driven depressive like symptoms  

 
In the previously presented work I contributed to establish that GABABR-GIRK plasticity 

represents an early event occurring following an aversive experience, leading to increasing 

LHb excitability and triggering depressive like symptoms. However, how persistent are these 

adaptations remains unknown. Our previous study, together with other findings, strength the 

idea that LHb hyperactivity could be an important substrate underlying depressive like 

symptoms. However, the data are limited to animal models that rely on the repeated exposure 

to painful stimuli. If LHb dysfunctions could represent long-term adaptation underlying 

depressive symptoms independently of the kind of stressors that trigger it, remains to be 

determined.  

 

Beyond the physical stress, chronic psychosocial stress and early life adversity, such as child 

neglect play a major role in the etiology of depression. The prolonged separation of newborn 

rodents from their mother represents an animal model of early-life stress that recapitulates 

aspects of child neglect including the emergence of depressive-like symptoms in adulthood. 

As for the foot-shock model, mice that undergo MS present deficits in coping with stressful 

events. This raises the hypothesis that MS-driven behavioral adaptations may also emerge 

from the dysfunction of neural circuits devoted to aversion processing thereby implicating 

LHb dysfunction. In this study, we aimed to understand if LHb hyperexcitability may underlie 

early-life stress-induced depressive-like phenotype. We find that maternal separation triggers 

depressive-like phenotype together with GABABR-GIRK dependent LHb hyperexcitability. 

Moreover, reversal strategy such as chemogenetic and DBS intervention diminished LHb 

activity and ameliorated depressive phenotype providing a causal relationship between 

cellular adaptations in the LHb and the MS-driven depressive-like symptoms. This provides 

mechanistic insights in LHb dysfunction contributing to early life stress-induced depressive 

symptoms, giving further support to targeting LHb hyperexcitability to ameliorate depressive 

symptoms. 
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Abstract 
Early-life stress, including maternal separation (MS), increases the vulnerability to develop mood disorders 
later in life, but the underlying mechanisms remain elusive. We report that MS promotes depressive-like 
symptoms in mice at a mature stage of life. Along with this behavioral phenotype, MS drives reduction of 
GABAB-GIRK signaling and the subsequent lateral habenula (LHb) hyperexcitability – an anatomical substrate 
devoted to aversive encoding. Attenuating LHb hyperactivity using chemogenetic tools and deep-brain 
stimulation ameliorates MS depressive-like symptoms. This provides insights on mechanisms and strategies to 
alleviate stress-dependent affective behaviors. 
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Introduction 
Childhood neglect (i.e. maternal separation, MS) is aversive, has negative long-term repercussions on child 
development and primes depression in adulthood1,2. The prolonged separation of newborn rodents from their 
mother represents an animal model of severe early-life stress that recapitulates aspects of child neglect. Animals 
undergoing MS present deficits in coping with stressful events. Moreover, such paradigm promotes anxiety, 
addictive and depressive-like behavioral phenotypes3–5. This raises the hypothesis that MS-driven behavioral 
adaptations may, at least partly, emerge from the dysfunction of neural circuits devoted to aversion processing.  
 
The lateral habenula (LHb) contributes to encode aversion and negative reward prediction error as neurons in 
this structure are excited by external aversive stimuli6. The LHb provides such aversive-related information to 
monoaminergic centers suggesting a relevant role in motivated behaviors7–9. Stressors of different nature 
increase the activity of LHb neurons, and lesioning experiments indicate that the LHb regulates coping behaviors 
when facing aversive stimuli10–12. Furthermore, when such stressful events (i.e. foot-shocks) become inescapable 
and persistent, this produces aberrant LHb hyperactivity, which is instrumental for the emergence of depressive-
like symptoms10,11,13,14. 
 
However, whether chronic, painless stressful events, such as MS, promote depressive-like phenotypes through 
LHb adaptations remains elusive. If this holds true, we propose that reversal strategies restoring LHb function 
can ameliorate MS-dependent depressive-like symptoms.  
 
Here, we demonstrate that, at a mature stage of life, mice undergoing MS present depressive-like behaviors 
along with increased LHb neuronal excitability. In addition, we show that MS-mediated reduction in GABAB-
GIRKs signaling is causal for such LHb hyperexcitability, and that limiting LHb neuronal activity through 
chemogenetics or deep brain stimulation ameliorates MS-driven behavioral phenotypes. These findings support 
the notion that aberrant habenular neuronal hyperactivity represents a neurobiological substrate underlying 
discrete stress-driven (i.e. acute and chronic) depressive-like symptoms. 
 
Results 
 
MS drives depressive-like states and habenular hyperexcitability in mice 
We examined the early-life stress-dependent behavioral ramifications exposing mice to maternal separation 
(MS)15 (Methods, Fig. 1a). Briefly, pups aged seven days were, or not (Control), removed from their litter, 
separated from their mother, and kept in isolation for six hours daily for a week. When tested three weeks later, 
Control and MS mice had comparable weight, locomotion and performance in the open field (Supplementary 
Fig. 1a–c). In contrast, MS mice presented higher failure rates when challenged with escapable foot-shocks 
(shuttle box), behavioral despair (higher immobility in tail suspension test; TST), and diminished sucrose 
preference (Fig. 1b–d). Furthermore, ex-vivo recordings in acute LHb-containing brain slices revealed that LHb 
neurons from MS mice exhibit hyperexcitability, with no alterations of the resting membrane potential (Fig. 1e; 
Supplementary Fig. 1d). Altogether, these findings suggest that MS promotes depressive-like symptoms and 
LHb hyperactivity later in life. 
 
Cellular mechanisms underlying MS-driven plasticity 
Tonic GABAB-GIRK signaling controls LHb neuronal firing and its reduction promotes cell hyperexcitability10. 
Patch-clamp recordings from LHb neurons revealed that bath application of the GABAB-R agonist baclofen 
evoke an outward current (I-Baclofen) readily reversed by the specific antagonist CGP-54626 (Fig. 2a). I-
Baclofen was significantly reduced throughout the LHb of MS mice (Fig. 2b, Supplementary Fig. 2a, b). The 
reduction of I-Baclofen with no evident territorial specificity suggests that MS reduces GABAB-GIRKs 
independently of the structures to which LHb neurons send their axons. To test this prediction, we used 
fluorescent tract tracing to retrogradely label LHb neurons projecting either to the ventral tegmental area 
(LHbVTA) or the rostromedial tegmental nucleus (LHbRMTg). These are prominent habenular-midbrain projections 
that, if disrupted, contribute to the establishment of depressive-like symptoms7,11. MS significantly reduced I-
Baclofen in both LHbVTA and LHbRMTg neurons supporting a scenario in which GABAB-GIRK signaling 
reduction occurs throughout the LHb, likely affecting multiple downstream targets (Fig. 2c, d). 
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GABAB-R activation within the LHb leads to cell hyperpolarization through GIRK channels opening10. Along 
with the reduced I-Baclofen, MS also diminished GIRK currents. Indeed, responses generated by the 
intracellular dialysis of the G-protein activator GTPγS (I–GTPγS) and the bath application of the specific 
GIRK1/2 activator ML-297 were smaller throughout the LHb of MS mice (Supplementary Fig. 2c, d)16,17. These 
results indicate that early-life stress, similarly to foot-shocks10,18, reduces GABAB-GIRK function within the 
LHb. 
Activation of the GABAB-GIRK signaling requires GABA spillover from the presynaptic terminal19. A major 
input source of GABA onto LHb neurons arises from the entopeduncular nucleus (EPN). Furthermore, the 
reduction of EPN-originating inhibitory transmission within the LHb contributes to depressive-like 
symptoms14,20,21. We therefore set out to provide proof of principle that MS reduces, not only agonist-evoked 
GABABR responses, but more precisely synaptically-relevant GABABR function. To probe synaptically-
activated GABABRs, we transduced EPN neurons with a rAAV2-hSyn-CoChR-eGFP allowing for the 
expression of the excitatory opsin from Chloromonas oogama (CoChR; Fig. 2e)22. CoChR-expressing EPN 
terminals received trains of light-pulses (20 Hz), which elicited fast-GABAAR and slow-GABABR outward 
currents (I-GABAA and I-GABAB-slow respectively), the latter likely mediated by GABA spillover diffusing to 
perisynaptic GABAB-Rs (Fig. 2f). We then computed the I-GABAB-slow/I-GABAA ratios as a measure of the 
postsynaptic strength of inhibitory transmission. MS diminished the I-GABAB-slow/I-GABAA ratios without 
significant alterations in miniature EPSCs or IPSCs, nor on presynaptic GABABR function (Fig. 2f, 
Supplementary Fig. 3a–d). Altogether, MS diminishes postsynaptic GABAB-GIRK signaling in LHb.  
 
Thus, we predicted that MS-dependent LHb hyperexcitability results from the above-described GABAB-GIRK 
reduction. Blocking GABAARs, AMPARs and NMDARs left MS hyperexcitability unaffected. However, MS 
occluded GABABRs antagonism-driven increased neuronal excitability observed in control slices (Fig. 1e, Fig. 
3a, b; (Ctrl, aCSF/CGP54626, F(10;410)=2.3 p<0.05; MS, aCSF/CGP54626, F(10;410)=0.37 p > 0.05; two-way 
ANOVA RM, interaction). This suggests that MS leads to LHb hyperexcitability via GABAB-GIRK plasticity. 
 
