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Résumé

Les antidépresseurs, en bloquant le transporteur de sérotonine (Slc6a4 / SERT), améliorent l'humeur chez l'adulte, mais ont des effets paradoxaux à long terme sur le développement, augmentant ainsi le risque de développer l'anxiété et la dépression chez l'adulte. Les mécanismes à l'origine de cet effet sur le développement ne sont pas connus. Dans une étude précédente, nous avions identifié une sous-population de neurones pyramidaux de la couche corticale préfrontal 5 (PFC) qui exprimait de manière transitoire le transporteur SERT au cours de la période postnatale précoce chez la souris (P0-P10). Ces neurones PFC-SERT+ établissent des synapses glutamatergiques avec des cibles sous-corticales, y compris le noyau du raphé dorsal (DRN). L'ablation génétique de SERT ou une exposition précoce à la fluoxétine provoque une hyperinnervation synaptique dans le DRN, ainsi que des symptômes d'anxiété / dépression. Nous avons identifié le gène Htr7 qui pourrait médier les effets de SERT sur le développement. En utilisant des tests anatomiques et comportementaux, j'ai pu montrer que le blocage pharmacologique du récepteur 5-HT7 était suffisant pour prévenir une hyper-innervation du DRN et l'apparition de symptômes d'anxiété / dépression. De plus, nous avons montré que les souris knock-out 5-HT7 ne présentaient aucun déficit morphologique et comportemental.

En outre, la surexpression de 5-HT7 dans le PFC en développement était suffisante pour reproduire les symptômes d'anxiété / dépression observés en l'absence d'expression de SERT par les neurones du PFC. En conclusion, l'activation du récepteur 5-HT7 au cours du développement dans le PFC peut être responsable de l'hyper-innervation synaptique dans le DRN et favorise ainsi l'apparition de comportements dépressifs.

FOREWORD

This thesis, contains three studies that will be discussed as separate chapters, preceded by a general introduction and conclusion. . The first section, which has been published (article included), describes our findings on the precocious oligodendrocyte differentiation in the medial prefrontal (mPFC) of developing mice exposed to chronic maternal separation. Using an unbiased mRNA expression profiling in the mPFC of these mice, we demonstrated an increased expression of myelin-related genes and decreased immediate early genes. In adulthood, these mice showed a depletion of oligodendrocyte progenitor pool. My contribution to the experiments in this study was the following:

-Injections of DREADD constructs into the mPFC of P1 mice -Western blot experiments

The second section, which has been published (article included), describes our findings on a subpopulation of prefrontal cortex (PFC) pyramidal neurons that transiently express the serotonin transporter (5HTT) during development. We demonstrated that developmental expression of 5HTT in this subpopulation of PFC neurons control synaptic maturation of PFC-to-DRN circuits, and remodeling of these circuits in early life controls behavioural responses to stress in adulthood. My contribution to the experiments in this study was the following:

-In situ experiments showing the temporal expression of 5HTT mRNA in the PFC -Pharmacological experiment showing that these 5HTT positive PFC neurons uptake 5-HT -Behavioural experiments and processing tissue for immunohistochemistry.

The third section describes a possible mechanism of PFC 5HTT+ neuron mode of action. From our transcriptomic data, we identified one 5-HT receptor, Htr7, which was strongly expressed in these neurons early during postnatal life. We observed a decrease in the expression of the Htr7 in the layer V neurons in the PFC of the 5HTT KO mice compared to the control mice. This observation led us to hypothesize that over-activation of the 5-HTR7 by 5-HT could be one of the mechanisms involved in morphological and behavioural deficits observed in both the 5HTT KO and in mice exposed to serotonin specific reuptake inhibitors.

I was the main investigator in this study, exploring two specific aims:

-Is over-activation of the Htr7 responsible for the hyper-innervation phenotype? -Is Htr7 implicated in the developmental effects of SSRIs on anxiety and depression? Adaptation of an organism to its environment occurs through several mechanisms beginning during the prenatal period and lasting through the neonatal and early adolescent period. Environmental signals, through processes such as activity-dependent plasticity, interact with the unfolding genetic blueprint of the central nervous system, giving rise to a stable, individual phenotype [START_REF] Ladd | Long-term behavioral and neuroendocrine adaptations to adverse early experience[END_REF][START_REF] Sroufe | Psychopathology as an outcome of development[END_REF]Rutter et al., 1997). This in turn governs one's perception of, and responsiveness to, salient features of the environment. This process of adaptation can be viewed as "fine tuning" or "environmental programming" of neural circuitry [START_REF] Ladd | Long-term behavioral and neuroendocrine adaptations to adverse early experience[END_REF].

Early in development, and across species, the presence of sensitive/critical periods for experiencedependent plasticity has been demonstrated. These sensitive periods critically shape functional connectivity between neurons and therefore regulate the wiring of the brain. A sensitive period may be defined as a definite portion of an animal's life devoted to the shaping of neural connections. A relationship also exists between the critical period and brain weight; assuming that brain weight is a rough measure of brain complexity, then it follows that the more complex the brain, the longer the critical period. It therefore follows that this "window" where heightened plasticity resulting from extrinsic (environmental) or intrinsic (genetic) factors may shift developmental pathways and confer risk of mental or emotional disorders. (Berardi et al., 2000;[START_REF] Gingrich | New Insights into how Serotonin Selective Reuptake Inhibitors shape the developing brain[END_REF].

It is generally accepted that the functional maturation of cortical circuits particularly for the sensory systems, is characterized by developmental time windows, during which the influence of sensory experience on synaptic reorganization is predominantly strong [START_REF] Fox | Critical period in sensory cortex[END_REF][START_REF] Katz | Synaptic Activity and the Construction of Cortical Circuits[END_REF][START_REF] Yuste | Development and plasticity of the cerebral cortex: From molecules to maps[END_REF][START_REF] Kral | Delayed Maturation and Sensitive Periods in the Auditory Cortex[END_REF]. It has been documented that sensory functions reach maturity at the end of critical periods. Classical studies have indicated that the effects of sensory deprivation or alterations in sensory input are only apparent when the manipulation of the sensory input is made during the critical period and similar deprivations and/or alterations outside these periods (and in mature animals) have little or no effects.

Critical periods in Limbic system development

The most extensively studied critical period is that of the visual system. Inputs from both eyes first converge and compete for space in the central brain targets, both functionally and structurally. As postnatal development progresses into the critical window, several mechanisms, such as the induction of GABA neuron development, brain derived neurotrophic factors, and others, allows for molecular cascades leading towards dendritic spine motility, pruning and axonal retraction all leading to formation of ocular dominance columns (Hensch, 2005;Suri et al., 2015). Ocular dominance, is defined as the relative anatomical or physiological strength of connections from either eye to individual cells in the primary visual cortex. Sensory experience is essential for modifying ocular dominance maps during the critical period. Monocular deprivation (closure of one eye) during a critical period -postnatal day 13 to 30 in mice [START_REF] Gordon | Experience-dependent plasticity of binocular responses in the primary visual cortex of the mouse[END_REF] causes amblyopia (a permanent loss of visual acuity through the closed eye) despite there being no damage to the retina or its target [START_REF] Wiesel | Single-cell responses in striate cortex of kittens deprived of vision in one eye[END_REF]Berarchi et al., 2000).

Adult emotional characteristics emerges from an array of interactions between multiple limbic systems whose underlying neuronal circuit properties infer their function. As complex as the interconnectivity of the limbic circuitry are, their formation and connectivity is predominantly laid down during embryonic and postnatal development even though they retain some degree of plasticity in adulthood. It follows that like the sensory systems, the limbic circuit formation may also undergo sensitive and critical developmental periods, during which external factors can influence and modulate circuit formation, and consequently emotional behaviours encoded by them (Suri et al., 2015;[START_REF] Gingrich | New Insights into how Serotonin Selective Reuptake Inhibitors shape the developing brain[END_REF].

In humans or animals, similar deprivation-induced aberrations or early life stress (ELS) affect the limbic system which may become emotionally and socially "blind" and incapable of perceiving, processing, or responding in a normal fashion to social and emotional stimulation [START_REF] Joseph | The Neuropsychology of Development: Hemispheric Laterality, Limbic Language, and the Origin of Thought[END_REF][START_REF] Joseph | Limbic language, social-emotional intelligence, development and attachment[END_REF].

Various limbic neural assemblies require considerable social and emotional experience during specific developmental periods to shape appropriate neural connectivity and maturation, and are thus "experience expectant," and if deprived of that experience, even when "normal" experience is later provided they fail to fully develop or no longer function normally. Humans and animals nurtured in an abnormal, or deprived and socially and maternally impoverished environment typically display significant reductions in learning, perceptual, intellectual and memory capacity, as well as lessened curiosity and exploratory behaviour [START_REF] Bremner | Deficits in short-term memory in adult survivors of childhood abuse[END_REF]Stern et al., 1995;[START_REF] Joseph | Gender and early environmental influences on activity, over-responsiveness, and exploration[END_REF]. These environmentally prompted deficiencies include a reduced capacity to anticipate consequences or to inhibit irrelevant or inappropriate, self-destructive behaviours. In humans and other animals, this can result in severe disturbances in all aspects of social emotional expressive and perceptual functioning. So powerful is the "experience-expectant" limbic need for physical and social interaction that young animals raised in social seclusion will form attachments to inanimate objects, as well as to animals that might maul them (Joseph, 1992;[START_REF] Harlow | Total social Isolation in monkeys[END_REF][START_REF] Hoffman | Behavioral control by an Imprinting Stimulus: The essential components of imprinting in ducklings may also operate in higher animals including primates and man[END_REF]. A study of over 100 children raised in an orphanage where mothering and social stimulation was minimal, found that within one year these children became unresponsive to social stimulation, and would lay passively on their beds. These motherless children made strong attempts to avoid strangers or toys, and when approached they would scream and withdraw. These deprived children spent hours engaged in obsessive, repetitive, stereotyped and bizarre self-stimulating movements; i.e. rocking, head banging, or pinching precisely the same piece of skin until sores developed. Most of these children became permanently emotionally and socially disabled [START_REF] Spitz | Hospitalism: An Inquiry into the Genesis of Psychiatric conditions in early Childhood1[END_REF][START_REF] Spitz | The smiling response: a contribution to the ontogenesis of social relations[END_REF].

Studies in rodents have shown that recurrent periods of traumatic experiences, particularly in the first weeks of life or prenatally, induce modifications of synaptic connectivity in the limbic anterior cingulate cortex and hippocampus. (Helmeke et al., 2001a, b;[START_REF] Helmeke | Juvenile emotional experience alters synaptic inputs on pyramidal neurons in the anterior cingulate cortex[END_REF][START_REF] Poeggel | Juvenile emotional experience alters synaptic composition in the rodent cortex, hippocampus, and lateral amygdala[END_REF]. Furthermore, following 3 weeks of repeated restraint stress, Radley and colleagues observed significant decreases in apical dendritic length and branching on pyramidal neurons in the mPFC of adult rats. These changes were completely reversible 3 weeks after cessation of the stress indicating that stressinduced dendritic plasticity in the mPFC was reversible (Radley et al., 2005). However, when similar stress was administered during prenatal or early postnatal periods, this had long-lasting effects on dendritic re-organization [START_REF] Murmu | Changes of spine density and dendritic complexity in the prefrontal cortex in offspring of mothers exposed to stress during pregnancy[END_REF]Muhammad et al., 2012).

Decades of research on the patho-physiology of stress and anxiety related behaviours have implicated the hypothalamic-pituitary-adrenal axis (HPA), [START_REF] Abe | Prenatal psychological stress causes higher emotionality, depression-like behavior, and elevated activity in the hypothalamo-pituitary-adrenal axis[END_REF][START_REF] Cottrell | Prenatal stress, glucocorticoids and the programming of adult disease[END_REF]Entringer et al., 2009a;2009b;[START_REF] Heim | Effect of childhood trauma on adult depression and neuroendocrine function: sex-specific moderation by CRH receptor 1 gene[END_REF]Glover et al., 2009) and that in depression, there is hyperactivity of the HPA resulting from release of corticotropin-releasing factor (CRF) from hypothalamic and extra hypothalamic neurons [START_REF] Raadsheer | Increased numbers of corticotropin-releasing hormone expressing neurons in the hypothalamic paraventricular nucleus of depressed patients[END_REF][START_REF] Raadsheer | Corticotropinreleasing Hormone mRNA levels in the Paraventricular nucleus of parients with Alzheimer's disease and Depression[END_REF][START_REF] Owens | Physiology and pharmacology of corticotropin releasing factor[END_REF][START_REF] De Bellis | Association of fluoxetine treatment with reductions in CSF concentrations of corticotropin-releasing hormone and arginine vasopressin in patients with major depression[END_REF]. Increases in CRF neuronal activity is thought to mediate some depressive behaviours like sleep and appetite disturbances and reduced libido [START_REF] Arborelius | The role of Corticotropin-releasing factor in depression and anxiety disorders[END_REF]. In addition to the HPA, the monoaminergic systems and in particular the serotonergic one are clearly involved in stress-related disorders. Infact, some studies have shown significant changes in brain 5-HT turnover (synthesis and release) in both rodents and humans in response to HPA axis activation by different stressful conditions [START_REF] Pei | Tail pinch-induced changes in the turnover and release of dopamine and 5-hydroxytryptamine in different brain regions of the rat[END_REF][START_REF] Clement | Stress-induced changes of extracellular 5hydroxyindoleacetic acid concentrations followed in the nucleus raphe dorsalis and the frontal cortex of the rat[END_REF][START_REF] Inoue | Regional changes in dopamine and serotonin activation with various intensity of physical and psychological stress in the rat brain[END_REF]. Reciprocally, other studies observed that 5-HT signalling influences corticosteroid release. They showed that administration of the Htr1A receptor ligand, ipsapirone increases ACTH and cortisol levels in humans and animals [START_REF] Wetzler | Serotonin function in panic disorder: intravenous administration of meta-chlorophenylpiperazine[END_REF][START_REF] Klaassen | Neuroendocrine response to metachlorophenylpiperazine and ipsapirone in relation to anxiety and aggression[END_REF].

Another direction of research has implicated dysfunction of the medial prefrontal cortex as a possible cause of stress-related psychopathologies -the pathophysiology of early stress. The mPFC, is implicated in behavioural flexibility, cognition, and stress-and anxiety-related behaviours [START_REF] Robbins | The Neuropsychopharmacology of Fronto-executive Function: Monoaminergic Modulation[END_REF][START_REF] Lupien | Effects of stress throughout the lifespan of the brain, behaviour and cognition[END_REF]. Functional neuroimaging studies implicated the default mode network (DMN) in ELS [START_REF] Burghy | Developmental pathways to amygdala-prefrontal function and internalizing symptoms in adolescence[END_REF]Philip et al., 2013a, b;[START_REF] Cisler | Differential functional connectivity within an emotion regulation neural network among individuals resilient and susceptible to the depressogenic effects of early life stress[END_REF]. This network consists mainly of cortical midline structures [START_REF] Northoff | Cortical midline structures and the self[END_REF][START_REF] Raichle | Intrinsic brain activity sets the stage for expression of motivated behavior[END_REF] including the medial prefrontal cortex (mPFC), posterior cingulate cortex, and superior temporal/inferior parietal cortex [START_REF] Fox | The human brain is intrinsically organized into dynamic, anticorrelated functional networks[END_REF]Kim et al., 2010;[START_REF] Qin | How is our self related to midline regions and the default-mode network?[END_REF]. Human neuroimaging studies have shown that ELS is associated with reduced gray matter volume including that of the PFC (De [START_REF] Bellis | Brain structures in pediatric maltreatment-related posttraumatic stress disorder: a socio-demographically matched study[END_REF][START_REF] Andersen | Preliminary evidence for sensitive periods in the effect of childhood sexual abuse on regional brain development[END_REF][START_REF] Paus | Why do many psychiatric disorders emerge during adolescence?[END_REF][START_REF] Hanson | Early stress is associated with alterations in the orbitofrontal cortex: a tensor-based morphometry investigation of brain structure and behavioral risk[END_REF]. Other anatomical studies in animal models (rats) have demonstrated that ELS distrupts structural and functional plasticity in the mPFC in a multidirectional manner, particularly synaptic densities, dendritic lengths and branching [START_REF] Baudin | Maternal deprivation induces deficits in temporal memory and cognitive flexibility and exaggerates synaptic plasticity in the rat medial prefrontal cortex[END_REF][START_REF] Pascual | Effects of neonatal maternal deprivation and postweaning environmental complexity on dendritic morphology of prefrontal pyramidal neurons in the rat[END_REF]Gos et al., 2008;[START_REF] Judo | Early stress exposure impairs synaptic potentiation in the rat medial prefrontal cortex underlying contextual fear extinction[END_REF].

More generally, dysfunction of the mPFC has been implicated in depression. Using computer assisted cell counting techniques to reveal the cytoarchitecture of the cortex, Rajkowska and colleagues observed that patients with major depressive disorder (MDD), had reduced cortical thickness, decreased neuronal and glial densities in layers II through VI of the orbitofrontal and dorsolateral regions of the PFC [START_REF] Rajkowska | Morphometric evidence for neuronal and glial prefrontal cell pathology in major depression[END_REF]. Using local glucose metabolism and cerebral blood flow (CBF) as a marker of energy utilization associated with terminal field synaptic transmission, there are reports of altered physiological activities in regions of the PFC during depressive episodes (Drevets, 2007). For instance, the dorsomedial and dorsal anterolateral regions of the PFC were observed to show constantly reduced metabolism in depressed patients compared to healthy subjects [START_REF] Baxter | Reduction of prefrontal cortex glucose metabolism common to three types of Depression[END_REF]. Also, while executing a probabilistic reversal-learning task, unipolar depressives demonstrated lessened hemodynamic activity in the lateral orbitofrontal and ventrolateral parts of the PFC when compared to healthy subjects [START_REF] Tavares | Cognition in Mania and Depression[END_REF]. Other studies reported increases in hemodynamic responses in the posterior orbital cortex of PFC in depressed compared to non-depressed bipolar disorder subjects while performing a color-word stroop task [START_REF] Blumberg | A Functional Magnetic Resonance Imaging Study of Biopolar Disorder. State-and Trait-Related Dysfunction in ventral Prefrontal Cortices[END_REF].

Though detailed insight into the molecular factors essential for the maturation of the limbic circuit formation is still limited, 5-HT has emerged as one of such factors modulating both limbic circuit formation and adult functioning. From the neurodevelopment standpoint, because of its neurotrophic properties, 5-HT has been hypothesized to guide the maturation of brain regions associated with emotional and cognitive behaviours. In favor of this hypothesis, the maturation of multiple limbic circuits, such as the amygdala, prefrontal cortex (PFC) and the hippocampus as seen by synaptic exuberance and subsequent pruning [START_REF] Morys | The pattern of synaptophysin changes during the maturation of the amygdaloid body and hippocampal hilus in the rat[END_REF][START_REF] Koss | Dendritic remodeling in the adolescent medial prefrontal cortex and the basolateral amygdala of male and female rats[END_REF], temporally coincide with the increase of 5-HT levels in the postnatal brain [START_REF] Loizou | The postnatal ontogeny of monoamine-containing neurones in the central nervous system of the albino rat[END_REF][START_REF] Hohmann | Transient postnatal elevation of serotonin levels in mouse neocortex[END_REF][START_REF] Gingrich | New Insights into how Serotonin Selective Reuptake Inhibitors shape the developing brain[END_REF].

A mechanism which is a major player in the regulation of emotional state is the serotonin transporter (5HTT). It mediates the reuptake of 5-HT from terminals of 5-HT synapses, and a primary target of many antidepressants especially the serotonin selective reuptake inhibitors (SSRIs). SSRIs increase serotonergic tone and therefore recognized to mediate their therapeutic actions. Early life exposure to SSRIs has been shown to induce adult anxiety and depressive-like phenotypes in rodents (Ansorge et al., 2004;Homberg et al., 2010;Rebello et al.,2014) which is somewhat paradoxical to their mood relieving properties in adulthood.

Similarly, genetic downregulation of 5-HTT precipitates depressive phenotypes that have been shown to have developmental origins (Lira et al., 2003;Alexandre et al., 2006). In humans, a lesserexpressing form of 5-HTT gene has been associated with an increased risk of developing depression in response to early-life stress (Lesch et al., 1996;[START_REF] Murphy | Targeting the murine serotonin transporter: insight into human neurobiology[END_REF] 2.0 Developmental role of Serotonin (5-HT)

Development of central 5-HT systems

All animals are endowed with serotonin neurons, the number of which is species dependent: for instance, C. elegans has about 11 neurons [START_REF] Loer | The evidence for classical neurotransmitters in Caenorhabditis elegans[END_REF], Aplysia has about 300 neurons [START_REF] Hawkins | Localization of potential serotonergic facilitator neurons in Aplysia by glyoxylic acid histofluorescence combined with retrograde fluorescent labeling[END_REF], Drosophila has about 106 neurons (Vallés and White, 1988), Zebrafish about 5000 neurons (Lillesaar and Gaspar, 2019), the mouse has about 26,000 cells [START_REF] Ishimura | Quantitative analysis of the distribution of serotonin-immunoreactive cell bodies in the mouse brain[END_REF], rats about 30,000 [START_REF] Jacobs | Structure and function of the brain serotonin system[END_REF] and humans have about 300,000 cells [START_REF] Baker | Distribution, morphology and number of monoamine-synthesizing and substance P-containing neurons in the human dorsal raphe nucleus[END_REF]. In vertebrates, these central serotonergic neurons are topographically arranged in the hindbrain. These neurons were originally organized into nine subdivisions from caudal to rostral by Dahlström and Fuxe in 1964, based on observations in rats and in human embryos. Classification of these cell clusters is based on their distribution and main projections into two groups -the rostral (B9-B4) groups and caudal (B3-B1) groups. The rostral being the largest group and comprises of the following subnuclei: caudal linear nucleus (CLi), supralemniscal cell group (B9), median raphe nuclei (MnR which was formerly B5 and B8) and the dorsal raphe nuclei (DR -B6 and B7). The caudal group comprises the raphe obscurus, raphe pallidus and raphe magnus [START_REF] Steinbusch | Distribution of serotonin-immunoreactivity in the central nervous system of the rat-Cell bodies and terminals[END_REF][START_REF] Jacobs | Structure and function of the brain serotonin system[END_REF][START_REF] Hale | Functional topography of midbrain and pontine serotonergic systems: implications for synaptic regulation of serotonergic circuits[END_REF].

The serotonergic neurons of the hindbrain are the earliest neurons to develop in the vertebrate CNS.

This development goes through a protracted and complex period. In an early study of human embryonic development, Sundstrom and colleagues observed an ontogenic appearance of 5-HT immunoreactive (IR) cell groups in the pons and medulla starting at 5 weeks of gestation, a week after; a week later, 5-HT IR fibers were observed in the white matter throughout the entire spinal cord. Then at the 9th week, fibers were seen in the gray matter [START_REF] Sundstrom | Neurochemical differentiation of human bulbospinal monoaminergic neurons during the first trimester[END_REF]. From the 15th week of gestation onwards, 5-HT cell bodies in the brainstem, were clearly clustered as distinct midline raphe nuclei. This distribution was very similar to those observed in other mammalian species [START_REF] Takahashi | Distribution of serotonin-containing cell bodies in the brainstem of the human fetus determined with immunohistochemistry using antiserotonin serum[END_REF].

Developmental studies in rodents, initially in rats showed that, the first 5-HT neurons appear at the 12th gestational day and shortly after start releasing 5-HT and mature until around postnatal day 21 [START_REF] Lidov | An immunohistochemical study of serotonin neuron development in the rat: Ascending pathways and terminal fields[END_REF]. In mice, the first raphe 5-HT neurons appear at E10, and development of the 5-HT axon arbours in their targets continues over the first two postnatal weeks (Maddaloni et al., 2017, rev in Deneris andGaspar, 2019).

Additionally, it has been demonstrated that 5-HT receptors are expressed early in embryonic ages even before serotonergic afferents reach their innervation targets [START_REF] Bonnin | Expression mapping of 5-HT1 serotonin receptor subtypes during fetal and early postnatal mouse forebrain development[END_REF][START_REF] Hellendall | Prenatal Expression of 5-HT1C and 5-HT2 Receptors in the rat central nervous system[END_REF]. It has been argued that these 5-HT receptors exact their signaling properties via placental 5-HT release [START_REF] Bonnin | A transient placental source of serotonin for the forebrain[END_REF]. Another level of interesting complexity was the observation that during late embryonic to early postnatal development, some population of non-5-HT neurons adopt 5-HT phenotypes. These neurons do not have the capacity to synthesize 5-HT as they lack the rate-limiting enzyme for 5-HT synthesis -tryptophan hydroxylase 2 (TPH2), but they have the intrinsic properties to uptake 5-HT with high affinity (serotonin transporter, 5-HTT, SERT, SLC6A4) and degrade (monoamine oxidase A -MAOA) 5-HT (Lebrand et al., 1996;1998;Gaspar et al., 2003).

2.2

The serotonin transporter: cellular target of SSRIs during development 5-HTT is the primary target of the selective serotonin reuptake inhibitors (SSRIs). Therefore, identifying the cell types that expresses this transporter (SLC6A4) during development is vital to our understanding of the neurodevelopmental consequences of early SSRI exposure. In the adult brain, 5HTT expression is limited to the 5-HT producing neurons of the raphe nuclei. However, a much broader expression was observed in developing rodents (Gaspar et al., 2003;[START_REF] Narboux-Neme | Serotonin transporter transgenic (SERT cre ) mouse line reveals developmental targets of serotonin specific reuptake inhibitors (SSRIs)[END_REF]. Using genetic fate mapping approaches, our lab previously described a precise cellular localization of 5-HTT expression in the developing brain [START_REF] Narboux-Neme | Serotonin transporter transgenic (SERT cre ) mouse line reveals developmental targets of serotonin specific reuptake inhibitors (SSRIs)[END_REF]. This made it possible to identify the principal targets of SSRIs during different phases of brain development. At mid gestation (embryonic day 11, E11, in mice) expression of the 5HTT gene begins in the 5-HT neurons of the raphe nuclei, but expression soon extends to non-serotonergic neurons, including the principal projection neurons of the sensory systems (thalamus, retina, somatosensory cortex), the corticolimbic pathways (hippocampus, E14-E15, and the prefrontal/cingulate cortex, postnatal day 0, P0). 5-HTT expression in these glutamatergic developing neurons ends rapidly during the second postnatal week, coinciding with the maturation of their neural circuits. Although studies in humans are limited, they do provide further evidence for the broad developmental expression of 5-HTT. In 8-11 gestational week-old embryos, 5-HTT immunolabelling was visible in fiber tracts of the internal capsule and in the optic tract. These fibers do not correspond to raphe projections (Verney et al., 2002). In new world monkeys (marmosets), 5-HTT was observed in all major sensory afferents (dorsal root ganglia, retinal ganglion cells, cochlear nucleus and olfactory nerves) at mid-gestation [START_REF] Lebrand | Transitory uptake of serotonin in the developing sensory pathways of the common marmoset[END_REF], an epoch which generally corresponds to the rodent perinatal period of neural circuit development. Unfortunately, the scarcity of biological material from primates has prevented evaluation of the precise time course of developmental 5-HTT expression, making it difficult to correlate these observations with the larger body of information collected from rodents (Homberg et al., 2010).

5-HT receptors

Studies dating back to key criteria for receptor characterization highlighted three main factors to consider. These include the operation or drug-related characteristics, signal transduction or receptoreffect coupling and the structural or gene and receptor structural sequences for their nucleotide and amino acid components [START_REF] Humphrey | A proposed new nomenclature for 5-HT receptors[END_REF]. With this in mind, initial studies identified three 5-HT receptor families, 5-HT1-3 comprising five receptors/binding sites with the suspicion of some others [START_REF] Bradley | Proposals for the classification and nomenclature of functional receptors for 5-HT[END_REF]. At that time, a 5-HT autoreceptor function was ascribed to the 5-HT1-like receptor and it was hypothesized that the 5-HT3 receptor was mediating a depolarizing effect on the CNS neurons. However, not much was known about the functionality of the individual receptor subtypes [START_REF] Barnes | A review of central 5-HT receptors and their function[END_REF].

The advent of more specific agonists and antagonists and in particular the advancement in molecular biology techniques allowed to identify 15 different 5-HT receptor subtypes, encoded by different genes in humans and rodents [START_REF] Hoyer | 5-HT receptor classification and nomenclature: towards a harmonization with the human genome[END_REF]. It is now known that 5-HT, acts via two main categories of receptors -the ionotropic and metabotropic receptors. The ionotropic receptors or ligandgated ion channels are identified by their low affinity for their neurotransmitter ligand but have a quick activation (in order of few milliseconds). In contrast, metabotropic receptors act via G-protein activation and second messenger production. They exhibit high ligand affinity and have a delayed activation, (in the order of seconds).

The only ionotropic 5-HT receptor is the 5-HT3 receptor. It has a pentameric structure. Functional channels may comprise of 5 identical 5-HT3a receptor subunits (homopentameric) or a combination of 5-HT3a and one of the other four subunits, c,d or e (heteropentameric). It seems that only the 5-HT3a receptor subunits is capable of forming functional homopentameric channels and all other subunit subtypes must heteropentamerize with 5-HT3a receptor subunits to form functional channels [START_REF] Niesler | Characterization of the novel human serotonin receptor subunits 5-HT 3C ,5-HT 3D , and 5-HT 3E[END_REF]. Table 1. Serotonin receptors and their signaling pathways:

(+) stimulation; NT, not tested; PLC, phospholipase C; PKC, protein kinase C (Adapted from [START_REF] Yun | The serotonin-6 receptor as a Novel Therapeutic target[END_REF]. (Adapted from [START_REF] Neumann | G protein-coupled receptors in Rheumatology[END_REF] GPCR structure can be described as having 3 parts: (1) an extracellular domain comprising of the N terminus and 3 extracellular loops (EL1, EL2 and EL3); (2) the transmembrane (TM) domain consisting of 7 a-helices (TM1-TM7); and (3) the intracellular domain consisting of 3 intracellular loops (ICL1-ICL3), an intracellular amphipathic helix (H8), and the C terminus (Figure 1). A characteristic property of the extracellular domain of most GPCRs is the presence of disulfide bridges particularly at the top of TM3 that helps the receptor stability and limits the conformational freedom of this region during receptor activation [START_REF] Venkatakrishnan | Molecular signatures of G-proteincoupled receptors[END_REF].

4.0 5-HT regulated emotional and cognitive behaviours

Human association to depression phenotypes

Early studies on human subjects put forward a hypothesis of 5-HT deficiency in depression. This was proposed based on the findings of low 5-HIAA levels in the CSF of depressed patients [START_REF] Sarna | Determination of brain S-hydroxytryptamine turnover in freely moving rats using repeated sampling of cerebrospinal fluid[END_REF][START_REF] Mignot | Measurement of 5-HIAA levels in ventricular CSF (by LCEC) and in striatum (by in vivo voltametry) during pharmacological modification of serotonin metabolism in the rat[END_REF] and suicidal victims [START_REF] Asberg | Therapeutic effects of serotonin uptake inhibitors in depression[END_REF]. These findings have been argued

to reflect more the MAO activity than 5-HT release or utilization [START_REF] Wolf | Does brain 5-HIAA indicate serotonin release or monoamine oxidase activity[END_REF]. There have also been reports of low serotonergic activity inferred from allelic variation of genes involved in 5-HT synthesis, transmission and uptake in depressed individuals [START_REF] Arango | Genetics of the serotonergic system in suicidal behavior[END_REF]. In the late 90's, Mayberg and colleagues proposed that depression involves a disruption of limbic-cortical pathways, based on evidence showing that regional glucose metabolic rate response (rCMRglu) is altered in depressed patients and that there are changes in brain metabolism after treatment with anti-depressants [START_REF] Mayberg | Cingulate function in depression: a potential predictor of treatment response[END_REF]. This was further reinforced by the observation that depressed subjects exhibited significantly lower rCMRglu in the prefrontal and frontal cortices and in the inferior parietal lobe and the insula, compared to healthy subjects [START_REF] Anderson | Regional brain responses to serotonin in major depressive disorder[END_REF].

Several 5-HT gene regulatory polymorphisms have been associated with negative emotionality and predisposition to depression and suicidality. In addition, stress hormones have been shown to be involved in regulating the expression of certain serotonin system genes. I will highlight a couple of the gene polymorphisms most linked to human emotional states.

The T allele is a functional polymorphism in the upstream regulatory region of TPH2 (SNP G-703T, rs4570625) which is responsible for low-expression of TPH2 [START_REF] Gutknecht | Tryptophan hydroxylase-2 gene variation influences personality traits and disorders related to emotional dysregulation[END_REF][START_REF] Reuter | Impaired Executive Control is associated with a variation in the promoter region of the tryptophan hydroxylase 2 gene[END_REF]. An impact of TPH2 variation on amygdala activation was reported by Milak and colleagues.

Using positron emission tomography techniques on baboons, they found that transient reduction of cerebral 5-HT by acute tryptophan depletion increases amygdala's responses to fearful faces. They argued that the increase amygdala response is likely due to a compensatory decrease of 5-HTT function and concomitant increase of synaptic 5-HT availability [START_REF] Milak | Effects of tryptophan depletion on the binding of [ 11 C]-DASB to the serotonin transporter in baboons: Response to acute serotonin deficiency[END_REF].

Another genetic polymorphism of 5-HT regulatory gene linked to major depression is the C(-1019)G 5-HT1A promoter polymorphism. Negative feedback inhibition of serotonergic raphe neurons is facilitated by somatodendritic 5-HT1A autoreceptors [START_REF] Mongeau | The serotonergic and noradrenergic systems of the hippocampus: their interactions and the effects of antidepressant treatments[END_REF] and several antidepressant compounds desensitize raphe 5-HT1A autoreceptors consequently enhancing 5-HT neurotransmission [START_REF] Albert | The 5-HT1A receptor: Signaling, Desensitization, and Gene Transcription[END_REF][START_REF] Artigas | Acceleration of the effect of selected antidepressant drugs in major depression by 5-HT1A antagonists[END_REF]. Conversely, postmortem brains from depressed suicidal victims have shown increased 5-HT1A receptor densities in the raphe nuclei but not at postsynaptic sites. This translates to decreased serotonergic activity in depressed patients [START_REF] Stockmeier | Increase in Serotonin-1A Autoreceptors in the Midbrain of succide Victims with Major Depression-Postmortem evidence for decreased serotonin activity[END_REF]. [START_REF] Lemonde | Impaired repression at a 5-Hydroxytrytamine 1A receptor gene polymorphism associated with major depression and succide[END_REF] therefore resulting in enhanced 5-HT1A receptor expression in raphe neurons [START_REF] Lemonde | Impaired repression at a 5-Hydroxytrytamine 1A receptor gene polymorphism associated with major depression and succide[END_REF].

In an association study describing the possible association of a T941G single nucleotide polymorphism (SNP) in the monoamine oxidase A (MAOA) gene with generalized anxiety disorder (GAD), panic disorder (PD), and major disorder (MD), Tadic and colleagues reported no association of the MAOA-T941G polymorphism with MD and PD but patients with GAD of Caucasian descent had significantly higher frequency of the 941T allele as compared to healthy subjects (Tadic et al., 2001).

This SNP is located in the third base of a codon and does not affect the amino acid sequence. However, association of the allele with lower MAOA enzyme activity has been reported in cell lines of known MAOA activity [START_REF] Hotamisligil | Human monoamine oxidase A gene determines levels of enzyme activity[END_REF]. Supporting the notion of MAOA polymorphism and emotional disorders, a study conducted by Brunner in 1993 is arguably one of the clearest genetic evidence implicating MAOA activity in human behaviour. The authors identified a C to T point mutation at position 936 in the MAOA gene. This mutation introduced a premature termination codon leading to a nonfunctional MAOA protein. The males manifested borderline mental retardation, impulsivity, aggression, arson, attempted rape and exhibitionism [START_REF] Brunner | Abnormal behavior associated with a point mutation in the structural gene for monoamine oxidase A[END_REF].

