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Increased survival of newborn neurons in the dentate gyrus of mice with constitutive depletion of serotonin
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Increased adult neurogenesis is a major neurobiological correlate of the beneficial effects of antidepressants. Indeed, selective serotonin (5-HT) re-uptake inhibitors, which increase 5-HT transmission, enhance adult neurogenesis in the dentate gyrus (DG) of the hippocampus.

However, the consequences of 5-HT depletion are still unclear since studies using neurotoxins that target serotonergic neurons, reached contradictory conclusions on the role of 5-HT on DG cells proliferation. Here, we analyzed two genetic models of 5-HT depletion, the Pet1 -/-and the VMAT2 sert-cre conditional knockout mice, that have 80% and 95% reductions of hippocampal 5-HT, respectively. In both models, we found unchanged cell proliferation of the neural precursors in the DG subgranular zone, whereas a significant increase in the survival of newborn neurons was noted 1 and 4 weeks after BrdU injections. This pro-survival trait was phenocopied pharmacologically with 5-HT synthesis inhibitor PCPA treatment in adults, indicating that this effect was not developmental. Furthermore, one week administration of the 5-HT 1A receptor agonist, 8-OH-DPAT, in Pet1 -/-mice normalized hippocampal cell survival. Overall, our results indicate that constitutive 5-HT depletion does not alter the proliferation of neural precursor in the DG but promotes the survival of newborn cells, an effect which involved activation of the post-synaptic 5-HT 1A receptor. The role of 5-HT in selective neuronal elimination points to a new facet in its multiple effects in controlling neural circuit maturation.

Introduction

The production of new neurons in the subgranular zone of the dentate gyrus (DG) of adult mammalian brain is a unique form of structural plasticity which enables hippocampal circuits to adapt to changes in the environment [START_REF] Koehl | A new chapter in the field of memory: adult hippocampal neurogenesis[END_REF]. The dentate gyrus subgranular zone continuously generates cells, but a large proportion (70-90%) of these adult newborn cells is cleared in the first four weeks after their generation [START_REF] Snyder | Adult-born hippocampal neurons are more numerous, faster maturing, and more involved in behavior in rats than in mice[END_REF].

Numerous molecular signals and processes have been involved in regulating the neurogenesis and survival of newborn cells and their integration in neural circuits [START_REF] Fabel | Physical activity and the regulation of neurogenesis in the adult and aging brain[END_REF][START_REF] Kempermann | Seven principles in the regulation of adult neurogenesis[END_REF][START_REF] Malberg | Chronic antidepressant treatment increases neurogenesis in adult rat hippocampus[END_REF][START_REF] Van Praag | Running increases cell proliferation and neurogenesis in the adult mouse dentate gyrus[END_REF][START_REF] Warner-Schmidt | Hippocampal neurogenesis: opposing effects of stress and antidepressant treatment[END_REF]. Among these factors, neural activity has been shown to promote cell survival, namely glutamatergic and GABAergic afferents were found to play a role in the modulation of neurogenesis [START_REF] Toni | Synapse formation on adult-born hippocampal neurons[END_REF].

Serotoninergic axons originating from the raphe nuclei innervate the DG [START_REF] Jacobs | Structure and function of the brain serotonin system[END_REF] and have also been involved in the control of adult neurogenesis. This is largely based on studies showing that chronic exposure to the selective 5-HT reuptake inhibitors (SSRIs), a widely used class of antidepressants, increased proliferation of neural progenitors [START_REF] Banasr | Serotonin-induced increases in adult cell proliferation and neurogenesis are mediated through different and common 5-HT receptor subtypes in the dentate gyrus and the subventricular zone[END_REF][START_REF] Diaz | 5-HT(2B) receptors are required for serotonin-selective antidepressant actions[END_REF][START_REF] Malberg | Chronic antidepressant treatment increases neurogenesis in adult rat hippocampus[END_REF][START_REF] Petrik | The neurogenesis hypothesis of affective and anxiety disorders: are we mistaking the scaffolding for the building?[END_REF] and survival of the newborn cells in the DG [START_REF] Diaz | 5-HT(2B) receptors are required for serotonin-selective antidepressant actions[END_REF][START_REF] Encinas | Fluoxetine targets early progenitor cells in the adult brain[END_REF][START_REF] Santarelli | Requirement of hippocampal neurogenesis for the behavioral effects of antidepressants[END_REF].