Limiting habenular activity ameliorates depressive-like symptoms 
Is LHb hyperexcitability necessary for MS depressive-like phenotypes? MS-driven adaptations occur throughout 
the LHb (Fig. 2b–d). Therefore, we sought to limit hyperactivity of a large LHb neuronal population. Thus, we 
virally expressed the inhibitory designer receptors exclusively-activated by designer drugs (rAAV8-hSyn-HA-
hM4D-mCherry; Gi-DREADD) in the LHb (Fig. 4a, Supplementary Fig. 4a). Ex-vivo, bath application of the 
specific DREADDi ligand clozapine-N-oxide (CNO) generated a K+-dependent outward current (I-CNO) and 
abolished neuronal firing (Supplementary Fig. 4b, c). MS reduced I-CNO, supporting a diminished GIRK 
function23. We next examined baseline neuronal activity using single unit recordings in anesthetized mice. The 
baseline firing rate of MS mice was higher than Control animals, an observation in line with the increased 
excitability reported in acute slices. The systemic injection of CNO diminished LHb neuronal firing in Gi-
DREADD-expressing mice, and reduced the activity of MS-LHb neurons to values not statistically different 
from Control animals (Supplementary Fig. 4d, e). This validates this strategy to limit hyperexcitability in 
behaving mice. When exposed to escapable foot-shocks (shuttle box), in absence of CNO MS mice (YFP/Gi-
DREADD) expressed high failure rates (Fig. 4b). After a recovery period of three days, mice of all experimental 
groups received a single systemic injection of CNO ~15 minutes prior the test. CNO reduced the failure rate in 
the shuttle box only in Gi-DREADD-expressing MS mice. However, five days later, after complete clearance of 
CNO from the animal body, MS mice displayed the depressive state (Fig. 4b). Accordingly, in different sets of 
mice treated with CNO (see Methods), TST immobility and sucrose preference were comparable between Gi-
DREADD-expressing MS mice and Controls (Fig. 4c, Supplementary Fig. 4f). In contrast, CNO treatment did 
not affect locomotor activity measured in the open field, arguing against compromised motor function 
(Supplementary Fig. 4f). Therefore, the chemogenetic reduction of LHb activity is sufficient to ameliorate MS-
driven depressive-like symptoms. 
 
Individuals presenting symptoms of depression following early-life stress poorly respond to antidepressants24, 
heightening the need of alternative treatments. Deep brain stimulation (DBS) of the LHb ameliorates depressive 
symptoms, but its efficiency in the context of MS is unknown11,25. When applied ex-vivo within the LHb, DBS-
like stimulation (130 Hz)11 reduced glutamate release, diminished neuronal firing, hyperpolarized neurons and 
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decreased input resistance (Fig. 4d, e). Accordingly, in anesthetized mice, DBS lowered LHb activity (Fig. 2f, g 
and Supplementary Fig. 4g). Therefore, DBS reduces neuronal activity by engaging both presynaptic and 
postsynaptic mechanisms. We then unilaterally implanted DBS electrodes in LHb (Fig. 4f), and examined its 
efficacy on MS-induced depressive behavior. DBS reduced the number of failures in the shuttle box (Fig. 4h). 
This highlights DBS as a strategy, complementary to pharmacology, to compensate for MS-driven LHb 
hyperexcitability and ameliorate depressive states. 
 
Discussion 
Here we demonstrate that MS promotes LHb neuronal hyperactivity by reducing GABAB-GIRK function. This 
hyperexcitability ultimately triggers depressive-like symptoms.  
 
The GABAB-GIRK signaling in the LHb tightly controls neuronal activity10 and GABAB-R internalization often 
occurs along with GIRK trafficking10,26,27. Consistently, we report that MS-driven reduced GABAB-Rs function 
occurs along with diminished GIRK channels either expression or function. Internalization of GABAB-Rs and 
GIRKs requires the activity of phosphatases including PP2A, and a PP2A inhibitor presents antidepressant 
properties10,26,27. However, whether PP2A contributes to MS-driven GABAB-GIRK plasticity in the LHb remains 
to be established.  
 
In line with a reduction of I-Baclofen, we observed a diminished I-GABAB-slow/I-GABAA ratios at EPN-to-LHb 
synapses. These findings provide new insights on i. physiological patterns of presynaptic activity to elicit 
synaptic GABAB-Rs in the LHb ii. MS-mediated plasticity of synaptically-evoked GABAB-Rs. However MS-
driven GABAB-Rs reduction may also occur at synaptic inputs other than the EPN.  
 
Our data indicate that MS does not significantly affect mIPSCs, however these events stem from unidentified 
inputs, leaving open the possibility that MS also engages input-specific changes of fast inhibitory 
transmission14,20. In addition, the learned helplessness depressive state potentiated fast excitatory transmission 
onto LHbVTA neurons11. We cannot completely rule out that a similar adaptation also occur in MS mice. The 
detection threshold for MS plasticity of mEPSCs might be lowered by the different animal model of depression 
employed or, alternatively, by circuit-specific adaptations yet to be identified. Overall, plasticity of GABAB-
GIRKs in the LHb emerges as a general cellular substrate underlying stressor-driven depressive phenotypes as it 
is common to acute traumatic events and chronic stressful conditions such as MS10,18.   
 
Reduced GABAB-GIRK signaling mediates LHb neuronal hyperactivity10. Considering that MS-driven plasticity 
occurs in VTA and RMTg-projecting LHb neurons, MS cellular adaptations may remodel target midbrain 
circuits highlighting LHb-to-midbrain relevance in mood disorders3,7,11. The habenular output connectivity is 
however complex indicating that LHb-receiving structures other than the midbrain may contribute to the MS-
driven behavioral phenotypes. This is indeed likely, as the inactivation of the LHb fails to rescue aberrant 
dopamine neurons activity in the chronic mild stress model of depression28. Altogether, stress-driven depressive-
like symptoms emerge from the dysfunction of complex and parallel neuronal circuits (i.e. LHb-related and 
midbrain-related)10,28–30. 
 
MS-dependent hyperactivity can be limited by chemogenetic and DBS approaches, which in turn are efficient to 
ameliorate MS-mediated depressive-like phenotypes. 
Our data provide an extensive description of Gi-DREADD efficiency at the single cell level ex-vivo and in-vivo 
within the LHb. We report that Gi-DREADD activation in vivo in the LHb reduces, but does not silence, 
neuronal activity. This highlights Gi-DREADD efficacy in rescuing aberrant activity, without abruptly altering 
the physiology of neural systems. These properties may differ according to neuronal populations, viral vector 
properties or promoter employed. 
 
In addition to a chemogenetic-based strategy we also investigated the use of DBS approaches to reduce MS 
hyperactivity in the LHb. The high frequency DBS protocol reported in our work was previously shown to also 
ameliorate depressive symptoms emerging in congenital learned helplessness rats11. Our data suggest that DBS 
efficiency not only relies on reduced presynaptic release11 but also on postsynaptic mechanisms. The DBS-
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mediated modulation of LHb activity is however transient, suggesting that the MS depressive-like phenotypes 
can recover after the intervention11. This indicates that DBS efficacy stems from its pre/postsynaptic-mediated 
reduction in LHb neuronal activity rather than on the MS-driven plasticity expression mechanisms (i.e. GABAB-
GIRK plasticity).  
 
Altogether, this study provides mechanistic insights underlying MS-induced adaptations in the LHb. Moreover, 
limiting LHb neuronal activity has potential therapeutic relevance in alleviating affective symptoms of 
neuropsychiatric disorders. 
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Figures            
 
 
 
 
 
 

                 a     Maternal separation (MS) 

 
 
Figure 1 MS-induced depressive-like symptoms and hyperexcitability 
(a) MS protocol (all schematics are original drawing made by authors). (b) Bar graph and scatter plot of failures 
in the shuttle box for control (Ctrl) and MS mice (Ctrl vs MS; nmice=24, unpaired t-test, t45=3.36**p<0.01). (c) 
Same as b for TST immobility (Ctrl vs MS; nmice=6-7; unpaired t-test, t11=4.63; ***p<0.001). (d) Same as b 
but for sucrose preference (Ctrl vs MS; nmice=16; unpaired t-test, t30=32.12; *p<0.05). (e) Top, sample traces 
from Ctrl and MS mice of current-evoked firing (50pA step). Bottom, action potentials versus injected current (0 
to 100pA, steps of 10pA) in all experimental groups  (Ctrl vs MS; aCSF, nmice=6/group; ncells=23/group; two-
way ANOVA-RM, interaction, F(10;440)=2.74; **p<0.01). Scale bars, 0.2 s and 20 mV. 
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Figure 2 MS drives GABAB-GIRK plasticity in LHb.  
(a) Sample traces, bar graph and scatter plots depicting CGP54626-sensitive I-Baclofen (I-Baclofen Ctrl vs MS; 
nmice=5/6; ncells=13; unpaired t-test, t24=2.67 *p<0.05). I-Baclofen was measured at steady state. (b) Territorial 
distribution of I-Baclofen showing MS-dependent reduction of GABAB-GIRK signaling throughout the LHb. (c) 
Examples of the injection site of red retrobeads infused in the VTA (top) and in the RMTg (bottom). Right, 
retrogradely labeled LHb neurons projecting to VTA or RMTg. (d) Sample traces, bar graph and scatter plots 
depicting CGP54626-sensitive I-Baclofen in LHbVTA and LHbRMTg neurons (LHBVTA: I-Baclofen Ctrl vs MS; 
nmice=2; ncells=9; unpaired t-test, t16=2.37 * p<0.05; LHbRMTg: I-Baclofen Ctrl vs MS; nmice=2; ncells=9 vs 7; 
unpaired t-test, t14=2.35 *p<0.05). (e) Stereotactic infusion of AAV2-hSyn-CoChR-GFP within the EPN, and 
opsin expression in terminals within the LHb (f) Opto-GABAA-IPSCs and opto-GABAB-IPSC sample traces and 
summary plot (Ctrl vs MS; nmice=6/3 ; ncells=9/group; unpaired t-test, t16=2.21; *p<0.05). Values for opto-
GABAA-IPSC and opto-GABAB-IPSC were taken at the maximal peak as indicated. Scale bars, 4 min and 50 pA 
(a), 500 µm and 125 µm (c), 5 min and 20 pA (d), 0.5 mm and 200 µm (e), 0.5 s and 10 pA 
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Figure 3 MS-induced LHb neurons hyperexcitability requires reduced GABAB-GIRK signaling 
(a) Left, sample traces for recordings in Ctrl and MS mice of a current-evoked firing (for a 50pA step) in 
presence of picrotoxin/NBQX. Graph representing the action potentials versus injected current in all 
experimental groups. (picrotoxin/NBQX, nmice=4/6; ncells=20/group; two-way ANOVA-RM, interaction 
F(10;380)=3.52; ***p<0.001) (b) Same than (a) but in presence of picrotoxin/NBQX/CGP54626, nmice=5/6; 
ncells=20/group; two-way ANOVA-RM, interaction F(10;380)=0.32). Scale bars, 0.2 s and 20 mV. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