By regulating the degree and extent of serotonergic responses, the 5-HT transporter (5-HTT) is central to the fine-tuning of brain serotonergic neurotransmission and of the peripheral actions of 5-HT.

The human 5HTT is encoded by a single gene (SLC6A4) on chromosome 17q12. 5HTT is the target of selective serotonin reuptake inhibitors (SSRIs) that block 5-HT reuptake with the effect of increasing the half-life of 5-HT at the synapses. The SLC6A4 gene promoter contains a glucocorticoid response element that makes it responsive to stress-induced levels of corticosteroids [START_REF] Glatz | Glucocorticoid-regulated human serotonin transporter (5-HTT) expression is modulated by the 5-HTT gene-promotor-linked polymorphic region[END_REF][START_REF] Lopez | The effect of early experience on brain corticosteroid and serotonin receptors in rhesus monkeys[END_REF]. Polymorphism in the translational control region upstream of the 5HTT coding sequence (5HTTLPR) -has been reported to give a long and short variant (the polymorphism consists of 44-base pair insertion or deletion) with different translational efficiencies (Lesch et al., 1996).

In the literature, the involvement of this 5HTTLPR polymorphism in emotional behaviours have been inconsistent and somewhat contradictory. There has been documented studies showing significant association between the low-expressing 5HTTLPR short variant and neuroticism with traits related to anxiety, stress reactivity and depression (Caspi et al., 2003). Since this discovery in 2003, many studies have investigated whether interaction of these polymorphisms with adverse environmental factors could be a predisposing factor to major depressive disorders. Using genome-wide association studies (GWAS), particularly gene x environment association, quite a number of research papers have argued that subjects with either one or two copies of the 5HTTLPR short variant had higher scores of neuroticism than those who were homozygous for the 5HTTLPR long variant [START_REF] Canli | Long story short: the serotonin transporter in emotion regulation and social cognition[END_REF]Lesch et al., 1996;[START_REF] Xie | Interactive effect of stressful life events and the serotonin transporter 5-HTTLPR genotype on posttraumatic stress disorder diagnosis in 2 independent populations[END_REF][START_REF] Grabe | Moderation of adult depression by the serotonin transporter promoter variant (5-HTTLPR), childhood abuse and adult traumatic events in a general population sample[END_REF]. Additionally, postmortem studies have described decreased 5HTT expression in brains of suicidal victims. However, the causal role of 5HTT polymorphism on depression is still debated. Some investigators did not find any correlation between depression risk and 5HTTLPR, whereas the effect of environmental factors such as lifetime and recent stressful events, sexual abuse, childhood trauma; on the prevalence and course of major depressive disorders was confirmed [START_REF] Peyrot | Strong effects of environmental factors on prevalence and course of major depressive disorder are not moderated by 5-HTTLPR polymorphisms in a large Dutch sample[END_REF][START_REF] Fisher | Stressful life events and the serotonin transporter gene (5-HTT) in recurrent clinical depression[END_REF]. It should be noted that the model postulated by researchers in favour of a predisposition to negative emotional states by subjects carrying the s-allele of the 5HTTLPR is quite counter-intuitive considering antidepressants further inhibit the actions of 5HTT. As discussed later in experimental models, this argued for a developmental effect of changed 5HTT expression.

In view of the ongoing debate on candidate gene x environment risk for depression, Border and colleagues performed a study where they empirically identified 18 genes, with polymorphisms and canonical risk alleles implicated in depression. This included 5HTT/SLc6a4. The selection of these candidates was done by literature search of depression-focused journal articles on PubMed (from 1991 to 2016). Then in a large case-control samples with GWAS (>500,000) from the population, they examined candidate gene and candidate gene-by-environment (GxE) interaction for evidence supporting a role in major depressive disorders [START_REF] Border | No support for Historical Candidate Gene or Candidate Gene-by-Interaction Hypotheses for Major depression across multiple large samples[END_REF]. Their results show no significant effect for any of the candidate gene polymorphisms selected for interaction or association to depression phenotypes.

They conclude that previous studies reporting gene polymorphism association with depression phenotypes are false positives because the sample sizes employed in those studies are small and underpowered. They further argue that extracting significance for genetic effects from GWAS for depression would require approximately 34,000 individuals to be detectable with 80% power at a significance of 0.05 but the median sample sizes of previous studies is about 345, with a power of 65% [START_REF] Border | No support for Historical Candidate Gene or Candidate Gene-by-Interaction Hypotheses for Major depression across multiple large samples[END_REF].

Animal model-based association to depression phenotypes

Studies looking at polymorphisms of 5-HT genes and association with depression phenotypes in nonhuman primates are few. A comparative study conducted by Lesch et al in 1997 described that variants of the 5HTTLPR are present only in simian primates [START_REF] Lesch | The 5-HT transporter gene-linked polymorphic region (5-HTTLPR) in evolutionary perspective: Alternative biallelic variation in rhesus monkeys[END_REF]. They reported a long (419bp) and short (398bp) allelic variant of the 5HTTLPR in the rhesus monkey (rh-5HTTLPR).

Because of their resemblance to humans in temperamental traits, Champoux and colleagues assessed the association between the rh-5HTTLPR and behavioural characteristics induced by 5-HT functioning in a sample of 115 infant rhesus monkeys with well characterized environmental histories. [START_REF] Champoux | Serotonin transporter gene polymorphism, differential early rearing, and behavior in rhesus monkey neonates[END_REF] Their study showed 3 main observations -( 1) a significant effect of genotype on emotionalitymonkeys with the l/s genotype demonstrated more struggling, were less easily consoled, and manifested higher amounts of, and more frequent emotional distresses than the l/l homozygotic infants, (2) Nursery reared animals with the l/s genotype had substantially low orientation scores (an indirect measure of attention) compared to their maternally reared counterparts and (3) these observed behaviours became more obvious with increase in the age of the animals.

In a different experiment, the same authors assessed the effect of GxE in alcohol sensitivity. Here peer-reared (PR) and mother-reared (MR) monkeys with either the l/l or l/s genotype were infused with 16.8% ethanol through the saphenous veins and their intoxication scores were measured (Barr et al., 2003). They observed that animals homozygous for the l allele had significantly lower average intoxication scores compared to their l/s mates. Moreover, the PR animals with the l/l genotype had lower intoxication scores than did PR l/s animals. They concluded that, though their results cannot be directly translated to humans as quantifying alcohol intake is very complex, it is important to consider potential environmental influence on gene effects when studying the pathogenesis of alcohol dependence.

The rodent models support a significant role for serotonergic genotypes in determining psychiatric vulnerability. Investigating the effects of GxE as it relates to depressive phenotypes in rodents is only possible by the use of transgenic mouse or rat models. The down side of such models are the difficulty to really access the functional implication of the gene during developmental time point considering the life-long perturbation of the gene in question, leaving room for compensatory mechanisms. Therefore, using pharmacological tools (agonists and antagonists), the developmental function of a gene can be assessed during sensitive developmental windows.

In the rest of this chapter, while focusing on rats and mouse models, I will review concurrently, the effects of transgenic and pharmacological models (i.e. genetic inactivation of the gene and inactivation/activation during development respectively) of some 5-HT genes involved in depressive phenotypes within the scope of my thesis.

MAOA knockout mice were generated by the insertion of an interferon b (IFN-b) transgene between exons 1-4 of the MAOA gene. (Cases et al., 1995) the observed behaviours of pups were mostly locomotor, motor co-ordination defects. Similar to what had been observed in human males with a null MAOA mutation, adult mice showed increased aggressiveness, even among littermates. They had an anti-depressive phenotype when tested in the forced swim test, decreased anxiety as noted by longer time spent in the centre of the open field. At PND7, the authors observed disorganization of the barrel cortex, increased density of 5-HT staining by immunochemistry in the striatum, cortex, hilus of dentate gyrus and in neurons of the locus coeruleus and nigral complex, indicating an increase uptake of 5-HT (Cases et al., 1995, Vitalis et al., 1998). However, adult mice showed normal brain distribution and density. A reason for this could be the presence of the MAOB isoform present in non-neuronal cells in the adults (Cases et al., 1995;[START_REF] Vitalis | Effects of monoamine oxidase A inhibition on barrel formation in the mouse somatosensory cortex: Determination of a sensitive developmental period[END_REF]. There is a gradual rise of MAOB specifically in postnatal life which could normalize adult monoamine metabolism [START_REF] Tsang | Ontogenesis of Multiple Forms of Monoamine Oxidase in Rat Brain Regions and Liver[END_REF].

While MAOA action influences all monoamine levels, 5HTT function particularly regulates 5-HT signaling. Following the observation in humans that anti-depressants alleviates depressive symptoms, it was thought that generating a mouse model lacking 5HTT would be a good model to test the mechanisms underlying this. However, the contrary was observed because 5HTT knockout mice, had increased anxiety, learned helplessness, behavioural despair, and impaired social interaction (Ansorge et al., 2004;[START_REF] Kalueff | Locomotory patterns, spatiotemporal organization of exploration and spatial memory in serotonin transporter knockout mice[END_REF]Lira et al., 2003;[START_REF] Muller | Serotonin transporter deficient mice are vulnerable to escape deficits following inescapable shocks[END_REF]. The 5-HTT knockout mice were generated by homologous recombination, by replacing the second exon of the SLC6A4 gene with a neomycin cassette (Bengal et al., 1998). This led to loss of the full length, functional 5HTT protein in the brain, and as expected, mice homozygous for the null mutation exhibit an absence of 5-HT reuptake, giving rise to a decreased rate of synaptic 5-HT clearance and a four-to six-fold increase in basal levels of forebrain extracellular 5-HT [START_REF] Montanez | Exaggerated effect of fluvoxamine in heterozygote serotonin transporter knockout mice[END_REF].

Mutant mice lacking one SLC6A4 allele (5-HTT heterozygous) show a deficiency in 5-HT reuptake and clearance that is about 50% lower than controls (wildtype) (Bengal et al., 1998;[START_REF] Montanez | Exaggerated effect of fluvoxamine in heterozygote serotonin transporter knockout mice[END_REF]. They reported only modest compensatory alterations in dopamine or norepinephrine function in 5HTT knockouts [START_REF] Murphy | Genetic perspectives on the serotonin transporter[END_REF][START_REF] Montanez | Exaggerated effect of fluvoxamine in heterozygote serotonin transporter knockout mice[END_REF]. There were, however, marked changes within the serotonergic system itself. 5HTT knockout mice showed a reduction in dorsal raphe neuronal firing and a desensitization and downregulation of somato-dendritic 5-HT1A autoreceptors [START_REF] Gobbi | Modifications of the Serotonergic System in Mice Lacking Serotonin Transporters: An in Vivo Electrophysiological Study[END_REF][START_REF] Li | Reduction in the Density and Expression, but not G-Protein coupling, of serotonin receptors (5-HT1A) in 5-HT transporter knockout mice: gender and brain region differences[END_REF][START_REF] Mannoury La Cour | Functional consequences of 5-HT transporter gene disruption on 5-HT1A receptor-mediated regulation of Dorsal Raphe and Hippocampal cell activity[END_REF].

The 5HTT knockout mice showed reductions in the binding density of postsynaptic 5-HT1A receptors ( 125 p-MPPI -selective radioligand of 5-HT1A) in the frontal cortex, amygdala, septum, and hypothalamus, but not the hippocampus [START_REF] Li | Reduction in the Density and Expression, but not G-Protein coupling, of serotonin receptors (5-HT1A) in 5-HT transporter knockout mice: gender and brain region differences[END_REF][START_REF] Mannoury La Cour | Functional consequences of 5-HT transporter gene disruption on 5-HT1A receptor-mediated regulation of Dorsal Raphe and Hippocampal cell activity[END_REF]. Changes in the expression of other 5-HT receptor subtypes appeared to be less profound and more region-specific (Fabre et al., 2000).

In the hypothalamus and amygdala, the binding density of 5-HT2A and 5-HT2C receptors was increased respectively [START_REF] Li | Brain region-specific alterations of 5-HT2A and 5-HT2C receptors in serotonin transporter knockout mice[END_REF]. Not much is known about the status of the other 5-HT receptor subtypes.

Behaviorally, the 5HTT knockout mice bred on the C57BL/6J background spent less time in the aversive, open arms of the elevated plus-maze and showed less exploration of brightly lit areas in both the light/dark exploration and emergence tests. In the open field arena, knockouts showed general reduction in exploratory locomotion and greater thigmotaxic "wall-hugging" behaviours. Taken together, a robust increase in anxiety-like behavior was observed in 5HTT knockout mice. [START_REF] Holmes | Abnormal behavioral phenotypes of serotonin transporter knockout mice: parallels with human anxiety and depression[END_REF][START_REF] Ansorge | Inhibition of serotonin but not Norepinephrine transport during development produces delayed, persistent perturbations of Emotional behaviors in mice[END_REF] It is worth mentioning that these phenotypic abnormalities were not observed in some mice bred on other genetic backgrounds. The 5HTT knockouts that were bred onto a congenic 129S6 and 129 backgrounds had no observable anxiety-related phenotype [START_REF] Holmes | Abnormal behavioral phenotypes of serotonin transporter knockout mice: parallels with human anxiety and depression[END_REF]. Holmes et al argued that a possible reason for this could be that variable baseline behavioral phenotypes in these mice strains could mask the effects of slc6a4 null mutation.

In the test for depressive phenotypes -forced swim test (FST) and tail suspension (TST), the 5HTT knockout mice are reported to show normal levels of immobility on first exposure, but on second exposure, they had significantly higher immobility compared to WT [START_REF] Zhao | Insertion mutation at the C-terminus of the serotonin transporter disrupts brain serotonin function and emotion-related behaviors in mice[END_REF]. Some studies however, reported an increased immobility following acute testing with the FST; in this case, the mutation was on a 129S6 genetic background whereas the increased depressive behaviour following repeated exposure were observed on the C57BL/6 background (Lira et al. 2003;[START_REF] Zhao | Insertion mutation at the C-terminus of the serotonin transporter disrupts brain serotonin function and emotion-related behaviors in mice[END_REF].

Increased immobility in the FST exemplifies a 'despair-like' response, in which the animal disengages from active forms of coping in a manner that may have presumed relevance to symptoms of hopelessness and entrapment [START_REF] Porsolt | Animal Models of Depression: Utility for Trangenic Research[END_REF][START_REF] Cryan | The ascent of mouse: advances in modelling human depression and anxiety[END_REF]. Taken together, it appears that the genetic background of the mice could determine sensitivity to the effects of stressful events in the 5HTT knockout mice and the C57BL/6J alleles might be conferring relative protection against the depressive phenotypes seen in the 5HTT null mutation (Caroll et al., 2007).

From the studies mentioned above, increases in extracellular 5-HT by genetic ablation of the 5HTT gene results in anxiety and depressive-like phenotypes in mice. Interestingly, constitutive mutants for serotonin synthesis -TPH2 knock-in mice with drastic (about 80%) reduction in 5-HT levels exhibit pro depressive and anxiogenic behaviours [START_REF] Beaulieu | Role of GSK3ß in behavioural abnormalities induced by serotonin deficiency[END_REF]. The generation of these mouse mutants was based on the discovery of a rare human mutation -R441H TPH2 from a small cohort of elderly patients with major unipolar depression [START_REF] Zhang | Functional polymorphisms of the brain serotonin synthesizing enzyme tryptophan hydroxylase-2[END_REF]. The R441H TPH2 mutation was engineered at a similar R439H amino acid residue of the mouse Tph2. This was done by homologous recombination resulting in the insertion of the mutation in exon 11 and of a residual loxP site in the ninth intron of the gene [START_REF] Beaulieu | Role of GSK3ß in behavioural abnormalities induced by serotonin deficiency[END_REF]. A direct measure of Tph2 activity in vivo was done by monitoring accumulation of 5-HT precursor and Tph2 product -5-HTP following treatment of mice with the Laromatic amino acid decarboxylase inhibitor, m-hydroxybenzylhydrazine. [START_REF] Zhang | Tryptophan hydroxylase-é controls brain serotonin synthesis[END_REF] Synthesis levels in the frontal cortex, striatum and hippocampus were reduced by approximately 40% and 80% in the heterozygous and homozygous R439H Tph2 knockin mice, respectively. Tissue contents of 5-HT were also substantially reduced in these same brain regions of R439H homozygous mice. The authors reported that both heterozygous and homozygous R439H Tph2 knockin mice showed prolonged immobility times in the TST, in the light/dark test for anxiety, they displayed longer latencies to cross to the lighted compartment, as well as reduced activity in this compartment. The homozygous mice exhibited more transitions between the two compartments. Their results indicated that expression of R439H Tph2 results in enhanced anxiogenesis in mice [START_REF] Beaulieu | Role of GSK3ß in behavioural abnormalities induced by serotonin deficiency[END_REF].

Taken together, severe depletion and elevation of 5-HT establishes the set point for adult emotionality. Because of the trophic function of 5-HT during development, it was hypothesized that developmental 5-HT signalling could be establishing the set point for adult emotionality. To test this hypothesis requires temporal control over serotonergic signalling.

Therefore, pharmacological investigation of the 5-HT system during development, although it may lack 100% target specificity, has shed important light in advancing or confirming the developmental role of 5-HT in adult emotional behaviours. Ansorge and colleagues decided to test this hypothesis by temporarily inhibiting 5HTT function between postnatal days 4 and 21 (P4 and P21) by intraperitoneal administration of a known SSRI -fluoxetine (FLX) in mice (Ansorge et al., 2004). FLX is a common SSRI, with an extended half-life used in humans to alleviate adult depressive symptoms. They crossed heterozygous mice with the 5-HTT mutation (5HTT +/-) to produce a Mendelian combination of 5HTT +/+ , 5HTT +/-, and 5HTT -/-offspring. Mixed litters were randomly allocated to either saline or FLX (10 mg/kg, intraperitoneally) treatments beginning on P4 and lasting until P21. This strategy allowed to directly compare the behavioral effects of transient pharmacological 5HTT inhibition and constitutive disruption of the 5HTT gene (Ansorge et al., 2004). Adult mice we tested for anxiety related behaviours.

Interestingly, they observed a decrease in exploratory and locomotor behaviours and time spent in the open arm of the elevated plus maze in the postnatal FLX (PN-FLX) treated 5HTT +/+ and 5HTT +/-animals in comparison to the saline-treated animals. PN-FLX treatment did not modify the already existing anxiety behaviours observed in the 5HTT -/-, demonstrating that the effects of FLX were particularly mediated by 5-HTT blockade. Their study showed that PN-FLX treatment of 5HTT +/+ and 5HTT +/-mice mimicked the anxiogenic behaviours of 5HTT -/-mice treated with either FLX or vehicle. They reported that the decrease locomotor activity observed in the open field and the elevated plus-maze was probably due to the novelty of these environments, because no differences in locomotion were observed when mice were tested in their home cage.

Furthermore, they tested animals in the novelty suppressed feeding (NSF) paradigm. This test is believed to reflect anxiety-and depression related behaviors because chronic antidepressant administration and anxiolytics reduce the latency of animals to begin feeding [START_REF] Santarelli | Requirement of Hippocampal neurogenesis for the behavioral effects of antidepressants[END_REF] and because animal models of depression and anxiety behave abnormally in this test. They observed that PN-FLX treated 5HTT +/-mice had longer latencies to begin feeding sessions, a behaviour seen also in the 5HTT -/-mice but not in the 5HTT +/+ mice. Weight loss from food deprivation, and food consumption in the home cage were comparable across groups, suggesting that the observed differences in latency

were not due to motivational factors. This study by Ansorge et al showed that 5HTT function modulates the development of brain systems involved in emotional and stress related responses and that these responses can be recapitulated by PN-FLX administration during a set developmental window.

In line with these findings, the same authors, went further on to understand and refine the 5-HT sensitive developmental period, and elucidate possible morpho-anatomical changes in emotional circuitry resulting from increase in extracellular 5-HT secondary to PN-FLX administration (Rebello et al, 2014). Their experiments showed that shortening the PN-FLX exposure window from P2-P21 to P2-P11 was sufficient to impact adult emotional behaviours. P12-P21 and P21-P41 exposure had no impact on adult emotionality in mice. Interestingly, this developmental window coincides with the maturation period of both serotonergic afferents and cortical circuits [START_REF] Lidov | An immunohistochemical study of serotonin neuron development in the rat: Ascending pathways and terminal fields[END_REF][START_REF] Kiyasova | Development of Raphe serotonin neurons from specification to guidance[END_REF][START_REF] Vitalis | Serotonin homeostasis and serotonin receptors as actors of cortical construction: special attention to the 5-HT3A and 5-HT6 receptor subtypes[END_REF].

5-HT regulation of PFC circuits

Converging studies have shown the relevance of the PFC in the integration of behaviour [START_REF] Duncan | An adaptive coding model of neural function in prefrontal cortex[END_REF][START_REF] Fuster | The Prefrontal cortex-An update: Time is of the essence[END_REF][START_REF] Miller | An integrative theory of Prefrontal cortex function[END_REF] and its implication in the pathophysiology of neuropsychiatric disorders [START_REF] Weinberger | Prefrontal neurons and the genetics of schizophrenia[END_REF][START_REF] Harrison | The neuropathology of primary mood disorder[END_REF]. In an effort to understand the cellular and molecular basis of PFC function, particularly its relevance to the induction of depressivelike phenotypes, some studies described the expression pattern of 5-HT receptors within regions of the PFC and corticolimbic circuits [START_REF] Barnes | A review of central 5-HT receptors and their function[END_REF], physiology of PFC neurons, and their functions during behavioural tasks [START_REF] Durstewitz | Dopamine-mediated stabilization of delay-period activity in a network model of prefrontal cortex[END_REF][START_REF] Miller | An integrative theory of Prefrontal cortex function[END_REF]. A model of impaired 5-HT regulation, particularly the 5HTT knockout model, investigators have begun understanding how excess 5-HT in the synapse affect the cytoarchitecture of developing PFC neurons and corticolimbic circuits implicated in anxiety-like behaviours [START_REF] Esaki | Developmental disruption of serotonin transporter function impairs cerebral responses to whisker stimulation in mice[END_REF][START_REF] Hariri | Genetics of emotional regulation: the role of the serotonin transporter in neural function[END_REF].

The 5HTT knockout mice show deficiencies in anxiety related behaviors and have proved to be a good model of depressive phenotypes. [START_REF] Bengel | Altered brain serotonin homeostasis and locomotor insensitivity to 3,4methylenedioxymethamphetamine ("Ecstasy") in serotonin transporter deficient mice[END_REF] A study found that 5HTT knockout mice had increased freezing behaviours compared to wildtype in an extinction recall test 24 hours after completion of fear conditioning. When checked for morphological abnormalities, 5HTT knockout mice had significantly greater spine density on the fourth-order basolateral amygdala dendritic branches of these neurons, relative to wildtype. [START_REF] Nietzer | Serotonin transporter knockout and repeated social defeat stress: Impact on neuronal morphology and plasticity in limbic brain areas[END_REF]Wellman et al., 2007) This is in line with the increases in excitability of the amygdala observed in patients with anxiety disorders (Etkins and Wager, 2007). More so, Wellman and colleagues observed significantly elongated dendrites of the infralimbic pyramidal neurons of the mPFC compared with WT mice (Wellman et al., 2007). These findings along with others confirm the reciprocal connection [START_REF] Canteras | Connections of the posterior nucleus of the amygdala[END_REF][START_REF] Bacon | Amygdala input to medial prefrontal cortex (mPFC) in the rat: A light and electron microscope study[END_REF][START_REF] Mcdonald | Projections of the medial and lateral prefrontal cortices to the amygdala: a Phaseolus vulgaris leucoagglutinin study in the rat[END_REF][START_REF] Berretta | Infralimbic cortex activation increases c-fos expression in intercalated neurons of the amygdala[END_REF] between the mPFC and amygdala and their dysfunctionality in the pathophysiology of depression and anxiety disorders [START_REF] Siegle | Can't shake that feeling: event-related fMRI assessment of sustained amygdala activity in response to emotional information in depressed individuals[END_REF][START_REF] Phillips | Neurobiology of emotion perception II: implications for major psychiatric disorders[END_REF][START_REF] Phelps | Extinction learning in Humans: Role of the Amygdala and vmPFC[END_REF]. Though these morphological changes observed in the 5HTT KO mice do not provide a direct evidence of functional alterations in the basolateral amygdala (BLA) and infralimbic (IL) mPFC, it provides reasonable correlates of neural substrates underlying the behavioral deficits observed in these mice. An explanation could be that increased spine density of the BLA resulting from the behavioural paradigm employed, could be interpreted as an increased excitatory drive (or hyperactivity) of the BLA neurons. With this in mind, the increased dendritic extent of the IL neurons of the mPFC (via its strong inhibitory inputs to the amygdala) may be an adaptive response to dampen this hyperactivity (Wellman et al., 2007).

There are reports of increased expression of the 5-HT1A mRNA in the layers II/III of the PFC of rats exposed to ELS [START_REF] Gross | Serotonin 1A receptor acts during development to establish normal anxiety-like behaviour in the adult[END_REF]. In line with these findings, Goodfellow and colleagues showed increased 5-HT1A mediated currents in layer II/III of PFC of these animals as compared to their wildtype counterparts at the third postnatal weeks. However, in adulthood, both groups of animals had comparable 5-HT1A responses [START_REF] Goodfellow | Layer II/III of the Prefrontal cortex: Inhibition by the serotonin 5-HT1A receptor in development and stress[END_REF]. Interestingly, they showed that pups exposed to ELS had attenuated 5-HT1A responses after exposure to social isolation in adulthood. They argued that since these upper layer neurons communicate with other cortical neurons like the amygdala, a disinhibition of these neurons in the PFC of ELS animals exposed to social isolation is responsible for the increase in excitability in the amygdala of those rats [START_REF] Goodfellow | Layer II/III of the Prefrontal cortex: Inhibition by the serotonin 5-HT1A receptor in development and stress[END_REF].

Rebello and colleagues also showed that in the model of postnatal fluoxetine (PN-FLX) treatment, some of the aspects observed in the 5HTT KO mice could be recapitulated. They showed that chronic fluoxetine treatment precisely from PND 2 to PND 11, while sufficient to induce adult anxiety and depressive phenotypes, also produces similar dendritic morphological alterations in mPFC layers II/III pyramidal neurons as in the 5HTT-KO (Rebello et al., 2014). They showed that in the context of PN-FLX model, the IL layer II/III neurons had reduced apical dendritic arbours and that these neurons had decreased intrinsic excitability. In addition, they found that the prelimbic neurons (PL) in the PN-FLX mice responded differently. These neurons had increased intrinsic excitability. The frequency and amplitude of sEPSCs in the IL and PL regions were not different, implying preserved glutamatergic inputs. Based on these findings, they investigated the probability that PN-FLX treatment would impair some aspects of behaviour. Since the targets of these neurons are the central nucleus of the amygdala [START_REF] Milad | Neurons in medial prefrontal cortex signal memory for fear extinction[END_REF][START_REF] Quirk | Prefrontal mechanisms in extinction of conditioned fear[END_REF][START_REF] Quirk | Neural mechanisms of extinction learning and retrieval[END_REF], the authors hypothesized that the PN-FLX mice would have cued fear extinction (Rebello et al., 2014). They observed that the PN-FLX showed blunted responses to learning and memory components of fear extinction.

It is known that, local inhibition or lesions of the IL produce fear extinction deficits [START_REF] Sierra-Mercado | Inactivation of the ventromedial prefrontal cortex reduces expression of conditioned fear and impairs subsequent recall of extinction[END_REF], 2011;[START_REF] Farrell | Lesion of infralimbic cortex occludes stress effects on retrieval of extinction but not fear conditioning[END_REF][START_REF] Santini | M-Type Potassium channels modulate the Intrinsic excitability of Infralimbic neurons and regulate fear expression and extinction[END_REF]; extinction recall is associated with increased burst firing in IL pyramidal neurons [START_REF] Milad | Neurons in medial prefrontal cortex signal memory for fear extinction[END_REF]Rabinak et al., 2008;[START_REF] Santini | Fear conditioning and extinction differentially modify the intrinsic excitability of Infralimbic neurons[END_REF]; and enhanced PL excitability is associated with deficits in fear extinction learning and recall [START_REF] Vidal-Gonzalez | Microstimulation reveals opposing influences of prelimbic and infralimbic cortex on the expression of conditioned fear[END_REF][START_REF] Santini | Fear conditioning and extinction differentially modify the intrinsic excitability of Infralimbic neurons[END_REF][START_REF] Burgos-Robles | Susutained conditioned responses in Prelimbic prefrontal neurons are correlated with fear expression and extinction failure[END_REF][START_REF] Sierra-Mercado | Dissociable roles of prelimbic and infralimbic cortices, ventral hippocampus, and basolateral amygdala in the expression and extinction of conditioned fear[END_REF] Amat and colleagues in 2005, described a role for the descending inputs from the PFC unto the 5-HT neurons in the dorsal raphe nuclei (DRN). Their study was centered on the effects of inescapable stress on the 5-HT system (Amat et al., 2005). They based their findings on the fact that rat IL cortex sends descending projections to the DRN, where they synapse either directly on 5-HT neurons and exert inhibitory control indirectly via GABAergic interneurons [START_REF] Celada | Control of Dorsal Raphe serotonergic neurons by the Medial Prefrontal Cortex: Involvement of serotonin-1A, GABAA, and Glutamate receptors[END_REF]Soiza-Reilly et al., 2011;Weissbound et al., 2014). They observed that when adult rats are exposed to inescapable shock, there is heightened activation of the 5-HT DRN neurons as compared to escapable shock. The rats exposed to inescapable shock showed increased freezing in the fear conditioning test and impaired escape learning.

They showed that temporarily inactivating the ventromedial prefrontal cortex (mPFCv), escapable (or controllable) shock heightened the activity of the DRN cells to a comparable degree as inescapable shock. Furthermore, without the influence of mPFCv, exposure to controllable shock heightened the behavioral expression of fear and impaired effective escape learning. They concluded the vulnerability of 5-HT neurons to stress can be moderated by influences relayed from the PFC (Amat et al., 2005;[START_REF] Robbins | Controlling stress: how the brain protects itself from depression[END_REF].

The DRN is particularly known for its implication in major depressive disorders (Maes and [START_REF] Meltzer | Effects of ipsapirone on plasma cortisol and body temperature in major depression[END_REF], and one of the subcortical targets of the PFC (Vertes, 2004). The PFC also receives a dense serotonergic input mainly arising from the DRN [START_REF] Abrams | Anatomic and functional topography of the dorsal raphe nucleus[END_REF][START_REF] Azmitia | An autoradiographic analysis of the differential ascending projections of the dorsal and median raphe nuclei in the rat[END_REF][START_REF] Vertes | A PHA-L analysis of ascending projections of the raphe nucleus in the rat[END_REF][START_REF] Wilson | The organization of serotonergic projections to cerebral cortex in primates: Regional distribution of axon terminals[END_REF]. Using the cholera toxin subunit b (CTb) as a retrograde tracer, Goncalves and colleagues described that all the injections placed in DRN produced retrograde labelling in the medial, orbital, and lateral divisions of the PFC. The labelling was mostly located in layer V.

Labelling in the medial PFC was denser in the IL and ventral PL cortices than in the dorsal PL, anterior cingulate and medial precentral cortices (Goncalves et al., 2008;Gabbott et al., 2005).

A behavioural implication of activating the mPFC to DRN projection was shown by Deisseroth's group. In rats, they optogenetically activated axons of mPFC neurons in the DRN during the FST and observed that rats showed effortful swimming behaviours as compared to control rats expressing the SHAM virus. They showed that blocking incoming glutamatergic synaptic activity in the DRN during mPFC-DRN axon stimulation blocked the stimulation driven swimming behaviour. Furthermore, inhibition of the mPFC axons in the DRN resulted in longer immobility time in the FST (Warden et al., 2012).

5

The 5-HT7 Receptor

The 5-HT7 receptor (Htr7 gene) was initially known as the 5-HT1-like receptor because it had a relaxant effect on smooth muscles and responded to 5-HT and 5-CT but did not fit with the initially described 5-HT1 or 5-HT2 or with any of the subsequently cloned receptor subtypes (Feniuk et al., 1983, https://doi.org/10.1016/0014-2999(83)90530-7). Eventually, 10 years later, the receptor was cloned independently and simultaneously in humans [START_REF] Bard | Cloning of a novel human serotonin receptor (5-HT7) positively linked to adenylate cyclase[END_REF], rat [START_REF] Lovenberg | A novel adenylyl cyclase-activating serotonin receptor (5-HT7) implicated in the regulation of mammalian circadian rhythms[END_REF][START_REF] Meyerhof | A novel rat serotonin receptor: primary structure, pharmacology and expression pattern in distinct brain regions[END_REF][START_REF] Ruat | Molecular cloning, characterization and localization of a high-affinity serotonin receptor (5-HT7) activating cAMP formation[END_REF], mouse [START_REF] Plassat | Molecular cloning of a mammalian serotonin receptor that activates adenylate cyclase[END_REF], and found to be conserved in guinea pig [START_REF] Tsou | Cloning and expression of a 5-HT7 receptor positively coupled to adenylyl cyclase[END_REF], Xenopus laevis [START_REF] Nelson | Cloning and expression of a 5HT 7 receptor from Xenopus lae-vis[END_REF], pig [START_REF] Bhalla | Molecular cloning and tissue distribution of mRNA encoding porcine 5-HT 7 receptor and its comparison with the structure of other species[END_REF], Caenorhabditis elegans [START_REF] Hobson | SER-7b, a constitutively active Gα s coupled 5-HT 7 -like receptor expressed in the Caenorhabditis elegans M 4 pharyngeal motorneuron[END_REF], and Honeybee [START_REF] Schlenstedt | Am 5-HT7: molecular and pharmacological characterization of the first serotonin receptor of the honeybee (Apis mellifera)[END_REF]. In humans, The Htr7 gene is located on human chromosome 10q21-q24 [START_REF] Gelernter | Assignment of the 5HT7 receptor gene (HTR7) to chromosome 10q and exclusion of genetic linkage with Tourette syndrome[END_REF].

Gene structure and alternative splicing

The 5-HT7 receptor is a protein consisting of between 404 (Shen et al., 1993) to 448 [START_REF] Ruat | Molecular cloning, characterization and localization of a high-affinity serotonin receptor (5-HT7) activating cAMP formation[END_REF] amino acids. The complete organization of the gene encoding this receptor has not been fully determined but based on earlier work, it is now known that the translated portion of the gene contains two intronic regions. The first intron corresponds to the highly conserved AspArgTyr motif at the beginning of the receptor second intracellular loop, and the second corresponds to a site within the Cterminal tail [START_REF] Heidmann | Four 5-HT7 receptor isoforms in human and rat produced by alternative splicing: Species differences due to altered Intron-Exon organization[END_REF].

Alternative splicing of the Htr7 transcript revealed five (5-HT(7a)/(b)/(c)(d)(e)) interspecies variants.

These isoforms show differences in the length of their intracellular carboxyl terminals but no differences have been observed in their pharmacological profile, their signaling and positive coupling to adenylyl cyclase [START_REF] Krobert | The cloned human 5_HT7 receptor splice variants: a comparative characterization of their pharmacology, function and distribution[END_REF][START_REF] Gellynck | The serotonin 5-HT7 receptors: two decades of research[END_REF].

Splice variants (a) and (b) are homologous in rat, mouse, and man and results from alternative usage of 2 splice donor sites organized in tandem at the end of exon II (Figure 2). The splice variant (b) is short of 13 amino acids resulting from a premature termination of the open reading frame caused by an insertion of 5-bp within the coding sequence. The third splice variant in rat and mouse has 470 amino acids and is caused by the presence of a short exon C (97-bp) found between the junctions of exons II and III. There is the presence of a human exon C-like sequence (ψC) which shows strong similarity to rat exon C but this was found to be more or less redundant as no 5-HT7(c) receptor mRNA has been detected in humans. The third human splice variant, 5-HT7(d) results from the presence of a short exon D (98-bp) between the exon II and exon III. This short exon is human specific as sequence alignment does not show any homologue or part of this sequence in either rat or mouse. The most recently discovered splice variant identified in rat -5-HT7(e) results from the presence of a short exon E (54-bp) which almost overlaps with exon C [START_REF] Liu | Expression patterns of 5-HT 7 receptor isoforms in the rat digestive tract[END_REF]. [START_REF] Heidmann | Four 5-HT7 receptor isoforms in human and rat produced by alternative splicing: Species differences due to altered Intron-Exon organization[END_REF][START_REF] Gellynck | The serotonin 5-HT7 receptors: two decades of research[END_REF].