However, the physiological effect of constitutive 5-HT transmission on proliferation and survival remains a matter of debate since pharmacological depletion of 5-HT by the use of the selective 5-HT toxin (5-7 dihydroxytryptamine) led either to a reduction (Brezun andDaszuta, 1999, 2000), or to no change [START_REF] Huang | The role of 5-HT1A receptors in the proliferation and survival of progenitor cells in the dentate gyrus of the adult hippocampus and their regulation by corticoids[END_REF][START_REF] Jha | Selective serotonin depletion does not regulate hippocampal neurogenesis in the adult rat brain: differential effects of pchlorophenylalanine and 5,7-dihydroxytryptamine[END_REF] of newborn cell number.

To evaluate the effects of a constitutive 5-HT depletion, we analyzed two genetic models: the Pet1 -/-mice, in which a majority of 5-HT neurons in the raphe fail to differentiate [START_REF] Hendricks | Pet-1 ETS gene plays a critical role in 5-HT neuron development and is required for normal anxiety-like and aggressive behavior[END_REF][START_REF] Kiyasova | A genetically defined morphologically and functionally unique subset of 5-HT neurons in the mouse raphe nuclei[END_REF], and the VMAT2 sert-cre mice, which lack vesicular monoamine storage mechanisms in 5-HT neurons [START_REF] Narboux-Neme | Severe serotonin depletion after conditional deletion of the vesicular monoamine transporter 2 gene in serotonin neurons: neural and behavioral consequences[END_REF]. We report that basal proliferation is undisturbed in these two mouse strains, whereas survival of newborn cells is increased. In addition, similar results were obtained using a pharmacological approach for depleting 5-HT in adult WT mice, indicating that this effect is not due to developmental alterations. A normalization of the increased survival phenotype with 5-HT1A agonists in both, Pet1 -/-and pharmacologically 5-HT depleted mice, revealed an unsuspected role of this receptor in controlling the number of surviving newborn cells in the hippocampus.

Because it has been recently proposed that the immature DG cells are critical for pattern separation [START_REF] Nakashiba | Young dentate granule cells mediate pattern separation, whereas old granule cells facilitate pattern completion[END_REF][START_REF] Sahay | Increasing adult hippocampal neurogenesis is sufficient to improve pattern separation[END_REF], a form of memory that enables to encode somewhat similar contexts as distinct events, we examined this form of memory in the Pet1 -/-mice. However, no change in memory performance in this test could be observed.

Material and Methods

Animals

Procedures involving animals were conducted in accordance with the directives of the European Community (council directive 86/609) and the French Agriculture Ministry (council directive 87-848, 19 October 1987, permissions 00782 to PG). The Pet1 -/-mouse line has been described previously [START_REF] Hendricks | Pet-1 ETS gene plays a critical role in 5-HT neuron development and is required for normal anxiety-like and aggressive behavior[END_REF]. Heterozygote Pet1 +/-females were mated with Pet1 +/-or Pet1 -/-males to produce mixed litters. Both Pet1 +/+ and Pet1 +/-served as controls, since no differences of 5-HT levels or 5-HT innervation between the two genotypes has been reported [START_REF] Hendricks | Pet-1 ETS gene plays a critical role in 5-HT neuron development and is required for normal anxiety-like and aggressive behavior[END_REF][START_REF] Kiyasova | A genetically defined morphologically and functionally unique subset of 5-HT neurons in the mouse raphe nuclei[END_REF] or noted in the present study.

The VMAT2 sert-cre mouse line has been described previously [START_REF] Narboux-Neme | Severe serotonin depletion after conditional deletion of the vesicular monoamine transporter 2 gene in serotonin neurons: neural and behavioral consequences[END_REF].

Briefly, these mice result from crossing a floxed VMAT2 mouse line (Bruno Giros, to whom correspondence regarding the mouse line should be addressed) to a SERT cre mouse line [START_REF] Zhuang | Targeted gene expression in dopamine and serotonin neurons of the mouse brain[END_REF]. VMAT2 lox/lox :: SERT cre/+ mice were mated with female VMAT2 lox/lox to generate recombinant and control littermates as previously described (Narboux-Neme et al,

2011).