79 
 

 
a b c 

 

Figure 4 Chemogenetic and DBS approaches reduce LHb activity and ameliorate MS-dependent 
depressive-like symptoms. 
(a) Schematic and image for Gi-DREADD LHb expression. (b) CNO effects on failures in the shuttle box 
(AAV-YFP, Ctrl vs MS and AAV-Gi-DREADD, Ctrl vs MS; nmice=21/22/23/26;  two-way ANOVA RM, 
interaction, F(6,176)=3.29, **p<0.01). (c) Bar graph and scatter plot for TST immobility (AAV-YFP and AAV-Gi-
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DREADD, Ctrl vs MS: nmice=23/25/25/ 25; two-way ANOVA, interaction, F(1,94)=4, *p<0.05). (d) DBS effect on 
1st EPSC and PPR (5 pulses, 20Hz. Normalized eEPSC post-DBS, nmice=2; ncells=6; One-way ANOVA RM; 
F(1.23,6.13)=99.65, ***p<0.001; Normalized EPSCs, nmice=2; ncells=6; Two-way ANOVA RM; DBS effect, 
F(2,50)=25.1, ***p<0.001). (e) Sample I-clamp recordings (5 superimposed-sweeps), and DBS effects on action 
potentials, resting membrane potential and input resistance (Before vs 5min post-DBS vs 10min post-DBS, 
nmice=2; ncells=6: Action potential: F(1.29,6.49)=13.5, **p<0.01; Vm: F(1.15,5.77)=6.3, *p<0.05; Ri: F(1.06,5.30)=8.3, 
*p<0.05; One-way ANOVA-RM) (f) DBS-electrode placement in LHb. (g) DBS-induced (130Hz, 150µA) 
reduction of activity in vivo (Firing before vs post-DBS, nmice=4; ncells=14; paired t-test, t6=3.1; **p<0.01) (h) 
DBS-driven reduction of failures in the shuttle on MS mice (Sham vs DBS; nmice=8/9; Two-way ANOVA RM, 
interaction, F(1,15)=9.476, **p<0.01). Scale bars, 100 µm (a), 25 ms and 100 pA (d), 0.1 s and 20 mV (e), 250 µm 
(f), 10 s (g).  
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Supplemental information         
 
 
 

 
 
Supplementary Figure 1 Behavioral analysis of MS mice.  
(a) Bar graphs and scatter plots depicting weight of mice at P15 and P33 (Ctrl vs MS, nmice = 26 vs 28, P15: 
unpaired t-test t52=2.98; **p < 0.01, P33; unpaired t-test t50=1.024; p > 0.05). (b) Same as a but for locomotor 
activity at P33 (Ctrl vs MS, nmice =6/ 8; distance travelled in 20 min, unpaired t-test t12=1.50; p > 0.05). (c) Same 
as b but for activity in the open field (Ctrl vs MS, nmice = 8; time in center, unpaired t-test; t14=1.045 p > 0.05). 
(d) Comparison of resting membrane potential of LHb neurons recorded in Fig. 1e (Ctrl vs MS; aCSF, 
nmice=6/group; ncells=23/group; unpaired t-test, t44=0.74; p>0.05). 
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Supplementary Figure 2 MS reduces GABAB-GIRK signaling  
(a)  Sample traces depicting CGP54626-sensitive I-Baclofen input resistance and access resistance in both 
experimental groups. (b) Bar graph representing Baclofen-mediated changes in input and access resistance in all 
the experimental groups. (Input resistance: Ctrl mice, baseline vs after baclofen vs CGP54626: nmice = 5; ncells= 
13; One-way ANOVA RM; Treatment effect, F (1.532, 18.38) = 11.44, **p<0.01; MS mice: One-way ANOVA RM; 
Treatment effect, F(1.929, 25.08) = 7.895, **p<0.01) (Access resistance Ctrl mice, baseline vs after baclofen vs 
CGP54626: nmice = 5; ncells= 13; One-way ANOVA RM; Treatment effect F(2, 36) = 0.239, p>0.05; MS mice: One-
way ANOVA RM; Treatment effect, F(2, 39) = 0.017, p>0.05) (c) Left, territorial distribution of I-GTPγS 
(100M) showing MS-dependent reduction of GIRK signaling throughout the LHb. Right, sample traces, bar 
graph and scatter plots depicting I-GTPγS in Ctrl and MS mice (I-GTPγS Ctrl vs MS; nmice = 5; ncells = 15; 
unpaired t-test, t28=3.35; **p < 0.01). (d) Sample traces, bar graph and scatter plots depicting I-ML297 
(50µM) in Ctrl and MS mice (I-ML297 Ctrl vs MS; nmice = 2; ncells = 7; unpaired t-test; t12=2.84, *p < 0.05).  



83 
 

 

 

 
 
Supplementary Figure 3 MS does not alter synaptic neurotransmission  
(a) Sample traces of mEPSCs from LHb neuron of a Ctrl and a MS mice. Bar graphs and scatter plots showing 
frequency and amplitude of mEPSC for Ctrl and MS mice (Ctrl vs MS, nmice = 8 vs 9, ncells = 20 /group; 
frequency mEPSC; Kolmogorov-smirnov test, p> 0.05; amplitude mEPSC Ctrl vs MS; unpaired t-test, p > 0.05). 
(b) Same as a but for mIPSCs (nmice= 7 /group ncells = 15 /group; frequency mIPSC, Ctrl vs MS; Kolmogorov-
smirnov test, p > 0.05; amplitude mIPSC, Ctrl vs MS; unpaired t-test, p > 0.05). (c) Timeline showing the 
baclofen-mediated reduction of evoked EPSC in Ctrl and MS mice (Ctrl vs MS: nmice = 4 and 5; ncells = 7 and 6; 
two-way ANOVA RM, interaction, F(24,264) = 0.79). (d) PPR of EPSCs before, and during baclofen application 
and subsequent CGP54626 (Normalized EPSC: Ctrl mice, baseline vs after baclofen vs subsequent CGP 
application for each pulses nmice = 4; ncells= 6; Two-way ANOVA RM; Treatment effect, F(2,50) = 44.6, 
***p<0.001; same for MS mice, nmice = 5; ncells= 6;  Two-way ANOVA RM F(2,50) = 15, ***p<0.001). 
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Supplementary Figure 4 Gi-DREADD activation hyperpolarizes neurons and reduces LHb neuronal 
activity in vitro and in vivo.  
(a) Experimental timeline and representative images (4 different mice) for the site of injection in a coronal slice 
expressing the Gi-DREADD-mCherry in the LHb. (b) Sample traces depicting the CNO-induced current in LHb 
neurons of Ctrl and MS mice and its reversal by barium (1mM) . Bar graph and scatter plot of the CNO-evoked 
current amplitude (nmice = 3 /group, ncells = 12 cells /group Ctrl vs MS; unpaired t-test, t22=2.118, *p< 0.05). (c) 
Sample traces depicting the CNO-induced effect on neuronal firing in acute slices in naive mice (Baseline vs 
post CNO, nmice = 3; ncells= 5; paired t-test, t4=3.1, *p < 0.05). (d) Representative image for Gi-DREADD 
expression and the site of in vivo recording labeled with pontamine sky blue. Sample traces and time course of 
CNO effect in Ctrl mice expressing AAV-YFP and Ctrl/MS mice expressing AAV-Gi-DREADD. (nmice = 3 vs 4 
vs 4, ncells = 3 vs 4 vs 4, Two-way ANOVA, interaction, F(18,72) = 2.15, *p < 0.05). (e) Cumlative probability plot 
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depicting the non-normal distribution of baseline firing of LHb neurons recorded in vivo from Gi-DREADD 
expressing Control (without CNO; nmice/cells= 7/67), MS (without CNO; nmice/cells= 9/72) and MS with CNO (i.p. 
1mg/kg; nmice/cells= 4/18) (Kolmogorov-Smirnov test; Control vs MS, D=0.28, **p<0.008; MS vs MSCNO D=0.56 
***p<0.0003; Control vs MSCNO, D=0.35, p>0.05). (f) Left, effect on sucrose preference in Gi-DREADD 
Control and MS mice (MS vs Ctrl at baseline nmice= 6 vs 6 , t10=1.17 unpaired t-test, p> 0.05). Right, same for 
locomotor activity (MS vs Ctrl at baseline nmice= 11 vs 11 , t20=0.82 unpaired t-test, p> 0.05). (g) Effect of DBS 
(1h duration,130Hz, 150µA) on baseline firing recorded in anesthetized mice (nmice=5; ncells=7; paired t-test, 
t7=2.412, *p<0.05). 
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Methods 