There has been report also of the 5-HT7 mRNA sequences in the mouse and guinea pig, and both these rodent species express the 5-HT7a variant. Witz and colleagues, have reported that a Htr7 cloned from Drosophila show very low sequence similarities to the mammalian Htr7 and this makes it difficult to compare with mammalian splice variants [START_REF] Witz | Cloning and characterization of a Drosophila serotonin receptor that activates adenylate cyclase[END_REF].

The distribution pattern of Htr7 splice variants in the brain is also reported to vary between species.

The most abundant variant both in humans and rats is the 5-HT7a. However, the 5-HT7b variant comprises 31-45% of the human Htr7 in the caudate nucleus, and hippocampus compared to 14-18% in the rat. The 5-HT7d variant is the least abundant in human brain tissue.

Intracellular signaling of 5-HT7

As mentioned above, activation of the 5-HT7 receptor with 5-HT agonists is known to either activate the GS or Ga12 superfamily of G-proteins. The coupling of 5-HT7/Gs results in increased adenylyl cyclase (AC) activity which leads to the production of cAMP, which in turn activates protein kinase A (PKA) thereby promoting the phosphorylation of different downstream target proteins. cAMP production can also be regulated independently by intracellular Ca 2+ . This coupling of Ca 2+ and cAMP has been shown to be one of several mechanisms underlying synaptic plasticity [START_REF] Nielsen | Differential regulation of type I and type VIII Ca2+stimulated adenylyl cyclases by Gi-coupled receptors in vivo[END_REF]. The downstream target resulting from the coupling of 5-HT7/Gs include, Ras-dependent and Rap1independent activation of the extracellular signal-regulated kinases (ERK) and Akt (protein kinase B) pathways [START_REF] Errico | 5-HT7 receptors activate the mitogen activated protein kinase extracellular signal related kinase in cultured rat hippocampal neurons[END_REF]. It is worth noting that 5-HT7/Gs mediated activation of Akt requires increases in cAMP and intracellular Ca 2+ , while activation of ERK is inhibited by Ca 2+ . The main downstream effect of the 5-HT7/Gs signalling cascade is regulation of the cellular motility and actin filament re-organization and formation [START_REF] Guseva | Cellular mechanisms of the 5-HT7 receptor-mediated signaling[END_REF].

The 5-HT7 receptor also couples to the heterotrimeric Ga12 protein. This coupling activates the RhoA and Cdc42 GTPase cascades simultaneously [START_REF] Kvachnina | 5-HT7 receptor is coupled to Ga subunits of heterotrimeric G12protein to regulate gene transcription and neuronal morphology[END_REF] or in a classified manner where Cdc42 downregulates RhoA activity [START_REF] Li | Regulation of rho GTPases by crosstalk and neuronal activity in vivo[END_REF]. More recently, it was shown that in cultured striatal and cortical neurons, activation of the 5-HT7/Ga12 signalling pathway involved downstream regulation of ERK and Cdk5 cascades [START_REF] Speranza | The serotonin receptor 7 promotes neurite outgrowth via ERK and Cdk5 signaling pathways[END_REF].

Using fluorescence resonance energy transfer (FRET) and fluorescence recovery after photobleaching (FRAP), pre-association of the 5-HT7 to the Gs-protein has also been postulated. Unlike other 5-HT receptors where activation only occurs upon interaction with G-protein, this pre-association principle suggests that the receptor is in a preformed complex with the Gs protein which then undergoes a conformational change upon agonist activation [START_REF] Ulsund | Preassociation between the 5-HT7 serotonin receptor and G protein Gs: molecular determinants and association with low potency activation of adenylyl cyclase[END_REF].

There is mounting evidence that GPCRs are capable of forming oligomers [START_REF] Devi | Heterodimerization of G-protein-coupled receptors: pharmacology, signaling and trafficking[END_REF]. Such oligomerization could occur either between identical receptor types (homodimerization) or between different receptors of same or different GPCR families (heterodimerization). Formation of heteromers can considerably change the receptor properties either by changes in receptor ligand affinity by formation of new binding sites [START_REF] Franco | G-protein-coupled receptor heteromers or how neurons can display differently flavoured patterns in response to the same neurotransmitter[END_REF] or by modifying the preferred signalling pathways [START_REF] Hornigold | Evidence for cross-talk between M2 and M3 muscarinic acetylcholine receptors in the regulation of second messenger and extracellular signal-regulated kinase signaling pathways in Chinese hamster ovary cells[END_REF]. Renner and colleagues reported that the 5-HT1A receptor which is a member of the Gi/o GPCR family could also form heterodimers with the Htr7 [START_REF] Renner | Heterodimerization of serotonin receptor 5-HT1A and 5-HT7 differentially regulates receptor signaling and trafficking[END_REF] this interaction was analyzed using co-immunoprecipitation experiments in cell lines and FRET technique in neuroblastoma cells. They observed that the heterodimerization between 5-HT1A and 5-HT7 decreased the 5-HT1A-receptor mediated activation of Gi protein without affecting 5-HT7-mediated Gs activation.

This could be explained by the partial destabilization of the 5-HT1A receptor conformation induced by direct interaction with the 5-HT7 protomer resulting in formation of modified and higher affinity for the Gs protein. The functional consequence of this heterodimerization could lead to a dampening in coupling of the 5-HT1A receptor and hence to decreased membrane hyperpolarization.

This could be the case during development where the effects of 5-HT on membrane potential undergoes marked changes. Across postnatal development, 5-HT has a marginal membranedepolarizing effect with a dominant hyperpolarizing effect in adulthood. [START_REF] Segal | Developmental changes in serotonin actions in rat hippocampus[END_REF][START_REF] Beique | Serotonergic regulation of membrane potential in developing rat prefrontal cortex: coordinated expression of 5-HT1A, 5-HT2A, and 5-HT7 receptors[END_REF] Though the molecular mechanisms underlying these developmental changes are poorly understood the authors suggested that differential heterodimerization rates between 5-HT 1A and 5-HT7 receptors during development could provide an explanation for this effect. They argued that a relative high expression level of 5-HT1A-5-HT7 heterodimers at the early postnatal stages will result in reduced coupling of 5-HT1A receptor to GIRK channels and, therefore, in decreased membrane hyperpolarization due to a

lower number of open channels. With increasing age however, the relative quantity of heterodimers gradually decreases to about 2% at P90, allowing 5-HT1A homodimers together with monomers to become the dominant receptor. Accordingly, the inhibitory influence of heterodimers on basal and 5-HT1A-receptor-mediated GIRK channel activation begins to decrease and is gradually replaced by a hyperpolarizing effect mediated by the 5-HT1A homodimers and/or monomers [START_REF] Renner | Heterodimerization of serotonin receptor 5-HT1A and 5-HT7 differentially regulates receptor signaling and trafficking[END_REF].

Tissue localization of the 5-HTR7 in the brain

The use of specific agonist and antagonist, binding assays and mRNA expression by in situ hybridization has thrown more light on the expression pattern of the Htr7. Using in situ hybridization and immunocytochemistry in adult rat tissue, Neumaier et al described that the mRNA expression pattern of Htr7 correlates nicely with 5-HTR7 protein distribution in the brain (as reflected by agonist affinity binding). Highest expression was found in the thalamus, the hippocampal formation, tenia tecta, and parts of the hypothalamus. All the CA fields of the hippocampus were strongly labelled, with CA2/3 having the densest hybridization signal, and the dentate gyrus and CA1 being moderately and slightly less densely labelled. The medial and basal amygdala had moderate mRNA densities. In the cerebral cortex, they looked only at the general expression and not into the different regions of the frontal cortex and the PFC. They observed differential labelling with diffuse immunoreactivity, and heaviest labelling in the retrosplenial and piriform cortices with moderate to low labelling throughout the rest of the cerebral cortex [START_REF] Neumaier | Localization of 5-HT7 receptors in rat brain by immunocytochemistry, in situ hybridization, and agonist stimulated cFos expression[END_REF].

The expression in the forebrain and neocortex is diffuse and predominantly in the superficial layers [START_REF] Neumaier | Localization of 5-HT7 receptors in rat brain by immunocytochemistry, in situ hybridization, and agonist stimulated cFos expression[END_REF]. During postnatal development however, Vizuete and colleagues described a qualitative ontogeny (PND5, PND8, PND15, PND21 and PND 90) of Htr7 expression in rats using in situ hybridization [START_REF] Vizuete | Expression of 5-HT7 receptor mRNA in rat brain during postnatal development[END_REF]. They showed that expression of Htr7 in the neocortex, CA1 and CA2 and dentate gyrus of the hippocampus, most part of the thalamic nuclei, median raphe, superior colliculus and central grey had no quantitative changes across development while the retrosplenic cortex, subiculum and medial habenular nucleus showed increased mRNA expression between PND15 and PND21. In the striatum, they observed a transient expression between the first and second postnatal weeks, thereafter, expression remained low till adulthood. They argued for a developmentally regulated expression of the Htr7 across different brain regions, suggesting that the receptor may play a role in mediating a 5-HT trophic-like mechanism.

Very few studies have looked at the cellular and subcellular localization of the receptor because of lack of adequate tools. Geurts et al., detected 5-HTR7 immunoreactivity in the purkinje cells of the cerebellum [START_REF] Geurts | Localization of 5-HT2A, 5-HT3, 5-HT5A and 5-HT7 receptor-like immunoreactivity in the rat cerebellum[END_REF], within the Suprachiasmatic nucleus, expression is mostly seen in inhibitory neurons [START_REF] Belenky | Subcellular distribution of 5-HT1B and 5-HT7 receptors in the mouse suprachiasmatic nucleus[END_REF], and in the layer 5 neurons of the anterior cingulate cortex, immunolocalization was noted essentially in pyramidal cell dendrites [START_REF] Santello | Dysfunction of Cortical Dendritic Integration in Neuropathic Pain reversed by serotonergic neuromodulation[END_REF]. Doly and colleagues observed immunolabelling at the lumber level of the rat spinal cord particularly in the small and medium-sized dorsal root ganglion cells [START_REF] Doly | Pre-and postsynaptic localization of the 5-HT7 receptor in rat dorsal spinal cord: Immunocytochemical evidence[END_REF]. However, the specificity of the antibodies used in these studies were not validated. 

Effect of 5-HT7 signalling on neuronal morphology and functions

The coupling of 5-HT7/Ga12 mainly stimulates the activity of the GTPases which also promotes the regulation of actin cytoskeleton. The Rho GTPases are the key regulators of neuronal motility, axonal pathfinding and growth both in vitro and in vivo [START_REF] Hall | Rho GTPases and the Actin Cytoskeleton[END_REF]. There is converging evidence from in vitro postnatal striatal, cortical [START_REF] Speranza | Serotonin 5-HT7 receptor increases the density of dendritic spines and facilitates synaptogenesis in forebrain neurons[END_REF] and hippocampal [START_REF] Kvachnina | 5-HT7 receptor is coupled to Ga subunits of heterotrimeric G12protein to regulate gene transcription and neuronal morphology[END_REF] cultures to suggest that 5-HT7 signalling modulates neuronal morphology. Bath application of either 5-CT or specific 5-HT7 agonist LP-211 promoted neurite elongation. An effect blocked by application of the specific 5-HT7 antagonist SB-269970 alone or co-treatment with LP-211 [START_REF] Kvachnina | 5-HT7 receptor is coupled to Ga subunits of heterotrimeric G12protein to regulate gene transcription and neuronal morphology[END_REF][START_REF] Speranza | Serotonin 5-HT7 receptor increases the density of dendritic spines and facilitates synaptogenesis in forebrain neurons[END_REF]. The effect of 5-HT7 on neuronal morphology was not limited to neurite protrusion.

Speranza et al, further investigated if 5-HT7 has an effect on dendritic spines and synaptogenesis.

Here, they experimented on mature striatal and cortical cultures -ages where spinogenesis and formation of stable synapses begin to occur. They documented that treatment of cultures with LP-211 substantially increased number of dendritic protrusions and synaptophysin/PSD95-positive puncta. Effects that were abolished by co-treatment of LP-211 and SB269970 or SB269970 alone [START_REF] Speranza | Serotonin 5-HT7 receptor increases the density of dendritic spines and facilitates synaptogenesis in forebrain neurons[END_REF].

Effects of 5-HT7 on other biological processes

Since the discovery of the Htr7, there has been increasing number of studies implicating the receptor in a myriad of biological processes. Here I review a couple of processes and particularly focus on the pharmacological effects and effects of genetic invalidations of the receptor as it affects emotional states.

Circadian Rhythms

In mammals, the suprachiasmatic nuclei (SCN) located in the anterior hypothalamus houses the main circadian pacemaker. The SCN is synchronized to the light/dark cycle by photic input directly from the retina via the retinohypothalamic tract, and indirectly by the intergeniculate leaflet and the geniculohypothalmic tract. A third input is a dense serotonergic projection from the raphe nuclei (Meyer-Bernstein and [START_REF] Meyer-Bernstein | Differential serotonergic innervation of the suprachiasmatic nucleus and the intergeniculate leaflet and its role in circadian rhythm modulation[END_REF]. At the time of these observations, how these high concentration of 5-HT in the SCN directly module circadian clock rhythmicity was not fully established [START_REF] Morin | Serotonin and the regulation of mammalian circadian rhythmicity[END_REF][START_REF] Mistlberger | Behavioral feedback regulation of circadian rhythm phase angle in light-dark entrained mice[END_REF]. A proposed causal role of 5-HT in regulating the clock comes from findings that photically responsive neurons within the SCN and surrounding regions are inhibited by low intravenous dose of quipazine, a 5-HT agonist and application of the 5-HT antagonist -metergoline reversed these effects [START_REF] Ying | Effects of serotonergic agonists on firing rates of photically responsive cells in the hamster suprachiasmatic nucleus[END_REF].

Using timed microdialysis perfusions in vivo in the SCN, Ehlen and colleagues showed that 5-HT1,7 receptor agonist 8-OH-DPAT or 5-HT significantly advanced the phase of the Syrian hamster circadian clock and that this phase advances was suppressed by 5-HT2,7 antagonist -ritanserin or by the 5-HT7 antagonist DR4004 suggesting that this clock-reseting action was mediated by 5-HTR7.

However, the identities of the 5-HTR7 expressing cells involved were unknown [START_REF] Ehlen | In vivo Resetting of the Hamster Circadian Clock by 5-HT7 Receptors in the Suprachiasmatic Nucleus[END_REF].

More recently, using intraperitoneal administration of another 5-HTR7 antagonist, -JNJ-18038683, Shelton et al showed that JNJ-18038683 was able to completely block the non-photic phase advances induced by 8-OH-DPAT and significantly attenuated the phase delay of wheel running activities induced by light pulses in mice (Shelton et al., 2015). Overall, 5-HTR7 has proven to be important in the regulation of circadian rhythms and the sleep/wake cycle (specifically REMS). Disruption of these physiological processes has been linked to psychiatric disorders such as depression, and as a result, 5-HTR7 modulators have been examined as potential antidepressants.

Sleep

The evidence showing 5-HTR7 might be implicated in sleep processes comes from two main sourcesthe dense Htr7 expression in sleep related areas like the hypothalamus and thalamic nuclei and how pharmacological manipulations of the receptor affects sleep cycles. An initial demonstration showed that intraperitoneal injections of the 5-HTR7 selective antagonist -SB269970 (30mg/kg) at the onset of normal sleep phase was sufficient to reduce the duration of REM sleep without effects on other sleep stages [START_REF] Hagan | Characterization of SB-269970-A, a selective 5-HT 7 receptor antagonist[END_REF]. In another experiment, same doses of SB269970 increased the latency to the first REM sleep period without compromising the latency to or amount of non-REM sleep. The effects of the antagonist were not observed at lower doses [START_REF] Thomas | SB-656104-A, a novel selective 5-HT 7 receptor antagonist, modulates REM sleep in rats[END_REF].

Though the neuronal mechanisms underlying the 5-HTR7 antagonist-induced modulation of REM sleep are not currently known, it has been proposed that inhibition of the noradrenergic and serotonergic neurons of the locus coeruleus and dorsal raphe by the pontine GABAergic neurons are implicated. This inhibition, in turn disinhibit cholinergic "REM-on" neurons in the pons which send ascending fibers to GABAergic neurons in the thalamus and CA3 regions of the hippocampus implicated in the generation of EEG rhythms (Pace-Schott and Hobson, 2002).

Pain

The presence of 5-HTR7 on central and peripheral nociceptive neuronal circuits emphasize its modulatory rule in pain. 5-HTR7 mRNA was observed in rat and human dorsal root ganglia [START_REF] Meuser | 5-HT7 receptors are involved in mediating 5-HT-induced activation of rat primary afferent neurons[END_REF] and using immunocytochemical methods, Doly and colleagues demonstrated presence of "nociceptor-like" small diameter ganglia in the rat [START_REF] Doly | Pre-and postsynaptic localization of the 5-HT7 receptor in rat dorsal spinal cord: Immunocytochemical evidence[END_REF]. In ultrastructural studies of the dorsal horn, they observed 5-HTR7 expression on presynaptic unmyelinated peptidergic fibers and on postsynaptic peptidergic cell bodies. Expression was also seen on astrocytes. At the supraspinal level, radioligand binding and in situ techniques show 5-HTR7 expression was consistent with areas implicated in pain processing like the medulla, pons, midbrain and thalamic nuclei (Martin-Cora and Pazos, 2004;[START_REF] Neumaier | Localization of 5-HT7 receptors in rat brain by immunocytochemistry, in situ hybridization, and agonist stimulated cFos expression[END_REF].

Quite a number of studies have elucidated the effects of pharmacology of 5-HTR7 on pain mechanisms. There has been reports that pharmacological blockage of the 5-HTR7 with the selective antagonist SB269970 or SB656104 has an anti-nociceptive effect. This was evident in experiments where rats were rendered neuropathic by chronic constriction injury either to the sciatic nerve or spinal nerve and systemic administration of SB269970 reduced hyperalgesia and tactile allodynia (Amaya- et al., 2011). In another study, Martinez-Garcia and colleagues observed that SB656104 significantly decreased c-Fos expression in the spinal nerve of the trigeminal nerve in response to intracisternal injection of capsaicin [START_REF] Martinez-Garcia | Increase of capsaicin-induced trigeminal Foslike immunoreactivity by 5-HT 7 receptors[END_REF].

Castellanos

Though these studies favours the anti-nociceptive effects of 5-HTR7 antagonists, others reported a pro-nociceptive role. Brenchat and colleagues showed that systemic but not local administration of SB269970 and SB258719 increased the mechanical hypersensitivity resulting from capsaicin-induced hyperalgesia or nerve injury in mice [START_REF] Brenchat | 5-HT 7 receptor activation inhibits mechanical hypersensitivity secondary to capsaicin sensitization in mice[END_REF][START_REF] Brenchat | Pharmacological activation of 5-HT 7 receptors reduces nerve injury-induced mechanical and thermal hypersensitivity[END_REF].

Thermoregulation

Preceding the discovery of HTR7, 5-HT-mediated thermoregulation was thought to be primarily due to the 5-HTR1A, with effects of both 5-CT and 8-OH-DPAT which are 5-HT1A agonists. However, these agonists also potently bind to HTR7, raising the probability that HTR7 could play a role in hypothermia induction. Hagan and colleagues, in 2000 showed that local and systemic administration of 5-CT in a dose dependent manner significantly reduced body temperature (by 1.2 -2.3°C) in guineapigs. This hypothermia was almost completely inhibited by SB 269970 (81% inhibition of the 5-CT response within an hour post-dose and lasted for almost 4 hours in this model) [START_REF] Hagan | Characterization of SB-269970-A, a selective 5-HT 7 receptor antagonist[END_REF].

Using same model as Hagan and colleagues, Thomas et al, with a different 5-HTR7 specific antagonist -SB656104, reported same findings. They observed that SB656104 injected 60 minutes before 5-CT, produced a significant reversal of the 5-CT induced hypothermia in a dose dependent manner [START_REF] Thomas | SB-656104-A, a novel selective 5-HT 7 receptor antagonist, modulates REM sleep in rats[END_REF].

Likewise, the Htr7 knockout mice lacked a hypothermic response when administered 5-HT or 5-CT. This was shown in experiments where 5-HT (5mg/kg) systemic injections induced significant hypothermic responses (peak effect at 30 minutes after injections; and approximately 2.5°C reduction in temperature) in wildtype mice whereas it had no significant effects on body temperature in the Htr7 knockouts, supporting the notion that 5-HT induced hypothermia could be largely mediated by the Htr7 [START_REF] Hedlund | No hypothermic response to serotonin in 5-HT7 receptor knockout mice[END_REF].

Locomotion

5-HT is known to activate spinal central pattern generators (CPGs) produced via stimulation of the parapyramidal region (PPR). The 5-HT containing neurons in the PPR of the medulla have been shown

to mediate locomotion in cat, rat, and mouse preparations. These neurons belong to the B3 classification of 5-HT neurons within the lateral paragigantocellular nucleus (LPGi) and project to the spinal cord.

(Jones and Light, 1992) Furthermore, several 5-HT receptor subtypes have been identified in the spinal cord in neonatal rat and mouse spinal cord [START_REF] Schmidt | The role of serotonin in reflex modulation and locomotor rhythm production in the mammalian spinal cord[END_REF][START_REF] Garraway | Pharmacological characterization of serotonin receptor subtypes modulating primary afferent input to deep dorsal horn neurons in the neonatal rat[END_REF].

Using perinatal mouse preparations, Madriaga and colleagues demonstrated that 5-HTR7 is involved in spinal locomotion during early development, as evidenced by the blockade of 5-HT-induced fictive locomotion via the 5-HTR7 antagonist SB-269970. They found that with increasing concentration of the antagonist, at 30minutes intervals, there was a slowing down of locomotor rhythms of thoracolumbar mouse spinal preparations with a complete blockade of L2 rhythm at 4µM concentration.

In other experiments, they showed the involvement of the 5-HT2 and dopaminergic D1/D2 receptors, concluding that for normal rhythmogenesis of the spinal cord, there has to be a combinatory modulatory effect of the monoaminergic systems (Madriaga et al., 2004).

Work by Jordan and colleagues in 2007, also showed that brainstem evoked locomotor-like activity in neonatal rat or mouse spinal cord preparations can be blocked by antagonists to 5-HTR2A and 5-HTR7. They showed that the neurons possessing these two classes of receptors are in different rostrocaudal regions of the spinal cord. 5-HTR7 antagonist was effective when applied to the rostral compartment (above L3); while the 5-HTR2A antagonist blocked locomotor-like activity only when applied to caudal compartment (below L2) [START_REF] Liu | Stimulation of the Para-pyramidal Region of the Neonatal Rat Brain Stem Produces Locomotor-Like Activity Involving Spinal 5-HT7 and 5-HT2A Receptors[END_REF]Jordan et al., 2007).

As noted by Roberts et al, the Htr7 knockout mice in the rotarod test displayed normal locomotor activity, balance, and motor learning abilities in comparison to normal mice. Furthermore, 5-HTR7 antagonists showed no effect on locomotion in Htr7 knockout mice, but when administered to adult wildtype mice, the resultant impairment to locomotion resembles that induced by 5-HT in knockout mice [START_REF] Robert | Mice lacking 5-HT7 receptors show specific impairments in contextual learning[END_REF]. During voluntary locomotion, the maximum extension at the hip and ankle joints was greater in Htr7 knockout mice compared with controls (Liu et al., 2009) suggesting 5-HTR7 is involved in alternating activity during locomotion.

In spinal cord preparations isolated from Htr7 knockout mice, 5-HT administration (20-50µM) provoked non-locomotor-like uncoordinated rhythmic activity or resulted in synchronous discharges of the ventral roots (Liu et al., 2009).

More recently, Clissold and colleagues suggested that 5-HTR7 induced locomotion could depend on the region of the CNS activated. They observed that activation of 5-HTR7 by bilateral intraaccumbens infusion of a 5-HTR7 agonist, AS19 decreased ambulatory activity in food deprived rats [START_REF] Clissold | Serotonin 1A, 1B, and 7 receptors of the rat medial nucleu accumbens differentially regulate feeding, water intake, and locomotor activity[END_REF] and an identical paradigm with the antagonist had no effect [START_REF] Pratt | Selective serotonin receptor stimulation of the medial nucleus accumbens causes differential effects on food intake and locomotion[END_REF].

Anxiety and Depression

There is an increasing number of studies suggesting that antagonizing the 5-HTR7 might attenuate some anxiety-like and depressive phenotypes [START_REF] Hedlund | 5-HT7 receptor inhibition and inactivation induce antidepressant like behavior and sleep pattern[END_REF][START_REF] Bonaventure | Selective Blockade of 5-Hydroxytryptamine (5-HT)7 Receptors Enhances 5-HT Transmission, Antidepressant-Like Behavior, and Rapid Eye Movement Sleep Suppression Induced by Citalopram in Rodents[END_REF][START_REF] Wesolowska | Effect of the selective 5-HT7 receptor antagonist SB 269970 in animal models of anxiety and depression[END_REF]. The selective 5-HTR7 antagonists SB-269970 and JNJ-18038683 have been shown to induce antidepressant-like activity. The FST and TST are behavioural paradigms that are usually used to evaluate potential antidepressant agents (Guscott et al., 2005). SB-269970 induced a reduction in immobility time in both the FST and the TST in mice and rats [START_REF] Hedlund | 5-HT7 receptor inhibition and inactivation induce antidepressant like behavior and sleep pattern[END_REF][START_REF] Bonaventure | Selective Blockade of 5-Hydroxytryptamine (5-HT)7 Receptors Enhances 5-HT Transmission, Antidepressant-Like Behavior, and Rapid Eye Movement Sleep Suppression Induced by Citalopram in Rodents[END_REF][START_REF] Wesolowska | Effect of the selective 5-HT7 receptor antagonist SB 269970 in animal models of anxiety and depression[END_REF]. Similar results were observed in the TST model when mice were treated with JNJ-18038683 [START_REF] Bonaventure | Translational Evaluation of JNJ-18038683, a 5-Hydroxytryptamine Type 7 Receptor Antagonist, on Rapid Eye Movement Sleep and in Major Depressive Disorder[END_REF].

It has been suggested that certain antidepressants could exert some of their effects by acting directly at the 5-HTR7 [START_REF] Mullins | Effects of Antidepressants on 5-HT7 Receptor Regulation in the Rat Hypothalamus[END_REF]. More interestingly, recent studies have found a synergistic interaction between SB-269970 and various antidepressants (Bonaventure et la., 2007;Wesolowska et al., 2007). One of the studies found that mice given an ineffective dose of citalopram, a selective serotonin reuptake inhibitor (SSRI), in conjunction with an ineffective dose of SB-269970 exhibited antidepressant-like behavior in the tail suspension test [START_REF] Bonaventure | Translational Evaluation of JNJ-18038683, a 5-Hydroxytryptamine Type 7 Receptor Antagonist, on Rapid Eye Movement Sleep and in Major Depressive Disorder[END_REF]. At a higher dose, it has been demonstrated that SB-269970 alone reduces immobility in the mouse tail suspension test [START_REF] Hedlund | 5-HT7 receptor inhibition and inactivation induce antidepressant like behavior and sleep pattern[END_REF][START_REF] Bonaventure | Selective Blockade of 5-Hydroxytryptamine (5-HT)7 Receptors Enhances 5-HT Transmission, Antidepressant-Like Behavior, and Rapid Eye Movement Sleep Suppression Induced by Citalopram in Rodents[END_REF]. A similar synergistic interaction between SB-269970 and citalopram has also been described in the mouse forced swim test (Wesolowska et al., 2007).

Another study reported marginal decrease in immobility when wildtype mice were treated with another 5-HTR7 antagonist -SB258719 during the light phase of their circadian rhythm, but same test conducted in the dark phase showed significant decreases in immobility (Guscott et al., 2005). They argued that the observed effect could be due to increased endogenous tone on the 5-HTR7 during the active phase of the mouse's day which is the dark phase. Since highest levels of 5-HT release have been demonstrated

to be associated with periods of high activity, which occurs at night in nocturnal species [START_REF] Dudley | Endogenous Regulation of Serotonin Release in the Hamster Suprachiasmatic Nucleus[END_REF]. Supporting their hypothesis was another study where they used another 5-HTR7 antagonist -SB258741. Here they reported that administration of the antagonist was ineffective when mice were tested in the FST under normal conditions [START_REF] Pouzet | Effects of the 5-HT7 receptor antagonist SB-258741 in animal models for schizophrenia[END_REF].

A study however, assessed whether the 5-HTR7 agonist AS-19 possessed antidepressant-like effects in Parkinson's disease-associated depression. In this study, a 6-hydroxydopamine (6-OHDA)-induced

Parkinson's disease rat model was utilized, and the effect of direct injection of AS-19 or the 5-HTR7

antagonist SB-269970 into the brain was assessed in the FST. When 6-OHDA-induced lesions were localized in the medial prefrontal cortex and the test compound was injected into this region, AS-19 displayed antidepressant effects while SB-269970 enhanced depressive-like activity [START_REF] Zhang | Comparison of ketamine, 7,8dihydroxyflavone, and ANA-12 antidepressant effects in the social defeat stress model of depression[END_REF].

There are reports that the Htr7 KO mice exhibit reduced immobility times in both the FST and the TST [START_REF] Hedlund | 5-HT7 receptor inhibition and inactivation induce antidepressant like behavior and sleep pattern[END_REF]Guscott et al., 2005). Using the Htr7 KO mice, Guscott and colleagues reported that in baseline test for anxiety (using the EPM) phenotypes, the mice behaved as their wildtype counterparts. However, they showed a reduction in immobility in the FST when compared to the wildtype mice. Most studies determining a relationship between 5-HTR7 and modulation of anxiety-like behavior have produced inconsistent results. Early studies demonstrated a lack of anxiolytic effects in Htr7 KO mice, particularly in the light/dark transfer [START_REF] Roberts | Mice lacking 5-HT 7 receptors show specific impairments in contextual learning[END_REF], and genetic inactivation of 5-HTR7 did not increase the amount of time mice spent in a light compartment compared to a dark one, nor did they spend more time in an open elevated arm compared to a closed-off arm (Guscott et al., 2005). Sarkisyan and colleagues reported that though various classes of antidepressants may act independently of the 5-HTR7 in reducing immobility in the FST and TST, interaction experiments where the antidepressant is administered with the 5-HTR7 antagonist show a synergistic effect (Sarkisyan et al., 2010). They reported that an ineffective dose of citalopram (1mg/kg) when combined with an ineffective dose of SB-269970 (1mg/kg), reduced immobility in 5-wildtype mice but when administered alone, had no effect.

Interestingly, a recent paper analyzed the possible implication of 5-HTR7 in the pateint's response to SSRIs. In a first cohort of depressed patients classified as responders or non-responders to SSRIs, they found that one SNP in the promoter region of Htr7 was associated with better therapeutic response to SSRIs. This was confirmed in another independent cohort, and in functional assays, the SNP, rs7905446 (T/G) was found to induce higher levels of 5-HTR7 expression [START_REF] Wei | A functional variant in the serotonin recveptor 7 (Htr7), rs7905446, is associated with good response to SSRIs in bipolar and unipolar depression[END_REF].

Although these results go in different directions, they overall indicate a potential important interaction between effects of SSRIs and the 5-HT7R.

Chapter I Early life stress impairs postnatal oligodendrogenesis and adult emotional behavior through activity-dependent mechanisms

Early life stress has long-term effects on the structure and function of the prefrontal cortex (PFC) and increases the risk for adult depression and anxiety disorders. However, little is known about the molecular and cellular mechanisms of these effects. Here we concentrated on changes induced by chronic maternal separation during the first two weeks of postnatal life. Unbiased mRNA expression profiling in the medial PFC (mPFC) of maternally separated (MS) pups identified an increased expression of myelin-related genes and a decreased expression of immediate early genes.

Oligodendrocyte lineage markers and birthdating experiments showed a precocious oligodendrocyte differentiation in the mPFC at P15, leading to a depletion of the oligodendrocyte progenitor pool in MS adult mice.

We tested the role of neuronal activity in oligodendrogenesis, using designed receptors exclusively activated by designed drugs (DREADDs) techniques. Local inhibition of the mPFC neurons during the first two postnatal weeks caused a premature differentiation of oligodendrocytes in the MS pups while, chemogenetic activation normalized premature oligodendrogenesis of the MS animals.

Overall, the experiments from this chapter identify early neuronal activity as a critical target of early life stress and demonstrate its function in controlling postnatal oligodendrogenesis and PFC-related behaviours.

Introduction

The environment a child encounters during early life plays a critical role in normal brain development. Thus, early-life stress (ELS), which includes various forms of child abuse and neglect, has repeatedly been shown to increase the risk to develop psychiatric disorders [1][2][3][4]. Current evidence that ELS alters developmental trajectories is essentially based on brain imaging studies in adult patients who experienced childhood adversity. These studies showed altered brain activity and myelin content, notably affecting the medial prefrontal cortex (mPFC), which constitutes a critical hub for emotional control and cognition [5][6][7][8].

Since the mPFC has a protracted postnatal development, it is a likely target for environmental challenges occurring in childhood.

To identify the pathophysiological mechanisms leading to ELS phenotypes, in particular as regards mood and anxiety disorders, several preclinical models have been developed [9,10]. The most common involves daily maternal separation of rodent pups during the early postnatal period, a time when pups normally spend most of their time huddled in the mother's nest [9,11]. Maternal separation (MS) during the first postnatal weeks induces a permanent impairment of emotional and cognitive behaviours, together with an altered physiology and myelination of the mPFC [12][13][14][15]. Strikingly, these behavioural and structural defects closely reproduce the phenotypes of humans exposed to childhood trauma [10,16]. Several of these alterations are already apparent at juvenile or adolescent stages [14,[17][18][19][20] but the causal mechanisms remain poorly understood.

Here, we focused on cellular and molecular changes occurring in the mPFC at the outset of ELS. We started with an unbiased transcriptomic screen of the mPFC, comparing MS with standard facility raised (SFR) pups. We identified major changes in gene pathways associated with myelination and neuronal activity. Turning to cellular analyses, we document a precocious differentiation of oligodendrocyte progenitor cells (OPC) in P15 MS pups, which coincides with an increase in myelin-related transcripts, and a depletion of the OPC pool in adults. Considering the important role of neuronal activity in adult myelination [START_REF] Lebrand | Transient developmental expression of monoamine transporters in the rodent forebrain[END_REF], we tested the contribution of altered mPFC neuronal activity during development on maternal separation phenotypes using designed receptors exclusively activated by designed drugs (DREADDs) [22]. We find that local and transient decrease in neuronal activity from P2 to P14 is sufficient to induce premature OPC differentiation, while transient increase in neuronal activity in MS pups, prevents it. Additionally, we demonstrate that some of the behavioural symptoms induced by ELS in adulthood are modulated by changes in mPFC neuronal activity during development.

Material And methods

Animals

All experiments performed in mice were in compliance with the standard ethical guidelines (European Community Guidelines and French Agriculture and Forestry Ministry Guidelines for Handling Animals-decree 87849). All procedures have been approved by the ethical commity of the region Ile de France (Comité Darwin, agreement 09047.04). All dams were first-time pregnant BALB/cJ Rj mothers shipped from Janvier Labs ~7 days before delivery. At arrival, pregnant females were group-housed by two and litter sizes were homogenised from 8 to 14 animals with both genders represented. After weaning at P21, all the mice were grouphoused (4-5 per cage), and kept under standard laboratory conditions (22 ± 1 °C, 60% relative humidity, 12-12 h light-dark cycle, food and water ad libitum) in ventilated racks. Males and females were similarly exposed to maternal separation protocol (MS pups) and/or viral injections, but only males were used for the experiments while females were sacrificed at weaning except for: (i) a first cohort of MS animals in which both genders were behaviourally tested and (ii) females receiving viral injection at P1 and sacrificed at P2, P4, P6, P8 and P10 for time course of viral expression or at P8 or P14 to test for CNO efficacy using Egr1 staining.