The two mouse lines were maintained on a C57BL/6J background and littermates were used in all experiments. After weaning, males and females were housed separately (5 animals per cage) and maintained under standard laboratory conditions (22±1°C, 60% relative humidity, 12-12 hrs light-dark cycle, food and water ad libitum).

Pharmacological studies were performed on wild type (WT) C57BL/6J mice (purchased from Janvier, France).

Proliferation and survival assays.

Dividing cells were labelled with the thymidine analogue 5-Bromo-2'deoxyuridine (BrdU; Sigma, B9285) as previously described [START_REF] Diaz | 5-HT(2B) receptors are required for serotonin-selective antidepressant actions[END_REF]. To study cell survival at 4 and 16 weeks, it is necessary to use relatively high doses of BrdU to ensure that it is not diluted in the process of re-division of daughter cells [START_REF] Wojtowicz | BrdU assay for neurogenesis in rodents[END_REF]. Animals received 2 injections of BrdU 150 mg/kg at 2 hrs interval, a dose that has previously been proved to be non toxic for proliferating and immature neurons [START_REF] Hancock | Does 5-bromo-2'-deoxyuridine (BrdU) disrupt cell proliferation and neuronal maturation in the adult rat hippocampus in vivo?[END_REF]. BrdU was dissolved in 0.9% NaCl at 50°C, and the pH was set at 7.4 with NaOH 10M. 7-week-old VMAT2 sert-cre , Pet1 -/-and their respective controls (n=3-6/experimental group) were sacrificed either 24 hrs, 1 week, 4 weeks or 16 weeks after BrdU administration and brains were recovered for cell proliferation and survival studies.

Chronic treatment with PCPA

To study the effect of chronic 5-HT depletion in adults, 4 week-old WT mice received a daily intraperitoneal (i.p.) injection of PCPA at 300 mg/kg during the first 3 days, and at 100 mg/kg for the rest of the treatment (Suppl Fig. 2) [START_REF] Vitalis | Embryonic depletion of serotonin affects cortical development[END_REF]. After 4 weeks of PCPA treatment, BrdU was administered as described above. A group of mice was sacrificed 24 hrs later for proliferation assays and a second group continued receiving PCPA injections during 1 or 4 extra weeks for survival assays.

8-OH-DPAT treatment

A group of 4 weeks PCPA-treated and control Pet1 -/-mice (7-8 week-old) received 2 injections of BrdU as described above. 24 hrs later, animals received 2 daily i.p. injections of the 5-HT 1A agonist 8-OH-DPAT at 0.5 mg/kg or vehicle (NaCl 0.9%) during 7 days and sacrificed the day of the last injection.

Retrovirus-mediated labeling of new hippocampal granule cells 300 nl of retroviral vector CAG-GFP [START_REF] Zhao | Lmx1b is required for maintenance of central serotonergic neurons and mice lacking central serotonergic system exhibit normal locomotor activity[END_REF] were injected into the dentate gyrus of Pet1 -/-and Pet1 +/-mice at the following coordinates: anteroposterior, -1.7; lateral, -/+1.7; ventral, -1.75 by using the bregma as reference. Mice were perfused one week later and 100 µm sections were made with a vibratome (VT1000S, Leica).

Histological methods

Mice were deeply anesthetized (xylazine, 20 mg/kg; pentobarbital, 50 mg/kg) and transcardially perfused with 5 ml of NaCl 0.9% and 50 ml of 4% paraformaldehyde in 0.1M phosphate-buffered saline (1X PBS, pH 7.4) for 15 min. Brains were recovered, postfixed for 24 hrs at 4ºC and sliced to 50 µm thick coronal sections with a vibratome. Sections were stored at -20ºC in cryoprotectant (30% ethylene glycol, 30% glycerol in 0.12M phosphate buffer) if not used immediately. Newborn cells were revealed by peroxidase immunostaining of BrdU. Free-floating sections were incubated overnight in 0.1% H 2 O 2 , and exposed to 2 N HCl for 1 hr. Sections were incubated overnight at 4°C with a rat anti-BrdU (1:400; AbDserotec OBT0030; clone BU1/75-ICR1), which was then detected with a biotinylated goat anti-rat antibody during 2 hrs (1:400; Vector). Revelation steps included 1 hr incubation in a streptavidin horseradish peroxidase complex (1:400 Amersham) followed by an exposure to 3,3'-diaminobenzidine (DAB) used as substrate.