Experimental subjects and MS paradigm 

All procedures were used in accordance with the guidelines of the French Agriculture and Forestry Ministry for 

handling animals (Committee Charles Darwin #5, University Pierre et Marie Curie, Pairs). Part of the current 

study was carried out in the Department of Fundamental Neuroscience (Lausanne, Switzerland) under license 

and according to regulations of the Cantonal Veterinary Offices of Vaud and Zurich (Switzerland). Pregnant 

dams C57Bl/6J were received at the gestational stage E13-18 (Janvier laboratories, France). Mothers were 

housed 2 per cages with access of food and water at libitum. After birth, pups of either sex remained untouched 

until postnatal day (P) 7. At P7, litters were randomly divided in 2 groups. The maternal separation group 

consisted of pups removed from their litter and isolated in small compartments for 6 hours per day (light phase 

8:19h) repeated from P7 to P15 and followed by an early weaning at P17. During the separation, animals were 

maintained in heating plate and water was provided, maintaining constant temperature and humidity. The control 

group consisted of mice from independent litters, which were not manipulated until the regular weaning at P21 

except during cage changing. During cage changing some old bedding and nest were transferred into the new 

cage in order to limit novelty stress. After weaning, mice where separated by sex and housed 6 per cage. 

Experiments were performed in mice aged 4-8 weeks. 

 

Surgery 

Animals, aged at least 24 days were anesthetized with Ketamine (150 mg kg-1)/Xylazine (100 mg kg-1 i.p.) 

before bilateral injection of rAAV8-Hsyn-Gi-DREADD-mCherry (University of Pennsylvania, US) in the LHb 

at the following coordinates (from bregma, in mm): A-P: –1.45; M-L: ±0.45; D-V: –3.1. After three weeks, mice 

were subjected to CNO i.p injection (1mg/kg) for the DREADD activation. For optogenetic experiments 

rAAV2.1-hSyn-CoChr-eGFP (University of North Carolina, US) was infused in the entopeduncular nucleus 

(from bregma, in mm: A-P: –1.25; M-L: ±1.8; D-V: –4.65). Recordings were performed 3 weeks after surgery. 

The injection sites were carefully examined and only animals with correct injections were kept for behavioral 

and electrophysiological analysis. DBS electrodes were unilaterally implanted using similar procedures and 

coordinates in the LHb. DBS electrodes were chronically implanted using a Superbond resin cements (Sun 

medical, Japan). For the experiment analyzing the output specificity of I-Baclofen, mice were bilaterally injected 

with a mixture of herpes simplex virus (McGovern Institute, US) expressing enhanced GFP and red retrobeads 

(Lumafluor, US) into the RMTg or the VTA. The following coordinates were used (RMTg: from bregma, in 

mm: A-P: –2.9; M-L: ±0.5; D-V: –4.3; VTA: from bregma, in mm: A-P: –2.4; M-L: ±0.65; D-V: –4.9). 

Recordings from fluorescent LHb neurons were performed ±12 days following the surgery, and injection site 

were verified using the retrobeads labelling.  

 

Behavioral paradigm 

All experimental behaviors were performed during the light phase and experimenters were blind of their 

experimental group. 

The shuttle box test was performed in a shuttle box (13 × 18 × 30 cm) equipped with an electrified grid floor and 

a door separating the two compartments.  The test session consisted of 30 trials of escapable foot-shocks (10 sec 
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at 0.1–0.3 mA) separated by an interval of 30s. The shock terminated any time that the animal shuttled in the 

other compartment. Failure is defined as the absence of shuttling to the other compartment within the 10 sec 

shock delivery.  

The tail suspension test was performed with mice being suspended by their tails with adhesive tape for a single 

session of 6 min. Immobility time of each animal was scored online by the experimenter. Mice were considered 

immobile only when they suspended passively and motionless. 

The sucrose test preference was performed with mice being single-housed and habituated with two bottles of 1% 

sucrose for 2 days. At day 3 (test day) mice were exposed to two bottles filled with either 1% sucrose or water 

for 24 h. The sucrose preference was defined as the ratio of the consumption of sucrose solution vs total intake 

(sucrose + water) during the test day and expressed as a percent.  

Behavioral experiments in DREADD-injected animals were performed three weeks after viral infusion. For the 

shuttle Box, the tail suspension test, and the locomotor activity all the groups (YFP or DREADDi injected 

animals) were injected 15 minutes with CNO i.p.(1mg kg-1). For sucrose preference experiments, all groups were 

injected with CNO i.p. (1mg kg-1) every 3h for the extent of the preference session (24h) to maintain a constant 

DREADD-mediated inhibition. 

 

Electrophysiology 

For in vitro recordings, animals were anesthetized with ketamine and xylazine (i.p. 150 mg kg-1 and 100 mg kg-1, 

respectively). Coronal brain slices (250 µm) containing the LHb were prepared in bubble ice-cold 95% O2/5% 

CO2-equilibrated solution containing: 110 mM choline chloride; 25 mM glucose; 25 mM NaHCO3; 7 mM 

MgCl2; 11.6 mM ascorbic acid; 3.1 mM sodium pyruvate; 2,5 mM KCl; 1.25 mM NaH2PO4; 0.5 mM CaCl2. 

Slices were then stored at room temperature in 95% O2/5% CO2–equilibrated artificial cerebrospinal fluid 

(ACSF) containing: 124 mM NaCl; 26.2 mM NaHCO3; 11 mM glucose; 2.5 mM KCl; 2.5 mM CaCl2; 1.3 mM 

MgCl2; 1 mM NaH2PO4. Recordings (flow rate of 2.5 ml/min) were made under an Olympus-BX51 microscope 

(Olympus, France) at 30 °C. Currents were amplified, filtered at 5 kHz and digitized at 20 kHz. Access 

resistance and input resistance were monitored by a step of −4 mV (0.1 Hz). Experiments were discarded if the 

access resistance increased more than 20%. 

The internal solution used to examine GABAB and/or GIRK currents and neuronal excitability contained: 140 

mM potassium gluconate, 4 mM NaCl, 2 mM MgCl2, 1.1 mM EGTA, 5 mM HEPES, 2 mM Na2ATP, 5 mM 

sodium creatine phosphate, and 0.6 mM Na3GTP (pH 7.3 with KOH). The liquid junction potential was ~12 

mV. When we measured the synaptic inhibitory or excitatory release, the internal solution contained: 130 mM 

CsCl; 4 mM NaCl; 2 mM MgCl2; 1.1 mM EGTA; 5 mM HEPES; 2 mM Na2ATP; 5 mM sodium creatine 

phosphate; 0.6 mM Na3GTP; and 0.1 mM spermine. The liquid junction potential was −3 mV. Whole-cell 

voltage clamp recordings were achieved to measure GABAB-GIRK currents in aCSF only. For agonist-induced 

currents, changes in holding currents in response to bath application of baclofen (100 µM) were measured (at 

−50 mV every 5-10 s). The plotted values correspond to the difference between the baseline and the plateau (for 

the baclofen and ML297 experiments) or the difference between the plateau and the value of holding current 

after barium (for the I-GTP-γS) GABAB-GIRK currents were confirmed by antagonism with 10 μM of 

CGP54626. When stated, 100 μM of GTP-γS was added to the internal solution in place of Na3GTP. Plateau 

currents were then reversed by 1 mM Barium application, a selective inhibitor of K+ channels. Changes in 
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holding currents in response to GIRK agonist were measured (at −50 mV every 5-10 s) by bath application of 

ML-297 (50 µM), a Selective GIRK1/2 channel activator then reversed by 1 mM Barium application. Synaptic 

GABAB slow IPSCs were optically evoked by trains of 10 pulses delivered at 20 Hz through a 470 nm LED. The 

fast GABA amplitude correspond to the amplitude of the first pic of the train, the slow GABA current instead 

were measured after picrotoxin bath application, and correspond to the I-max. Miniature excitatory postsynaptic 

currents (mEPSCs) were recorded in voltage-clamp mode at −60 mV in presence of bicuculline (10 μM), AP5 

(50 μM) and tetrodotoxin (TTX, 1 μM). Miniature inhibitory postsynaptic currents (mIPSCs) were recorded (–60 

mV) in presence of NBQX (20 μM) AP5 (50 μM) and TTX (1 μM). EPSCs were evoked through an ACSF-filled 

monopolar glass electrode placed in the LHb. For the experiments in which high-frequency stimulation trains 

were used to determine presynaptic release probability (5 pulses at 20 Hz), QX314 (5 mM) was included in the 

internal solution to prevent the generation of sodium spikes. 

Current-clamp experiments were performed using a series of current steps (from −80 pA to 100 pA or when the 

cell reached a depolarization block) injected to induce action potentials (10-pA injection current per step, 

duration of 500 ms). Cells were maintained at -55mV throughout the experiment. When testing changes in tonic 

firing, cells were depolarized to obtain stable firing activity in current clamp mode.  