Maternal separation protocol

Maternal separation of pups from their dams was conducted daily between 1.00 and 4.00 P.M., starting at postnatal day 2 (P2) and terminating at P14. Briefly, dams were first removed from the home cage and placed into a clean cage, then pups, were collected and placed together into another clean cage. The two cages were separated at some distance to avoid vocalised communications. After 180 min, pups and then dams were returned to their home cages. Control animals were standard facility-reared (SFR) and did not receive extra handling. Animals were sexed at P1 to allow random but homogeneous distribution of males, a first cage change occurred at P2 and then every week.

RNA-sequencing

For the transcriptomic profiling, bilateral mPFCs from SFR (n = 12) and MS (n = 12) animals were dissected manually at P15 (Fig. 1a), fast frozen on dry ice and collected in 100 µl of RNALater® (Ambion, Life Technology). Three unilateral mPFCs from different litters were pooled to generate four samples per group. Samples were shipped to Penn State Hershey Genome Sciences Facility (USA). Total RNA was extracted using mirVana kit (Thermo Fisher Scientific) and a bead mill homogeniser (Bullet Blender, Next Advance) together with an equivalent mass of stainless steel beads (Next Advance) were used to homogenise the tissue. The complementary DNA (cDNA) libraries were prepared using SureSelect Strand-Specific RNA Library Preparation Kit (Agilent Technologies) and RNA and cDNA qualities were assessed using BioAnalyzer Kits (Agilent Technologies, RNA 6000 Nano and High Sensitivity DNA). The 12 libraries were loaded onto TruSeq SR v3 flow cells on an Illumina HiSeq 2500 and run for 50 cycles using a single-read recipe (TruSeq SBS Kit v3). The Illumina CASAVA pipeline Version 1.8 was used to extract de-multiplexed sequencing reads and FastQC (version 0.11.2) was used to validate the quality of the raw sequence data. Additional quality filtering was performed using FASTX-Toolkit with a quality score cutoff of 20. Next, alignment of the filtered reads to the mouse reference genome (mm10mm10) was done using Tophat (version 2.0.9) allowing two mismatches. Raw read counts were calculated using HTSeq-count [23]. The "remove unwanted variation" (RUVg) strategy ("RUVseq" R package, v3.1) as described by Risso et al. [24] was used along with edgeR [25] to identify differentially expressed genes (DEG) between MS and SFR animals. First, we normalised the raw read counts by selecting a set of "in-silico empirical" negative controls, i.e., 5000 least significantly DEG genes based on a first-pass DEG analysis performed prior to normalisation. Normalised read counts were applied, using the negative binomial GLM approach implemented in edgeR, using the Likelihood Ratio Test method. Significantly DEG were defined to be those with q-value < 0.05 calculated by the Storey et al. method [26].

Reverse transcription quantitative PCR (RT-qPCR)

mPFCs were dissected and homogenised in 1 ml of TriReagent (Sigma-Aldrich) using a Polytron®PT13000D (Kinematica) and RNA was extracted according to standard protocols. Genomic DNA was removed by digestion with Amplification Grade DNase I (Sigma-Aldrich). First-strand cDNA was synthesised by reverse transcription of 5 μg of total RNA with Superscript-II reverse transcriptase (Invitrogen) according to standard protocols. Reverse transcriptase was omitted in some samples as negative controls. Relative expression levels of Gapdh, Arc, Fos, Fosb, Mag, Mog and Plp1 mRNAs were determined by real-time quantitative PCR (RT-qPCR) using Absolute SYBR Green Mix (ABgene) and sets of specific primers (Supplementary Table 2) on a 96-wells plate (Thermo Scientific AB-0600). Gene expression was normalised to mouse Gapdh mRNA expression. Data were analysed with the 2 -ΔCt method on MxPro qPCR software (Agilent Technologies), and values are expressed as the mean of duplicates.

AAV injections in the PFC

AAV8-hSyn-hM3D(Gq)-mCherry, AAV8-hSyn-hM4D (Gi)-mCherry, AAV9-hSyn-hChR2(H134R)-EYFP or AAV8-hSyn-EGFP viruses (Addgene #50474, #50475, #26973 or #50465) were used as specified. The titres were within the range of 10 12 -10 13 particles/ml. Injections were done on P1 mice pups anaesthetised on ice (1 min or until the absence of pinch reaction) and maintained on a frozen pad during all the procedure (max 8 min). At the beginning of the experiment, litters were separated from the dams and placed into a heated cage with bedding. Pups were then individually anaesthetised and maintained in a prone position with the skull flat, the skin was gently opened as a single incision with a razor blade. The mPFC was targeted using as a reference the inferior cerebral vein (~2-3 mm posteriorly) and the superior sagittal sinus (~2 mm laterally). Bilateral injections (200 nl each) were performed 1.1 mm deep from the skull surface using a pulled glass capillary (30-50 µm tip diameter PCR micropipette, Drummond Scientific Company) mounted on a hydraulic micromanipulator MO-10 (Narashige, Japan). After the injection, the pups were immediately removed from the ice, the opened skin was sealed with tissue glue (Vetbond #1469, 3M, France) and pups were gently warmed up. All pups from the same litter were injected to avoid competition for feeding and were returned together to their home cage at the end of the procedure. Careful supervision was provided during the hours following the procedure to ensure mother acceptance and re-glue the scars if necessary. Afterwards, cages were returned to the normal facility and daily supervision was provided.

Chronic CNO injections

A saline solution (SAL, 0.9% NaCl) or 5 mg/kg CNO + 0.9% NaCl solution was injected daily from P2 to P14, either subcutaneously (P2-P4) or i.p. (P5 onward). For SFR + hM4Di and SFR + GFP cohorts, injections were done at 1 p.m. For the MS + hM4Dq cohort, injections were done at 4 p.m. at the end of the maternal separation period.

Tissue processing

Mice were sacrificed at different postnatal times (P2-P15) and adult stages. All mice were anaesthetised (Pentobarbital 0.5 mg/g) and fixed by intracardiac perfusion of 4% paraformaldehyde in 0.1 M phosphate-buffer (PB pH = 7.2) using a peristaltic pump (Thermoscientific Masterflex). Brains were quickly removed, post-fixed overnight in the same fixative solution, and cryoprotected 2 days in 30% sucrose containing 0.01% sodium azide. Thirty-five micrometre thick coronal sections were prepared using a cryostat (Leica) or a cryotome (Microm Microtech). Serial sections from the whole brain were collected as series of 6. Tissue sections were used immediately for immunohistochemistry or stored at -20 °C in a cryoprotective solution (30% ethylene glycol and 30% sucrose in 0.1 M phosphate buffer, pH = 7.4).

Immunohistochemistry

Immunolabelling techniques were used on free-floating sections, and all the washes and antibody incubations were performed in blocking solution containing 1% horse serum and 0.2% triton in phosphate buffer saline (PBST). The following primary antibodies were applied for 24 h (or 48 h for anti-cFos antibodies) at 4 °C: mouse anti-APC/CC1 Ab-7 (Millipore, OP80, 1:100), chicken anti-mCherry (Abcam, 205402, 1:1000), rat anti-Ctip2 monoclonal (Abcam, ab18465, 1:500), rabbit anti-cFos (Synaptic System 226003, 1:1000) for P9 MS/SFR pups, rabbit anti-cFos antiserum (Abcam, 190289, 1:1000) for DREADDs experiments, mouse anti-NeuN (US Biological, 1:600), rabbit anti-Olig2 (Millipore Ab9610, 1:1000), rat anti-PDGFRα (BD Bioscience, 558774, 1:600) and rabbit anti-Tbr1 (Abcam, 1:1000). The corresponding fluorescent donkey antisera secondary (Jackson ImmunoResearch, 1:200) were applied for 2 h at room temperature. Sections were subsequently mounted using the SlowFade (Molecular Probes 536939).

Image acquisition

Fluorescent images were acquired on a Leica SP5 confocal system equipped with an Argon laser (for the 488 nm excitation), a Diode 561 nm and HeNe 633 nm. Z-series stacks of confocal images were acquired at 1024 × 1024 pixels resolution, with a pinhole set to one Airy unit and optimal settings for gain and offset.

Western blot

P15 SFR and MS mice were decapitated and mPFC were macroscopically dissected on ice. Tissue from two brains were pooled and 600 μl of lysis buffer [Tris 100 mM pH 7.6, EDTA 0.5 M pH 8, 1% Triton X-100 and protease inhibitor cocktail (#P8340, Sigma, France)] was added to the tissue and sonicated on ice for 5 min. Samples were centrifuged at 13,000 × g (30 min at 4 °C), supernatants were collected, and an aliquot from each sample was used for protein determination (bicinchoninic assay). A total of 40 μg of each protein extract sample was subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis, using NuPage 4-12% Bis-Tris polyacrylamide gels (Invitrogen, France). Proteins were blotted onto a 0.45-μm nitrocellulose membrane (Thermo Fisher, France). Membranes were blocked (1 h) in 5% non-fat milk dissolved in PBS (pH = 7.6) + 0.1% Tween (PBST) and incubated overnight in 1:1000 rabbit anti-PLP1 (Abcam, Cat. # ab28486) or 1:1000 mouse anti-Tuj1 (BioLegend, Cat. # 801201) at 4 °C. After three rinses in PBST, membranes were incubated in Alexa Fluor 790-conjugated donkey anti-rabbit secondary antiserum (1:10,000,Jackson ImmunoResearch, or Alexa Fluor 680conjugated donkey anti-mouse secondary antiserum (1:20,000, Jackson ImmunoResearch, #715-625-151) at room temperature for 90 min. Data were expressed as the ratio between the bands intensity of PLP1 and Tuj1.

Acute slice preparation and electrophysiology

P9-P11 mice were sacrificed by decapitation and the brains were immediately removed from the skull and placed in oxygenated 4 °C artificial cerebrospinal fluid (ACSF1), with the following concentrations in mM: 125 NaCl, 2.5 KCl, 25 glucose, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 2 CaCl 2 and 1 MgCl 2 , and continuously bubbled with 95% O 2 -5% CO 2 . Slices (250 µm) were cut using a vibroslicer (HM650V, Microm) and incubated at 32 °C for 20 min and then at room temperature (20-25 °C). For patch-clamp recordings, slices were transferred to the recording chamber and continuously superfused with ACSF2 (30-32 °C), with the following concentrations in mM: 125 NaCl, 3.5 KCl, 25 glucose, 25 NaHCO 3, 1.25 NaH 2 PO 4 , 1 CaCl 2 and 0.5 MgCl 2 , pH 7.2, and continuously bubbled with 95% O 2 -5% CO 2 . mCherry + neurons were visually identified using an upright microscope (BX 51, Olympus) equipped with standard epifluorescence. To minimise cell-to-cell variability, we selectively recorded from thick-tufted layer five pyramidal neurons, which were identified based on their pyramid-like soma and stereotypical dendritic morphology with a prominent apical dendrite. Patch-clamp pipettes (4-6 Mohm resistance) were prepared from borosilicate glass (BF150-86-10; Harvard Apparatus) with a DMZ pipette puller (Zeitz). Patch-clamp experiments were performed using the following intracellular solution: 105 K-gluconate, 10 HEPES, 10 phosphocreatine-Na, 4 MgATP, 30 KCl (pH 7.25, adjusted with KOH). GABA A receptors were blocked with 10 μm SR95531 hydrobromide (Gabazine, HelloBio), AMPA receptors with 10 μM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, Hello Bio Inc), and NMDA receptors with 50 μM d-APV (HelloBio). To activate DREADDs in current-clamp experiments, mCherry + thick-tufted layer five pyramidal neurons were patch-clamped in the presence of CNO (30 μM) or clozapine (1 μM) in the ACSF. Intrinsic excitability was measured as the firing frequency in response to incremental depolarising current steps. To measure CNO-induced currents in voltage-clamp experiments, holding current was recorded every 2 s. Thirty consecutive sweeps starting 2 min after CNO application were averaged and compared to the average of 30 sweeps immediately prior to CNO application ("baseline"). Barium chloride (100 μM, Sigma) was always applied in the ACSF at the end of the experiment to block CNO-induced currents. The junction potential (-5 mV) was not corrected for. Data acquisition was performed using Patchmaster software (Heka Elektronik). Signals were sampled at 20 kHz and filtered at 3 kHz, and off-line analysis was performed using Igor (WaveMetrics Inc.). The experimenter was blind to both treatment and/or viral subtype.

Behavioural studies

Female and male mice were tested separately for emotional behaviours starting at P80 and animals were generated to reach at least ten per group. The tests were performed in the following order: open field (OF), elevated plus maze (EPM), marble burying, sequential object recognition (SNOR), splash test and the 2-days forced swim test, with 3 to 7 days between each test according to the stressful character of the test. All behavioural testing was done during the light cycle between 9.00 a.m. and 6.00 p.m. Animals were habituated to the testing room for at least 30 min and the experimenter was blind to animal treatment . To eliminate odour cues, each apparatus was thoroughly cleaned with alcohol after each animal. Testing took place under dim light conditions (40 lux) for OF, EPM, SNOR and splash test to enhance tracking of white mice, and under normal light conditions (80 lux) for the other tests.

Open field

Mice were placed in the centre of rectangular plastic grey boxes (H24.5 x L35 x L55 cm) and activity was recorded for 20 min. Total distance and time spent in the centre of the OF were automatically recorded using AnyMaze tracking software (Stoelting Co).

Elevated plus maze

The maze is a grey plus-crossed-shaped apparatus, with two open arms (30 cm) and two closed arms (30 m) of 5 cm width, linked by a central platform and located 40 cm above the floor. Mice were individually put in the centre of the maze facing an open arm and were allowed to explore the maze for 10 min. The time spent and the entries into the open arms were automatically measured using AnyMaze tracking software and used as anxiety indexes.

Marble burying

Housing cages (20 × 36 cm) were filled with 6 cm of clean wood bedding with 12 marbles uniformly spaced [27]. Mice

Early-life stress impairs postnatal oligodendrogenesis and adult emotional behaviour through. . .

were individually placed in a corner of the cage and the number of marbles buried on more than 2/3 of their surface was manually recorded every minute for 20 min.

Splash test

Group housed animals were placed in a new cage with bedding for at least 30 min. Mice were then individually sprayed on the back twice (~2 × 0.6 ml) with 20% sucrose solution in water and placed in a corner of their home cage. Grooming behaviours, including licking, stroking and scratching were manually recorded using AnyMaze software keys.

Sequential novel object recognition

This is an adapted version of the novel object recognition test considered to be more specific to mPFC functioning [28]. Animals were first habituated to the arena (same grey boxes as OF), without stimuli for 10 min daily for 2 days before the behavioural testing. The task comprises two sample phases and one test trial. In each sample phase, mice were allowed to explore two copies of an identical object for a total of 4 min. Different objects were used for sample phases 1 and 2 (miniature car then plastic hook, or glass tube then cork of Falcon tube, or plastic mug then cell culture flask), with a 1 h delay between the sample phases. The test trial (3 min) was given 3 h after sample phase 2 and consisted in placing together one copy of each set of objects. If temporal order memory is intact, the subjects will spend more time exploring the less recent object (from sample 1) compared with the more recent object (from sample 2). The positions of the two objects were counterbalanced between animals.

Porsolt forced swim test

Testing of behavioural despair was carried out on 2 consecutive days using a glass cylinder (40 × 20 cm diameter) filled with water (23-25 °C) up to 3/4. Mice were tested once a day for 6 min. All the swim sessions were videotaped and manually tracked using AnyMaze software keys. Only day 2 data are represented.

Statistics

The Gaussian distribution of the values was tested on Prism software using d'Agostino and Pearson or Shapiro-Wilk for n < 7. If data followed a Gaussian distribution, two tailed ttest or one-way ANOVA test were performed; otherwise specific tests were applied as specified in the text. All results are expressed in mean ± sem. *p < 0.05, **p < 0.01 and ***p < 0.005.

Results

Early-life stress (ELS) alters the expression of immediate early genes and genes involved in myelin formation in the developing medial prefrontal cortex (mPFC)

As a preclinical model of ELS, we used the common model of chronic maternal separation, where pups are daily separated for 3 h from their dam starting at postnatal day 2 (P2) and until P14 (Fig. 1a) [11,15]. This procedure has previously been shown to cause behavioural phenotypes in adults, such as increased depressive-like symptoms and cognitive deficits, suggestive of alterations of mPFC development. To identify early molecular candidates potentially involved in the permanent alterations induced by ELS, we focused on the chronic effects of maternal separation by analysing P15 brains, sampled 24 h after the last maternal separation (MS), compared with standard facility raised (SFR) pups. We performed an unbiased genetic screen using high-throughput RNA sequencing and minimised inter-individual variations and dissection biases by pooling mPFC of three males from different litters and testing four independent samples per condition. After normalisation, we found a total of 86 genes differentially expressed between MS and SFR animals (adjusted p-value < 0.05 and change in transcript level >30%, Supplementary Table 1). Among the 56 upregulated genes, Gene Ontology (GO) analyses revealed a major enrichment in biological processes related to myelin ensheathment and oligodendrocyte differentiation (red dots in Fig. 1b and Supplementary Fig. 1a). Similar analyses of the 30 downregulated genes showed enrichment in cellular response to calcium (Supplementary Fig. 1b) likely due to a strong representation of several immediate early genes (IEG) (blue dots in Fig. 1b). To validate these changes, we performed quantitative PCRs on mPFC mRNAs obtained from a new cohort of MS and SFR animals analysed at P15. This second cohort confirmed the decrease in of several IEG transcripts (Fos, Fosb and Arc, Fig. 1c) and the increase in the myelin-related transcripts analysed (Mag, Mog and Plp1 , Fig. 1d). We further examined whether increase in gene expression was reflected at protein levels. Western blots against PLP1 in the P15 mPFC showed an increase in PLP1 levels after MS (0.45 + /-0.07; n = 5) compared to SFR (0.27+/-0.06; n = 5; p < 0.01) (Supplementary Fig. 1c,d). Altogether, this unbiased approach identified early concomitant alterations of transcripts related to IEG and myelin ensheathment in the mPFC of postnatal animals exposed to maternal separation.

Premature OPC differentiation in ELS pups

To determine possible causes of the increase in myelinrelated transcripts, we investigated oligodendrogenesis in the MS animals. The postnatal period corresponds to an intense proliferation of oligodendrocyte progenitor cells (OPCs) and P15 marks the initiation of differentiation into myelinating oligodendrocytes in the mPFC [20,29]. We performed triple immunostaining of Olig2, PDGFRα and CC1 to distinguish OPCs (Olig2 + PDGFRα + , Fig. 2a) from differentiated oligodendrocytes (OLs, Olig2 + CC1 + ) [30]. At P15, the density of OPCs was unaltered in the mPFC of MS animals compared to SFR animals (F(1,7) = 0.032 p = 0.863, Fig. 2b), but we detected a significant increase in the Early-life stress impairs postnatal oligodendrogenesis and adult emotional behaviour through. . . density of OLs (F(1,7) = 21.84 p = 0.0023, Fig. 2c). At adult stages, we observed a significant decrease in OPC density (F(1,8) = 6.28 p = 0.036, Fig. 2d), while no difference in OL density or Plp1 levels was detected after MS (F(1,8) = 0.022 p = 0.8865, Fig. 2e and Supplementary Fig. 1d). To test whether early differentiation contributes to these observations, sequential staining of the dividing progenitors was performed using two thymidine analogues at P10 (iodo-deoxyuridine, IdU) and P15 (bromo-deoxyuridine, BrdU, Fig. 2f). This interval was chosen because postnatal OPCs differentiate into OLs in ~5 days [29]. In the mPFC of P15 MS animals, the fraction of OPCs that kept dividing between P10 and P15 (triple labelled with Olig2 + IdU + BrdU + , blue dots in Fig. 2g, F(1,5) = 12.62 p = 0.0163) was significantly reduced, while the differentiating fraction (Olig2 + IdU + BrdU -, pink dots, F(1,5) = 7.234 p = 0.0433) was increased. Thus, our results demonstrate that maternal separation induces a precocious differentiation of the OPC pool during development, as a potential cause for depletion of the OPC pool in adults. To assess how oligodendrogenesis defects could be related with the alterations in IEG we previously observed, we performed immunostainings on MS P9 mPFC (Supplementary Fig. 2). We observed that the decrease in cFos expression was already present at P9, while no change in CC1 + Olig2 + or PDGFRα + Olig2 + density could yet be detected. These results suggest that the chronic downregulation of neuronal activity in the MS pups preceded the defects in oligodendrogenesis. Considering the important role of neuronal activity in adult myelination [START_REF] Lebrand | Transient developmental expression of monoamine transporters in the rodent forebrain[END_REF], we further tested how manipulation of neuronal activity over the early postnatal period could modify oligodendrogenesis.

Chemogenetic manipulation of mPFC postnatal activity bi-directionally controls developmental oligodendrogenesis

We used viral delivery of AAVs expressing DREADDs to transiently and bi-directionally manipulate neuronal activity in the developing mPFC [22,31]. AAV8-hSyn-hM4Di-mCherry or AAV8-hSyn-hM3Dq-mCherry viral constructs were bilaterally injected into the mPFC of all P1 pups (Fig. 3a). A time course analysis of DREADD expression in the mPFC showed mCherry expression visible as early as P2, with a progressive increase until P6 when expression reached a plateau (Fig. 3b). The characterisation of cell types transfected was done at P15: 38% ± 5.2 of the mPFC NeuN + cells were mCherry + upon hM4Di injections and 51.8% ± 4.4 upon hM3Dq injections. In addition, 95.98% ± 0.06 of the mCherry + cells were NeuN + , and no co-expression of mCherry with Olig2 or PDGFRα or the oligodendrocyte-specific antibody CC1 could be detected (data not shown) supporting that our viral transfection experiments essentially targeted neurons. A bias for deeplayer glutamatergic neurons was observed using Tbr1 and Ctip2 + as markers of these populations: 72.59% ± 3.75 of the mCherry + cells were Tbr1 + or Ctip2 + and only 6.17% ± 1.24 were GABA + (Fig. 3b,c).

All mice received viral injections in the PFC at P1, and further received daily injections of saline (SAL) or the inert ligand Clozapine-N-Oxyde (CNO) from P2 to P14. Pups injected with the inhibitory construct were raised in the SFR condition (referred to as SFR + hM4Di, Fig. 3a). Conversely, pups injected with the activating construct were submitted to the maternal separation protocol (referred to as MS + hM3Dq).

To evaluate how these experimental conditions modified PFC activity, we used ex vivo patch-clamp electrophysiological recordings to measure neuronal excitability and immunolabeling of immediate early genes (cFos/ Egr1) to evaluate the in vivo consequences on mPFC neural activity. We first tested the effect of DREADD activation on intrinsic excitability, i.e., the propensity of a neuron to fire action potentials when subjected to an input current. In slices of animals receiving mPFC hM3Dq injections, there was a robust increase in neuronal intrinsic excitability in the hM3Dq-mCherry + layer five pyramidal neurons upon exposure to CNO (30 µM) or to its potential metabolite clozapine (1 µM) (Supplementary Fig. 3a,b). In parallel, a significant increase in cFos labelling in the mPFC was observed (Supplementary Fig. 4c). In slices prepared from pups with the SFR + hM4Di protocol, exposure to CNO or clozapine did not modify intrinsic excitability significantly (Supplementary Fig. 3c,d), although the low firing frequency and the resulting high trial-to-trial variability in our experimental conditions may have made small effects difficult to detect. Since hM4Di activates G protein-coupled inwardly rectifying potassium (GIRK) channels, we tested whether CNO elicits GIRK-mediated currents in voltage-clamped hM4Di-mCherry + pyramidal neurons. Indeed, CNO application (30 μM) elicited a small but significant outward current (16.3 ± 5.8 pA, n = 11, p = 0.002, Mann-Whitney test) that was inhibited by barium (100 μM), a blocker of GIRK channels (Supplementary Fig. 3e,f). As recent results suggested that hM4Di was pre-synaptically targeted in cortical neurons [32], we examined whether hM4Di also altered the probability of glutamate release from pyramidal neurons. We expressed both Channelrhodopsin (ChR2-YFP) and hM4Di-mCherry in mPFC under the control of the synapsin promoter. In ChR2-YFP-hM4Di-mCherry - layer five thick-tufted neurons located in the vicinity of ChR2-YFP + hM4Di-mCherry + neurons, short-light pulses elicited excitatory postsynaptic currents (EPSCs, Supplementary Fig. 3i). The paired-pulse ratio, a measure of release probability, was unchanged in CNO-exposed neurons versus controls (respectively, 0.982 ± 0.009 and 0.985 ± 0.006, p = 0.81, two-tailed t-test, (Supplementary Fig. 3j). Thus, hM4Di activation inhibited the somatodendritic compartment of pyramidal cells through GIRK channel activation but did not modify presynaptic release. The inhibitory action of hM4Di was also confirmed by a significant decrease in mPFC Egr1 expression among hM4Di-mCherry + neurons in P8 and P15 animals sacrificed 2 h after CNO injection (Supplementary Fig. 4a). Additionally, a sustained decrease in cFos labelling was observed in P15 mPFC of SFR + hM4Di mice sacrificed 24 h after chronic CNO exposure (P2-P14) compared to the saline treated group (Supplementary Fig. 4b). Altogether, these results support the efficacy of our pharmacogenetic approach for either mimicking or counter-acting the chronic reduction in IEG expression in the mPFC induced by MS during the postnatal period.

To test the role of changes in early neuronal activity in the oligodendrogenesis defects induced by maternal separation, P15 and adults brains were analysed after SFR + hM4Di or MS + hM3Dq treatments, as described above. In P15 SFR + hM4Di animals exposed to CNO, we found no difference in OPC density but an increased density of OLs compared to saline exposed animals (F(1,7) = 15.991 p = 0.005, Fig. 3f); while at adult stages, we observed a decrease in OPC density (F(1,9) = 7.809 p = 0.0209, Fig. 3g) with no changes in OL density in CNO versus SAL groups. Conversely, in the P15 MS + hM3Dq mPFC, we found an increase in OPC density (F(1,7) = 6.52 p = 0.0379, Fig. 3i), with no changes in OL density in CNO versus SAL group comparisons (Fig. 3j). In adults that had been developmentally exposed to MS + hM3Dq, there was an increase in OL density (F(1,8) = 25.795 p = 0.001, Fig. 3l) with no alterations in OPC density when comparing the CNO versus SAL groups (Fig. 3k). Overall, this indicated that transient reduction of mPFC neuron excitability reproduced the oligodendrogenesis defects of MS mice, suggesting a similar premature exit of the cell cycle. Moreover, increasing neuronal excitability of mPFC neurons was sufficient to prevent the oligodendrogenesis defects induced by MS. These results indicate a causal role of altered mPFC neuronal activity on the precocious oligodendrogenesis observed in MS animals.

Early-life stress impairs postnatal oligodendrogenesis and adult emotional behaviour through. . .

Postnatal local decrease in mPFC activity recapitulates MS behavioural phenotype in adults

We then tested whether chemogenetic manipulations in the developing PFC could affect the emotional and cognitive symptoms induced by MS. We began with a characterisation of the behavioural phenotype of adult MS BALBcJ mice (Fig. 4a), since some variability of long-term behavioural effects of MS have been reported between different mouse strains [11]. In our protocol, adult MS males showed decreased exploration (Mann-Whitney p = 0.0002 the forced swim test (FST, F(1,26) = 6.048 p = 0.0209, Fig. 4f) and an impaired short-term memory in the sequential novel object recognition test (SNOR, F(1,23) = 4.75 p = 0.0396,) which measures temporal order memory (as the preference in exploring an object seen less recently than another) [18,28]. These results confirmed an increase in anxiety and depression-related behaviours in MS animals and an impairment in a test of recognition memory, which has been linked to mPFC function [28].

In adults SFR + hM4Di animals, comparison of mice exposed to CNO or SAL from P2 to P14 revealed behavioural alterations very similar to those of MS animals. These included reduced exploration in the OF (distance F( 1 4g'). They also show delayed postnatal growth with a sustained decrease in adult weight, as MS animals (Supplementary Fig. 5). To exclude any unwarranted effects of the effects of chronic exposure to CNO, we injected a new cohort of animals with AAV8-hSyn-GFP at P1, administered CNO or SAL daily from P2 to P14 and tested their adult behaviour. In this cohort, no change in any of the behavioural tests was found between the CNO and SAL groups (Supplementary Fig. 6). Altogether, our data show that decreasing mPFC neuronal activity during development is sufficient to recapitulate salient features of the MS's adult phenotype.

Postnatal local increase in mPFC activity prevents the emergence of depression-related phenotype induced by maternal separation

To test the role of reduced mPFC activity in the behavioural phenotype of MS animals, we assessed the behaviour of animals exposed to MS with or without chemogenetic activation (hM3Dq) of mPFC neurons (Fig. 5a). CNO-and To strengthen our analysis of the depression-related phenotype we used the sucrose splash test, which measures self-care and hedonic behaviours [33]. Animals solely exposed to MS display a decrease in grooming when compared with SFR animals (Fig. 5I, F(1,25) = 5.618 p = 0.0258). We observed an increased grooming behaviour in CNO-exposed MS + hM3Dq animals as compared to SAL (Fig. 5h, F(1,25) = 6.532 p = 0.171). Hence, transient increase in mPFC neuronal excitability prevented the emergence of the depression and recognition memory defects that characterise MS exposed mice, but had no effect on the anxiety-related phenotypes.

MS+SAL

Discussion

The present study identified alterations in the expression of genes related to neuronal activity and to myelination in the developing mPFC of mice exposed to early-life stress. We found that chronic maternal separation induced a precocious differentiation of the oligodendrocyte lineage in pups, together with a subsequent depletion of the OPC pool in adults. Chemogenetic tools demonstrated that these alterations are controlled by local changes in mPFC neuronal activity during early postnatal development. Furthermore, we established that bidirectional changes of neuronal activity in the developing mPFC are sufficient to modulate adult behaviours, and in addition, to mimic or rescue the long-term effects of early-life stress.

The pre-weaning period is critical for mPFC myelination

Early-life stress in humans has been linked with hypomyelination in the adult prefrontal cortex [5][6][7][8], a phenotype also reported in rodent models of ELS [9][10][11][12]20]. Present findings provide a possible developmental mechanism for this, by showing that a precocious differentiation of the oligodendrocyte lineage during development could be at the origin of the permanent reduction in the adult OPC pool. Thus, the first 2 postnatal weeks appear to represent a critical period for oligodendrogenesis, with an activity-dependent regulation of maturation and cell cycle exit that has long-term effects on the adult progenitor pool. This could add up to later critical periods for oligodendrogenesis identified in juveniles, where social isolation (P21-P35) also induced a sustained decrease in myelin content and immediate early gene's expression, which correlate with a permanent impairment in social behaviour at adult stages, although the developmental mechanisms were unclear [34]. Importantly, developmental exposure to stress contrasts with the effects of adult exposure to chronic stress, which has only transient consequences on mPFC myelination and behaviour [34][35][36]. Therefore, our results, by showing the importance of the P2-P14 period, suggest that successive and/or expanded critical period(s) occur in the mPFC to establish mPFC myelination, and correlate with alterations in the functions of anxiety, mood and social circuits.

The exact developmental mechanisms involved in adult hypomyelination after ELS are still disputed [7,12]. Our data favour a precocious differentiation of the oligodendrocyte lineage resulting in a depletion of the OPC pool in adults. In another study, Yang et al. [20] reported a deficit in OPC differentiation in the mPFC of MS Sprague Dawley rats. The discrepancy with the present results is unclear and could be due to a number of technical differences between the studies such as delayed timing of analysis (P15 in mice vs. P21 in rats), and the differences in markers of proliferation that were used. Importantly, our findings are supported by a transient increase in PLP1 levels as well as by several previous observations in other experimental models of sensory deprivation or ELS, showing transient and immediate increase in myelin content, followed by a permanent decrease in adulthood in sensory cortices or cerebellum [37][38][39][40][41]. Moreover, a recent clinical paper indicated that childhood adversity in human biases oligodendrocyte lineage toward a more differentiated phenotype in the ventral mPFC, with more pronounced effects in samples from young individuals that died closer to ELS experience [7]. Altogether, these results suggest that early stressors induce a pathological precocious differentiation of OLs, which thereafter alters myelin content, or the capacity of myelin plasticity in adult life.

Neuronal activity controls early stages of oligodendrogenesis

Our unbiased transcriptomic approach identified an important decrease of several immediate early genes in the P15 mPFC after maternal separation, as a proxy for a deficit in neuronal plasticity [42]. The converging reduction of Fos and FosB further suggest that there is a chronic dampening of neural network activity in the mPFC of pups undergoing chronic maternal separation experience. These results are in agreement with previous reports in the MS rat model at P21, showing a local decrease in specific immediate early gene expressions correlating with a reduced neuronal synchrony in the mPFC, as revealed by in vivo recordings [14,18]. Converging experimental evidence, provided in the present study, support a causal link between activity changes and the precocious differentiation of oligodendrocytes. On one hand, reduced cFos expression in the mPFC preceded the changes in OPCs differentiation (Supplementary Fig. 2), on the other hand, chemogenetic inhibition of the mPFC in the early postnatal period induced a bias toward OPC differentiation, thus mimicking the MS phenotype. Finally, increasing neuronal excitability prevented the bias toward OPC differentiation, induced by MS. To the best of our knowledge, this is the first demonstration of a causal role of neuronal activity on mPFC oligodendrogenesis during early postnatal life.

In adults, increased neuronal activity stimulates proliferation and differentiation of OPCs and increases myelination in motor cortices [START_REF] Lebrand | Transient developmental expression of monoamine transporters in the rodent forebrain[END_REF]43,44], while chronic stress decreases IEG expression and impairs OPC proliferation and myelination in the mPFC [34,45]. This is opposite to the effect that we observe during early postnatal life, since we show that increased neuronal activity stimulates proliferation at the expense of differentiation. Therefore, it is likely that different activity-dependent regulations of oligodendrogenesis are at play during development. This hypothesis is also supported by changes in the molecular properties of OPCs during this postnatal period [46,47], including the establishment of transient synaptic connectivity between OPCs and interneurons [START_REF] Lebrand | Transient developmental expression of monoamine transporters in the rodent forebrain[END_REF]48]. It will be important in the future to determine how activity-dependent signalling differs during early postnatal life and adulthood to control OPC maturation and which are the cellular substrates involved.

Early mPFC physiology and psychiatric disorders

Another important finding of the present study is the direct role of postnatal mPFC activity in the aetiology of emotional and memory phenotypes induced by ELS. The mPFC neuronal network is still being assembled during the postnatal period, and previous studies have identified P2-P14 as a critical period for emotional and cognitive functions [49]. A critical role of neuronal activity in cortical maturation is well established in the primary sensory cortical maps (visual, somato-sensory, auditory) [50,51]. Activity thus appears as the mechanistic link between changes in the environment and alterations in the brain's developmental trajectory. Our study provides the first evidence of an activity-dependent maturation of mPFC emotional circuits. An important question remains however open: determining the effects of ELS on neural circuit activity, which is presently unclear. Some recent investigations have started addressing this question with in vivo physiological recordings. Using this technique in P12-P17 rats, these studies showed that ELS decreased the power of low-frequencies oscillations in the mPFC and altered cortical synchrony [18,52]. These effects could be driven by changes in neuronal activity in different mPFC circuits, as suggested by another recent study showing that optogenetic activation of deep layers generates a global increase in mPFC oscillatory power in the neonatal mouse cortex (P7), while activation of the upper layers mainly drives beta oscillations [53]. These recent technical advances raise hope for future dissection of ELS pathophysiology and could help resolving whether altered maturation of specific mPFC circuits could underlie vulnerability to depression and anxiety disorders.