To identify the type of newborn cells produced in the DG, double-labeling of BrdU and neuronal or astroglial markers were carried out. Rat anti-BrdU (1:400; AbDserotec OBT0030) was combined with a goat anti-doublecortin (1:500; Santa Cruz, immature neuronal marker), an IgM mouse anti-calbindin (1:12000; AbCys: CP331, mature neuronal marker), a rabbit anti-calretinin (1:500; Swant, immature marker) or a rabbit anti-GFAP (1:800; Dako Cytomation, astroglial marker) (overnight, 4°C). Sections were then incubated for 2 hrs at room temperature in the corresponding secondary fluorescent antibodies (1:500; Molecular Probes).

To evaluate morphology of retrovirus-infected new neurons, GFP expression was intensified by permeabilizing 100 µm-thick sections with proteinase K (10 µg/ml; 2 min), which was subsequently blocked with 2 mg/ml glycine. GFP was then detected with a rabbit anti-GFP at 4°C overnight (1:5000; Molecular Probes) and revealed at room temperature for 2 hrs with a donkey anti-rabbit (1:500; Molecular probes).

Coronal sections from the hippocampus of WT mice were employed for in situ hybridization as described previously [START_REF] Narboux-Neme | Serotonin transporter transgenic (SERTcre) mouse line reveals developmental targets of serotonin specific reuptake inhibitors (SSRIs)[END_REF]. The following cDNA were used: 5-HT 1A (IMAGE:8861702), 5-HT 2B (IMAGE:5344328) 5-HT 3A (IMAGE:9053347), 5-HT 4 (IMAGE:9053710), 5-HT 6 (IMAGE:40104889), 5-HT 7 (IMAGE:40126305) dig-UTP-labeled probes were used and detected using an antibody coupled to alkaline phosphatase (1/2000; Roche) and NBT/BCIP was used as blue substrate for in situ revelation.

Analysis and Counting Procedure

The number of BrdU-labeled cells was quantified with a bright-field microscope with a 40X objective, on serial sections through the entire hippocampus. One out of 6 sections of the series was counted (300 µm intervals; 6 sections per series). BrdU-labeled cells were counted in the subgranular zone (SGZ). Cells were considered to be BrdU + when their nuclei were completely filled with DAB product or showed clear patches of labeling. To facilitate the comparison between the three different mouse models, across different experiments, the number of BrdU + cells was normalized to the control values and expressed as %.

The surface of the DG was measured in 2-and 7-week old VMAT2 sert-cre and control mice.

Briefly, images from Nissl stained-sections through the entire hippocampus (3 mice/experimental condition) were acquired with a 10X objective and the granular cell layer was outlined using Image J software.

In proliferation and survival experiments, double-labeled cells (BrdU/ doublecortincalbindin -calretinin -GFAP) in the granular cell layer of the dentate gyrus were imaged with a confocal laser scanning microscope (SP2, Leica, Mannheim, Germany). 45 to 85 BrdU + cells per mouse (n = 5-6 mice/experimental group) were analyzed in their entire z-axis with a 1-µm step to exclude false double-labeling. Double-labeled cells were expressed as percentage of the total BrdU + cells.

In viral-labeling experiments, images were acquired with a 40X objective, with lateral and zaxis resolutions of 385 and 700nm respectively. Dendritic trees of GFP-expressing new neurons were visualized in 3-D reconstructions using the NeuronStudio software [START_REF] Rodriguez | Automated threedimensional detection and shape classification of dendritic spines from fluorescence microscopy images[END_REF] to quantify the number of dendritic nodes (n = 3-4 mice/experimental group; a total of 193 and 181 GFP + cells was analyzed in Pet1 -/-and Pet1 +/-mice, respectively).