When in vivo single unit recordings were performed, mice were anesthetized with isoflurane (induction: 2%; 

maintenance: 1-1.5%) using an anaesthesia device for small animals (Univentor 410, Malta). We placed the mice 

in the stereotaxic apparatus (Kopf, Germany) and their body temperature was maintained at 36±1 °C using a 

feedback-controlled heating pad (CMA 450 Temperature Controller, USA). The scalp was retracted and one burr 

hole was drilled above the LHb (A-P: –1.3/–1.6; M-L: ±0.4/0.5) for the placement of a recording electrode. 

Single unit activity of neurons located in the LHb (Ventral 2.3–3.2 mm to cortical surface) was recorded 

extracellularly by glass micropipettes filled with 2% pontamine sky blue dissolved in 0.5 M sodium acetate 

(impedance 3–6 MΩ). Signal was pre-amplified (DAM80, WPI, Germany), filtered (band-pass 500–5000 Hz) 

amplified (Neurolog System, Digitimer, UK), displayed on a digital storage oscilloscope (OX 530, Metrix, 

USA), and digitally recorded. Experiments were sampled on- and off-line by a computer connected to CED 

Power 1401 laboratory interface (Cambridge Electronic Design, Cambridge, UK) running the Spike2 software 

(Cambridge Electronic Design). Single units were isolated and identified according to previously described 

electrophysiological characteristics (Meye et al 2015) including a broad triphasic extracellular spike (>3 ms), and 

a tonic regular, tonic irregular or bursting spontaneous activity. 

Isolated LHb neurons were recorded for 5 min to establish the basal spontaneous firing rate. CNO was 

administered i.p. (1 mg kg-1) and the firing activity of the neuron was monitoring every 5m for total 40m. When 

CNO was administered, only one cell was recorded per mouse.  

DBS experiments were performed with a modified double barrel system allowing to stimulate in close proximity 

of the recording site: the stimulating electrode was attached to the recording one by using glass barrels (the 2 

electrodes form an angle of ±30°). The stimulating tip was glued above the recording tip (<300µm). A stable 

spontaneous firing rate was recorded for 5min before to start the DBS protocol (total duration: 2-5m; Train 

pulses: 7; ITI: 40ms; Frequency: 130Hz; Intensity: 150µA). The firing activity recorded immediately after the 

protocol was compared with the respective baseline.  

At the end of each experiment, the electrode placement was marked with an iontophoretic deposit of pontamine 

sky blue dye (−80 μA, continuous current for 35 min). Brains were then rapidly removed and fixed in 4% 
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paraformaldehyde solution. The position of the electrodes was microscopically identified on serial sections 

(60 μm). 

 

Deep brain stimulation  

MS mice for DBS experiments were first preselected on the basis of their failure rate in the Shuttle box test (A 

cutoff of 12 failures was used for the preselection). 50 mice were tested, and 17 of these animals met the criteria. 

Standard surgical procedures were used to implant bipolar concentric electrodes unilaterally into the LHb 

(coordinates −1.45 mm AP, ± 0.45 mm ML and −3.1 mm DV). After 5 days recovery from surgery, DBS or no 

(Sham) stimulation was applied for 1h (seven stimulus trains of 130 Hz, separated by 40 ms intervals; 150 µA 

intensity) prior testing each mouse in the shuttle box test. 

 

Analysis and drugs. 

All drugs were obtained from Abcam (Cambridge, UK) and Hello Bio, and Tocris (Bristol, UK) and dissolved in 

water, except for TTX (citric acid 1%), ML297 and CNO (DMSO). Online/offline analysis were performed 

using IGOR-6 (Wavemetrics, US) and Prism (Graphpad, US). Data analysis for in vivo electrophysiology was 

performed off-line using Spike2 (CED, UK) software. Sample size required for the experiment was empirically 

tested by running pilots experiments in the laboratory. While behavioral experiments were run in a single-to-

triple trial, electrophysiological experiments were replicated at least 5 times. Experiments were replicated in the 

laboratory at least twice. Animals were randomly assigned to experimental groups. Data distribution was 

assumed to be normal, and single data points are always plotted. Compiled data are expressed as mean ± s.e.m. 

All groups were tested with Grubbs exclusion test (limit set at 0.05) to determine outliers. Significance was set at 

p < 0.05 using Student’s t-test two-sided, Kolmogorov-smirnov test, one-way, two-way or three-way Anova with 

multiple comparison when applicable.  

 

Data availability. 

All relevant data are available from the authors upon request. 
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Discussion           
The two articles presented in this thesis work showed that different types of stress can trigger 

GABABR-dependent hyperexcitability of the lateral habenula (LHb) that is, in turn,  

instrumental in the emergence of depressive-like symptoms. Indeed, reversal strategies aiming 

to restore the neuronal activity directly acting on the excitability (DREADD/DBS) or 

indirectly through the restoring/upregulation of the postsynaptic GABABR function (LB-100, 

GIRK overexpression) could ameliorate depressive symptoms in two different rodent models 

of depression (LHp and MS). The work of this thesis etablishes a causal relationship between 

stress-driven LHb hyperexcitability and subsequent depressive-like symptoms. Altogether, 

these data suggest that LHb hyperactivity could be a general substrate underlying features of 

depressive-like states. However, several questions remain to be addressed, and different 

consideration will be discussed in the next paragraphs. 

I. Stress-driven mechanisms underlying GABAB receptor plasticity in the 
LHb  

From our data, we can extract two important aspects regarding the GABABR-dependent 

regulation of LHb neuron’s function in aversive states: first, the GABABR internalization 

occurs rapidly following acute unpredictable aversive stimuli; second, GABABR functional 

reduction represents a long-term adaptation for the establishment of MS-driven depressive-

like states. These findings highlight the reduction of LHb GABABRs as a common marker of 

depression. However, we are still lacking fundamental knowledge in terms of the molecular 

machinery that could underlie GABABR plasticity in the LHb. Thus, an essential point to 

address in future studies is first to identify the potential modulators of GABABR-GIRK 

signaling in the LHb. This will set the stage to understand how such mechanisms are 

regulated in physiological and pathological conditions to eventually open a new window 

toward potential pharmacological targets to treat depressive symptoms. In line with that our 

data provide insights about a GABABR intracellular modulator important for LHb neuronal 

function: the PP2A.  

Previous results obtained in midbrain and cortical neurons revealed that intracellular infusion 

of okadaic acid, protein phosphatase type 1 (PP1) and protein phosphatase type 2 (PP2A) 

inhibitor can rescue psychostimulant-driven GABABR internalization (Hearing et al., 2013; 

Padgett et al., 2012). Similarly, in our study, following inescapable foot-shock (FS), 

GABABR signaling down-regulation in the LHb neurons also involves PP2A increased 



91 
 

activity as measured by enzyme assay. Moreover, we took advantage of a new compound, the 

LB-100 that present the advantage to have a higher affinity for PP2A than PP1, differently 

then okadaic acid (Lu et al., 2009) and importantly is cell permeable and passes the blood 

brain barrier, permitting its use in vivo. This allowed us to test the efficacy of PP2A inhibition 

in reversing GABABR plasticity in vivo and to causally link the PP2A upregulation to the 

emergence of the depressive phenotype.  

Mechanistically, the increase in PP2A activity following FS involved GABABR-GIRK 

internalization and their retention in the internal compartments. In contrast, studies in cell 

culture preparations have reported a PP2A-dependent degradation of the GABABRs 

(Terunuma et al., 2010a). Whether a shift toward lysosomal degradation occurs at later time 

points in our and other studies remains however matter of future investigations. Importantly, a 

potential degradation of the receptor at a later stage could compromise the efficiency of the 

LB-100 in reverting the GABABR plasticity, if LB-100 will be provided long time after the 

FS.  

Another aspect to address involves the mechanism underlying GABABR-GIRK plasticity 

following MS. Indeed, while we provide substantial information showing functional down-

regulation of the GABABR-GIRK, we did not provide evidence regarding the location of 

these proteins following MS. Whether the receptor is internalized, and/or directed to 

lysosomal degradation is not known.  Further experiments such as western blot analysis, or 

ultrastructure electron microscopy will allow respectively to assess the total protein level as 

well as to decipher if internalization or degradation of the GABABRs also occurs in this case. 

Moreover, whether MS model presents an increased PP2A activity and if in this case, LB-100 

could be efficient to ameliorate depressive phenotype remains an open question.  

Undeniably, PP2A is only one of the molecular determinants governing GABABR trafficking, 

and could explain the GABABR down-regulation following stress. As example, CaMKII-

dependent phosphorylation have also been implicated in the stabilization of GABABRs on the 

plasma membrane (Couve et al., 2002; Guetg et al., 2010). Notably, β-CaMKII is upregulated 

in the LHb in different models of depression (Li et al., 2013). Despite that CaMKII inhibition 

was not able to restore the I-baclofen current in the FS model, we did not test its action in the 

MS. In addition to this, the four K+ channel tetramerization domain-containing (KCTD)12 is 

also known to stabilize GABABRs at the cell surface and to regulate kinetic properties of the 

receptor response (Fritzius et al., 2017; Metz et al., 2011; Schwenk et al., 2010). The KCTD8, 

12, and 12b transcripts expression have been reported in the LHb (Metz et al., 2011). 

Moreover, in another region of the brain (amygdala), a translational microarray study 
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identified KCTD12 as one of the genes with an upregulated expression in major depression 

disorder patients and in mice exposed to unpredictable chronic mild stress (Sibille et al., 

2009).  The analysis of the GABABR-GIRK Baclofen-evoked currents in LHb reveals a very 

low, almost absent desensitization, which is instead characterized in cells expressing 

KTCD12. If these proteins can be expressed in a specific cell subpopulations and how they 

are regulated in physiological and pathological conditions will require future investigations in 

order to establish their potential implication in GABABR signaling in the LHb. 