Our results also suggest that developmental mechanisms underlying anxiety-and depression-related behaviours differ, as mPFC activation in MS pups only restored the depression-related phenotype. The reason for this is unclear. Generally one may argue that restoring a normal phenotype requires more precision in the activation of spatial and temporal activity patterns, whereas inhibition is more crude. In addition, our viral infection showed a bias toward deep layers containing PFC-raphe connections important in depression-related phenotypes [54], whereas the PFCamygdala connectivity sustaining anxiety originate from both superficial and deep mPFC layers [55].

On a translational perspective, our results demonstrate that early mPFC activity tightly controls two major endophenotypes related to ELS, namely oligodendrogenesis and depression-related behaviour, thus supporting a common origin for these typical traits of emotional disorders [56][57][58]. Strikingly, most mental disorders, including emotional disorders and schizophrenia, involve alterations of mPFC myelination and the susceptibility to develop these disorders is increased by ELS [56,59,60]. The possible causal role of oligodendrogenesis in the aetiology of emotional disorders has been suggested by several recent studies. For instance, genetic alterations of oligodendrogenesis were correlated with emotional disorders in adult rodents [34,[61][62][63][64][65] and restoring myelination was sufficient to rescue the social avoidance induced by chronic stress [36]. Present results further support this notion, by showing that ELS alters mPFC oligodendrogenesis and emotional behaviours via shared activity-dependent mechanisms.

Conclusion

This study demonstrates that ELS leads to a dampening of immediate early gene expression in the developing mPFC, resulting in a precocious maturation of the oligodendrocyte lineage and a subsequent reduction of adult myelin Early-life stress impairs postnatal oligodendrogenesis and adult emotional behaviour through. . . progenitors in adult life. Moreover, our results show that early postnatal changes in mPFC neuronal activity in mouse pups play a crucial role in determining the emotional and temporal memory alterations that emerge in adulthood after early-life stress events.

Chapter II

SSRIs target prefrontal to raphe circuits during development modulating synaptic connectivity and emotional behavior

Antidepressants that block the serotonin transporter, (Slc6a4/SERT), selective serotonin reuptake inhibitors (SSRIs) improve mood in adults but have paradoxical long-term effects when administered during perinatal periods, increasing the risk to develop anxiety and depression. The basis of this developmental effect is unknown. Here, we show that during an early postnatal period in mice (P0-P10), Slc6a4/SERT is transiently expressed in a subpopulation of layer 5-6 pyramidal neurons of the prefrontal cortex (PFC). PFC-SERT+ neurons establish glutamatergic synapses with subcortical targets, including the serotonin (5-HT) and GABA neurons of the dorsal raphe nucleus (DRN). PFC-to-DRN circuits develop postnatally, coinciding with the period of PFC Slc6a4/SERT expression. Complete or cortexspecific ablation of SERT increases the number of functional PFC glutamate synapses on both 5-HT and GABA neurons in the DRN. This PFC-to-DRN hyperinnervation is replicated by early-life exposure to the SSRIs, fluoxetine (from P2-P14), that also causes anxiety/depressive-like symptoms.

We show that pharmacogenetic manipulation of PFC-SERT+ neuron activity bidirectionally modulates the symptoms, suggesting that PFC hypo-functionality has a causal role in these altered responses to stress.

Overall, the study in this chapter identified specific PFC descending circuits that are targets of antidepressant drugs during development.

Introduction

Neuronal circuits undergo experience-dependent axon/ synaptic refinement during critical developmental periods that are opportunities for adaptation, but are also windows of vulnerability for maladaptive plasticity with long-lasting consequences on brain function [1][2][3]. Early-life exposure to selective serotonin (5-hydroxytryptamine, 5-HT) reuptake inhibitors (SSRIs) induces adult anxiety/depressionlike phenotypes in rodents [4][5][6][7] that are opposite to their mood-enhancing properties in adulthood. Similarly, genetic downregulation of the 5-HT transporter gene (Slc6a4/ SERT) causes depression-related behaviors that have a developmental origin [8,9]. In humans, a lesser-expressing form of Slc6a4 has been associated with an increased risk of developing depression in response to early-life stress [10].

The neurobiological bases for developmental effects of SERT loss-of-function and early-life exposure to SSRIs on emotional behavior remain elusive. However, evidence from rodent [6,11] and human studies point to the prefrontal cortex (PFC) as a likely target. In humans, the shortallele variant of Slc6a4 has been linked to volumetric reduction of ventromedial areas of the PFC and to changes of PFC functional connectivity [12,13]. The PFC plays a prominent role in the control of stress-coping responses, and reduced activity of the PFC has been repeatedly noted in depression [14,15], while deep-brain stimulation in medial Corrected: Correction PFC cortical areas can alleviate major treatment-resistant depression [16,17]. The top-down projections from the PFC to the dorsal raphe nucleus (DRN) could play an important role in these antidepressant effects, as PFC-to-DRN circuits control emotional responses to stressors, and optogenetic stimulation of the PFC-to-DRN circuit influences behavioral responses to stressors [16,[18][19][20].

In the present study, we identify a subset of PFC pyramidal neurons that transiently express SERT (SERT+) [START_REF] Lebrand | Transient developmental expression of monoamine transporters in the rodent forebrain[END_REF]22] during a critical period of early postnatal life, corresponding to the time when SSRIs induce long-lasting impairments in emotional behaviors [6]. We show that these PFC-SERT+ neurons define a subset of pyramidal neurons in layers 5-6 of the PFC with exclusive subcerebral projections. In particular, PFC-SERT+ neurons form a majority of the cortical inputs to the DRN. Transcriptome profiling of these neurons in SERT-KO mice indicate that Slc6a4/SERT controls gene networks involved in axon growth and synaptic development at a time when the PFCsubcortical circuits are developing. Accordingly, complete or cortex-specific conditional SERT ablation leads to increased number of functional PFC glutamatergic synapses onto both 5-HT and GABA neurons of the DRN, and this effect is reproduced by postnatal fluoxetine administration. We further show that the depressive-and anxiety-like symptoms induced by early postnatal exposure to SSRIs are modulated by the PFC-SERT+ neurons in adult life. Thus, our results demonstrate that cortical SERT expression is cellautonomously required to control the maturation of PFC-to-DRN circuits and is engaged in the top-down control of emotional deficits induced by exposure to SSRIs during early postnatal life, resulting in long-lasting effects on mood.

Materials and methods

Animals

All experiments performed in mice were in compliance with the standard ethical guidelines (European Community Guidelines and French Agriculture and Forestry Ministry Guidelines for Handling Animals-decree 87849). All the procedures for generation of SERT fl/fl mice were approved by the Albert Einstein College of Medicine Institutional Animal Care and Use Committee.

All mouse lines were group-housed (3-5 per cage), maintained on a C57BL/6 background, and locally bred under standard laboratory conditions (22 ± 1°C, 60% relative humidity, 12-12 h. light-dark cycle, food, and water ad libitum). In all experiments, both genders were equally represented.

The SERT-Cre knock-in mouse line used here, has been previously characterized [23,24]. Cre-recombinase expression in this line precisely follows the temporal pattern of expression of the SERT gene [23,24]. Moreover, since nls-Cre is inserted in exon 2 of the SERT gene, it allows to study SERT-KO mice in the same line :mice carrying 1 or 2 Cre alleles are SERT +/-(SERT Cre/+ ) or SERT -/-(SERT Cre/Cre ), respectively. For anterograde tracing and array tomography experiments, SERT Cre/+ or SERT Cre/Cre mice were obtained from crossings between SERT Cre/Cre male and SERT Cre/+ female mice. For localization and RNA-sequencing, SERT Cre/Cre males were crossed with either the RCE-loxP or Ai14 TdTomato reporter mouse lines that conditionally expresses EGFP or TdTomato under the control of the Rosa promoter [25,26]. The descendants of these animals were backcrossed (SERT Cre/+ :RCE) to obtain knockout, SERT Cre/Cre :RCE, and heterozygotes (SERT Cre/+ :RCE) mice from the same litters. For ontogenetic analysis of cortical projections, the Emx1b cre mouse line [27] was crossed with the Ai14 TdTomato reporter mouse line [26].

To evaluate the role of cortical vs. raphe Slc6a4/SERT invalidation, SERT fl/fl mice were crossed with Emx1b Cre or Pet1 Cre mice [28,29]. Pharmacological experiments were done in wild-type C57BL/6 mice (Janvier Labs, France) and SERT Cre/+ mice. Mouse pups were administered fluoxetine hydrochloride (Tocris, UK) (per os. 10 mg/kg/day in a 5% sucrose) or 5% sucrose from P2 to P14 [6]. In clorgyline experiments, SERT Cre/+ :RCE pups were treated at P5 with three equally spaced doses of clorgyline (30 mg/kg/8 h, s.c.) (Sigma) and processed for immunohistochemistry 3 h after the last injection (P6). Western blot analyses were done on timed litters of C57BL/6 mice (Janvier Labs, France).

AAV injections in the PFC

Different replication-defective adeno-associated viruses (AAV) were used. The AAV2/1-CAG-LSL-EGFP-bGH and AAV1-CAG.FLEX-TdTomato-WPRE-bGH (Penn Viral Vector Core, University of Pennsylvania, USA) were used for conditional anterograde tracing and array tomography experiments. The rAAV2/1-CAG-hChR2(H134R)-mCherry (Penn Viral Vector Core) was used for electrophysiology and the AAV5-CaMKIIa-hM4D(Gi)-mCherry, AAV5-hSYN-DIO-hM4D(Gi)-mCherry, AAV8-CaMKIIa-hM3D(Gq)-mCherry, and AAV8-hSYN-DIO-hM3D(Gq)-mCherry (Vector Core, University of North Carolina at Chapel Hill, USA; Addgene, USA) for pharmacogenetic manipulation [30]. All titer ranges were 10 12 -10 13 particles/ ml. Viral injections were done on P4-5 pups anesthetized on ice (2-3 min) and kept on a frozen pad during the procedure. Mice were put in prone position on the frozen pad to maintain the skull flat. After opening of the skin, the PFC was targeted using the inferior cerebral vein (~2-3 mm posteriorly) and the superior sagittal sinus (~2-3 mm laterally) as references. Single unilateral or bilateral injections (50-100 nl each) were performed 1.5 mm deep from the skull surface using a pulled glass capillary (30-50 µm tip diameter; Drummond Scientific company) mounted on a hydraulic micromanipulator MO-10 (Narishige, Japan). The skin was sealed using a tissue adhesive glue (Vetbond #1469, 3M, France), and pups returned to their home cages with the mother. Injected mice were either killed 3 weeks after AAV injection (histology and electrophysiology) or kept in standard housing conditions for subsequent behavioral experiments.

Brain tissue processing

Mice were killed at P2, P7, P14, P21, or P28. All mice were anesthetized with pentobarbital (0.5 mg/g) and either killed for preparation of fresh tissue slices (western blots, RNA seq) or fixed by intracardiac perfusion of 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS; pH = 7.4). Brains were quickly removed and post-fixed overnight in the same fixative solution and cryoprotected for 2 days in 30% sucrose containing sodium azide (0.01%; Sigma, France).

Immunohistochemistry

The 50-µm-thick coronal sections were prepared using a cryo-microtome (Microm Microtech). Serial sections from the whole brain were collected as series of 4 or 3. Tissue sections were used immediately for immunohistochemistry or stored at -20 °C in a cryoprotective solution (30% ethylene glycol and 30% sucrose in 0.1 M phosphate buffer, pH = 7.4). All the washes and antibody incubations were performed in blocking solution containing 2 g/L gelatin (Merck, USA) and 0.25% triton in PBS (PBGT). Primary antibodies were applied for 24-48 h at 4 °C and secondary antibodies for 2 h at room temperature. The following primary antisera were used: anti-5-HT (rabbit from Sigma, S5545, 1/5000; goat from Abcam, 66047, 1/1000), anti-GFP (rabbit, Molecular Probes, A6455, 1/2500; chicken, Aves, GFP-1020, 1/1000), anti-DsRed (rabbit, Clontech, 632496, 1:400), anti-Ctip2 (rat, Abcam, ab18465, 1/500), anti-Cux1 (rabbit, Santa Cruz Biotechnology, sc-13024, 1/1000), anti-Foxp2 (goat, Santa Cruz Biotechnology, sc-21069, 1/500), and anticfos (rabbit, Abcam, 190289, 1/1000). All fluorescent secondary antisera were from a donkey (Jackson Immu-noResearch, 1/200) to visualize multiple markers without cross-reactivity. Sections were mounted with Slowfade Gold antifade with DAPI reagent (Molecular Probes) or with the Prolong Gold antifade reagent (Molecular Probes, USA). For DAB-peroxidase revelation, sections were processed as described previously [START_REF] Lebrand | Transient developmental expression of monoamine transporters in the rodent forebrain[END_REF]. Briefly, sections were preincubated in 1% H 2 O 2 in PBGT (1 h), before the primary antibody. Biotinylated goat anti-rabbit antiserum (Vector Laboratories, BA-1000, 1/200) and streptavidin horseradish peroxidase complex (1:400 in PBS; GE Healthcare Life Science, USA) were used as secondaries. Peroxydase revelation was done with 0.02% diaminobenzidine (DAB, Sigma)/ Nickel Ammonium Sulfate (0.6%, Sigma, France) in Tris-HCl (0.05 M, pH 7.6) and H 2 O 2 (from 0.00015 to 0.0012%; Sigma, France). Sections were mounted on glass slides (Superfrost Ultra Plus, Thermo Scientific), air-dried (24 h), dehydrated, and coverslipped with Eukitt (Sigma, France).

Image acquisition

DAB-revealed sections were imaged using a slide scanner (Nanozoomer 2.0-HT C9600, Hamamatsu, Japan) objective X20 and analyzed with the NDP View2 software (Hamamatsu, Japan). For illustration purposes, bright-field images were exported in tiff format from the nanozoomer images with NDP viewer or captured with a Cool SNAP camera mounted on a provis microscope (Olympus). For immunocytochemical analyses, fluorescence images were acquired on a Leica DM6000 fluorescence microscope using either 40 × /1.25 N.A Plan-apochromat objective (for cell bodies) or a 63 × /1.4 N.A Plan-apochromat (for axons). Confocal images were acquired on a Leica SP5 confocal microscope equipped with an Argon laser (488 nm excitation), a Diode 561 nm and HeNe 633 nm (at a 1024 × 1024 pixel resolution).

In situ hybridization

Brains were sectioned in a cryostat (Leica Microsystems, France) as 20-μm-thick sections. SERT cRNA probe [START_REF] Lebrand | Transient developmental expression of monoamine transporters in the rodent forebrain[END_REF] (nucleotides 1510-2009) inserted in pBluescript SKII2 (Stratagene, La Jolla, CA) was linearized using BamHI (#FD0054, Fermentas, France) Antisense RNA synthesis was with the T7 polymerase (#EP0111, Fermentas, France). RNA probe (0.1-1 μg/ml) in hybridization buffer (50% formamide, 10% dextran sulfate, 1X Denhardt's, 5X SSC, and 250 μg/ml transfer RNA) and incubated at 65 °C for 10 min. Hybridization buffer (350 μl) was added to sections and incubated overnight. Sections were washed with PBS Triton X-100 0.1%, incubated with anti-digoxigenin (1:1000, #11093274910, Roche, France) at 4 °C overnight, washed sequentially in PBS and NTMT buffer (Tween 10%; Tris-HCl 1 M, pH 9.5; MgCl 2 1 M; NaCl 5 M; H 2 O), and incubated at 37°C with NBT/BCIP (#11383213001/ #11383221001; Roche, France) for revelation (2-24 h). Reaction was arrested in PBS and sections were mounted in mowiol-Dabco (25 mg/ml, Sigma, France).

Array tomography

After tissue processing, as described above, brains were sliced to 300-μm-thick coronal sections with a vibratome. Thick sections containing either the DRN, the mediodorsal thalamic nuclei (MD), or the basolateral amygdala (BLA) were processed for array tomography as described [31,32]. Briefly, sections were dehydrated (50 and 70% ethanol, 5 min each step at room temperature) and equilibrated in a mixture (1:3) of 70% ethanol and LRWhite resin (medium grade, Electron Microcopy Sciences, USA; #14380) for 5 min, and then 2 × 5 min in pure LRWhite. After equilibrium in LRWhite overnight at 4°C, sections were flat embedded between a glass slide and a sheet of ACLAR plastic (Electron Microcopy Sciences, USA; #50425-10), and polymerized for 24 h at 55 °C [32]. After embedding, regions of interest were excised from the flat-embedded sections and glued with a superglue to EMBed 812 blocks for ultrasectioning. After adhesive cement diluted in xylene was applied to the top and bottom of the block of tissue, series of at least 25-70-nm-thick serial sections were cut in ribbons using Jumbo Histo Diamond Knife (Diatome, 578, USA) and an ultramicrotome (Leica, France). Ribbons were mounted on glass coverslips precoated with 0.1% gelatin and 0.01% chromium potassium sulfate. After air-drying, coverslips containing the ribbons were placed on a hot plate (60 °C) for 30 min and then stored at room temperature until use.

For immunofluorescence, all antibodies used have been characterized in previous array tomography studies. The following antibodies were used: anti-DsRed (rabbit, 1:400; Clontech, USA; #632496) [33], anti-VGLUT1 (guinea pig, 1:1000; Millipore, USA; AB5905), anti-VGLUT2 (guinea pig, 1:1000; Millipore, USA; AB2251), and anti-glutamate decarboxylase 65 (GAD2) (rabbit, 1:200; Cell Signaling Technology, USA; #5843) [32,34]. The anti-synapsin 1 (rabbit, 1:400; Cell Signaling Technology, USA; #5297) was used to identify synaptic boutons [34] and the antitryptophan hydroxylase antisera (sheep, 1:200; Millipore, USA; AB1541) was used to identify 5-HT neurons [32,34]. Multiple combinations of these antibodies were applied in a random order and subsequently imaged. To achieve this, after each round of immunolabeling, the antibodies were eluted from the sections, and they were reimmunolabeled with a different set of antibodies and re-imaged. The tryptophan hydroxylase labeling was included in each round of immunolabeling and then used as a reference for sections alignment. For immunolabeling, sections were encircled with a hydrophobic barrier pen (ImmEdge; Vector Labs, USA; #H-4000) and preincubated for 5 min in a blocking solution (0.05% Tween; 0.1% bovine serum albumin in Tris buffer saline; pH 7.6). Subsequently, primary antisera were diluted in the blocking solution and incubated with sections for 2 h.

Sections were rinsed with PBS 3 × 10 min, and appropriate fluorescent-conjugated secondary antisera raised in donkey were used (Alexa 488, Alexa 647, and CY3, 1:200; Jackson ImmunoResearch, USA). Secondary antisera were centrifuged at 15,000g for 3 min before use. Sections were incubated with the secondary antisera for 24 min and rinsed as before. The coverslips containing the sections were mounted on glass slides using a glycerol-based mounting solution (90% glycerol in PBS, pH 9) and imaged within the following 3 h. Antibodies were eluted after imaging with 0.02% SDS and 0.2 M NaOH in distilled H 2 O for 20 min. After 2 × 10 min washes in distilled H 2 O, coverslips were air-dried and placed on a hot plate (60 °C) for 30 min. Negative controls omitting primary antisera were run to corroborate the complete elution of primary antibodies.

Serial sections were imaged on a Leica DM6000 fluorescence microscope using a Leica 63X NA 1.4 Plan Apochromat oil objective, a CoolSNAP EZ camera, and Metamorph software (Molecular Devices, USA). Multiple channels of serial images were aligned and converted into stacks with Fiji software and the StackReg and Multi-StackReg plugins, using the tryptophan hydroxylase labeling as a reference channel [34]. We analyzed two stacks of at least 25 images per region (i.e., DRN, MD, and BLA) per animal to obtain a mean value of number of synaptic boutons per µm 3 of tissue for each mouse. The quantitative analysis is typically done using a sampling mask of 90 μm X 90 μm. Images were converted to binary images using the threshold function and in some cases manually adjusted to exclude non-specific background. Axonal boutons were identified by the presence of double-labeled voxels, including VGLUT1, VGLUT2, or GAD2 in addition to synapsin labeling in each case as previously described [34], yielding density values per tissue volume (puncta per μm 3 ). To avoid underdetection of adjacent objects located close to one another or in different synaptic compartments (e.g., synaptic boutons and tryptophan hydroxylase labeling), we used the "dilate" function that introduces a mask expansion in the size of one of the objects < 0.2 μm. In these analyses, we used this resulting dataset to quantify the density of labeled overlapping voxels [34]. For the statistical analysis, array tomography data obtained from two stacks per animal were averaged to generate a mean density value per mouse. Data were collected and analyzed, blind to the genotype/ treatment.

Western blot

Raphe tissue was macroscopically dissected on ice using the aqueduct as landmark, from brains of P7, P14, P21, and P28 mice. Tissue from 2-3 brains was pooled, and 600-900 µl of lysis buffer [Tris 100 mM pH 7.6, EDTA 0.5 M pH 8, 1% Triton X-100 and protease inhibitor cocktail (#P8340, Sigma, France)] was added to the tissue and sonicated on ice for 5 mins. Samples were centrifuged at 13,000 g (30 min at 4°C), supernatants were collected, and an aliquot from each sample was used for protein determination (bicinchoninic assay). A total of 50 µg of each protein extract sample was subjected to SDS-PAGE, using NuPage 4-12% Bis-Tris polyacrylamide gels (Invitrogen, France). Proteins were blotted onto a 0.45-µm nitrocellulose membrane (Thermo Fisher, France). Membranes were blocked (1 h) in 5% non-fat milk dissolved in PBS (pH = 7.6) -0.1% Tween (Sigma-Aldrich, France) (PBST) and incubated overnight in 1:1000 rabbit anti-VGLUT1 (Synaptic Systems, Germany, Cat. # 135302) or 1:1000 rabbit anti-GAPDH (Bethyl Labs., USA, Cat. # A300-641A-M) at 4°C. After three rinses in PBST, membranes were incubated in Alexa Fluor 790-conjugated donkey anti-rabbit secondary antiserum (1:10000, Jackson ImmunoResearch, USA, #711-655-152) at room temperature for 90 mins. Revelation was done using a Li-Cor-Odyssey infrared Imaging System (Li-Cor, Germany, #ODY-Ø398). Band intensities were analyzed with ImageJ software. Data were expressed as the ratio between the band intensity of VGLUT1 and GAPDH.

Electrophysiology

Mice were anesthetized (Ketamine/Xylazine; 50 mg/10 mg/Kg i.p.) and brain slices were prepared as previously described [33]. After decapitation, brains were rapidly isolated and placed in carbogenated ice-cold 95% O 2 /5% CO 2 -equilibrated solution containing (in mM): cholineCl (110), glucose (25), NaHCO 3 (25), MgCl 2 (7), ascorbic acid (11.6), Na + -pyruvate (3.1), KCl (2.5), NaH 2 PO 4 (1.25), and CaCl 2 (0.5). Coronal brain slices of 250 µm thickness containing the DRN were prepared and transferred for 10 min to a warmed solution (34 °C) of identical composition. Subsequently, slices were stored in carbogenated artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl (124), NaHCO 3 (26.2), glucose (11), KCl (2.5), CaCl 2 (2.5), MgCl 2 (1.3), and NaH 2 PO 4 (1) for 50 min prior to recordings. Slices were then transferred to a recording chamber, in which they were immersed in warmed ACSF (30 °C), with a flow rate of 2.5 ml/min. Patch clamp recordings in voltage-clamp mode were made under an Olympus-BX51 microscope (Olympus, France), using borosilicate glass pipettes Phymep,France) filled with an internal solution containing (in mM): CsCl (130), NaCl (4), MgCl 2 (2); EGTA (1.1), HEPES ( 5), Na 2 ATP (2), Na + -creatine-phosphate ( 5), Na 3 GTP (0.6), and spermine (0.1). The liquid junction potential was -3 mV. Currents were amplified, filtered at 5 kHz, and digitized at 20 kHz. Series resistance was monitored by a voltage step of -4 mV (0.1 Hz). Experiments were discarded if the access resistance increased more than 20%.

Putative 5-HT neurons were identified based on their large (>30 pF) membrane capacitance and medial position within the DRN [34,35]. Putative non-5-HT neurons were identified based on their location lateral to the midline within the DRN and their small membrane capacitance ( < 20 pF) [36]. To further validate this approach, in certain cases DRN neurons in brain slices were fluorescently labeled by electroporation via a glass stimulation pipette filled with (in mM): K-Gluconate (140), KCl (5), HEPES (10), EGTA (0.2), MgCl2 (2), Na2ATP (4), Na3GTP (0.3), creatine phosphate (10), and Alexa 488 nm (1). The stimulation pipette was placed on the cellular membrane, after which 40 square -12 V pulses of 1 ms at 50 Hz were delivered. Subsequently, after a few hours of fixation in 4% PFA at 4 °C, brain slices were processed for immunohistochemistry using a rabbit polyclonal antibody against TPH2 (1:2000, Novus Biologicals, NB100-74555) to identify 5-HT neurons. This analysis confirmed the criteria used to identify 5-HT vs. putative GABAergic TPH2negative neurons (Supplementary Fig. 7).

Optogenetically evoked excitatory postsynaptic currents (oEPSCs) at synapses from the PFC to putative 5-HT and GABA DRN neurons were evoked via light pulses (470 nm, 1-10 ms; at 0.1 Hz) delivered with an LED (CoolLed, UK) illumination system. All recordings were performed in the presence of 100-µM picrotoxin to pharmacologically block GABA-A receptor-dependent synaptic currents. Input-output relationships for AMPA receptor (AMPAR-EPSCs) were determined by voltage-clamping DRN neurons at -50 mV and stimulating PFC inputs at different light intensities (0.1, 1, 2, 3.5, 5.6, 7.2, 8.6, and 9.8 mW). Subsequently ten sweeps of AMPAR-EPSCs in response to these different stimulation intensities were averaged and the peak value was scored. AMPAR/NMDAR ratios of oEPSCs were obtained by taking the peak value of AMPA-EPSCs at -50 mV (average of 10 sweeps), and the late component of the EPSC at + 40 mV, 50 ms after the onset for NMDA-EPSCs (average of ten sweeps).

Cell-sorting and RNA-sequencing

Transcriptome profiling of PFC SERT+ neurons was performed on P7 SERT Cre/+ :RCE (n = 3) and SERT Cre/Cre :RCE (n = 3) littermates. The PFC region containing the EGFPpositive neurons was microdissected as follows. Brains were placed in cold aCSF (119 mM CaCl, 2,5 mM KCl, 2 mM MgCl, 2,5 mM CaCl 2 , 1 mM Na 2 HPO 4 , 26,2 mM NaHCO 3 , and 20 mM glucose) and embedded in lowmelting agarose 4% (Carl Roth, Switzerland) and cut into 600-μm vibratome sections in cold and oxygenated ACSF with 3 mM kynurenic acid (Sigma-Aldrich, Switzerland). Slices containing EGFP-positive cells were selected under a fluorescent stereomicroscope Leica M165FC and incubated with oxygenated aCSF/kynurenic at RT for 1 h. Slices were then chemically digested for 10 min with 0.5 mg/ml Pronase (Sigma-Aldrich, Switzerland), then washed with aCSF/ kynurenic acid for 5 min, ACFS/kynurenic/BSA 10 min, and aCSF/kynurenic 5 min 2 times. The area of interest was dissected under a fluorescence stereomicroscope and mechanically dissociated on ice. Fluorescent cells were sorted on the MoFlo Astrios (Beckman) and collected in aCSF. Reverse transcription and pre-amplification of the cDNAs were achieved using the SMART-Seq v4 Ultra Low input RNA kit for Illumina (Clontech) on intact cells. RNAsequencing libraries of the harvested cDNA were prepared using the Illumina Nextera XT DNA Sample Preparation kit. Libraries were multiplexed and sequenced as 50 bp pairend reads using the Illumina HiSEQ2000 platform at an expected depth of 60 M reads. RNA-sequencing was performed in the Genomic Core Facility, Faculty of Medicine, University of Geneva, Switzerland. The obtained RNA-seq data were prepared and analyzed as follows: (1) the sequenced reads were aligned on mouse reference genome assembly (GRCm38), using TopHat [37]. ( 2) the number of reads per transcript were calculated with HTSeq, a python framework to work with high-throughput sequencing data [38]. The obtained read counts were normalized by the library size using DESeq R package distributed within the Bioconductor project [39]. All the analyses were computed on the UG Vital-It cluster administrated by the Swiss Institute of Bioinformatics (SIB). Top differentially expressed genes are identified by the fold change and statistical significance of the difference in expression levels [-1 < log2 (fold change) > 1; and uncorrected P-value < 0.05]. Gene ontology analysis was done using DAVID Bioinformatics Resources 6.8 (Beta), NIAID/NIH [40]. The Fisher's exact test was used to statistically evaluate enrichment folds of gene ontology terms. As background, the Mus musculus (mouse) whole genome was used.

Behavioral studies

Female and male mice were tested separately for emotional behaviors following the same series of behavioral tests starting at P80. Testing started with the novelty-suppressed feeding test, followed by the 2-day forced swim test (FST) and the locomotor activity measurements with 7 days of interval between each test. All behavioral testing was done during the light cycle between 10 am and 5 pm. Mice were acutely injected 30 mins before the testing session with clozapine N-oxide (CNO, i.p. 1 mg/kg) using 0.9% NaCl as a vehicle.

Novelty-suppressed feeding test (NSF) was done as described before [4] using a plastic box (50 cm × 80 cm × 20 cm) as arena in which the floor was covered with 3-cm of wooden bedding. Twenty-four hours before the test, mice were food deprived in their home cage. Mice were individually weighed to determine % weight loss. During the test session, two food pellets were placed on a circular white filter paper (12 cm diameter) located in the center of the arena. Mice were placed in a corner of the box and the latency to approach the pellet and begin feeding were manually recorded. After the test, the weight of pellet consumption in the home cage during 5 min was registered to control for possible appetite differences.

FST was carried out over two consecutive days as described [41] using a glass cylinder (40 cm × 20 cm diameter) filled with water (23-24 °C). Mice were tested once a day for 6 min. In the first day, mice were tested in a drugfree condition, while in the second day mice were acutely injected with either CNO or SAL 30 mins before the test. All the swim sessions were videotaped and the time of immobility within the tank was quantified post hoc by a blind observer from the videos. After testing, all mice were dried with paper towels and returned to their home cages.

Locomotor activity. Mice were introduced in a circular corridor (4.5 cm width, 17 cm external diameter) equipped with four infrared beams (1.5 cm above the base) equidistantly located every 90°(Imetronic, Pessac, France). Locomotor activity was recorded during 30 min, and interruptions of two successive beams were automatically registered by a computer.

Statistical analysis

All data were analyzed using SPSS Statistics 20 (IBM, NY, USA). Array tomography, ontogenetic studies, electrophysiology, and behavioral data were analyzed by one-way or multifactorial ANOVA, (detailed in figure legends). RNA-seq data were analyzed by t test. Sample size was established by previous pilot and published studies. Animals of each genotype/gender were randomly assigned to different studies. When data did not comply with the homogeneity of variances ANOVA assumption, Welch's t test was performed (Fig. 3d and Supplementary Figure 2c). Data distribution was assumed to be normal, and two-tailed analyses were carried out with a significance level established at p < 0.05.

Results

Molecular identity of PFC-SERT+ neurons

In the adult mammalian brain, Slc6a4/SERT is mainly expressed by 5-HT-synthesizing raphe neurons [42]. However, during development, Slc6a4/SERT is also transiently expressed in several glutamatergic neurons that show the surprising capacity of re-uptaking 5-HT with high affinity, as shown in different species including humans [START_REF] Lebrand | Transient developmental expression of monoamine transporters in the rodent forebrain[END_REF]22,43,44]. In the mouse cerebral cortex, high levels of developmental Slc6a4/SERT expression were found in the PFC and orbital cortical regions and noted to be exclusively present in pyramidal neurons, starting at E18 [23]. To investigate the precise developmental time course of expression of this transcript, we performed an in situ hybridization study that showed postnatal Slc6a4/SERT expression in PFC neurons up to P10 (Fig. 1a). Further characterization using a reporter mouse line (SERT Cre/+ :RCE-EGFP) confirmed that the majority of the PFC SERT-expressing neurons were located in the deep layers of the prelimbic, infralimbic, and lateral orbital cortical regions, with more scattered expression in the deep layers of the somatomotor areas (Fig. 1b,c). Further, triple immunofluorescent labeling in the SERT Cre/+ : RCE-EGFP mouse using layer-specific markers such as Ctip2 (for layer 5) or Foxp2 (for layer 6) confirmed that all the PFC-SERT+ neurons are located in these cortical layers (Fig. 1b,b'). Thus, 90% of SERT + neurons express Foxp2 and 70% of SERT+ neurons express Ctip2, among which a large proportion of which coexpressed Foxp2 (Fig. 1b'). Interestingly, the SERT+ neurons represent a subset of the total of layers 5-6 neuron population (39% of the Ctip2 + cells, and 44% of the Foxp2+ cells). These results indicate that an area-restricted subset of layers 5-6 projection neurons expresses Slc6a4/SERT during early postnatal life.

Next, we sought to better understand the molecular identity of PFC-SERT+ neurons, in particular to determine whether they have the classical molecular machinery of monoaminergic neurons, such as the capacity of synthesizing and degrading monoamines. To this end, we performed a transcriptome-wide analysis using deep RNAsequencing. Gene expression of PFC-SERT+ neurons was analyzed from fluorescence-activated cell sorting (FACS)isolated SERT Cre/+ :RCE-EGFP neurons (Fig. 1c,c', Supplementary Table 1). This was done at P7 when PFC-SERT + neurons have high levels of Slc6a4/SERT expression (Fig. 1a). As indicated by mRNA expression levels and histochemistry, Slc6a4/SERT and Slc18a2 (vesicular monoamine transporter 2, VMAT2) are the only monoamine transporters present in these neurons (Fig. 1d, Supplementary Figure 2). On the other hand, genes required for 5-HT synthesis such as the enzymes tryptophan hydroxylase (Tph1, Tph2) or aromatic acid decarboxylase (Ddc), as well as necessary co-enzymes of the BH4 synthesis pathway (Gch1) [45] are not expressed (Fig. 1d). In contrast, the PFC-SERT+ neurons express several of the catabolic enzymes for monoamines, MaoA, MaoB, and Comt (Fig. 1d, Supplementary Figure 1,2). This demonstrates that PFC-SERT+ neurons are not monoaminergic and suggests that a main role of Slc6a4/SERT in these neurons is to remove 5-HT from the extracellular space. Indeed, although no 5-HT immunolabeling was noted in layer 5-6 cortical neurons at P6, 5-HT accumulation became visible after pharmacological inhibition of monoamine oxidase A with the specific inhibitor, clorgyline. This 5-HT staining in the PFC-SERT neurons was abolished upon fluoxetine co-administration (Supplementary Figure 1).

Additionally, regarding the identification of the cortical neuronal subtypes, our transcriptome data showed glutamate but no GABA-related or glial-related genes in the PFC-SERT+ neurons, confirming their classification as pyramidal neurons with an enrichment in expression of molecular markers of layers 5-6 [46] (Fig. 1e), as also shown by our immunohistochemical observations (Fig. 1b'). However, to obtain a finer grain classification of the PFC-SERT+ neuron subtypes would require single-cell RNA-sequencing, as done in previous analyses of cortical pyramidal neurons [47].