Pattern separation

This behavioral test was carried out as previously published [START_REF] Sahay | Increasing adult hippocampal neurogenesis is sufficient to improve pattern separation[END_REF] using contextual fear-discrimination learning, a type of hippocampal-dependent learning test that captures the animal's ability to discriminate two similar contexts. Briefly, adult (8 to 10 weekold) Pet1 -/-male mice were exposed to two similar contexts, with only one of them associated to a foot-shock. The shock-associated training context A, and the similar (no-shock) context B, shared many features, such as a stainless steel grid floor and a plastic roof. The differences between contexts were defined in a pilot study. The context B differed from the context A in that two colored paper inserts were used to cover the lateral walls and a mild limonene scent was used as an olfactory cue. An alcoholic solution was used to clean the grids between runs.

The same experimenter manipulated all the animals during all the experiments. Mice were individually brought into the testing room. For discrimination learning, mice were exposed to the training context in which they received a single 2 s foot shock of 0.8 mA at 180 s after placement in the chamber. Mice were taken out of the chamber 15 s after termination of the foot shock and returned to their home cage. After 1 hr, each mouse was placed in the similar B context, in which they were left for 180 s and were never shocked. On the test-days 1, 4, 7, 

Statistical analysis

Differences between experimental groups for neurogenic responses were analyzed by the Mann Whitney test. Behavioral studies were analyzed by the One-way ANOVA for repeated measures test. Two-way analysis of variance (ANOVA) was employed in the case of the 8-OH-DPAT chronic treatment with genotype and treatment as main factors. Bonferroni's test was used for post hoc comparisons. In all cases, p < 0.05 was considered statistically significant.

Results

We examined the consequences of constitutive 5-HT depletion on adult DG neurogenesis in two previously characterized genetic mouse models of 5-HT depletion, the Pet1 -/-and the VMAT2 sert-cre mice [START_REF] Hendricks | Pet-1 ETS gene plays a critical role in 5-HT neuron development and is required for normal anxiety-like and aggressive behavior[END_REF][START_REF] Narboux-Neme | Severe serotonin depletion after conditional deletion of the vesicular monoamine transporter 2 gene in serotonin neurons: neural and behavioral consequences[END_REF].

In the Pet1 -/-, an 80% depletion of brain 5-HT levels is documented [START_REF] Hendricks | Pet-1 ETS gene plays a critical role in 5-HT neuron development and is required for normal anxiety-like and aggressive behavior[END_REF]. Basal cell proliferation was assessed in the subgranular zone of the DG in young adults 24 hrs after BrdU injections and we found that the total number of BrdU labeled cells was unchanged in Pet1 -/-mice (p=0.69; death between the first and fourth week after their generation [START_REF] Dayer | Short-term and longterm survival of new neurons in the rat dentate gyrus[END_REF][START_REF] Snyder | Adult-born hippocampal neurons are more numerous, faster maturing, and more involved in behavior in rats than in mice[END_REF]. To determine when a difference in survival rate becomes visible in the Pet1 -/-mice, we analyzed newborn cell survival 1 week after BrdU injections and found that Pet1 -/-mice already presented an increase of BrdU-labeled cells as compared to control (p <0.029; Fig 1 c). These results suggest that 5-HT may participate in the new neuron elimination process shortly after their production in the DG, since we calculated that in control mice, 50% of the newborn cells are lost as early as 1 week after generation confirming that cell death occurs very rapidly after proliferation (Suppl. Given these unexpected results and considering that a few residual 5-HT axons still innervate the subgranular layer of the DG in the Pet1 -/-mice [START_REF] Fernandez | Investigating anxiety and depressive-like phenotypes in genetic mouse models of serotonin depletion[END_REF][START_REF] Kiyasova | A genetically defined morphologically and functionally unique subset of 5-HT neurons in the mouse raphe nuclei[END_REF], we performed the same experiments in another mouse model of 5-HT depletion: the VMAT2 sert-cre mice, in which a complete depletion of 5-HT-innervation has been reported [START_REF] Narboux-Neme | Severe serotonin depletion after conditional deletion of the vesicular monoamine transporter 2 gene in serotonin neurons: neural and behavioral consequences[END_REF]. Again, in the proliferation assay, the total number of BrdU labeled cells was unchanged in VMAT2 sert-cre mice (p=0.96) 24 hrs after BrdU injections (Suppl. Fig 2a). In addition, the ratio of BrdU + cells co-expressing the cell cycle marker Ki67 was not different between VMAT2 sert-cre and control mice (Suppl.