Additionally, GABABR-GIRK signaling decrease may rely not only on reduced GABABR 

function and expression but also on a direct regulation of the GIRK surface expression. Our 

data support a functional reduction of GIRKs following FS and MS, as well as a GIRK 

internalization following FS. As described elsewhere, one possibility is that both GABABRs 

and GIRKs channels are physically interacting, forming functional macro-complexes (Ciruela 

et al., 2010; Fowler et al., 2007; Lavine et al., 2002; Riven et al., 2006) that may traffic 

together to the intracellular compartments (Clancy et al., 2007). However, a direct and 

independent regulation of GIRK channels cannot be excluded. For instance, after 

methamphetamine treatment, the loss of sorting nexin 27 (SNX27) contributes to GABABR-

GIRK signaling reduction in VTA DA neurons via its interaction with GIRK3 subunit 

(Munoz et al., 2016). Currently, no data are available concerning the expression of such 

proteins in the LHb. Furthermore, unlike certain regions such as the VTA (Labouèbe et al., 

2007) information concerning the GIRK subunits composition are critically missing in the 

LHb.  RT-PCR suggests the expression of all the subunits of GIRK(1-4) within the LHb. Yet, 

only GIRK2 surface expression have been established as measured by electron microscopy. 

Moreover, this subunit is downregulated following FS while GIRK2 overexpression within 

the LHb is able to restore both I-baclofen response and ameliorate the depressive state in the 

FS animal suggesting for an important functional role of the GIRK2 subunit. In the VTA 

neurons, the heterogeneity of GIRK responses has been associated with the different subunit 

composition. While DA neurons express only GIRK2,3 subunits and present large baclofen-

evoked currents and large desensitization, GABA neurons instead express GIRK1-3 

contributing to a non-desensitizing somewhat smaller I-Baclofen currents (Labouèbe et al., 

2007).  Our data suggest that I-baclofen current and I-GTPγS in LHb neurons present low 

desensitization suggesting for at least a functional GIRK1-2. In addition, considering the 

important role of GIRK3 for the trafficking of the channel (Lalive et al., 2014; Lunn et al., 

2007), it will be interesting to see if also in the LHb such regulation exists and can underlie 

GABABR plasticity. Future studies employing GIRKs knock-out (KO) mice could help to 
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better clarify the LHb-GIRK subunit composition and the functional relevance of GABABR-

GIRK signaling. 

Altogether, although our study provides evidence for a crucial role of PP2A for GABABR 

plasticity within the LHb in the context of depression, the complexity of the GABABR 

signaling keeps open the possibility of a more complex scenario where other partners can 

have a role. Especially, a better understanding of the mechanism underlying GABABR 

regulation hold the promise to unravel alternative targets for GABABR signaling.    

II. Induction mechanism of GABAB receptor plasticity following different 
kind of stress 

In both studies, one question that remains non-adressed is the lack of information regarding 

the induction mechanism triggering the down-regulation of GABABRs following stress 

exposure. Chronic stress has been shown to increase the function of the HPA axis and 

glucocorticoids activity subsequently triggering behavioral impairments (de Kloet et al., 

2005). Neuroendocrine markers of elevated stress reactivity have notably been reported in 

human depressed patient (Carroll, 1982; Nemeroff et al., 1984) as well as in rodent models 

such as maternal separation (MS) (Anisman et al., 1998; Ladd et al., 2000) and after an 

inescapable stress in rats (Kant et al., 1987). A recent study from our laboratory reported that 

both the activation of glucocorticoid receptors or DA receptors are required for LHb 

GABABR plasticity since systemic injection of specific antagonists can prevent it (Lecca et 

al., 2017). However, the local application of corticosterone or DA was not sufficient to trigger 

the plasticity. One explanation could be that the activation of glucocorticoid receptors or DA 

receptors may occur in structures different than the LHb and the plasticity will require a 

circuit re-adaptation.  

Alternatively, N-methyl-D-aspartate receptors (NMDAR) activation can similarly regulate 

GABABR function.  Studies in primary neuronal culture described a NMDA-dependent 

calcium increase that allows the activation of CaMKII (Guetg et al., 2010) or PP2A 

(Terunuma et al., 2010a) that respectively act at the S867 of the GABAB1 and the S783 of the 

GABAB2 subunit to ultimately trigger the internalization/degradation of the receptor. 

Furthermore, a recent study performed in acute brain slices unravels a role of NMDA receptor 

in dampening GABABR signals in paraventricular hypothalamic neurons after unpredictable 

aversive stimuli exposure (Gao et al., 2017). Altogether, these studies pointed out for a crucial 

role of intracellular calcium increase (via NMDA activation) as a trigger for the induction of 

GABABR internalization/degradation. The synaptic transmission onto LHb neurons have the 
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property to display a very small NMDA receptor component (Li et al., 2011; Maroteaux and 

Mameli, 2012). However, the α-amino-3-hydroxy-5methyl-4-isoxazolepropionic acid 

(AMPA) receptor component in the LHb shows strong inward rectification, suggesting the 

presence of the GluA2-lacking calcium permeable AMPA receptors. Thus, a hypothetic 

scenario is that GluA1 type AMPAR in the LHb could play a similar role as the NMDA in 

other synapses and be sufficient to increase the calcium (Ca2+) levels sufficient to trigger 

GABABR down regulation. 

If we were to consider that glutamate is a requirement for GABABR plasticity, we can think 

about a special organization of the glutamatergic and GABAergic presynaptic components 

that will promote this interaction. Interestingly, different studies pointed out a particular 

feature of certain LHb synapses: inputs from the EPN and from the VTA to LHb display a co-

release of glutamate and GABA from a single neuron (Root et al., 2014b; Shabel et al., 2014). 

This property could represent a perfect setting for the expression of the above-mentioned 

plasticity. Notably, in the second study, we revealed that the synaptically relevant GABABR 

signaling from the EPN was altered after MS. If other inputs are able to elicit a postsynaptic 

GABABR response, and whether it is modified following stress is an object of future 

investigations. 

 
Figure 10:  Potential mechanisms underlying LHb GABABR-GIRK reduction in rodent model of depression 

In the learned helplessness, PP2A-dependant GABABR-GIRK internalization is responsible of an increased LHb neuronal activity underlying 
depressive-like symptoms. In the MS, decrease in GABABR-GIRK signaling also triggers LHb neuronal excitability and depressive-like 
symptoms. However, the underlying mechanism of such adaptation remains more elusive. One hypothesis is that it could involve an increase 
in endocytosis and/or degradation. The subsequent decrease surface expression of GABABR-GIRK leads also in this case in LHb hyperactivity 
that can be rescue by interventions dampening LHb activity such as DREADDi or DBS.   
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III. Circuit specificity of GABAB receptor regulation in the LHb 
In the first study, GABABR responses were evoked by applying a saturating concentration of 

the selective agonist baclofen (I-baclofen). This experiment allows the quantification of the 

total GABABR-GIRK current in the cell but remains however non-physiological because it 

engages the activation of all the potential available receptors in a given LHb cell, not 

necessarily recruited in physiological condition. This raises questions about the physiological 

and behavioral relevance of GABABR activation in the LHb, a question that remains quite 

open in the field of neuroscience. Moreover, agonist evoked current cannot provide 

information about circuit specificity of the GABABR signaling.   In my second study, I have 

tried to refine this approach in order to specifically activate synaptically relevant GABABRs. 

Using 20 Hz opto-stimulation, I was able to promote GABA release from EPN terminals, 

likely inducing GABA spillover and to evoke a synaptically-relevant GABABR slow current. 

This range of activity is physiologically more relevant, as it is likely to happen in vivo 

(Scanziani, 2000; Stephenson-Jones et al., 2016), although the behavioral relevance of such 

slow inhibition remains in the entire field still enigmatic. 

Despite the data provided, several questions remain unanswered and are the object of interest 

of my following study: (1) the EPN is only one of the GABAergic sources in the LHb. Could 

specific activation of other GABAergic inputs trigger a GABABR postsynaptic currents? (2) 

Does stress modulate these responses in a circuit specific manner? (3) Could it be possible 

that inducing LTP/LTD protocol by stimulation of specific inputs, can mimic or reverse the 

depressive-like symptoms?  
In this context, a previous study highlighted a plasticity of GABABR-GIRK signaling in the 

VTA DA cells: somatic low frequency stimulation of DA neurons induced NMDA-dependent 

decrease of GABABR-GIRK signaling (Lalive et al., 2014). If such protocol could be applied 

at LHb to modulate the slow inhibition, potentially at specific inputs such as VTA,VP or 

lateral hypothalamus (LH) (all described to present both GABAergic and glutamatergic 

component) remains a very interesting question to be addressed (Root et al., 2014b; 

Knowland et al., 2017; Stamatakis et al., 2016).  

Notably, to date we have no indication of the input instrumental for the expression of the 

depressive symptoms. In light of a new study from our laboratory describing the involvement 

of the LH in conveying aversive information to the LHb (Lecca et al., 2017), we can speculate 

that the recruitement of this input during stressfull event is necessary and sufficient to trigger 
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LHb  aberrant plasticity (i.e. AMPA transmission potentiation and/or GABABR decrease), and 

potentially drive behaviors reminiscent of depression.  