Slc6a4/SERT controls developmental gene networks in PFC-SERT+ neurons

To shed light on the possible functional role of developmental Slc6a4/SERT expression in PFC neurons, we performed a transcriptome profiling analysis of FACS-isolated PFC-SERT+ neurons as described above (Fig. 1c,c'), but in this case comparing gene expression profiles between control heterozygote and SERT-KO mice (SERT Cre/+ :RCE-EGFP and SERT Cre/Cre :RCE-EGFP, respectively) (Supplementary Figure 3a). This analysis identified that a total of 137 genes differentially expressed when Slc6a4/SERT are invalidated (Supplementary Table 1). Many of the upregulated or downregulated genes were expressed at moderateto-high levels in the control condition (Supplementary Figure 3b). Among the 43 genes with significant changes, 30 were downregulated (Supplementary Table 2), while only 13 were upregulated (Supplementary Table 3). Many of these genes are involved in cytoskeleton interactions (Stmn1-rs1, Plcg1, Tuba1c, and Antxr1), neurite/axon outgrowth (Pcdhgc4, Gna14, Pcdha12, Pcdha3, Clstn1, Clstn3, Jun, Limk1, Cdh18, Unk, Nedd9, and Plp1), and synapse development (Pcdhgc4, Gna14, Telo2, Pcdha12, Pcdha3, Pla2g6, Sh3bp5l, and Sncaip). Further examination of the impact of Slc6a4/SERT invalidation on gene networks using gene ontology analysis revealed that the axon/synapse maturation/function, growth regulation, and signaling-related developmental process networks were the most affected (Supplementary Figure 3c and Supplementary Table 4).

Overall, these findings support a role of PFC Slc6a4/ SERT expression in the maturation of PFC-SERT+ neuronprojections and circuit assembly. 

PFC-SERT+ neurons contribute to corticothalamic and subcerebral pathways

To identify the projection targets of PFC-SERT+ neurons, we used conditional anterograde viral tracing coupled to immunohistochemical enhancement of axon labeling (Fig. 2a,b). To this end, we injected AAV2/1-CAG-LSL-EGFP-bGH in the PFC of P4-P5 SERT Cre/+ mice. This selectively labeled the SERT+ neurons in layers 5-6 of the PFC, including the infralimbic, prelimbic, and orbital regions (Fig. 2a,b). The identification of fibers of passage and axon terminals was based on their morphology (i.e., straight vs. varicose morphology, respectively). The distribution of axonal terminals across different brain regions allowed identifying their main neuroanatomical targets (Supplementary Figure 4). Most of the PFC-SERT+ neuron projections were directed to subcortical targets, including the medial thalamic cell groups (Fig. 2c), the lateral hypothalamus, and the brainstem. In the midbrain and hindbrain, a conspicuous innervation of the main monoaminergic nuclei was found in the ventral tegmental area and substantia nigra (Fig. 2d), the DRN (Fig. 2e), and to a lesser extent in the locus coeruleus. Comparison with previous detailed studies of the PFC projections arising from the prelimbic, infralimbic, and orbital regions [48,49] indicated that PFC-SERT+ neurons belong to a specific subset within the broad PFC projections. Indeed, compared with these previous studies, PFC-SERT + neurons do not show callosal projections and only send minor projections to the amygdala, both areas that are classically innervated by PFC layers 5-6 neurons [48][49][50]. These findings indicate that Slc6a4/SERT expression identifies a subset of neurons within each of two broad subclasses of corticofugal pathways: the corticothalamic projections from layer 6 neurons and a sub-population of subcerebral projections from layer 5 neurons [51,52]. Overall, the selective regional distribution of the SERT+ neurons within deep layers of the PFC suggests a main role in limbic neural circuits involved in top-downregulation of emotional control.

PFC-SERT+ neurons are largely engaged in PFC-to-DRN circuits

Among the descending PFC pathways involving SERT+ neurons, the PFC-to-DRN circuit appeared to be an interesting candidate for further exploration, as it has a wellestablished role in stress and mood control [18][19][20]. Moreover, because the DRN has been shown to receive cortical inputs almost exclusively from the PFC [49,50,53], this allows quantitative input-specific analyses at the synaptic level. Interestingly, the topographic distribution of the PFC-to-DRN projection neurons shown in previous anatomical tracing studies is very similar to the distribution of the PFC-SERT+ neurons [49,50,54]. To determine the extent to which the PFC-SERT+ neurons contribute to the PFC-to-DRN circuit, we used anterograde viral tracing combined with a high-resolution immunofluorescence technique, array tomography, which allows quantitative analysis of the synaptic neuropil in volumes of brain tissue [31,32,34]. Using this approach, we estimated the proportion of PFC-SERT+ synaptic boutons within the total population of cortical synaptic afferents to the DRN. AAV-CAG.FLEX-Td-Tomato-WPRE-bGH was injected bilaterally into the PFC of SERT Cre/+ mice at P4-P5 to obtain a conditional TdTomato expression in a majority of the PFC-SERT+ neurons (Fig. 2f). A protein marker of cortical glutamatergic axon boutons, the vesicular glutamate transporter type 1 (VGLUT1) [55], was used to identify cortical terminals. Synapsin co-labeling was used as a general marker for synaptic boutons [34]. We analyzed the proportion of cortical synaptic boutons (VGLUT1 +/synapsin+) that were also anterogradely labeled with TdTomato in the DRN using array tomography (Fig. 2g). All the TdTomato-labeled axon boutons contained VGLUT1 and 67% ± 8.0 % of the VGLUT1+/synapsin+ terminals were colabeled with TdTomato, indicating that these synaptic afferents arise from the PFC-SERT+ neurons (Fig. 2g). Overall, this experiment indicated that the PFC-SERT+ neuron population provides the majority of cortical inputs to the DRN and contain VGLUT1.

Maturation of cortical axon projections to DRN parallels PFC Slc6a4/SERT expression

To explore the role of Slc6a4/SERT expression in the PFC-SERT+ neuron circuit assembly, we asked whether the timing of PFC Slc6a4/SERT expression corresponds to the development of PFC-DRN projections. To label all descending cortical projections, we took advantage of a mouse line that conditionally expresses TdTomato in all cortical glutamate projection neurons (i.e., EMX1b Cre :TdTomato). We then determined the timing of arrival of cortical axons to the DRN by directly measuring the ontogenetic increase of fluorescence within this structure. Quantitative evaluation of cortical axon arrival over the entire period of postnatal development (Supplementary Figure 5a) showed that while sparse cortical axons were detectable in the DRN at P4, their density increased about twofold between P4 and P14, a time when they reached about 80% of P21 values (Supplementary Figure 5a). Furthermore, western blot measurements in the DRN of VGLUT1 showed a significant increase in VGLUT1 protein levels over the first two postnatal weeks, with the maximal increase between P7 and P14 (Supplementary Figure 5b).

Collectively, these findings indicated an overlap in the dynamics of PFC Slc6a4/SERT expression and development of the PFC-to-DRN pathway, supporting the hypothesis that Slc6a4/SERT could play a role in the axon/synaptic maturation of this circuit.

Lack of SERT during a developmental critical period results in synaptic hyperinnervation of the PFC-to-DRN circuit

To investigate whether Slc6a4/SERT has a role in axon/ synapse development of the PFC-to-DRN circuit, we used array tomography to determine if lack of Slc6a4/SERT expression (SERT-KO) modifies the density of cortical synaptic afferents on DRN neurons (Fig. 3a,b). Because anterograde tracing experiments are inherently variable, making quantitative comparisons between genotypes arduous, we relied instead on VGLUT1 immunolabeling. VGLUT1 labels only cortical afferents in the brainstem [55,56], the majority of which arise from deep cortical layers of the PFC [50,53,54], where SERT is transiently expressed. We found that SERT-KO mice have a 40% increase in the number of VGLUT1+ axon boutons in the DRN (Fig. 3c,d) compared to SERT +/-mice at 4 weeks of age. To determine whether this increase in synaptic innervation is specific to the VGLUT1+ glutamatergic inputs arising from the cortex (Fig. 3a), we examined the other sources of excitatory glutamatergic inputs to the DRN. These arise from subcortical sources and are labeled with the vesicular glutamate transporter type 2 (VGLUT2). Additionally, we analyzed the inhibitory GABAergic synaptic inputs to the DRN, using glutamate decarboxylase 2, (GAD2) as a marker [34] (Fig. 3e). This analysis showed that VGLUT2+ and GAD2+ synaptic inputs were unchanged in the SERT-KO, indicating a high degree of specificity of changes for the VGLUT1+ synapses.

Interestingly, a similar increase in the number of VGLUT1+ synapses was observed in the corticothalamic (PFC-to-MD) circuit (Fig. 3i), which largely derives from the PFC-SERT+ neurons (Supplementary Figure 4), further suggesting that this Slc6a4/SERT mechanism could be valid for other corticofugal circuits in which PFC-SERT+ neurons are engaged. Conversely, in the basolateral nucleus of the amygdala (BLA), where PFC-SERT+ terminals are rare (Supplementary Figure 4), we observed no change in the density of VGLUT1+ synapses (Supplementary Fig. 6l), suggesting that SERT blockade has a selective impact on the maturation of the PFC-SERT+ neurons, although we cannot exclude other developmental effects on other PFC neurons.

Next, we examined whether transient pharmacological blockade of Slc6a4/SERT function with SSRIs during the critical postnatal period could reproduce these effects. Wildtype mice were treated with fluoxetine (per os, 10 mg/kg/ day) or sucrose from P2 to P14 [4,6], and we then examined the density of PFC-to-DRN synaptic innervations in comparison to vehicle-treated mice. These experiments showed that postnatal fluoxetine induces a 47% increase in the number of VGLUT1+ cortical synaptic innervations in the DRN (Fig. 3f) without affecting the other subcortical glutamatergic (VGLUT2+) or GABAergic (GAD2+) inputs (Supplementary Figure 6d), as in the SERT-KO mice.

Since the PFC-to-DRN projection targets both the 5-HT and GABA neuronal populations [32,53], we examined whether changes of synaptic innervation caused by Slc6a4/ SERT loss-of-function could differentially impact 5-HT neurons of the DRN. For this, we analyzed VGLUT1+ axon boutons in conjunction with immunolabeling for the enzyme tryptophan hydroxylase (TPH) to identify 5-HT neurons [34]. Analyses in SERT-KO-and fluoxetine-treated mice showed an increased number of VGLUT1+ synapses on 5-HT neurons (Supplementary Fig. 6a,c), while other glutamate (VGLUT2+) and GABAergic (GAD2+) synaptic afferents impinging onto 5-HT neurons were not affected (Supplementary Fig. 6b,e). Overall, these results show that transient blockade of Slc6a4/SERT function during the postnatal period is sufficient to increase synapse formation in the PFC-to-DRN circuits. Because 50% of VGLUT1+ synapses are associated to 5-HT neurons this suggests that these modifications occur on both the 5-HT and non-5-HT cell populations of the DRN.

Cell-autonomous role of Slc6a4/SERT in the synaptic wiring of the PFC-to-DRN circuit Slc6a4/SERT is expressed broadly in the brain during development, including the raphe nuclei and several other brain regions [START_REF] Lebrand | Transient developmental expression of monoamine transporters in the rodent forebrain[END_REF]42,44]. To determine the role of the cortical or raphe Slc6a4/SERT we used a conditional genetic approach. The recently developed SERT floxed mice (SERT fl/fl ) [28,29] were crossed with the EMX1b Cre mice that drives Slc6a4/SERT invalidation in all cortical projection neurons (SERT fl/fl :EMX1b Cre = SERT-KO CTX ). Array tomography analyses in the DRN of the SERT-KO CTX mice at 4 weeks of age showed a 30% increase in the number of VGLUT1+ synaptic boutons (Fig. 3g). Conversely, conditional invalidation of SERT in the raphe 5-HT neurons (SERT fl/fl :Pet1 Cre = SERT-KO Raphe ) did not change the density of VGLUT1+ synapses in the DRN (Fig. 3h). Both SERT-KO CTX and SERT-KO Raphe mice showed no compensatory alterations of VGLUT2+ subcortical glutamatergic and GAD2+ GABAergic synaptic innervations (Supplementary Fig. 6g,j). These findings indicate that a cortex-specific Slc6a4/SERT-dependent Fig. 3 Cortical deletion of SERT results in synaptic hyperinnervation of the DRN. a Diagram summarizing the excitatory glutamate and inhibitory GABAergic synaptic inputs received by the dorsal raphe nucleus (DRN) neurons. Synaptic inputs can be selectively identified in array tomography by the presence of specific synaptic markers including the vesicular glutamate transporter type 1 and 2 (VGLUT1 and VGLUT2, respectively) and the enzyme responsible for GABA synthesis, the glutamate decarboxylase 2 (GAD2). The prefrontal cortex (PFC), lateral habenula (LHb), laterodorsal tegmental nucleus (LDTg), ventral tegmental area (VTA), substantia nigra (SN), rostromedial tegmental nucleus (RMTg), periaqueductal gray (PAG), and hypothalamus (Hyp), have been noted as the main synaptic inputs to the DRN [50,53,54]. b Immunolabeling against the 5-HT biosynthetic enzyme tryptophan hydroxylase (TPH) illustrating the distribution of 5-HT neurons in the midbrain DRN. The bracketed area shows the sampling region in the midline DRN used for array tomography quantitative analyses (at P28). c Array tomography projection image of three serial-ultrathin 70-nm-thick sections of the DRN immunolabeled against VGLUT1 (green) and synapsin (red) to specifically identify cortical synaptic boutons. The arrows indicate double-labeled boutons in control and SERT-KO mice. d-e Quantitative analysis of cortical glutamate synaptic boutons (VGLUT1+) (d), and subcortical glutamate (VGLUT2+) and GABAergic (GAD2+) synaptic boutons (e) in the DRN of control and SERT-KO mice (4 mice/genotype; for VGLUT1/Synapsin pairs: F 1,6 = 36.45, *p < 0.001; for VGLUT2/ Synapsin pairs: F 1,6 = 0.24, p = 0.64; and for GAD2/Synapsin pairs: F 1,6 = 0.34, p = 0.58). f Analysis of cortical synaptic boutons in the DRN after fluoxetine-treatment (FLX) during the postnatal critical period (P2-14) (5 mice/group; F 1,8 = 9.94, *p < 0.02). g-h Density of cortical synaptic boutons in the DRN after conditional SERT invalidation using Emx1b Cre/+ :Sert fl/fl mice (SERT-KO CTX ) (g) and Pet1 Cre : Sert fl/fl mice (SERT-KO Raphe ) (h). (g): 5 mice/genotype (Welch's statistic = 11.20, *p < 0.03); (h): 3-4 mice/genotype (F 1,5 = 3.76, p = 0.11). i Cortical synaptic boutons in the mediodorsal thalamic nucleus (MD) of control and SERT-KO mice (3 mice/genotype; F 1,4 = 18.16, *p < 0.02). One-way ANOVA (d, e, f, h, i), and Welch's t test (g). Error bars represent SEM mechanism is involved in the synaptic wiring of this circuit.

As in the SERT-KO, we determined whether conditional deletion of Slc6a4/SERT from the cortex or raphe modifies the density of glutamate and GABAergic synapses onto 5-HT neurons. An increase in the density of cortical VGLUT1+ synaptic afferents onto 5-HT neurons was noted in the SERT-KO CTX (Supplementary Fig. 6f), but not in the SERT Raphe mice (Supplementary Fig. 6i). These changes were specific of cortical synapses, since VGLUT2+ or GABAergic (GAD2+) synaptic boutons were not affected by any of the strategies of Slc6a4/SERT invalidation (Supplementary Fig. 6h,k).

Overall, these findings indicate a cell-autonomous role of cortical Slc6a4/SERT for increasing synapse formation in the PFC-to-DRN circuit.

Lack of SERT increases the number of functional PFC-to-DRN synapses

To determine the impact of increased PFC-to-DRN synapse formation on the excitatory synaptic drive in the DRN, we studied glutamate excitatory transmission in the SERT-KO mice using ex vivo patch clamp electrophysiology and optogenetically driven PFC axon terminal stimulation. For this, rAAV-CAG-hChR2(H134R)-mCherry was bilaterally injected in the PFC of SERT-KO and SERT +/-mice at P4-P5 (Fig. 4a). After 3 weeks, we performed in vitro electrophysiological recordings in DRN neurons identifying putative 5-HT and GABA types based on their distinctive cellular properties [34,35]. The identity of the recorded cells was corroborated by post hoc immunochemical analysis combining Alexa 488 electroporation of the recorded cells with immunohistochemistry against the 5-HT biosynthetic enzyme tryptophan hydroxylase (Supplementary Fig. 7). Optical stimulation of the PFC-to-DRN synapses in SERT-KO mice expressing ChR2 led on average to larger AMPA receptor (AMPAR)-mediated excitatory postsynaptic currents (EPSCs) when compared with control animals, and this effect was present on both putative 5-HT and GABA neurons, as identified by electrophysiological criteria (Fig. 4b). We observed no modification in the AMPA-to-NMDA ratios in any of the two types of DRN neurons recorded (Fig. 4c). This suggests that postsynaptic properties of PFC-to-DRN synapses remain unaffected in the SERT-KO mouse. Instead, these data are in accordance with the presence of an increased number of functional glutamatergic synapses from the PFC onto both 5-HT and non-5-HT neurons in the DRN of SERT-KO mice, consistent with our array tomography study. Taken together, these findings provided strong evidence supporting a role of Slc6a4/SERT in controlling the glutamatergic synaptic drive of the PFC-to-raphe circuit.

Bidirectional modulation of the emotional deficits induced by early postnatal fluoxetine upon stimulation or inhibition of the PFC-SERT+ neurons SERT-KO mice show increased passive coping strategies when exposed to an acute stressor: they float more in the forced swim test (FST) and have an increased latency to feed in the noveltysuppressed feeding test (NSF). These behavioral alterations are reproduced by early-life exposure to SSRIs, suggesting that they have a developmental origin [4,6,8]. Since the PFC exerts a top-down control in stress-coping responses [18,19,57], we reasoned that increased innervation of the PFC descending circuits could underlie the adult emotional deficits induced by early-life SSRIs. To test this, we used a pharmacogenetic approach [30] to either decrease or increase the activity of the PFC-SERT+ neurons in adult mice that had been exposed to SSRIs during early postnatal life. Cohorts of wild-type mice were treated with either fluoxetine (per os, 10 mg/kg/day) or 5% sucrose from P2 to P14 (Fig. 5a). All mice (fluoxetine-treated or sucrose-treated) were bilaterally injected in the PFC as pups with either AAV5-CaMKIIa-hM4D(Gi)-mCherry or AAV8-CaMKIIa-hM3D(Gq)-mCherry. Post hoc histological controls showed that the virus was efficiently transduced only in PFC pyramidal neurons and mainly in layer 5-6 of the prelimbic, infralimbic and orbital regions (Supplementary Fig. 8a,d). The efficiency of CNO in inhibiting or activating the activity of the PFC glutamate projection neurons was controlled. In mice injected with either AAV5-CaMKIIa-hM4D(Gi)-mCherry or AAV8-CaMKIIa-hM3D(Gq)-mCherry, the CNO (1 mg/kg) treatment either reduced by 80% or increased above two-fold c-Fos expression in the transduced pyramidal neurons (hM4D(Gi)-mCherry+ and hM3D(Gq)-mCherry+, respectively) thus validating the approach (Supplementary Fig. 8b,c).

Adult mice that had been exposed to fluoxetine during early life showed increased floating behavior in the FST (Fig. 5b,c,i) and increased latency to feed in the NSF compared with control mice (Fig. 5d, j), consistent with previous studies [4,6]. Similar effects were observed in both genders, although differences in the magnitude of the effects between genders were found in the FST on day one, differences did not reach significance for the FST at day two nor for the NSF or locomotor behavior. This showed that our early viral injections of DREADDs into the PFC did not interfere with the known effects of early postnatal fluoxetine on adult emotional behaviors. We then examined, in mice injected with AAV5-CaMKIIa-hM4D(Gi)-mCherry, whether acute inhibition of the PFC pyramidal neurons impacts behavioral outputs. In the control sucrose-treated group, CNO administration 30 min before the testing had no effect in the FST (Fig. 5c) and the NSF (Fig. 5d), indicating that inhibition of the PFC glutamate projection-neurons does not alter per se these behavioral responses. However, in the fluoxetine-treated group, CNO administration increased both the immobility time in the FST (Fig. 5c) and the latency to feed in the NSF (Fig. 5d), without changing spontaneous locomotor responses (Fig. 5e). We then tested the effects of acute activation in mice injected with AAV8-CaMKIIa-hM3D(Gq)-mCherry. In these mice, CNO administered before the behavioral test reduced the immobility time in the FST (Fig. 5i) and decreased the latency to feed in the NSF(Fig. 5j), without locomotor changes (Fig. 5k). This effect was only present in the fluoxetine-treated group. These results indicated that silencing of adult PFC glutamate neurons enhances the SSRI-induced emotional alterations, while activation rescues these behavioral deficits.

As these bidirectional modulatory effects might be due to indiscriminate recruitment of different subtypes of PFC pyramidal neurons, we conditionally restricted the hM4D (Gi) and hM3D(Gq) expression to the SERT+ projectionneurons. Hence, we repeated these experiments in SERT Cre/+ mice exposed to fluoxetine during early life using a conditional virus expressing hM4D(Gi) or hM3D (Gq) (Fig. 5a). Consistent with our previous experiments, acute inhibition of SERT+ neuron's activity with CNO increased both the immobility time in the FST (Fig. 5f) and the latency to feed in the NSF (Fig. 5g) without changing locomotor activity (Fig. 5h). Conversely, CNO activation of SERT+ neurons decreased the immobility time in the FST (Fig. 5l) and the latency to feed in the NSF (Fig. 5m) without locomotor changes (Fig. 5n). These experiments showed that selective inhibition or activation of PFC-SERT +neurons was sufficient to reproduce the behavioral effects observed after a more general manipulation of PFC Overall, these results suggest that the increased synaptic drive from the PFC induced by early-life exposure to SSRIs acts to mitigate passive stress-coping responses, and thus counterbalancing the negative effects of SSRI exposure on emotional behavior.

Discussion

Our study identified a corticofugal pathway-the PFC-to-DRN circuit-that is modulated by 5-HT-related antidepressants during a critical developmental period corresponding to the phase of active synaptogenesis. Transient expression of Slc6a4/SERT in a subset of sub-cortically projecting pyramidal neurons of the PFC controls glutamatergic synapse formation in the thalamus and raphe likely by influencing expression of genes involved in axon growth/synapse formation. These findings provide novel insights into how genetic and environmental perturbations of 5-HT transmission during early life can lead to significant changes in the assembly of specific PFC circuits with longlasting consequences on emotional behavior.

Altered development of PFC circuits is thought to underlie several psychiatric disorders, including anxiety/ depression-related disorders [58]. Previous histological studies reported changes of cell density and layer thickness in the cortex [59] and dendritic changes in the infralimbic PFC [11] of SERT-KO mice. However, it has been difficult to pinpoint-specific PFC circuits that could be selectively altered by early developmental events due to both the complexity of the PFC circuits, and the lack of precise knowledge about their development [60].

Our study demonstrates that a major output connection of the PFC directed to the brainstem shows a critical period during which its synaptic wiring is tightly controlled by changes of 5-HT transmission. Indeed, the full or cortexspecific invalidation of Slc6a4/SERT results in synaptic hyperinnervation of the PFC-to-DRN circuit. Furthermore, this abnormal synaptic wiring is reproduced by the pharmacological administration of the selective Slc6a4/SERT blocker fluoxetine from P2 to P14. The critical period for this effect coincides with the developmental period where early stressors and exposure to SSRIs have been found to have long-lasting effects on anxiety-and depressive-like behaviors, as well as on cognitive PFC function [6,7,61]. The PFC output circuits to subcortical brain centers are important modulators of mood in particular via top-down control of monoaminergic brainstem nuclei such as the dopamine neurons in the VTA [62] and the 5-HT raphe Fig. 5 Bidirectional modulation of developmental SSRI-induced emotional alterations by PFC-SERT+ neurons. a For chemogenetic manipulation of PFC glutamate projection-neurons, AAV5-CaMKIIa-hM4D(Gi)-mCherry (c-e) or AAV8-CaMKIIa-hM3D(Gq)-mCherry (i-k ) was bilaterally injected into the PFC of P5 wild-type C57BL/6 mice. For conditional expression in PFC-SERT neurons the AAV5-hSYN-DIO-hM4D(Gi)-mCherry (f-h) and AAV8-hSYN-DIO-hM3D (Gq)-mCherry (l-n) were used in SERT Cre/+ mice. Mice were treated with fluoxetine (FLX) (10 mg/kg/day in 5% sucrose) or with 5% sucrose (SUC), from P2 to P14. Behavioral analyses were started at P80, starting with the novelty-suppressed feeding test (NSF), the forced swim test (FST), and locomotor activity spaced by 7 days intervals. b Immobility time in the FST during the first day "drug-free" session. Control group: 25 mice (15 males, 10 females); FLX group: 23 mice (10 males, 13 females). Two-ways ANOVA: gender x treatment interaction (F 1,44 = 1.855, p = 0.18); gender main effect (F 1,44 = 6.407, p < 0.02); treatment main effect (F 1,44 = 5.228, *p < 0.03). c: Immobility time in the FST (day 2); d: latency to feed in the NSF; e: locomotor activity, after a single i.p. injection of saline (NaCl 0.9%) or CNO (1 mg/kg) 30 min. before the testing. Two-ways ANOVA of the FST (c): treatment combination x gender interaction (F 3,40 = 1.345, p = 0.27); treatment combination main effect (F 3,40 = 9.510, p < 0.0001); gender main effect (F 1,40 = 3.550, p = 0.07). FLX-CNO vs. Control-Saline (*p < 0.0001), vs. Control-CNO (*p < 0.001) and vs. FLX-Saline (*p < 0.02) by Tukey's test. Two-ways ANOVA of NSF (d): treatment combination x gender interaction (F 3,40 = 0.657, p = 0.58); treatment combination main effect (F 3,40 = 6.994, p < 0.001); gender main effect (F 1,40 = 0.011, p = 0.916). FLX-CNO vs. Control-Saline (*p < 0.001), vs. Control-CNO (*p < 0.004) and vs. FLX-Saline (*p < 0.04) by Tukey's test. Two-ways ANOVA of locomotor (e): treatment combination x gender interaction (F 3,40 = 0.245, p = 0.865); treatment combination main effect (F 3,40 = 0.394, p = 0.758); gender main effect (F 1,40 = 3.318, p = 0.08). In (c-e): Control/Saline group: 13 mice (8 males, 5 females); Control/CNO group: 12 mice (7 males, 5 females); FLX/Saline group: 12 mice (6 males, 6 females); FLX/CNO group: 11 mice (4 males, 7 females). f-h Conditional inhibition of PFC-SERT neurons in SERT Cre/+ mice treated or not with fluoxetine (FLX) from P2 to 14) (a). Immobility in the FST (day 2) (f), latency to feed in the NSF (g) and locomotor activity (h) after an i.p. injection of either CNO (1 mg/kg) or NaCl 0.9% saline (SAL), 30 min. before testing. In (f): ANOVA: treatment main effect (F 1,9 = 5.982, p < 0.04), in (g): ANOVA: treatment main effect (F 1,9 = 6.287, p < 0.04), in (h): ANOVA: treatment main effect (F 1,9 = 2.712, p = 0.134). In (f-h): FLX/Saline group: 5 males; FLX/CNO group: 6 males. Immobility time in the FST (day 2) (i), latency to feed in the NSF (j) and locomotor activity (k ), after a single i.p. injection of either CNO (1 mg/kg) or NaCl 0.9% saline, 30 min. before testing. Two-ways ANOVA in (i): treatment combination x gender interaction (F 3,43 = 0.612, p = 0.61); treatment combination main effect (F 3,43 = 4.177, p < 0.02); gender main effect (F 1,43 = 0.315, p = 0.58). FLX-Saline vs. control-saline (*p < 0.05), vs. FLX-CNO (*p < 0.01) by Tukey's test. Two-ways ANOVA in (j): treatment combination x gender interaction (F 3,43 = 0.490, p = 0.69); treatment combination main effect (F 3,43 = 9.532, p < 0.0001); gender main effect (F 1,43 = 3.218, p = 0.08). FLX-Saline vs. Control-Saline (*p < 0.0002), vs. Control-CNO (*p < 0.0001) and vs. FLX-CNO (*p < 0.01) by Tukey's test. Two-ways ANOVA in (k): treatment combination x gender interaction (F 3,43 = 0.815, p = 0.492); treatment combination main effect (F 3,43 = 0.521, p = 0.670); gender main effect (F 1,43 = 0.137, p = 0.713). In (i-k ): Control/Saline group: 16 mice (8 males, 8 females); Control/CNO group: 12 mice (8 males, 4 females); FLX/Saline group: 12 mice (6 males, 6 females); FLX/CNO group: 11 mice (4 males, 7 females). l-n Conditional activation of PFC-SERT neurons in SERT Cre/+ mice treated or not with fluoxetine (FLX) from P2 to P14). a Immobility in the FST (day 2) (l), latency to feed in the NSF (m) and locomotor activity (n) after an i.p. injection of either CNO (1 mg/kg) or NaCl 0.9% saline (SAL), 30 min. before the testing. In (l): ANOVA: treatment main effect (F 1,13 = 5.100, p < 0.05), in (m): ANOVA: treatment main effect (F 1,13 = 13.792, p < 0.01), in (n): ANOVA: treatment main effect (F 1,13 = 0.0006, p = 0.981). In (l-n): FLX/Saline group: 8 males; FLX/CNO group: 7 males neurons [53,63]. Preclinical and clinical studies indicated that the PFC-to-DRN circuit plays a crucial role in stresscontrollability [18,19]. Stimulation of this pathway has an antidepressant effect in rats [19]. Moreover, in humans, this circuit is thought to underlie some of the beneficial effects of deep brain stimulation in depression [16,64]. Thus, developmental synaptic miswiring of this circuit is likely to have an important impact on the pathophysiology of moodrelated disorders. However, since synaptic plasticity is a dynamic process continuing in adult life, it remains to be determined whether the increased number of functional synapses that we observed in juvenile animals persists throughout life.

We found that altering Slc6a4/SERT function during development selectively increases the number of PFC glutamatergic synapses in the DRN, without changing other subcortical glutamatergic or GABAergic synaptic inputs to raphe neurons. Moreover, the enhanced synapse number caused by SERT invalidation resulted in functionally increased glutamatergic transmission at PFC-to-DRN synapses; this could not be accounted for by postsynaptic changes in the AMPA/NMDA ratios. In the raphe, PFC synaptic inputs are directed to both 5-HT and non-5-HT GABAergic neurons [32,53]. The latter play a crucial role in feed-forward inhibitory modulation of 5-HT neuron activity [20,65] and on PFC glutamate terminals [34,[START_REF] Soiza-Reilly | Unraveling the architecture of the dorsal raphe synaptic neuropil using high-resolution neuroanatomy[END_REF]. Our observations indicate that when Slc6a4/SERT is invalidated genetically or pharmacologically, the supernumerary PFC synapses are not exclusively associated with 5-HT neurons but are also largely on non-5-HT neurons, possibly GABA neurons, thus being in a position to either enhance or inhibit 5-HT output. However, previous physiological studies argue for an overall increased inhibitory effect in the DRN upon transient SERT inactivation. First, in normal conditions the PFC has a main inhibitory effect on 5-HT neuron excitability [65,[START_REF] Hajós | Role of the medial prefrontal cortex in 5-HT1A receptor-induced inhibition of 5-HT neuronal activity in the rat[END_REF]. Second, in vivo electrophysiological studies in SERT-KO mice [8] and in mice exposed to SSRIs during early life showed a reduced excitatory tone of the 5-HT DRN neurons [START_REF] Teissier | Activity of Raphé Serotonergic Neurons Controls Emotional Behaviors[END_REF]. These observations are then consistent with the suggestion of an increased feedforward inhibition from the PFC in conditions of early life SERT invalidation. However these studies were performed in anesthetized rodents, and such regulations are likely highly dynamic. Thus, an important direction for future research will be to determine how these circuits function in behaving animals under different stress conditions.

Our experiments showed that activation of the PFC-SERT+ neurons in adult life rescued the anxiety/depressive-like phenotypes of mice exposed to SSRIs during early life, while inhibition of this neuronal population enhanced these phenotypes. Thus, at a system level, the hyperinnervation of PFC descending circuits would seem to counterbalance functional alterations within the PFC network. Based on these experiments, this suggests that developmental exposure to SSRIs results in a general hypoexcitability of PFC networks. One can only speculate at this point on the mechanisms involved which could involve intrinsic changes in the excitability of the PFC pyramidal neurons, or changes of the excitatory/inhibitory drive. Previous studies have shown that perinatal exposure to SSRIs impacts the development of several stress-related circuits [START_REF] Darling | Perinatal citalopram exposure selectively increases locus ceruleus circuit function in male rats[END_REF][START_REF] Simpson | Perinatal antidepressant exposure alters cortical network function in rodents[END_REF]. Thus, it will be interesting in future studies to tease apart the different factors that contribute to changes in the activity of PFC neurons after early life exposure to SSRIs.

The protracted development of the PFC makes it particularly vulnerable to the effects of environmental insults. Our observation that Slc6a4/SERT plays a role in the synaptic wiring of a large population of PFC neurons provides further evidence to understand these effects. It shows that enhancing 5-HT neurotransmission in the PFC modifies the transcriptional program of selected PFC neurons leading to enhance their axon growth and synaptogenic potential. At a cell-signaling level, the main function of Slc6a4/SERT in these PFC neurons could be to act as a buffer/sink to regulate extracellular levels of 5-HT. Indeed, based on transcriptome profiling results, and pharmacological manipulations, the PFC-SERT+ neurons are able to degrade 5-HT, but not to synthesize it, with MAOA playing a key role in the degradation of 5-HT. This clearance function is crucial to control the 5-HT levels locally in the cortex since only the cortex-specific but not the raphespecific Slc6a4/SERT invalidation reproduced the effects of the full SERT-KO. Although some parallels can be drawn with the function of transient SERT expression in the thalamocortical and retinotectal systems, the mechanisms are likely to be different. In the barrel cortex and retinal system the main role of Slc6a4/SERT is to moderate the inhibitory effects of 5-HT1B receptors on neurotransmitter release [START_REF] Salichon | Excessive activation of serotonin (5-HT) 1B receptors disrupts the formation of sensory maps in monoamine oxidase a and 5-ht transporter knock-out mice[END_REF][START_REF] Laurent | Activity-dependent presynaptic effect of serotonin 1B receptors on the somatosensory thalamocortical transmission in neonatal mice[END_REF] and thereby to modulate activity-dependent mechanisms that shape precise topographic maps [START_REF] Rebsam | Refinement of thalamocortical arbors and emergence of barrel domains in the primary somatosensory cortex: a study of normal and monoamine oxidase a knock-out mice[END_REF]. In the PFC, the signaling mechanisms that are associated to transient Slc6a4/SERT expression are likely different, since the 5-HT1B receptor is not expressed in the developing PFC neurons and also because the main effect observed is an increased synapse formation. Therefore, it will be interesting to investigate the role of other receptors that are expressed in the developing PFC, focusing on those, such as 5-HT2A and 5-HT7 that have been shown to promote synaptogenesis [START_REF] Wirth | How serotonin receptors regulate morphogenic signalling in neurons[END_REF].

In a translational perspective it is noteworthy that similar mechanisms appear to exist in the human brain. On one side, evidence indicates that altered connectivity of PFC circuits contribute to mood disorders [12,13]. On the other side, mounting evidence indicates that prenatal SSRI exposure contributes to anxious and internalizing behaviors in childhood [START_REF] Oberlander | Prenatal effects of selective serotonin reuptake inhibitor antidepressants, serotonin transporter promoter genotype (SLC6A4), and maternal mood on child behavior at 3 years of age[END_REF][START_REF] Hanley | Prenatal exposure to serotonin reuptake inhibitor antidepressants and childhood behavior[END_REF], and to depressive symptoms during adolescence [START_REF] Malm | Gestational exposure to selective serotonin reuptake inhibitors and offspring psychiatric disorders: a national register-based study[END_REF]. Moreover, reduced Slc6a4/SERT functionality, as reported in human carriers of low-functioning Slc6a4/SERT alleles, has been linked to anxiety-related behavioral traits [START_REF] Lesch | Association of anxiety-related traits with a polymorphism in the serotonin transporter gene regulatory region[END_REF][START_REF] Hariri | Serotonin transporter genetic variation and the response of the human amygdala[END_REF] and vulnerability to childhood trauma and depression [START_REF] Caspi | Influence of life stress on depression: moderation by a polymorphism in the 5-HTT gene[END_REF]. Finally, Slc6a4/SERT is transiently expressed in the human embryonic frontal cortex [44] (Supplementary Fig. 9; transcriptional data from Brainspan Atlas of the Developing Human Brain, http://www.brainspan.org), further supporting the notion of a common developmental target in humans.