Fig 2e),

suggesting that, at least during the first 24 hr, the rate of rounds of division is similar in both genotypes. We next evaluated new neuron survival and found that similarly to observations in Pet1 -/-mice, a significant increase in the number of BrdU-labeled cells was observed in VMAT2 sert-cre mice at 4 weeks (p=0.0016) and 1 week (p=0.0152) after BrdU injection as compared to controls (Suppl. Fig 2 b -d). The surface of the DG was measured in 2-and 7week old VMAT2 sert-cre and no significant difference was detected compared to control mice (Suppl. Fig 2f ), suggesting an absolute increase in the number of immature cells in VMAT2 sert-cre mice. Altogether, these results indicated that in these two constitutive hyposerotonergic mouse models, relying on different mechanisms of 5-HT depletion, newborn cells are generated in normal numbers but survive in greater numbers.

To determine whether excess of surviving neurons are maintained or eventually cleared later when neural networks become consolidated, we counted BrdU-labeled cells 16 weeks after the initial BrdU injection in VMAT2 sert-cre mice. This experiment showed a 4-fold increase in new neuron survival (1335 ± 501; vs. control 342 ± 66, n=2) similar to the one observed after 4 weeks. Altogether these results indicate that constitutive lack of 5-HT neurotransmission results in an increased survival of newborn cells in the DG, with a cumulative effect between 1 and 4 weeks. These supernumerary cells remain integrated in the hippocampal circuits 4 months after their genesis. Both Pet1 -/-and VMAT2 sert-cre mice have decreased 5-HT during development that could alter the normal maturation of hippocampal circuits [START_REF] Trowbridge | Genetic models of serotonin (5-HT) depletion: what do they tell us about the developmental role of 5-HT?[END_REF]. Indeed, postnatal growth retardation is observed in hyposerotonergic mouse models (Narboux-Neme et al, 2013). To determine whether the observed effects on cell survival may result from defects during development, we analyzed mice in which 5-HT depletion was induced in adulthood. PCPA (the inhibitor of TPH, the enzyme responsible of 5-HT synthesis) was administered in 7-8 week-old wild type mice during 4 weeks, to induce a pharmacological depletion of 5-HT. By the end of this treatment, BrdU was administered to evaluate both cell proliferation and survival as in the others mouse models (Suppl Fig. 3). The chronic 4 week treatment with PCPA in adult WT mice mimicked the effects previously seen in Pet1 -/-and VMAT2 sert-cre mice: no change in cell proliferation (p=0.63; One possible cause of the increased survival rate of the newborn cells in the DG of hyposerotoninergic mouse models could be a change in the maturation rate of newly produced neurons, as demonstrated after SSRI administration [START_REF] Wang | Chronic fluoxetine stimulates maturation and synaptic plasticity of adult-born hippocampal granule cells[END_REF]. We analyzed colocalization of BrdU with calretinin and doublecortin, which are markers of immature neurons, and with calbindin, a marker of more mature neurons. Experiments were performed in the Pet1 -/-and control mice, 1 and 2 weeks after BrdU injections. These experiments showed an identical proportion of co-labeled cells in both genotypes (Fig 2a-a', b-b'), indicating that the surplus surviving newborn cells matured normally. The cell fate of the 4 week-old hippocampal newborn neurons was examined by using double labeling of BrdU and the mature neuronal marker NeuN. The proportion of newborn cells that became neurons (80-90%) was similar in all genotypes. Finally, we analyzed the morphological maturation of the newborn neurons, using retroviral vectors that integrate only in the dividing cells. Newborn GFP-labeled cells showed a comparable morphological maturation of dendritic trees in Pet1 -/- and control mice (Fig 2 c-c').