IV. What is the functional relevance of GABAB receptor dependent 
hyperexcitability for the emergence of depressive like symptoms 

 

In both studies, we showed that GABABR-GIRK signaling decreases throughout the LHb 

leading to a widespread increased neuronal excitability and triggers depressive like 

symptoms. But, is there any linear relationship between LHb excitability and depressive 

symptoms? Notably, whether the emergence of the depressive symptoms requires a 

progressive increase in excitability in a given LHb neuronal population or a progressive 

engagement of diverse neuronal ensembles is still an open issue.  The analysis of ensemble of 

neurons, using for example calcium imaging approaches in awake mice (via a GRIN-lens 

implantation and microendoscope) may allow to visualize online the LHb single neurons 

dynamic during the establishment of depressive states and to assess which of these  two 

scenarios hold true. Alternatively, optogenetic or chemogenetic modulation of the LHb, can 

be employed to selectively activate and recruit a growing number of neuronal population. By 

injecting ChR2 (channel rhodopsin 2) or DREADDs (Designer Receptor Exclusively 

Activated by Designer Drugs excitatory) at different virus dilution, we could assess the 

threshold for minimal neuronal ensemble sufficient to trigger a depressive phenotype. 

Furthermore, to gain knowledge at the level of the circuit, we can study defined LHb output 

specific populations, employing retrograde expression of ChR2 or DREADDs in different 

subpopulation (LHb to raphe, VTA and/or RMTg). Such sophisticated experiments are not 

trivial to be set but will probe the need of the recruitment of one or more pathways in 

triggering depressive phenotypes. 

Now, would it be possible that GABABR plasticity is the only neurobiological substrate 

underlying LHb hyperexcitability and depressive like symptoms? In our study, we did not 

provide proof for the sufficiency of GABABR dysregulation in inducing depressive-like 

symptoms. Moreover, other mechanisms have been described to be dysregulated in the LHb 

in the context of depression.  Indeed, electrophysiology recording in the Learned Helplessness 

(LHp) rat, a decrease of the fast GABAergic transmission has been reported at EPN to LHb 

synapses (Shabel et al., 2014). In the same model of depression, an increase in presynaptic 

glutamatergic transmission in VTA-projecting LHb neurons occurs together with an increase 

of LHb neuronal activity (Li et al., 2011). Moreover, a study by Li and colleagues (2013) 
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identifies an increased βCaMKII activity as a potential upstream mechanism for this AMPAR 

changes. Given this data, we also recorded excitatory miniature activity in MS and FS mice 

without finding overall changes. However, this discrepancy could be explained at least by 

three factors: the animal model (rat versus mice and stress protocol), the fact that we did not 

preselect the depressed animal andthe lack of cell specificity to assess fast synaptic 

transmission in our studies. 

 Taking altogether these studies we can imagine two hypothetical scenarios. The rapid 

GABABR-GIRK reduction-dependent increase in excitability following acute unpredictable 

stress could represent a permissive initial cellular trigger for consequent adaptations, such as 

β-CaMKII–mediated synaptic modifications. Alternatively, these changes can occur as 

parallel cellular processes that contribute in synergy to LHb hyperactivity and depressive 

phenotype.  

V. Targeting LHb hyperexcitability to treat depression? 
Convergent studies in the last decade showed substantial agreement regarding the 

instrumental role of LHb hyperactivity in depressive-symptoms (Boulos et al., 2017; Lecca et 

al., 2014; Proulx et al., 2014). Indeed, different kind of stressors, including acute stress, 

chronic-stress or drug withdrawal, all trigger depressive-like symptoms associated with LHb 

hyperactivity (i.e. (Li et al., 2011; Meye et al., 2015; Seo et al., 2017; Shumake et al., 2003). 

Importantly, successful attempts to causally link LHb hyperactivity and depressive symptoms 

were also made (Li et al.,2011; Li et al., 2013; Meye et al., 2015). Employing acute stressors 

and two different models of depression (LHp and MS) we demonstrate a causal link between 

LHb hyperexcitability and discrete depressive phenotypes, since manipulating the LHb 

hyperactivity was sufficient to ameliorate the phenotype. In particular, in these studies, we 

used two potential therapeutically relevant strategies to reverse the depressive like symptoms 

via a selective dampening of LHb activity. However, several considerations need to be taken 

into account when thinking about the translational aspect. 

A. Caveat of DBS intervention:  

i. A controversial effect of DBS on neuronal activity 

DBS is an intervention widely used in the clinics to treat diverse neuropathologies including 

mood disorders (Delaloye and Holtzheimer, 2014; Fitzgerald and Segrave, 2015; Funkiewiez 

et al., 2004; Holtzheimer and Mayberg, 2011b; Lüscher and Pollak, 2016; Naesström et al., 

2016; Narang et al., 2016; Salling and Martinez, 2016). Notably, a seminal study reported the 

potential interest of LHb DBS in a treatment-resistant depressed patient (Sartorius et al., 
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2010). However, the mechanism underlying its effect were poorly understood (Mcintyre et al., 

2004; Vitek, 2002). In the MS model, we observed that DBS in the LHb was able to reduce 

the excitatory glutamatergic drive as well as to hyperpolarize the postsynaptic neurons 

potentially by opening potassium conductance as suggested by the decrease in the resting 

membrane potential and in the cell input resistance. Moreover, in vivo recording indicated 

that the global effect of the stimulation reduces LHb neuronal firing activity. However, DBS 

could inhibit postsynaptically but could have the opposite effect in downstream structures 

(Vitek, 2002). Although further experiments to verify the effect in downstream targets would 

be interesting per se, we did not directly control for that. However, to overcome these caveats, 

we employed the selective chemogenetic inhibition of LHb in the MS model that led to 

similar physiological (postsynaptic) effect and behavioral rescue suggesting that the 

antidepressant effect of DBS seems, at least in part, to rely on a local inhibition of LHb. 

ii. Temporal limitation of DBS   

Another general feature of DBS treatment is its chronicity. Patients under treatment need a 

continuous stimulation. Indeed, the depressed patient treated with LHb-DBS showed a rapid 

relapse when the pacer malfunctioned (within 1week) (Kiening and Sartorius, 2013; Sartorius 

et al., 2010). In the MS model, we also observed a transient effect of the stimulation in 

reducing LHb neuronal activity, however we did not assess for the long term effects of DBS 

in the behavioral outcome leaving this question still opened. One caveat of this experiment, is 

that DBS ameliorates the pathological phenotype engaging many mechanism (presynaptic 

excitatory decrease and potentially opening of potassium channels) without however targeting 

the expression mechanism (i.e. GABABR-GIRK reduction). Taking advantage of the 

advanced knowledge we acquired on the underlying molecular mechanisms, we could think to 

refine the protocol, trying to target specific plasticity such as the GABABRs. 

The DBS shows a good efficacy but it is still an invasive intervention. Therefore, researcher 

are looking for novel drug compounds that will improve the efficacy especially in treatment-

resistant patients.   

B. PP2A inhibitors as potential antidepressant drugs 

  In our study, the PP2A inhibitor LB-100 revealed to be efficient in ameliorating depressive 

symptoms, rescuing GABABR signaling, and LHb activity. Notably, we showed comparable 

results acting systemically and locally, restoring the GABABR surface expression in LHb and 

its neuronal activity, highlighting a causal link between LHb GABABR downregulation and 

depressive symptoms. However we tested LB-100 only immediately (within few days) after a 
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traumatic experience, such as FS, whether inhibiting PP2A activity can be a valid strategy to 

reverse the depressive phenotype in a later time point and for different models needs to be 

determined. 

Importantly, central and peripheral effects have to be taken into account. In this context, one 

could ask if LB-100 is able to modulate GABABR expression in brain regions other than the 

LHb, and consequently have side effects. In our study, we show that LB-100 treatment let 

unaltered the food and water intake, the weight, the locomotion and the maintenance of 

contextual fear memory in mice. Nevertheless, further experiments looking at the 

physiological consequences in other brain areas and more elaborate behavioral paradigms 

should be determined. Furthermore, PP2A have many other downstream targets: it has been 

reported to play a role in cell proliferation and apoptosis (Seshacharyulu et al., 2013). Yet the 

use of LB-100 for translational studies is a reality as this compound was recently approved by 

the Food and Drug Administration for Phase I study in patients with advanced cancers  (Lixte, 

biotechnology), and its potential toxicity was also tested in humans (Chung et al., 2016).  

Aside from PP2A, functional responsiveness of GABABR is dependent on GABAB1 and 

GABAB2 synthesis, their coupling with G proteins, the phosphorylation state of the receptor, 

scaffolding proteins such as RGS and cytosolic proteins such as KTCD (see paragraphs A. 

and introduction). This provides evidence for possible pharmacological heterogeneity among 

GABABRs. A better understanding of the different partner depending of the brain region and 

cell-type speficity can be essential for customizing compounds to selectively interact with 

subsets of GABABRs in developing new therapies for the treatment of CNS disorders, 

including major depression. 

Overall, although both strategies (DBS/LB-100) are efficient in rodent models to restore the 

depressive phenotype, lack of information concerning potential off targets could compromise 

their use in therapy, precise dissection of their circuit level effects and more precise dissection 

of their molecular action should be the object of further investigation 

C. Consequences of LHb hyperexcitability on downstream circuitries 

LHb neurons exert a tight control on diverse downstream targets (Pollak Dorocic et al., 2014; 

Weissbourd et al., 2014; Stamatakis and Stuber, 2012; Lammel et al., 2012; Yang et al., 

2016). Specific LHb projections to the midbrain, mainly innervate GABAergic cells in the 

RMTg and the VTA (Balcita-Pedicino et al., 2011; Omelchenko et al., 2009). Yet, a minor 

subpopulation of LHb neurons, located in the medial division has been described 

monosynaptically innervate dopaminergic neurons (Meye et al., 2016). Notably, LHb neurons 
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preferentially synapse on dopamine neurons projecting to the mPFC and the activation of this 

pathway encodes aversion (Lammel et al., 2012). Despite this compelling segregation, LHb 

cell-type specific studies in the context of depression are at date missing. Notably, based on 

morphological and cytochemical analysis, ten subnuclei have been identified in the LHb 

(Geisler et al., 2003). However, the significance of each LHb neuronal subpopulation remains 

obscure. This is partly due to the lack of genetic profiling that limits the development of tools 

such as mice CRE-lines to assess cell type specific function of the LHb subpopulation. Single-

cell resolution transcription analysis could be a way to discriminate and eventually test the 

significance of each individual LHb neuronal subtype to refine our knowledge on LHb 

function. 