Our findings underline the fact that important changes in prefrontal circuits, driven by SERT+ neurons can take place during critical developmental periods, in particular in shaping top-down prefrontal circuits to the brainstem that play a crucial role in adaptive behaviors to stress. Altered development of these circuits contributes to shape stresscoping strategies later in life.

Chapter III

Serotonin and emotional behaviours: developmental role of the 5-HT7 receptor (in the context of the paradoxical effects of SSRIs)

In this chapter I describe a possible mechanism involved in the developmental effects of SSRIs, via the 5-HT7 receptor.

In our previous study of developmental effects of SSRIs (chapter II) we analyzed the transcriptome of the 5-HTT+ PFC neurons. We were intrigued by the high expression of the Htr7 in these 5-HTT+ neurons. Furthermore Htr7 mRNA expression in these PFC pyramidal neurons was decreased in the 5HTT KO mice as compared to the control mice. This observation led us to hypothesize that overactivation of the 5-HTR7 by 5-HT could be one of the mechanisms involved in morphological and behavioural deficits observed in both the 5HTT KO and in mice exposed to serotonin specific reuptake inhibitors.

We asked the following questions:

-Is over-activation of the Htr7 responsible for the hyper-innervation phenotype? -Is Htr7 implicated in the developmental effects of SSRIs on anxiety and depression?

Materials and Methods

Animals

All experiments performed in mice were in compliance with the standard ethical guidelines (European Community Guidelines and French Agriculture and Forestry Ministry Guidelines for Handling Animals -decree 87849). All mice used were group-housed (3-5 per cage), maintained on a C57BL/6 background, and bred under standard laboratory conditions (22 ± 1°C, 60% relative humidity, 12-12 h. light-dark cycle, food, and water ad libitum). The SERT-Cre knock-in mouse line used here, has been previously characterized [START_REF] Narboux-Neme | Serotonin transporter transgenic (SERT cre ) mouse line reveals developmental targets of serotonin specific reuptake inhibitors (SSRIs)[END_REF]Zhuang et al., 2005). Cre-recombinase expression in this line precisely follows the temporal pattern of expression of the SERT gene [START_REF] Narboux-Neme | Serotonin transporter transgenic (SERT cre ) mouse line reveals developmental targets of serotonin specific reuptake inhibitors (SSRIs)[END_REF]Zhuang et al., 2005). The nls-Cre is inserted in exon 2 of the SERT gene, and this allows to study SERT-KO mice in the same line :mice carrying 1 or 2 Cre alleles are SERT+/-(SERTCre/+) or SERT-/-(SERTCre/Cre), respectively. SERTCre/+ or SERTCre/Cre mice were obtained from crossings between SERTCre/Cre male and SERTCre/+ female mice. The 5-HT7 knockout mice used here have also been previously characterized. [START_REF] Hedlund | No hypothermic response to serotonin in 5-HT7 receptor knockout mice[END_REF] The mouse 5-HT7 receptor gene was isolated from a library made from genomic DNA from strain 129/SvJ. A neomycin expression cassette pMC1NeoPolyA (Stratagene), which directs neo expression from the TK promoter, was inserted into an MluI site within exon II, at the 3' end of a region encoding the fifth transmembrane domain of 5-HT7.

A thymidine kinase expression cassette, derived from pMC1tk, was attached 5' of the short arm of the knockout construct so that non homologous integrants could be selected against. The sequence of this construct, which should direct expression of a nonfunctional, truncated 5-HT7 protein, was verified.

This construct inactivated all splice forms of the receptor. The construct was then transfected into 129Sv/Ev embryonic stem cells. Cells in which one copy of the 5-HT7 receptor gene had been inactivated by homologous recombination were isolated, and these cells were used to produce mice that gave germ-line transmission of the modified gene, all using standard methods. These were successfully bred with the C57BL/6J strain, and offspring in expected ratios for various crossings were obtained.

Homozygotes were viable and fertile. These were the same genetically modified Htr7 KO used in this study. C57BL/6J wildtype mice used for the pharmacology experiments, RT-qPCRs and viral injections were obtained from Janvier Labs, France.

Brain tissue processing

Animals were sacrificed by cervical dislocation, and brains taken out quickly for western blots, RT-qPCRs experiments. All other mice were anesthetized with pentobarbital (0.5 mg/g) and fixed by intracardiac perfusion of 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS; pH = 7.4).

Brains were quickly removed and post-fixed overnight in the same fixative solution and cryoprotected for 2 days in PBS+30% sucrose containing sodium azide (0.01%; Sigma, France) and kept at +4°C until sectioning Western Blot PFC tissue from brains of P7, P14, and P21 mice were macroscopically dissected on ice. Tissue from 2-3 brains was pooled, and 600-900 µl of lysis buffer [Tris 100 mM pH 7.6, EDTA 0.5 M pH 8, 1% Triton X-100 and protease inhibitor cocktail (#P8340, Sigma, France)] was added to the tissue and sonicated on ice for 5 mins. Samples were centrifuged at 13,000 g (30 min at 4°C), supernatants were collected, and an aliquot from each sample was used for protein determination using the Micro bicinchoninic (BCA) protein assay kit (ThermoScientific; #23235). A total of 10µg of each protein extract sample was subjected to SDS-PAGE, using NuPage 4-12% Bis-Tris polyacrylamide gels (Invitrogen, France). Proteins were blotted onto a 0.45-µm nitrocellulose mem-brane (Thermo Fisher, France). Membranes were blocked (1 h) in 5% non-fat milk dissolved in PBS (pH = 7.6) -0.1% Tween (Sigma-Aldrich, France) (PBST) and incubated overnight in 1:1000 rabbit anti-5-HT7 (Novus, Cat. # NB100-56352); rabbit anti-5-HT7 (ThermoFisher, Cat. # PA1-24575) or 1:1000 mouse anti-Tuj1 (BioLegend, Cat # 801201) at 4°C. After three rinses in PBST, membranes were incubated in Alexa Fluor 790-conjugated donkey anti-rabbit secondary antiserum (1:10000, Jackson ImmunoResearch, #711-655-152) or Alexa Fluor 680-conjugated donkey anti-mouse secondary antiserum (1:10000, Jackson ImmunoResearch, #715-625-151) at room temperature for 90 mins. Revelation was done using a Li-Cor-Odyssey infrared Imaging System (Li-Cor, Germany, #ODY-Ø398). Band intensities were analysed with ImageJ software. Data were expressed as the ratio between the band intensity of 5-HT7 and Tubulin.

Cell Cultures

For the in vitro studies, we used mouse neuronal cultures obtained from postnatal Day 1 (PND1) pups.

Primary PFC cortical cultures were prepared as described previously [START_REF] Hilgenberg | Preparation of dissociated mouse cortical neuron cultures[END_REF].

Briefly, PND1 pups were decapitated and brains were dissociated aseptically. Brains were then placed into ice cold dissecting solution. After careful removal of the meninges and superficial blood vessels, the PFC area from both hemispheres was dissected and cut into approximately 0.5mm pieces. The tissue pieces were incubated at 37 °C for 30 min in papain-containing enzyme solution. Digested tissue pieces were washed in solutions containing enzyme inhibitors, and then dissociated by triturating in neurobasal media (NBM, Life technologies, #21103-049) through glass pipettes and collected in warm NBM supplemented with B27 (Gibco, #17504-044). Dissociated cortical cells were plated at a final density of 5 × 10 5 cells/cm 2 on 14mm microscope cover glass (Deckglaser, #0111540) coated with poly-l-lysine hydrobromide (PLL -2mg/ml; Sigma, #P1524) and Laminin (Sigma, #L2020-1MG). Cultures were maintained at 37 °C in a humidified CO2 incubator with media changed every 3 days. Cells were used for experiments on 7 days in vitro (DIV7).

RT-qPCRs

Brains of 5-HT7-/-and control mice were collected at PND1, PND7, PND14 and PND60. Brains were kept in 1x PBS on ice and the PFCs were macroscopically dissected out and collected. PFCs from 2-3 brains were pooled for each age analyzed. Samples were directly processed for RNA isolation. RNA isolation was done with Trizol reagent (ThermoFisher, Cat. #15596026). Samples were weighed (<50 mg) before homogenization, and 1ml of Trizol was added. Homogenates were transferred to 2ml

Ependorf tubes with 0.2ml of chloroform, gently mixed for 15s, and centrifuged at 12000x g for 15mins at 4°C. The upper phase was collected, and RNA was precipitated with 0.5ml isopropyl alcohol, incubated at room temperature for 5mins, and centrifuged at 12000x g for 10mins at 4°C. After removal of supernatant, the RNA pellet was air-dried and dissolved in 100µl Milli-Q water and stored at -80°C.

Possible DNA contamination was cleared using DNase I (ThermoScientific, Cat. #EN0521), and RT-PCR was done with the SuperScript II kit (Invitrogen, Cat. #18064014). qPCR was performed with the ThermoScientific SYBR Green Mix kit according to the manufacturer's instructions. Primers are listed below.

Table 1: List of RT-qPCR primers

Drug Administration (5-HT7 receptor agonist and antagonist)

The following drugs were used: fluoxetine hydrochloride (FLX, Tocris, UK) as the standard SSRI., (2R)- In the first cohort tested, mice were randomly assigned to 5 groups: group one received daily intraperitoneal injections (i.p) of saline (control vehicle -0.9% NaCl); group two received daily i.p of fluoxetine (FLX; 10 mg/kg in vehicle solution); group three received a combination of FLX 10 mg/kg and 2 doses 5 mg/kg SB269970 (first dose of 5 mg/kg administered in the morning with FLX and second dose of 5 mg/kg in the evening without FLX. SB269970 was dissolved in saline); group four received 2 doses of 5 mg/kg SB269970 alone (first dose of 5 mg/kg administered in the morning and second dose of 5 mg/kg administered in the evening); the last group received 2 doses of 5 mg/kg of LP44 (first dose of 5 mg/kg administered in the morning and the second 5 mg/kg administered in the evening. The stock solution of LP44 was made in DMSO solution and subsequent working solution was diluted in saline)

In the second cohort, we maintained the same design but increased the SB269970 dose to 2 doses of 20 mg/kg administered morning and evening. We had no LP44 group.

For the transgenic mice experiments -5-HT7 +/-and 5-HT7 -/-mice, we used either 10 mg/kg FLX or 10 mg/kg sucrose solution and administration was orally.

Viral injections in the PFC

Neonatal mice (P1) were injected with different replication-defective adeno-associated viruses (AAV).

The rAAV8-Syn(H1-2)-HTR7-eGFP (Virus Vector Core, Facility, Univ. North Carolina, Chapel Hill)

was used for over-expression of the 5-HT7 and AAV-9-hSyn-eGFP-WPRE-bGH (Penn Viral Vector Core, University of Pennsylvania, USA) was used for a Sham injections. Brains were processed for histological controls, RT-qPCRs, behavioural testing, and array tomography experiments. All titre ranges were 10 12 -10 13 particles/ ml.

Entire litters comprising 5-6 P1 pups were separated from their dams and placed on a heating pad. Each pup was then anesthetized on ice (2-3 min) and kept on a frozen pad during the procedure. Mice were put in prone position on the frozen pad to maintain the skull flat. The PFC was targeted using the inferior cerebral vein (~2-3mm posteriorly) and the superior sagittal sinus (~2-3 mm laterally) as references.

Bilateral injections (50nl each) were performed 1.4 mm deep from the scalp surface using a pulled glass capillary (30-50 µm tip diameter; Drummond Scientific company) mounted on a hydraulic micromanipulator MO-10 (Narishige, Japan). After surgeries, pups were returned to their home cages with the mother. Injected mice were either sacrificed 7 days after AAV injection (histology and RT-qPCR), 28 days after AAV injections (Array tomography) or kept in standard housing conditions for subsequent behavioural experiments. Some of these adult brains were sectioned for further histological and q-PCR analyses. 

Array tomography

After tissue processing, as described above, brains were sliced to 300-µm-thick coronal sections with a vibratome. Thick sections containing the DRN were processed for array tomography as described (Micheva and Smith, 2007;Soiza-Reilly and Commons, 2011). Briefly, sections were dehydrated (50 and 70% ethanol, 5 min each step at room temperature) and equilibrated in a mixture (1:3) of 70% Subsequently, primary antisera were diluted in the blocking solution and incubated with sections for 2 h.

Sections were rinsed with PBS 3 × 10 min, and appropriate fluorescent-conjugated secondary antisera raised in donkey were used (Alexa 488, Alexa 647, and CY3, 1:200; Jackson Immuno-Research, USA).

Secondary antisera were centrifuged at 15,000g for 3 min before use. Sections were incubated with the The quantitative analysis is typically done using a sampling mask of 90 µm X 90 µm. Images were converted to binary images using the threshold function and, in some cases, manually adjusted to exclude non-specific background. Axonal boutons were identified by the presence of double-labeled voxels, including VGLUT1, in addition to synapsin labelling in each case as previously described (Soiza-Reilly et al., 2013), yielding density values per tissue volume (puncta per µm 3 ). To avoid under detection of adjacent objects located close to one another or in different synaptic compartments (e.g., synaptic boutons and tryptophan hydroxylase labelling), we used the "dilate" function that introduces a mask expansion in the size of one of the objects < 0.2 µm. In these analyses, we used this resulting dataset to quantify the density of labelled overlapping voxels. For the statistical analysis, array tomography data obtained from two stacks per animal were averaged to generate a mean density value per mouse. Data were collected and analysed, blind to the genotype/ treatment.

Behavioural studies

We used both male and female mice for all of our experiments. We did not detect an interaction between gender and any dependent variable in our tests. Therefore we only show the collapsed data in our figures.

However, we do not emphasize this negative finding, because our experiments were not designed to thoroughly investigate the effect of gender. Mice were all tested starting at P80. For the first tested cohort, the behavioural testing started with the novelty-suppressed feeding test (NSF), followed by the 

RESULTS

The 5-HT7 receptor (Htr7) is expressed in the PFC during early postnatal development

Our RNA sequencing experiments of cell-sorted 5-HTT+ PFC neurons indicated that Htr7 was among the 5-HT receptors with strongest mRNA expression in this specific neuronal population, at postnatal day 7 [START_REF] Soiza-Reilly | SSRIs target prefrontal to raphe circuits during development modulating synaptic connectivity and emotional behavior[END_REF]. These data are illustrated here (Figure 6).

Surprisingly, the copy number for the Htr2a, Htr1a, and Htr1b genes were low, compared to that of the Htr1f and Htr7 genes.

To begin to address the question of the involvement of Htr7 in the mechanism of FLX mode of action, our first aim was to determine whether 5-HTR7 receptor is present during the entire period of 5-HTT expression, and whether, as suggested in previous studies [START_REF] Gustafson | A receptor autoradiographic and in situ hybridization analysis of the distribution of the 5-HT7 receptor in rat brain[END_REF][START_REF] Neumaier | Localization of 5-HT7 receptors in rat brain by immunocytochemistry, in situ hybridization, and agonist stimulated cFos expression[END_REF], there is a dynamic cellular localization of this receptor. As mentioned in the introduction, very little is known on the localization of 5-HTR7 in the mouse CNS, and even less on its dynamic pattern of expression during development.

We first used a quantitative approach, real time PCR, to compare the temporal expression pattern of the mRNAs of 5-HTT and Htr7 at P1 and P7. As illustrated in Figure 7, we observed that 5-HTT expression in the PFC peaks in at the end of the first postnatal week and subsequently diminishes and is completely gone by the end of the second week. The expression of Htr7 mRNA on the other hand, peaks around the second postnatal week and then expression is reduced to normal levels through to P60 (we did not check Normalized read counts older ages) Figure 7. As we collected punches of whole PFC, particularly the orbital, PL, IL regions, the laminar and cellular localization of this experiment cannot be ascertained. In the ST, there was an effect of treatment (F (3,74) = 8.939, p < 0.0001; Fig. 12 B). The PN-FLX group had significantly increased latency to groom compared to the saline (Bonferroni's test, p < 0.0001), and PN-FLX+SB269970 (Bonferroni's test, p = 0.0086) groups respectively. In this test, administration of SB269970 to the PN-FLX mice prevented the increased grooming latencies seen in the PN-FLX mice.

5-HT Receptors

In the NSF test, we also observed a significant main effect of treatment (F (3,74) = 12.44, p = 0.0001; Fig. 12C). The PN-FLX group had significantly increased latencies to begin a feeding session compared to the saline, the PN-FLX+SB269970 and SB269970 groups (Bonferroni's test, p < 0.0001; Bonferroni's test, p < 0.0001; Bonferroni's test, p < 0.0001, respectively Fig. 12C). The percentages of weight loss and home-cage food consumption after 24 hr of food deprivation were comparable across groups (no significant main effects of treatment. Fig. 12 C"). In this test, SB269970 administration prevented the increased feeding latencies of the PN-FLX mice.

In the FST, we observed an effect of treatment on immobility time (F (3,74) = 8.804, p < 0.0001; Fig.

12 D), The PN-FLX mice had significantly increased immobility time compared to the saline and PN-FLX+SB269970 groups (Bonferroni's test, p < 0.0006; Bonferroni's test, p < 0.0004 respectively).

SB269970 group had significantly higher immobility time when compared to saline and PN-FLX+SB269970 groups (Bonferroni's test, p < 0.0303; Bonferroni's test, p < 0.0233 respectively). In this test, SB269970 treatment in the PN-FLX mice prevented the increased immobility, however, the SB269970 group showed increased immobility time.

Overall, the findings from these two sets of pharmacological experiments indicated that antagonizing the 5-HTR7 during the P2-P14 period prevented the emergence of anxiety-and depressive-like behaviours that are observed in mice treated with FLX during this same period.

Emotional phenotype of the Htr7-KO mice; effects of PN-FLX in Htr7-/-and Htr7+/-mice Drug administration can have many unwanted side effects, and even the most selective antagonists can have off-target effects. We thus cannot rule out the possibility that the interactions observed in the experiments above are due to interactions with other receptors having some affinity to the SB269970.

To further question the role of the Htr7, we therefore decided to use a genetic approach (test in the genetically modified mice) and asked whether mice lacking completely Htr7 could be immune to the developmental effects of FLX.

We first needed to check these characteristics in our laboratory conditions and in the same C57BL6 as used in our pharmacological experiments. We thus amplified a Htr7 mouse colony on this background to generate a cohort of adult Htr7-/-(KO), Htr7+/-(heterozygous) and Htr7+/+ (WT) mice. We tested Bonferroni's test, p < 0.0001; Bonferroni's test, p = 0.0131 respectively). This test suggests that the presence of the Htr7 receptor in the presence of FLX, decreases total ambulatory distance.

In the ST, there was an effect of treatment (F(3,69) = 7.776, p = 0.0002; Fig. 14 C). Both the Htr7+/-/PN-FLX and Htr7-/-/PN-FLX had significantly increased latencies to groom compared to the Htr7-/-/PN-SUC group (Bonferroni's test, p = 0.0038 and Bonferroni's test, p = 0.0021 respectively) and also compared to the ely). Suggesting that in this test, FLX might be acting through other mechanisms to induce the grooming deficits in the Htr7-/-/PN-FLX mice.

In the NSF test, there was also an effect of treatment (F(3,69) = 5.362, p = 0.0022; Fig. 14 E). The Htr7+/-/PN-FLX had significantly higher feeding latencies compared to all other groups; Htr7+/-/PN-SUC (Bonferroni's test, p = 0.0067), Htr7-/-/PN-SUC (Bonferroni's test, p = 0.0012), Htr7-/-/PN-FLX (Bonferroni's test, p = 0.0255). In this test, the absence of the Htr7 receptor was sufficient to prevent the effect of PN-FLX. No significant change was observed in the percentage weight loss after 24 hr food deprivation in all groups of mice. (Fig. 14 F)

In the FST test, there was an effect of treatment (F(3,69) = 8.962, p < 0.0001; Fig. 17). The Htr7+/-/PN-FLX had significantly higher immobility times compared to all other groups; Htr7+/-/PN-SUC (Bonferroni's test, p = 0.0003), Htr7-/-/PN-SUC (Bonferroni's test, p < 0.0001), Htr7-/-/PN-FLX (Bonferroni's test, p = 0.0103). This also suggest that the lack of Htr7 prevented the effects of PN-FLX treatment.

Thus overall, the behavioural analysis of the Htr7-/-showed that this receptor is necessary for the developmental effects of FLX on depressive-like behaviours. Htr7 is expressed in many brain regions in addition to the PFC, in particular the medial thalamic nuclei and hypothalamus, all of which could play a role in emotional control. In the literature, it has been suggested that Htr7 mRNA in the deep layer pyramidal neurons is highest in the first postnatal week in rats and expression decreases drastically from the second postnatal week. (Beique et al., 2001). Others have reported diffuse mRNA expression pattern in the entire neocortex during development which is consistent till adulthood [START_REF] Vizuete | Expression of 5-HT7 receptor mRNA in rat brain during postnatal development[END_REF][START_REF] Neumaier | Localization of 5-HT7 receptors in rat brain by immunocytochemistry, in situ hybridization, and agonist stimulated cFos expression[END_REF].

To determine the implication of Htr7 expressed in the PFC for the development of emotional circuits, we decided on a more specific approach using viral tools to either overexpress the receptor in WT mice or knockdown with an sh virus against Htr7 in PN-FLX treated mice. We used the RT-qPCR techniques, to demonstrate the expression fold change of overexpressing or knockdown the receptor in tissues from the PFC.

We observed that the viral knockdown of the receptor is not sufficient to yield an observable difference when compared to the SHAM (Fig. 15A).. Over-expressing the receptor however yielded a 32-fold expression increment so, we decided on the overexpression approach instead. The hypothesis behind this experiment is that overexpressing the receptor during a critical period of excess 5-HT in the PFC could recapitulate the behavioural deficits seen in PN-FLX. 

Discussion

My thesis work has focused on two environmental factors that impact emotional development during a critical postnatal period. In particular we have investigated i) the effects of early life stressors and ii) the effects of antidepressants that target the serotonin system. It is well documented that critical developmental periods are windows where neuronal circuits undergo experience-dependent plasticity that are opportunities for adaptation to the environment but are also windows of susceptibility for maladaptive plasticity with longlasting consequences on brain wiring and functioning (Berardi et al., 2000;Hensch, 2004;2005).

Early-life stress is a well-known risk factor in several psychiatric disorders, and in particular in depression (Heim et al., 2010;Norman et al., 2012). Early life exposure to SSRIs induces adult anxiety/depression like phenotypes in rodents (Ansorge et al., 2004;Rebello et al., 2014;Homberg et al., 2010) and to some extent in humans [START_REF] Oberlander | Neonatal outcomes after prenatal exposure to selective serotonin reuptake inhibitor antidepressants and maternal depression using populationbased linked health data[END_REF]2007;[START_REF] Casper | Follow-up of children of depressed mothers exposed or not exposed to antidepressant drugs during pregnancy[END_REF]. In these two environmental conditions we were able to identify altered development of the PFC and of its efferent circuits with impact on adult emotional behaviour (Teissier et al., 2019;[START_REF] Soiza-Reilly | SSRIs target prefrontal to raphe circuits during development modulating synaptic connectivity and emotional behavior[END_REF]. The PFC plays a central role in the regulation of stress-coping responses, and reduced activity of the PFC has been repeatedly noted in depression (Drevet, 2007;Mayberg, 2009). Altered development of PFC circuits is thought to underlie several psychiatric disorders, including anxiety/ depression-related disorders (Arnsten, 2009). There is also been reports that deep-brain stimulation in medial PFC cortical areas can alleviate major treatment-resistant depression (Mayberg et al., 2005;Holtzheimer and Mayberg, 2011).

In a first study led by Anne Teissier, and to which I contributed experimentally, we found that in a model of early life stress, some of the emotional behavioural defects were caused by a decrease neural activity in the developing PFC, and that this resulted in addition to premature myelination (Teissier et al. in press). In a second study, in which I also contributed experimentally, we identified a population of PFC neurons that transiently express the serotonin transporter during development during the establishment of efferent PFC circuits in particular, to the dorsal raphe serotonin neurons. We found that pharmacological or genetic inhibition of serotonin transporter expression in these neurons altered development of the PFC-to-DRN pathway, while also playing a role in the adult anxiety and depressive phenotypes due to early exposure to SSRIs [START_REF] Soiza-Reilly | SSRIs target prefrontal to raphe circuits during development modulating synaptic connectivity and emotional behavior[END_REF].

In this thesis, I have presented the studies that I led in the follow up from this previous study [START_REF] Soiza-Reilly | SSRIs target prefrontal to raphe circuits during development modulating synaptic connectivity and emotional behavior[END_REF]. My experiments, detailed in the result section, allowed to identify the causal role of an overactivation of the 5-HTR in the PFC as a mediator of the long-lasting anxiety-and depressive-like phenotypes consequent to developmental exposure to SSRIs. I will discuss these findings in three parts: first I discuss the characterization of the Htr7 in the mice PFC during development, second the anatomical effects of 5-HTR manipulation and then the lasting behavioural consequences of developmental manipulation of 5-HTR.

Localization of Htr7 receptor in the mouse PFC during development

Analysing the RNA sequencing data obtained from 5-HTT-expressing neurons of the PFC allowed to identify Htr7 mRNA as one of the most abundantly expressed 5-HT receptor genes within this particular population of 5-HTT positive deep layer pyramidal neurons of at P7. We decided to focus on this receptor because evidence from different literature seems to suggest it has a role in formation of neurite and dendritic outgrowth and synaptogenesis [START_REF] Kobe | 5-HT7R/G12 signaling regulates neuronal morphology and function in an agedependent manner[END_REF]. Using in situ hybridization, we were able to confirm the presence of Htr7 mRNA in the PFC, analyze its cellular localization and the dynamic expression during development. We demonstrate the presence of Htr7 mRNA in the orbital, pre-limbic and parts of the infra-limbic region of the PFC which are regions expressing the 5-HTT during development. From our in situ results, it is evident that the Htr7 mRNAs are not only localized to deep layer neurons but also found on upper layers II, III neurons of the PFC. We also cannot rule out the fact that expression is also found on some non-neuronal cells in the PFC.

Most studies reporting the expression of Htr7 mRNA have mainly focused on other areas of the adult rodent brain. They have described a somewhat diffuse expression pattern in the adult rodent cortex [START_REF] Neumaier | Localization of 5-HT7 receptors in rat brain by immunocytochemistry, in situ hybridization, and agonist stimulated cFos expression[END_REF]To et al., 1995;[START_REF] Gustafson | A receptor autoradiographic and in situ hybridization analysis of the distribution of the 5-HT7 receptor in rat brain[END_REF]. There is only one anatomical study that gave some insight into the developmental expression of the receptor mRNA in the neocortex. This study described a weak expression pattern of the Htr7 mRNA across different postnatal ages, claiming that expression is constant from P5 to adulthood in the neocortex [START_REF] Vizuete | Expression of 5-HT7 receptor mRNA in rat brain during postnatal development[END_REF].

Using punches from the PFC, we characterized the temporal expression profile of the receptor. The mRNA expression from our data increases over the first postnatal week and become highest towards the end of the second week and then drops a little towards adulthood. Importantly, there is a period in the first 2 postnatal weeks where the expression of the Htr7 coincides with the transient 5-HTT expression in the PFC. In the first week, expression profile of both mRNAs are about similar and then as development progresses into the second week, there is a divergence in expression, 5-HTT goes down while Htr7 continues to increase.

In a previous study of Beique and colleagues in the rat PFC, high Htr7 mRNA levels was noted in layer V of PFC in the first days after birth and remained elevated through the first week and then decreased rapidly to low levels around the second week. Argued that the receptor is one of the earliest 5-HT related receptor expressed in the deep layer V pyramidal neurons of the PFC. They show in slice electrophysiological recordings, a developmental switch in electrophysiological properties of these layer V neurons, describing that in slice recordings of the PFC, bath application of 5-HT results in depolarization mediated by the 5-HT7

receptor during the first week of postnatal life and this gradually shifts to a hyper-polarization mediated by the Htr1A expressed from the third postnatal week onwards. This hyper-polarization remains the effect 5-HT stimulation of these neurons throughout adulthood [START_REF] Beique | Serotonergic regulation of membrane potential in developing rat prefrontal cortex: coordinated expression of 5-HT1A, 5-HT2A, and 5-HT7 receptors[END_REF]. In a collaboration with the laboratory of Dr Bacci, we plan to analyze this to determine whether these electrophysiological properties are specific of the 5-HTT expressing neurons.

with the SB269970, given with sub-active doses of known anti-depressants, had significant anti-depressive actions (Sarkisyan et al., 2010;Wesolowska et al., 2007). All these studies however, focused on adult rodents.

To our knowledge, this is the first study showing administration of SB269970 alongside FLX during the critical period is sufficient to prevent long-lasting behavioral emotional deficits.

This finding could have some translational importance when considering prescription of SSRIs during pregnancy. Some studies have documented that off springs of mothers exposed to SSRIs in utero, have a propensity of developing depressive behaviours [START_REF] Oberlander | Neonatal outcomes after prenatal exposure to selective serotonin reuptake inhibitor antidepressants and maternal depression using populationbased linked health data[END_REF]2007;[START_REF] Casper | Follow-up of children of depressed mothers exposed or not exposed to antidepressant drugs during pregnancy[END_REF] and other cardiovascular anomalies [START_REF] Noorlander | Modulation of serotonin transporter function during fetal development causes dilated heart cardiomyopathy and lifelong behavioral abnormalities[END_REF]. Administration of the 5-HT7 antagonist along with SSRIs might be a way to prevent some of the side effects of exposure of SSRIs to the fetus.

Because of the possibility of some off-target effects of pharmacological manipulations, we then decided to experiment with the genetically modified Htr7 genetic knockouts and heterozygous mice at baseline conditions and with FLX or sucrose. In baseline conditions, we did not find any significant differences in the tests conducted between the 3 genotypes -Htr7 +/+ ; Htr7 +/-and Htr7 -/-. This is consistent with some previous studies with the Htr7 -/-mice have reported that these mice show normal motor ability, visual acuity, pain sensitivity, and normal anxiety-like behaviour or in the capacity to show freezing behaviour in habituation in fear context designs [START_REF] Roberts | Mice lacking 5-HT 7 receptors show specific impairments in contextual learning[END_REF]) at baseline conditions. However, other authors reported enhancement of the anti-depressive effect of SSRIs in the Htr7 -/-mice [START_REF] Hedlund | 5-HT7 receptor inhibition and inactivation induce antidepressant like behavior and sleep pattern[END_REF]. Others have reported basal anti-depressive phenotypes (decreased immobility in the FST) when tests were carried out only during the dark phase (Guscott et al., 2005), suggesting a dis-regulated circadian rhythm in these mice.

In our condition, we did not observe an anti-depressive phenotype in the Htr7 -/-mice either with or without fluoxetine treatment. Though the Htr7 +/-behaved normal when tested at baseline level, these mice show a depressive phenotype when treated with fluoxetine. Their behaviours were reminiscent of the PN-FLX mice.

Having 50% reduction of the Htr7 gene was sufficient to reproduce the behavioral phenotype. This indicates that there might be a gene dosage effect of the 5-HT7 receptor functioning. Recently, Wei and colleagues reported in adult human BD and MDD subjects, that polymorphisms in the Htr7 gene could be strongly associated with response to SSRIs. They claimed that a reduction in Htr7 levels could be associated with a reduction in severity of depressive symptoms [START_REF] Wei | A functional variant in the serotonin recveptor 7 (Htr7), rs7905446, is associated with good response to SSRIs in bipolar and unipolar depression[END_REF].

To address the question of whether the effects we see are mediated by the 5-HT7 receptor in the PFC, we over-expressed the receptor in the PFC of wildtype mice, at postnatal day 1 and tested the mice for depression and anxiety phenotypes in adulthood. We first checked that overexpression was efficient at P7, and had normalized in adulthood, when behavioural tests were performed. We observed depressive behaviours in all the tests conducted. This experiment showed a pro-depressive developmental action of the receptor in the PFC in vivo. However, we cannot determine the population of neurons involved since the construct we used targeted pyramidal neurons in all cortical layers.

We know that PFC inputs to the DRN contact both 5-HT and GABAergic neurons (Soiza-Reilly and Commons, 2011;Weissbourd et al., 2014), the significantly higher VGLUT1 synaptic bouton in the DRN, observed in our Htr7-OE experiments, could be explained by the activation of the Htr7 receptor in the PFC. This is most likely the case since we observed that the Htr7-/-mice had a tendency of reduced VGLUT1 synaptic boutons, though this was not significant. This increased glutamatergic drive to the DRN could cause a feed-forward inhibitory modulation of the 5-HT neurons in the DRN by the GABAergic neurons (Challis and Berton, 2015;Geddes et al., 2016). This inhibition of the 5-HT system, could explain the depressive phenotypes observed in these mice.

Future perspectives

There are still a lot of open questions to explore in order to understand the contribution of Htr7 receptor to emotional regulation. For instance, lack of specific antibodies against this receptor has not allowed direct and easy understanding the neuronal substrate of the receptor possible. Most published studies rely on the use of pharmacological tools and the full knockouts. Creating a Htr7-cre line would go a long way in advancing the neuronal substrate of this receptor. This would make (in vitro) manipulation of cellular and subcellular localization of the receptor accessible.

The contribution of the Htr7 receptors expressed in the upper layers of the PFC, to anxiety and depressive behaviours is also interesting for future explorations. The initiation of our study was the discovery of Htr7 mRNA in the deep layer cortical neurons expressing 5-HTT during development. We cannot rule out the fact that Htr7 expression is also present in non-5-HTT expressing upper and deep layer pyramidal neuronal. The diffuse Htr7 expression pattern in the cortex eludes to this possibility. Therefore, it would be interesting to understand how 5-HTT expression in adjacent neurons regulate 5-HT signaling in non-5-HTT neurons in its vicinity.

In our array tomography experiments, we focused mainly on the PFC afferents to the DRN, it would be interesting to explore the consequences of Htr7 over-expression in other subcortical targets of the PFC. Like the IL and PL upper layer projections to the amygdala and layer VI projections to the thalamic nuclei.

Another interesting question is understanding the consequences of over expressing the receptor in different regions of the limbic system like the amygdala, hippocampus and hypothalamus, since there is evidence for the Htr7 mRNA expression in these areas.
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The 5 -

 5 HT3 receptors are characterized by the occurrence of 4 transmembrane segments and a large extracellular N-terminal region. The functional receptor consists of 5 subunits arranged around a central ion conducting pore permeable to sodium, potassium and calcium ions. Upon activation by 5-HT the channel opens leading to an excitatory response in neurons. All other 5-HT receptors are metabotropic. They are G-protein coupled receptors (GPCRs) having seven transmembrane domains. Based on their pharmacological properties, amino acid sequences, gene organization and second messenger coupling, the 15 receptor subtypes have been divided into six distinct classes -5-HT1, 2, 4, 5, 6 and 7 receptors. The diversity of these receptors is further heightened by alternative splicing of some receptor subtypes.