Immature DG cells have been recently proposed as playing a role in the pattern separation process [START_REF] Nakashiba | Young dentate granule cells mediate pattern separation, whereas old granule cells facilitate pattern completion[END_REF][START_REF] Sahay | Increasing adult hippocampal neurogenesis is sufficient to improve pattern separation[END_REF]. To evaluate the functionality of these supernumerary immature DG cells found in hyposerotonergic mice, Pet1 -/-mice were tested in a contextual fear discrimination learning. In a pilot study, we evaluated the level of freezing in the shock-associated context on day 0 and found negligible levels of freezing for both genotypes (p=0.09; suggesting that Pet1 -/-and control mice acquired and retained contextual fear conditioning at a similar rate in our experimental conditions. As expected, control mice showed comparable levels of freezing in both contexts during the first 6 days (Fig 3 b), after which, the discrimination index increased progressively, showing their capacity to discriminate between the shock-associated and no-shock contexts. The level of discrimination was unchanged in Pet1 -/-mice compared to controls (p=0.60), suggesting that the increased number of immature DG cells in the Pet1 -/-mice does not modify performance in pattern separation.

The consistency in the increased survival rate of newborn neurons observed in the 3 different chronic hyposerotonergic models analyzed here suggests that a lack of 5-HT during the first weeks after cell generation in the hippocampus hinders the regulatory mechanisms that normally operate to restrict their number before integrating into functional circuits. We hypothesized that 5-HT may act through specific 5-HT receptors to help selected surviving cells and/or to remove surplus neurons. We examined 5-HT receptor expression in the DG using in situ hybridizations with a large panel of 5-HT receptor probes. We found expression of 6 5-HT receptors in the DG of the hippocampus: the 5-HT 1A , 5-HT 2B , 5-HT 3A 5-HT 4, 5-HT 6 , and 5-HT 7 receptors (Fig 4 a). The 5-HT 1B and the 5-HT 2A-C receptors were expressed in the hippocampus but not in the DG cells. The 5-HT 5 probe did not provide an interpretable signal. Among the 5-HT receptors expressed in the granular cells of the DG, the 5-HT 1A receptor matched best the localization of newborn neurons in the subgranular zone, as also suggested in a recently published work [START_REF] Klempin | Oppositional effects of serotonin receptors 5-HT1a, 2, and 2c in the regulation of adult hippocampal neurogenesis[END_REF]. To determine whether the lack of 5-HT 1A receptor stimulation in the DG of hyposerotonergic mice may be responsible for the enhanced survival phenotype, we evaluated cell survival in both Pet1 -/-and PCPA-treated mice following a 1-week treatment with the 5-HT 1A receptor agonist 8-OH-DPAT. Since the 5-HT raphe neurons projecting to the hippocampus do not develop in the Pet1 -/-mice [START_REF] Kiyasova | A genetically defined morphologically and functionally unique subset of 5-HT neurons in the mouse raphe nuclei[END_REF], the effects of 8-OH-DPAT in these mutants are essentially postsynaptic. As shown above, the number of 1 week-old neurons was significantly higher in Pet1 -/-mice (p<0.05) and in PCPA-treated mice (p<0.01) compared with their respective control groups (Fig 5 a,b). In control mice, a 1-week treatment with 8-OH-DPAT did not change cell survival. However, the number of newborn cells reestablished the control levels after the 1-week treatment with 8-OH-DPAT in the Pet1 -/-(p<0.05) and the PCPA-treated mice (p<0.01), suggesting a cell-autonomous regulation of cell survival via the post-synaptic 5-HT 1A receptor. Thus, 5-HT 1A post-synaptic receptor stimulation can reverse the enhanced survival observed in genetic and pharmacological models of constitutive 5-HT depletion. no effect on neural stem cells or progenitor cell cycle as demonstrated in VMAT sert-cre mice in which the ratio BrdU + -Ki67 + / BrdU + -Ki67 -is similar to that in control mice.

Majority of the cells generated in the DG of WT mice die during the cell differentiation process [START_REF] Snyder | Adult-born hippocampal neurons are more numerous, faster maturing, and more involved in behavior in rats than in mice[END_REF], and it was even recently demonstrated that this cell death occurs between 1 and 4 days after cell birth [START_REF] Sierra | Microglia shape adult hippocampal neurogenesis through apoptosis-coupled phagocytosis[END_REF]. In our study, we also found in WT animals, that most of the newborn neurons are eliminated within the first week of maturation.