Regarding the need to have a better insight of the specific LHb output, we can consider the 

possibility to use different cre-line mice (such as the DAT-cre, SERT-cre and GAD-cre) 

combined with rabies virus strategies in downstream structures, to identify specific LHb 

populations and to gain knowledge about the circuit specific adaptations. This will ultimately 

provide better insights on how LHb hyperexcitability can translate into functional changes 

into one or more LHb output (DA cells of the VTA or 5HT cells in the raphe or GABAergic 

cells of either VTA or RMTg). Yet, few attempts have been made to determine population-

specific effects in the LHb in the context of depression.  In the LHp model, using cholera 

toxin to allow retrograde labelling of LHb projecting to the VTA, Li and colleagues provide 

insight of presynaptic potentiation in this subpopulation along with an increase potentiation 

(Li et al., 2011). However, they did not provide information regarding other LHb population, 

leaving open the possibility that other populations such as the RMTg projecting neurons were 

also altered. In cocaine withdrawal for example depressive symptoms are associated with 

drug-evoked plasticity specifically in LHb neurons projecting to the RMTg (Meye et al., 

2015). In our study, we show that in the MS model the GABABR reductions occur in both 

subpopulations. But, whether and how these changes are regulating the activity of 

downstream regions remains unknown.  

A previous study reported that acute unpredictable FS, the same protocol used as well in our 

first study, enhances LHb-RMTg presynaptic glutamatergic release (Stamatakis and Stuber, 

2012). Considering that RMTg, in turn, has been reported to exert a strong inhibitory control 

in the VTA DA neurons (Lecca et al., 2011; Stamatakis and Stuber, 2012), it is possible that 

the increased excitability of LHb, in the context of depression would decrease the activity of 

DA neurons. Accordingly, CMS paradigm induced a decreased burst firing activity of VTA 

DA cells, which in turn is instrumental for the expression of depressive-symptoms (Chang 
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and Grace, 2014; Tye et al., 2013). Nonetheless, another line of elegant studies, using the 

social defeat model (SD) showed surprisingly an increased activity of the DA neurons leading 

to similar depressive-like symptoms (Cao et al., 2010; Chaudhury et al., 2013; Friedman et 

al., 2014; Krishnan et al., 2007). Altogether, despite this dichotomy, these data suggest 

alterations of the DA systems along with specific symptoms of depression. Given the 

heterogeneity of the DA neurons, the difference in the VTA DA neurons modulation after 

these different stress (SD vs. CMS) might stem in part from cell-type specificity, engaging 

different circuits (Lammel et al., 2014). 

A hint of LHb hyperactivity in the CMS is suggested by the reported increased metabolic 

activity (Caldecott-Hazard et al., 1988), and the fact that inhibition of this area by DBS 

reverses the behavioral sequelae of CMS (Lim et al., 2015; Meng et al., 2011). Instead, 

regardless of one paper mentioning hyperexcitability of LHb-projecting pallidal glutamatergic 

neurons following SD, whether LHb activity is affected in such rodent model remains 

unknow (Knowland et al., 2017). Notably, other inputs have been described to regulate DA 

neurons independently of LHb activity and may play a role in depression (Moreines et al., 

2017). This information is extremely relevant as a complex disorder such as depression that 

impairs several behavioral aspects, and as well engages the dysfunction of complex 

interactive circuits. This renders the quest for treatment an extremely difficult challenge. One 

hypothesis could be that discrete phenotypes would depend on the modulation of specific 

circuits but the current depressive tests do not permit to decipher subtle aspect of particular 

behavior. A new computational method, “syllables” permits to microdissect patterns of action 

during a particular behavioral task (Wiltschko et al., 2015). Such a tool associated with 

precise circuit manipulation would help to characterize the precise role of different circuits in 

different animal models of depression. 

Another point to take under consideration is that LHb do not only impinge DA system but 

also exert a tonic direct and indirect control on 5HT neurons of the raphe. These other LHb 

pathways could also be involved in the emergence of discrete depressive like symptoms. 

Initial anatomical studies and rabies virus tracing strategies in combination with cell-type 

specific (5HT versus GABA) cre-driver mouse lines led to the identification of a projection 

from LHb to 5HT neurons of the medial and dorsal raphe as well as to GABAergic neurons of 

the dorsal raphe (Bernard and Veh, 2012; Lecca et al., 2017; Pollak Dorocic et al., 2014; 

Quina et al., 2015; Wang and Aghajanian, 1977; Weissbourd et al., 2014). Remarkably, 

electrical stimulation of the LHb results in powerful suppression of putative dorsal raphe 

neurons (Varga et al., 2003; Wang and Aghajanian, 1977). However, optogenetic inhibition of 
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the LHb terminal in the dorsal raphe during inescapable shocks was also able to attenuate the 

increase in extracellular 5-HT level in the amygdala (Amat et al., 2001; Dolzani et al., 2016). 

Even if the net inhibitory effect on dorsal raphe 5-HT neurons is still poorly investigated, one 

possible explanation is that LHb axons primarily contact local circuit GABA dorsal raphe 

neurons, which in turn inhibit the activity of 5-HT neurons (Varga et al., 2003; Weissbourd et 

al., 2014) or indirectly via RMTg (Jhou et al., 2009a; Sego et al., 2014). Importantly, a 

decrease of 5HT level in the brain is widely accepted to be associated with depression and 

current antidepressants are primarily targeting the serotoninergic machinery (Middlemiss et 

al., 2002; Sharp and Cowen, 2011). However, whether the LHb-raphe pathway is 

dysregulated in the context of depression is still neglected. A general prediction is that the 

LHb hyperactivity reported in depression could exert a tonic inhibition on the 5HT neuronal 

activity. In support of this idea, CMS rats present a low 5HT level in the DR. Using this same 

model, LHb lesions have been shown to reduce immobility in the FST in depressed rats, along 

with an increase of 5-HT levels in the dorsal raphe (Yang et al., 2008). These observations 

remain at the moment correlative and do not yet provide a causal link between the implication 

of this pathway and the depressive phenotype.  

Conclusion           
 

In this thesis, I provide an overview of the well-established role of the LHb in aversive-related 

stimuli encoding and its importance in motivated behaviors via its connection to 

monoaminergic systems. In this context, LHb has been suggested to play a major role in the 

etiology of depression. Nevertheless, studies looking at precise molecular and cellular 

mechanisms underlying LHb dysfunction in the context of depression are still limited.  

In the two sets of data I have presented in this thesis, we identify the downregulation of the 

GABABR-GIRK as an early adaptation following an acute traumatic experience, responsible 

for the subsequent increase of LHb neuronal activity and the emergence of depressive-like 

symptoms. Moreover, this GABABR-GIRK dependent LHb hyperexcitability was also 

observed as long-term adaptation following MS paradigm, highlighting this mechanism as a 

shared marker of depressive like state. Finally using different reversal strategies aiming to 

limit LHb neuronal activity we were able to ameliorate certain depressive like symptoms 

unraveling a causal relationship between LHb hyperexcitability and depressive state. Overall, 

our study, and others, point to LHb hyperactivity as a common substrate underlying 

depressive like symptoms highlighting the role of the LHb in the etiology of depression and 
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opening new insights for potential targets in the treatment of mood disorders, such as PP2A 

inhibitors.  

However, depression is not a single disease, but rather a constellation of symptoms that is not 

necessary similar from one patient to another. This could explain why no single mechanistic 

approach, such as enhancement of monoaminergic transmission, would be effective in all the 

depressed patients because of the variable nature of the underlying cause. Although our study 

and others give potential relevant information in terms of precise molecular alterations, 

underlying depressive-like symptoms, temporal information regarding when these changes 

occur and how they influence discrete circuit responsible for precise behavior maladaptation 

are missing. Taking advantage of the new cutting edge technology in the field of neuroscience 

will help to answer many of these questions. Indeed, optogenetic techniques as well as 

molecular genetics and viral engineering can allow cell-type specific targeting improving our 

knowledge about the role of precise neural circuits in discrete behaviors affected in depression 

(Deisseroth, 2014; Huang and Zeng, 2013; Luo et al., 2008). Moreover, the development of 

wireless miniaturized implants to record or image brain activity combined with opto-

modulation and drug local delivery can provide a mean to interrogate the neuronal basis of 

discrete behaviors in an animal free to move in a more naturalistic fashion (Shin et al., 2017). 

Translating in my field of interest, a clear advantage in using such technology is the 

possibility to perform accurate longitudinal studies to monitor the dynamic modifications of 

given circuits when challenged over time with particular stressors. Concisely, in an animal 

model of depression, this will allow a real-time analysis of the development of the 

pathophysiological adaptations. Despite the exciting and promising implication that these new 

technologies can offer to the basic research, it is imperative to align and integrate them in a 

broader framework aiming to fill the gap between basic science and clinical translational 

research in human. 
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