Figure 1 :

 1 Figure 1: Schematic diagram of GPCR structure.

  observed a two-fold increase in expression of the homozygous G(-1019) allele in depressed patients and a four-fold increase in expression of the same allele in suicide victims compared to controls. They proposed a model where the C(-1019)G polymorphism prevents binding of the transcriptional repressor -nuclear deformed epidermal autoregulatory factor (NUDR)

Figure 2 :

 2 Figure 2: Splice variants of Htr7: Schematic overview of splice activities contributing to different rat (A) human (B) and mouse (C) 5-HT7 mRNA. The number of amino acids of each splice variants are also indicated. Exons are indicated in boxes and those coding for Htr7 splice variants are shown in grey (Adapted from Heidmann et

Figure 3 :

 3 Figure 3: Schematic overview of Htr7 signalling pathways. (Adapted from[START_REF] Guseva | Cellular mechanisms of the 5-HT7 receptor-mediated signaling[END_REF] 

Fig. 1

 1 Fig. 1 Analysis of differentially expressed genes in the medial prefrontal cortex (mPFC) of P15 animals exposed to maternal separation highlights myelin ensheathment and immediate early genes. a Schematic presentation of the experimental paradigm of the maternal separation (MS pups) versus standard facility (SFR pups) protocols and the dissection of mPFC at P15 to generate four samples per condition, each including three unilateral mPFC. b Graph shows with a log2 scale the fold change (FC) of expression induced by maternal

  Fig. 2 Maternal separation induces precocious differentiation of oligodendrocytes in the developing medial prefrontal cortex (mPFC). a The scheme illustrates the specificity of the oligodendrocyte lineage markers using triple immunostaining. Oligodendrocyte progenitor cells (OPCs) express Olig2 and high levels of PDGFRα while mature oligodendrocytes (OLs) express Olig2 and high levels of the CC1 antigen. Scale bar represents 20 µm. b-e Graphs show the density of OPCs (b, d ) and OLs (c, e) in the P15 (b, c n = 5 animals per conditions) and adult (d , e n = 5 animals per condition) mPFCs of SFR and MS animals. f Scheme shows the protocol of sequential labelling of OPCs using IdU injections at P10 and BrdU injections at P15 to differentiate the fraction of P10 OPCs that are still cycling at P15 (blue, Olig2 + IdU + BrdU + ) from those which have started differentiation by then (purple, Olig2 + IdU + BrdU -). g Graph shows a decresased fraction of cycling OPCs and an increased fraction of differentiated OPCs in P15 mPFC of MS animals as compared to SFR animals (n = 11 SFR animals and 10 MS animals). *p < 0.05, **p < 0.01, ***p < 0.005

Fig. 3

 3 Fig. 3 Neuronal activity bi-directionally controls oligodendrocytes differentiation in the developing medial prefrontal cortex (mPFC). a Scheme illustrates the experimental paradigms of the chronic treatment with CNO or SAL solutions from P2 to P14 after local and bilateral injections at P1 of viral constructs expressing DREADDs and fused mCherry. All animals were either injected with the inhibitory hM4D (Gi) virus and raised under standard facility protocol (blue, SFR + hM4Di), or injected with excitatory hM3D(Gq) virus and maternally separated (red, MS + hM3Dq). b Time course of DREADDs expression in the postnatal mPFC as observed by mCherry labelling. c, d

Fig. 4

 4 Fig. 4 Early inhibition of medial prefrontal cortex (mPFC) neurons recapitulates the emotional disorders induced by early-life stress. a Scheme illustrates the experimental paradigms of maternal separation (orange) or SFR + hM4Di (blue) treatments followed by behavioural testing in adulthood. b, b' Graphs show the distance travelled in an open field (OF) by SFR or MS animals (b, n = 10 SFR/17MS) and by SFR + hM4Di animals exposed to chronic SAL or CNO (b', n = 12SAL/14CNO). c, c' Graphs show the time spent in the centre of the OF during the same 20 min test. d , d ' Graphs show the time spent in the open arm of an elevated plus maze (EPM) during a 10 min test (n = 9SFR/15MS animals and

  ,24) = 6.433 p = 0.0181, Fig. 4b' and centre time F(1,24) = 4.46 p = 0.0452, Fig. 4c'), reduced exploration in the EPM (F(1,22) = 9.94 p = 0.0067, Fig. 4d'), increased marble burying (F(1,26) = 5.233 p = 0.305, Fig. 4e'), increased immobility in the FST (F(1,26) = 5.675 p = 0.0248, Fig. 4f ') and decreased preference in the SNOR test (F(1,19) = 4.443 p = 0.0485, Fig.

Fig. 5

 5 Fig. 5 Early activation of medial prefrontal cortex (mPFC) neurons prevents the emergence of the depression-like phenotype induced by early-life stress. a Scheme illustrates the experimental paradigms of MS + hM3Dq animals, analysed for behaviour as adults. b Graph shows the distance travelled in an open field (OF) by MS + hM3Dq animals exposed to SAL (black, n = 17) or CNO (red, n = 17). c Graph shows the time spent in the centre of the OF during the same 20 min test (n = 17 SAL/17CNO). d Graph shows the time spent in the open arm of an EPM during a 10 min test (n = 18 SAL/17CNO).

Fig. 1

 1 Fig. 1 Molecular identity of SERT+ neurons in the prefrontal cortex (PFC). a Transient SERT expression in the PFC during postnatal development revealed by in situ hybridization on coronal sections through the frontal pole (postnatal ages (P): 4, 7, 10, and 14). b Immunolabeling against Ctip2 (layer 5), Foxp2 (layer 6), and GFP (SERT Cre/+ ) in the PFC. b ' SERT-GFP neurons often colocalize with Ctip2 (arrowheads), Foxp2 (white arrows), or both (yellow arrows). c GFP-expressing neurons from the PFC of SERT Cre/+ :RCE mice were

Fig. 2

 2 Fig. 2 Subcortical brain targets of PFC-SERT+ neurons and their large contribution to the PFC-to-DRN synaptic circuit. a Schematic illustration of the injection site in the PFC. The AAV2/1-CAG-LSL-EGFP-bGH virus was used for conditional anterograde tracing in SERT Cre/+ mice. Injection was done at P4-5 and histology 3 weeks after. b Effective recombination is visible in PFC neurons that express EGFP (indicated by arrows). c-e Main brain targets of PFC-SERT+ neuron axons: c Thalamic nuclei including the paraventricular (PV), mediodorsal (MD), rhomboid (Rh), ventromedial (VM), and ventrolateral (VL) nuclei; (d) the substantia nigra pars compacta (SNpc) and ventral tegmental area (VTA); (e) the dorsal raphe nucleus (DRN) and periaqueductal gray (PAG). Laterodorsal nucleus (LD), aqueduct (Aq), substantia nigra pars reticulata (SNpr). f AAV1-CAG.FLEX-

Fig. 4

 4 Fig. 4 Lack of SERT increases the number of functional PFC-to-DRN synapses. a rAAV-CAG-hChR2(H134R)-mCherry was bilaterally injected into the PFC of P4-P5 control or SERT-KO mice. Photograph showing mCherry expression after the PFC AAV injection (upper left). Optogenetic stimulation and electrophysiological patch clamp recordings were made starting at P28 in coronal sections containing the DRN, as shown by the photograph of the immunolabeling of PFC mCherry+ axons innervating to DRN 5-HT neurons, identified by the presence of the enzyme TPH2 (upper right). b Amplitude of optogenetically evoked EPSCs (oEPSCs) at synapses from PFC terminals onto DRN putative 5-HT neurons (left) and non-5-HT neurons (right) at various light stimulation intensities. In control (SERT Cre/+ ) (5-HT: n = 10 cells/5 animals; non-5-HT: n = 7 cells/4 animals); in SERT-KO (SERT Cre/Cre ) (5-HT: n = 10 cells/3 animals; non-5-HT: n = 6 cells/3 animals). Top: example traces at 9.8 mW (black/gray) and at 2 mW

  1-[(3-hydroxyphenyl)sulfonyl]-2-[2-(4-methyl-1-piperidinyl)ethyl]pyrrolidine (hydrochloride, SB269970; Abcam, #ab120508) as the potent 5-HT7 receptor antagonist; and {4-[2-(methylthio)phenyl]-N-(1,2,3,4-tetrahydro-1-naphthalenyl)-1-piperazinehexanamide hydrochloride} LP-44 (abcam, #ab120593), as the potent 5-HT7 receptor agonist.

Figure 4 :

 4 Figure 4: Viral injection

  ethanol and LRWhite resin (medium grade, Electron Microcopy Sciences, USA; #14380) for 5min, and then 2 × 5 min in pure LRWhite. After equilibrium in LRWhite overnight at 4°C, sections were flat embedded between a glass slide and a sheet of ACLAR plastic (Electron Microcopy Sciences, USA; #50425-10), and polymerized for 24h at 55 °C(Soiza-Reilly and Commons, 2011). After embedding, regions of interest were excised from the flat-embedded sections and glued with superglue to EMBed 812 blocks for ultra-sectioning. After adhesive cement diluted in xylene was applied to the top and bottom of the block of tissue, series of at least 25-70-nm-thick serial sections were cut in ribbons using Jumbo Histo Diamond Knife (Diatome, 578, USA) and an ultra-microtome (Leica, France). Ribbons were mounted on glass coverslips pre-coated with 0.1% gelatine and 0air-drying, coverslips containing the ribbons were placed on a hot plate (60 °C) for 30 min and then stored at room temperature until use.For immunofluorescence, all antibodies used have been characterized in previous array tomography studies. The following antibodies were used: anti-VGLUT1 (guinea pig, 1:1000; Millipore, USA; AB5905). The anti-synapsin 1 (rabbit, 1:400; Cell Signaling Technology, USA; #5297) was used to identify synaptic boutons(Soiza-Reilly et al., 2013) and the anti-tryptophan hydroxylase antisera (sheep, 1:200; Millipore, USA; AB1541) was used to identify 5-HT neurons(Soiza-Reilly and Commons, 2011; Soiza-Reilly et al., 2013). For immunolabelling, sections were encircled with a hydrophobic barrier pen (ImmEdge; Vector Labs, USA; #H-4000) and pre-incubated for 5 min in a blocking solution (0.05% Tween; 0.1% bovine serum albumin in Tris buffer saline; pH 7.6).

Figure 5 :

 5 Figure 5 : Array Tomography method

Figure 6 : 5 -

 65 Figure 6: 5-HT receptor expression in the 5-HTT+ mPFC neurons at P7; the GFP reporter was expressed under the control of 5-HTT, and the mPFC GFP+ cells well sorted from P7 mouse cortex. After RNA sequencing, the normalized reads for all Htr subtypes was extracted from the expression list.

Figure 7 :

 7 Figure 7: Quantitative PCR showing temporal expression of 5-HTT and 5-HT7 mRNA in the prefrontal cortex of mice at different developmental time points.

Figure 8 :Figure 11 :Figure 12 :Figure 12 (

 8111212 Figure 8: Expression pattern of 5-HT7 in the P7 mPFC In situ hybridization showing expression of 5-HT7 mRNA in the upper layer II and deep layer V/VI in mouse PFC . A'') higher power image of the mPFC showing the deep layer V/VI.

NSF

  

Figure 14 :F

 14 Figure14: Htr7 -/-and Htr7 +/ littermates were treated with FLX or sucrose (P2-P14) and tested for emotional behaviours at P80. A) OF. Htr7 +/-mice treated with FLX had significantly reduced total distance compared to sucrose treated mice. B) FLX treated Htr7 -/-showed significantly increased total distance when compared to FLX treated Htr7 +/-C) Splash test. Htr7 +/-and Htr7 -/-treated with FLX showed significantly increased grooming latencies compared with sucrose treated mice. FLX treated Htr7 -/also showed significantly increased grooming latencies compared to their sucrose treated mates. +/-.D) FST. Htr7 -/-mice treated with FLX showed no significant increased immobility time compared with the sucrose treated mice. E) NSF test. 5-HT7 -/-mice treated with FLX showed no increased feeding latencies compared with the sucrose treated mice. F) percentage weight loss after 24 hours food deprivation is not affected by treatment. *p < 0.05; **p < 0.01; ****p < 0.0001.

Figure 15 :Figure16:

 15 Figure 15: qPCR results showing controls for A) overexpression (OE) and knockdown (SH) of viral constructs and B) in SHAM and OE in adult mice prior to behavioural experiments. ****p < 0.0001.

Figure 17 :

 17 Figure 17: Density of cortical synaptic boutons (A-B) in the DRN and on 5-HT neurons, using the 5-HT biosynthetic enzyme tryptophan hydroxylase (TPH), after pharmacological treatment. (C-D) in Htr5-/-and Htr5 +/-littermates, (E-F) in mice receiving AAV virus in the PFC to overexpress Htr7 or GFP. *p < 0.05.
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  secondary antisera for 24 min and rinsed as before. The coverslips containing the sections were mounted on glass slides using a glycerol-based mounting solution (90% glycerol in PBS, pH 9) and imaged within the following 3 h. Antibodies were eluted after imaging with 0.02% SDS and 0.2 M NaOH in distilled H 2 O for 20 min. After 2 × 10 min washes in distilled H 2 O, coverslips were air-dried and placed on a hot plate (60 °C) for 30 min. Multiple channels of serial images were aligned and converted into stacks with Fiji software and the StackReg and Multi-StackReg plugins, using the tryptophan hydroxylase labelling as a reference channel. We analyzed two stacks of at least 25 images per region in the DRN per animal to obtain a mean value of number of synaptic boutons per µm 3 of tissue for each mouse.
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Open field (OF).

Measurement of exploratory activity environment was assessed as previously described [START_REF] Ansorge | Inhibition of serotonin but not Norepinephrine transport during development produces delayed, persistent perturbations of Emotional behaviors in mice[END_REF] using the open field test. Briefly, mice were allowed to explore brightly lit (500-600 lux) chambers [50 X 50 X 45 cm (length X width X height); equipped with an overhead infrared camera (B/W CCD with CCTV lens 2.8-12mm) connected to a computer monitor to detect heat signature motion. Mice were placed in the centre of the chamber and were allowed to freely explore for 9 min. Testing was done in bright-light conditions (400 -500 lux). Total ambulatory distance was measured and analysed with the viewpoint DELL precision software -T1700MAC:34-17-EB-D3-26-21S/T.

Novelty-suppressed feeding test (NSF)

NSF was done as described before (Ansorge et al., 2004) using a plastic box [50 X 80 X 20 cm (length X width X height)] as arena in which the floor was covered with 3-cm of wooden bedding. Twenty-four hours before the test, mice were food deprived in their home cage. Mice were individually weighed to determine % weight loss. During the test session, two food pellets were placed on a circular white filter paper (12 cm diameter) located in the centre of the arena. Mice were placed in a corner of the box and the latency to approach the pellet and begin feeding were manually recorded. After the test, the weight of pellet consumption in the home cage during 5 min was registered to control for possible appetite differences.

Forced swim test (FST)

FST was carried out over two consecutive days as described (Porsolt et al., 1977) using a glass cylinder (40 cm × 20 cm diameter) filled with water (23-24 °C). Mice were tested once a day for 6 min. In the first day, mice were conditioned, while the second day was the experimental day. All the swim sessions were videotaped and the time of immobility within the tank was quantified post hoc by a blind observer from the videos. After testing, all mice were dried with paper towels and returned to their home cages.

Locomotor activity

Mice were introduced into a circular corridor (4.5 cm width, 17 cm external diameter) equipped with four infrared beams (1.5 cm above the base) equidistantly located every 90° (Imetronic, Pessac, France).

Locomotor activity was recorded during 30 min, and interruptions of two successive beams were automatically registered by a computer.

Statistical analyses

All data were analyzed using Prism 6 statistical software. Array tomography, ontogenetic studies, and behavioural data were analyzed by one-way or multifactorial ANOVA, (detailed in figure legends).

Sample size was established by previous pilot and published studies. Animals of each genotype/gender were randomly assigned to different studies. Data distribution was assumed to be normal, and two-tailed analyses were carried out where necessary with a significance level established at p < 0.05.

To obtain more information on cellular and laminar expression, we used in situ hybridization. This confirmed the presence of Htr7 mRNA in layers V-VI of the PFC at PND 7, and with fluorescent in situ hybridization, we show co-localization with 5-HTT. In addition, this showed strong Htr7 expression in layers II and III of the mPFC (Fig XX). In situ hybridization at P14 and P21 and adults, showed that this expression in upper cortical layers II persists up to adulthood whereas, expression in deep cortical layers is down regulated by P21.

Hardly nothing is known about the subcellular localization of the 5-HTR7 in neurons. In cultured hippocampal cells; 5-HTR7 has been suggested to be localized on dendrites and spines [START_REF] Kobe | 5-HT7R/G12 signaling regulates neuronal morphology and function in an agedependent manner[END_REF][START_REF] Kvachnina | 5-HT7 receptor is coupled to Ga subunits of heterotrimeric G12protein to regulate gene transcription and neuronal morphology[END_REF]. To examine this, we used 2 commercially available antibodies, mentioned in these publications [START_REF] Cho | Expression of the spinal 5-HT7 receptor and p-ERK pathway in the carrageenan inflammatory pain of rats[END_REF]. However, preliminary tests in western blots and immunocytochemistry, indicated a lack of specificity. In western blots the band identified of approximately 40kDa (which was short for a protein expected to be 45kDa) was still observed in total brain lysate of the Htr7 KO (Fig 9 ). We next attempted to approach this question in tissue cultures using overexpression of a HA tagged construct. Double labelling showed co-localization with the dendritic marker MAP2 ( Fig 10), however, we cannot exclude, based on the labelling, that there is an axonal localization. Indeed, based on sequence codes (https://www.ncbi.nlm.nih.gov/gene/15566) axon terminal localization is also predicted. To address the question of whether Htr7 could be mediating the behavioural depressive-like behaviours observed in PN-FLX mice, we designed a protocol with the purpose of inhibiting or activating the receptor pharmacologically during the same postnatal period (P2-P14) when FLX induced consistent pro-depressive and anxiety-like phenotypes, as well as exuberant PFC-to-raphe synapses [START_REF] Soiza-Reilly | SSRIs target prefrontal to raphe circuits during development modulating synaptic connectivity and emotional behavior[END_REF].

We selected a specific 5-HTR7 antagonist -SB269970, and a selective agonist -LP44. Based on the literature, SB-269970 potently displaced [3H]-5-CT from human 5-HT7(a)(pKi8.9+0.1) and 5-HT7 receptors in guinea-pig cortex (pKi8.3+0.2). It exhibits excellent selectivity (>100-fold) for all other 5-HT receptors, 5-HT transporter, adrenergic α1, D2, and D3 receptors. [START_REF] Hagan | Characterization of SB-269970-A, a selective 5-HT 7 receptor antagonist[END_REF][START_REF] Bonaventure | Selective Blockade of 5-Hydroxytryptamine (5-HT)7 Receptors Enhances 5-HT Transmission, Antidepressant-Like Behavior, and Rapid Eye Movement Sleep Suppression Induced by Citalopram in Rodents[END_REF]. LP-44 has been shown to be a potent 5-HT7 receptor agonist (Ki = 0.22 nM, EC50 = 2.56 µM), with selectivity over 5-HT1A and 5-HT2A receptors (200-fold and >1000-fold, respectively) [START_REF] Leopoldo | Structure-affinity relationship study on N-(1,2,3,4-tetrahydronaphthalen-1-yl)-4-aryl-1-piperazinealkylamides, a new class of 5-hydroxytryptamine7 receptor agents[END_REF]2007 andreview by Pilato et al., 2014). Although selective, these compounds have poor pharmacodynamics properties; they are only efficient when administered i.p or i.v, with both compounds having half-life of approximately 60mins [START_REF] Hagan | Characterization of SB-269970-A, a selective 5-HT 7 receptor antagonist[END_REF] We designed a first experiment with five groups of mice: 1) FLX 10mg/kg; ip, 2) FLX (10mg/kg) + SB269970 5mg/kg/12h, 3) SB269970 5mg/kg/12h, 4) LP-44 5mg/kg/12h and 5) vehicle (saline).

Littermates (M+F) were randomly assigned to each group with a minimum of n=13 in each group.

Treatment was administered daily from P2 to P14, and litters were weaned at P30 and maintained until the behavioural testing at P90.

All mice were tested sequentially on the NSF and the FST (Fig 11).

The NSF paradigm in which food-deprived mice are presented with a familiar food pellet in a novel, brightly lit environment, and the latency to approach the food and begin a feeding bout is recorded. This behavioural paradigm is used to gauge the anxiety-/depression-like state of animals as both chronic antidepressant treatment and acute treatments with anxiolytic drugs decrease the latency to feed in this test. We found a significant main effect of treatment (F (4,68) = 3.392, p = 0.0137; Fig. 11). When groups were compared individually to the saline, there was a significant effect of treatment in both the PN-FLX and the PN-FLX+SB269970 groups (Bonferroni's test, p = 0.0212; p = 0.0155 respectively; Fig. 11), both groups displayed significantly longer latencies to feed relative to the control saline group. In contrast, no effect of the agonist was found (Bonferroni's test, p > 0.999). The percentages of weight loss and home-cage food consumption after 24 hr of food deprivation were comparable across groups (no significant main effects of treatment. Fig. 11), indicating that the observed longer latency to feed in the PN-FLX and PN-FLX+SB269970 groups are not due to factors related to the degree of food deprivation or hunger.

Next, we tested the mice in the FST paradigm, a behavioural task with predictive validity for antidepressant medication. We found no effect of treatment on immobility time (F (4,68) = 1.679, p = 0.1648; Fig 11), however, when compared to saline group, only the PN-FLX-treated mice displayed increased immobility time (Mann Whitney test, p = 0.0253; Fig. 11). The PN-FLX+SB269970 and agonist groups show no significant difference when compared to the saline group (Bonferroni's test, p > 0.999; p > 0.999 respectively; Fig. 11). In this test, the 5-HT7 antagonist did not prevent the depressive phenotype observed in the PN-FLX mice.

Overall, this first experiment showed that the 5-HTR7 antagonist did not prevent the depressive phenotype observed in the PN-FLX mice and that the 5-HTR7 agonist had no long-term effect on emotional behaviours. However, examining the scattered plot distribution in the FST experiment, particularly focusing on the PN-FLX and PN-FLX+SB269970 groups, suggested that there might be an effect, although this did not reach significance. We reasoned that the concentration of SB269970 (5mg/kg) might not have been sufficient because of its poor pharmacodynamics properties. We then decided to repeat the experiments with higher dose concentration and a larger sample size. Because there was no observable trend in the agonist group for both tests performed, we decided not to pursue this and focus on possible effects of the antagonist.

We then designed a second experiment with four groups of mice: 1) FLX 10mg/kg; ip, 2) FLX (10mg/kg) + SB269970 10mg/kg/12h, 3) SB269970 10mg/kg/12h, and 4) vehicle (saline), with treatment from P2-P14 with a minimum of n=13 in each group.

In addition, we added two more tests to the behavioural analysis in adult mice -the open field conflict (OF) and splash tests (ST). We started with the less stressful tests, the OF and ST and finished with the NSF and FST in that order. (Figures 12) The OF conflict test is used in rodents to characterize anxiety-like behaviour. Mice were placed in a novel, brightly lit arena and allowed to explore freely for a duration of 9 minutes. We recorded the ambulatory activity in the brightly lit, novel arena which is an indicator of anxiety-like behaviour as it reflects exploratory behaviour in an anxiety-provoking context and is reduced in mouse models of affective disorders [START_REF] Gross | Serotonin 1A receptor acts during development to establish normal anxiety-like behaviour in the adult[END_REF][START_REF] Richardson-Jones | Serotonin-1A Autoreceptors Are Necessary and Sufficient for the Normal Formation of Circuits Underlying Innate Anxiety[END_REF]. For total ambulatory time, we found an overall effect of treatment (F (3,74) = 10.04, p = 0.0001; Fig. 12 A). Specifically, the PN-FLX and PN-FLX+SB269970 groups had significantly reduced total ambulatory distance compared to the saline group (Bonferroni's test, p = 0.0001; Bonferroni's test, p < 0.0001 respectively). The PN-FLX group had comparable ambulatory distances with the PN-FLX+SB269970 group (Bonferroni's test, p > 0.999). The PN-FLX group had significantly lower ambulatory distance when compared to the SB269970 group (Bonferroni's test, p = 0.0483). The treatment of the PN-FLX group with SB269970 did not reverse the reduced ambulatory distance in this test. As a control to the OF test, all mice were tested for their locomotion behaviour in the cyclotron for a duration of 30mins. All group of animals had comparable locomotion times (F (3,74) = 0.5030, p = 0.6814; Fig. 12 A") indicating that the observed decreased ambulatory time in the OF was an effect of the treatment. Thus, our findings showed that administration of the 5-HT7 receptor antagonist in the PN-FLX animals was able to reverse or prevent the anxiety phenotype induced by FLX.

the baseline emotional behaviours in this cohort, using the same four behavioural testes described above (OF, ST, NSF and FST).

In all four tests, we found no effect of genotype on baseline emotional phenotypes; OF (F(2,25) = 0.5905, p = 0.5616; Fig. 13A); ST (F(2,25) = 0.9159, p = 0.4132; Fig. 13 A'), NSF (F(2,25) = 0.3024, p = 0.7417; Fig. 13C), and FST (F(2,25) = 2.917, p = 0.0727; Fig. 13 D). There was also no differences observed in the general locomotor activity across genotypes (F(2,25) = 0.2517, p = 0.7794; Fig. 13 A"). This analysis suggested that no bias was introduced by using this genotype, and that heterozygous and WT showed on behavioural differences, and could thus be indifferently used as controls to be compared to the KO mice. 
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Thus, overall the Htr7-/-/ mice had no overt emotional phenotypes, although there may be a trend for increased floating time in the FST. This would be consistent with the pro-depressant phenotype observed after neonatal administration of the 5-HTR antagonist (Figure 12D).

To determine whether the Htr7+/-is required to induce the depressive phenotypes seen in the PN-FLX, we treated the Htr7+/-and Htr7-/-pups from same litters administering daily either sucrose or FLX (10mg/kg/24hr, po).

In the OF test, there was a significant treatment effect (F(3,69) = 8.310, p < 0.0001; Fig 14 A). Paired comparisons show that Htr7+/-/PN-FLX had significantly lower ambulatory distance compared to the other groups Htr7+/-/PN-SUC, Htr7-/-/ PN-SUC and Htr7-/-/PN-FLX (Bonferroni's test, p = 0.0062; In the OF test, we observed a significant reduction in the total ambulatory distance of the Htr7-OE mice compared to the GFP-SHAM mice (Mann Whitney test, p < 0.0001; Fig. 16A). These mice spent less time exploring the arena. However, they had very comparable locomotor time with the SHAM-OE (Mann Whitney test, p < 0.7441; Fig 15B), suggesting the deficits in exploration is as a result of the treatment.

In the ST test, the Htr7-OE mice also had delayed latencies to groom compared to the GFP-SHAM mice (Mann Whitney test, p < 0.0001; Fig 16C).

In the FST the immobility time of the GFP-SHAM mice was also significantly increased compared to the GFP-SHAM mice (Mann Whitney test, p < 0.0001; Fig 16D).

In the NSF paradigm, the Htr7-OE mice showed increased latencies to begin a feeding session as compared to the 5-HT7-SHAM mice (Mann Whitney test, p < 0.0113; Fig 16E).

In all the tests conducted, it appears overexpression of the 5-HT7 receptor in the PFC is sufficient to mimic the anxiety and depressive phenotypes observed in the postnatal fluoxetine model.

Activation of PFC 5-HTR7 regulates PFC-DRN circuitry

Since we know that the DRN has been shown to receive cortical inputs almost exclusively from the PFC (Vertes, 2004;Gabbott et al., 2005;Soiza-Reilly et al., 2018). We decided to investigate to what extent activation of the PFC 5-HTR7 contributes to the maturation of the PFC-DRN circuit. Using array tomography, we analysed synaptic VGLUT1 puncta in the DRN and also synaptic VGLUT1 puncta on serotonergic neurons. We relied on VGUT1 immunolabelling because it labels only cortical afferents in the brainstem, majority of which arise from the deep cortical layers of the PFC, where 5-HTT is transiently expressed. (Soiza-Reilly et al., 2018) We started with pharmacological manipulation with the 5-HTR7 antagonist -SB269970, then we looked at the baseline line innervation in the transgenics -Htr7+/-, Htr7-/-and finally in the context of overexpressing the receptor in the PFC. Our protocol remained the same, but the mice were all sacrificed at PND 28.

Next, we checked if there was a difference in the baseline synaptic VGLUT1 densities between the Htr7+/-and Htr7-/-. Our results showed no significant differences between VGLUT1 synaptic densities between genotypes (Mann Whitney test, p = 0.0952; Fig. 17 C), and on 5-HT neurons (Mann Whitney test, p = 0.2063; Fig. 17 D). Although, not significant, it does seem that the 5-HT7-/-mice might have a trend of having lower VGLUT1 synaptic densities compared to the 5-HT7+/-.

Finally, we wondered whether this increase VGLUT1 synaptic puncta was mediated by the PFC 5-HT7

receptor over-activation. Using viral manipulations, we over-expressed a Htr7 virus or a sham virus into the PFC of wildtype mice at PND1. For this, rAAV8-Syn(H1-2)-5-HTR7-eGFP or a control virus AAV2/9-CAG-LSL-eGFP-bGH was used. Post hoc histological controls and qPCRs experiments showed successful transduction 48hrs after injection.

There was a significant increase in the VGLUT1 synaptic puncta in the DRN in the Htr7-OE compared to the Htr7-SHAM mice at PND28 (Mann-Whitney test, p = 0.0079; Fig. 17E) and on 5-HT neurons (Mann-Whitney test, p = 0.0079; Fig. 17F). This result thus showed that over-expressing the receptor in the PFC, with increased causes an increase of synaptic VGLUT1 puncta in the DRN.

The lack of specific antibodies against the 5-HT7 receptor, has made it difficult to conclude on the cellular localization in tissues. Most tissue studies, up to now have relied on the mRNA expression pattern. The subcellular localization from literature support 5-HT7 protein localization at proximal and distal dendritic tree and neuronal cell bodies [START_REF] Kobe | 5-HT7R/G12 signaling regulates neuronal morphology and function in an agedependent manner[END_REF]. We did not pursue the subcellular localization of the 5-HT7

receptor in details because of lack of specific tools, since the Abs tested were not specific. However, in preliminary experiments while using expression of an HA tagged construct, we confirmed a somato-dendritic localization of the receptor. However, we cannot rule out some axonal localization owing to the diffuse expression of the mRNA in subcortical structures. Based on analysis of protein sequences an axonal localization signal is predicted. A study focusing on the mouse suprachiasmatic nucleus, 5-HT7 immunoreaction was reported both presynaptically in axon terminal and postsynaptically in a number of different dendrites. They further reported that 5-HT7 immunoreactivity was often associated with plasma membranes in terminals and dendrites and to a lesser amount at the active zones [START_REF] Belenky | Subcellular distribution of 5-HT1B and 5-HT7 receptors in the mouse suprachiasmatic nucleus[END_REF] Pharmacological manipulation of 5-HT7 during development alleviates anxiety-and depressive-like behaviours caused by postnatal SSRI administration.

In rodents, a generally accepted model of depression includes a chronic administration of FLX (10mg/kg) during a critical developmental window, from P2 to P14 (postnatal FLX, PN-FLX) (Ansorge et al., 2004;Rebello et al., 2014;[START_REF] Soiza-Reilly | SSRIs target prefrontal to raphe circuits during development modulating synaptic connectivity and emotional behavior[END_REF]. The routes of FLX administration could either be intraperitoneal (Rebello et al., 2014), subcutaneous [START_REF] Silva | Postnatal fluoxetine treatment affects the development of serotonergic neurons in rats[END_REF][START_REF] Lee | Neonatal fluoxetine exposure affects the neuronal structure in the somatosensory cortex and somatosensory-related behaviours in adolescent rats[END_REF], or orally [START_REF] Soiza-Reilly | SSRIs target prefrontal to raphe circuits during development modulating synaptic connectivity and emotional behavior[END_REF]. Irrespective of the mode of administration, these animals develop long lasting depressive phenotypes in adulthood. In the present study, we used both subcutaneous when testing pharmacological antagonists of 5-HT7R and oral administration when testing the effects of Htr7-KO. Importantly, we did not find differences in the outcome of these two modes of administration.

The involvement of the 5-HT7 receptor in the dis-regulation of circadian rhythms, and the cortico-limbic expression of the receptor in brain areas involved in affective processes has made the receptor a candidate in the regulation emotional behaviours. Studies in the literature have documented an antidepressant effect of antagonizing the 5-HT7 receptor in preclinical studies. [START_REF] Hedlund | 5-HT7 receptor inhibition and inactivation induce antidepressant like behavior and sleep pattern[END_REF][START_REF] Wesolowska | Effect of the selective 5-HT7 receptor antagonist SB 269970 in animal models of anxiety and depression[END_REF]. Using the PN-FLX model, we asked whether co-administration of FLX and the 5-HT7 antagonist -SB269970 would prevent the adulthood anxiety and depressive behaviours. This antagonist is the most potent marketed and has the highest affinity for the 5-HT7 receptor but has a poor pharmacodynamics property. Because of this, we decided a regimen of 5mg/kg/12hr in combination with 10mg/kg FLX. We observed a trend in the behavioural analysis suggesting that the antagonist might have some effect so we decided on another cohort of mice where we increased the dosage to 10mg/kg/12hr of SB269970. In three out of our four behavioral tests (splash test, novelty suppressed feeding test, and forced swim test), we observed no depressive behaviours in the group which received both PN-FLX and SB269970. This suggested that the SB269970 might have prevented or attenuated the depressive behaviours. Some previous studies in adult mice have reported that acute treatment

Anatomical effects of 5-HT7 receptor stimulation

The top-down projections from the PFC to the dorsal raphe nucleus (DRN) are implicated in antidepressant effects. Studies from Mayberg and colleagues showed that PFC-to-DRN circuits control emotional responses to stressors, (Mayberg et al., 2005) and optogenetic stimulation of the PFC-to-DRN circuit modulates the depressive-like phenotypes induced by exposure to stressors (Warden et al., 2012;Challis and Berton, 2015).

In our previous study, we reported that, in addition to anxiety and depressive-like behaviors, in the 5-HTT knockout and PN-FLX treated mice, the sub-cortical targets of the PFC 5-HTT+ neurons in these mice had exuberance or hyper-innervation of VGLUT1 synaptic boutons in the raphe. These exuberance of VGLUT1 was found to be a cell autonomous effect of deletion or blockade of the 5-HTT in the PFC 5-HTT pyramidal neurons [START_REF] Soiza-Reilly | SSRIs target prefrontal to raphe circuits during development modulating synaptic connectivity and emotional behavior[END_REF].

Anatomically, we show that the hyper-innervation of VGLUT1 synaptic bouton observed in the DRN of the PN-FLX mice was prevented by co-administration with the 5-HTR7 antagonist. This hyper-innervation was not observed in the Htr7-/-mice at baseline conditions and with FLX treatment. However, treatment of the Htr7+/-with FLX and most significantly the over-expression of the Htr7 receptor in the PFC, was sufficient to reproduce the increased glutamatergic transmission at PFC to DRN synapses. This suggest that excess 5-HT resulting from blockade of 5-HTT or genetic ablation of 5-HTT, over-activates the Htr7 receptor present during postnatal periods. This over-activation could likely be the cause of this hyper-innervation process.

Though mechanisms are different, the relationship between 5-HTT and Htr7 receptor in the PFC may be similar to the case of 5-HTT and 5-HT1B in the retinal system and barrel cortex. In these systems, the transient 5-HTT expression is majorly to moderate the inhibitory effects of Htr1B receptors on neurotransmitter release (Salichon et al., 2001). Excess 5-HT stimulation of the Htr1B receptors induces alterations in the segregation of thalamic axons projecting to the barrel field somatosensory cortex. Because the Htr1B has an inhibitory effect on these thalamocortical projections, then over stimulation or over-activation prevents activity dependent segregation of somatosensory afferents (Salichon et al., 2001).

In our case, we did not detect Htr1B mRNA at P7 in the developing PFC. The 5-HT receptors we observed was the Htr7 are the Htr1F (Soiza-Reilly et al., 2018). The mRNA expression profile of the HTR1F is reported to be localized in the cortex within the deep layers V and VI pyramidal neurons and gradually rises across postnatal life [START_REF] Bonnin | Expression mapping of 5-HT1 serotonin receptor subtypes during fetal and early postnatal mouse forebrain development[END_REF]. Its involvement in psychiatric disorders is largely unknown. The Htr2A which was described by Beique and colleagues as also present in the PFC during development was described to be expressed a little later than the Htr7 receptor, and slice electrophysiological recording from deep layer PFC pyramidal neurons show that in the first postnatal week, complete depolarization of these neurons is completely blocked by the Htr7 specific antagonist -SB269970 (Beique et al., 2001). After this first week, layer V pyramidal neurons are partially depolarized by Htr7 receptor stimulation.