By contrast, all our three 5-HT depletion models show a robust increase in newborn neuron survival, an effect that is observed as early as one week after their birth and that seems to last at least for 16 weeks, with no change in the DG surface. Interestingly, the magnitude of increase in the cell survival was inversely correlated with the 5-HT amount: increase in DG cell survival was stronger in VMAT2 sert-cre mice that show the most severe 5-HT depletion [START_REF] Kiyasova | A genetically defined morphologically and functionally unique subset of 5-HT neurons in the mouse raphe nuclei[END_REF][START_REF] Narboux-Neme | Severe serotonin depletion after conditional deletion of the vesicular monoamine transporter 2 gene in serotonin neurons: neural and behavioral consequences[END_REF], compared to the Pet1 -/-mice and PCPA treated mice in which biosynthesis 5-HT level is not totally abolished [START_REF] Vitalis | Embryonic depletion of serotonin affects cortical development[END_REF], These observations indicate that 5-HT is required in the process of eliminating newborn neurons.

Several 5-HT receptors have been implicated in the neurogenic effects of antidepressants [START_REF] Banasr | Serotonin-induced increases in adult cell proliferation and neurogenesis are mediated through different and common 5-HT receptor subtypes in the dentate gyrus and the subventricular zone[END_REF][START_REF] Diaz | 5-HT(2B) receptors are required for serotonin-selective antidepressant actions[END_REF][START_REF] Klempin | Oppositional effects of serotonin receptors 5-HT1a, 2, and 2c in the regulation of adult hippocampal neurogenesis[END_REF][START_REF] Santarelli | Requirement of hippocampal neurogenesis for the behavioral effects of antidepressants[END_REF][START_REF] Soumier | Region-and phase-dependent effects of 5-HT(1A) and 5-HT(2C) receptor activation on adult neurogenesis[END_REF]. Particularly, the downregulation of presynaptic 5-HT 1A receptors induced by chronic SSRI treatment has been proposed to be required for the expression of some behavioural effects (Popa et al., 2010). To determine which 5-HT receptors is involved in the effects of 5-HT depletion on neuron survival, we performed an in situ hybridization screen and found that 5-HT 1A receptor displays an interesting distribution because it is expressed in the subgranular zone as previously shown [START_REF] Klempin | Oppositional effects of serotonin receptors 5-HT1a, 2, and 2c in the regulation of adult hippocampal neurogenesis[END_REF], where stem cells and progenitor cells are located [START_REF] Encinas | Fluoxetine targets early progenitor cells in the adult brain[END_REF]. However, 5-HT 1A -/-mice show no change in basal levels of BrdU incorporation [START_REF] Santarelli | Requirement of hippocampal neurogenesis for the behavioral effects of antidepressants[END_REF] and studies using various 5-HT receptor agonists or antagonists have all concluded that 5-HT 1A agonist stimulation from one to two weeks had no effect in DG BrdU + cell numbers in WT animals [START_REF] Banasr | Serotonin-induced increases in adult cell proliferation and neurogenesis are mediated through different and common 5-HT receptor subtypes in the dentate gyrus and the subventricular zone[END_REF][START_REF] Huang | The role of 5-HT1A receptors in the proliferation and survival of progenitor cells in the dentate gyrus of the adult hippocampus and their regulation by corticoids[END_REF][START_REF] Klempin | Oppositional effects of serotonin receptors 5-HT1a, 2, and 2c in the regulation of adult hippocampal neurogenesis[END_REF][START_REF] Soumier | Region-and phase-dependent effects of 5-HT(1A) and 5-HT(2C) receptor activation on adult neurogenesis[END_REF]. Indeed, we confirmed that a one-week treatment with 8-OH-DPAT did not alter BrdU + cell number in control mice. In contrast, the same treatment normalized the number of newborn cells to control levels in both Pet1 -/-mice and PCPA-treated WT mice. The strong reduction of the 5-HT innervation in the hippocampus of Pet1 -/-mice allows us to conclude that the results obtained herein reflect mostly the involvement of post-synaptic 5-HT 1A receptor stimulation in the regulation of cell survival and suggest a role for 5-HT, via the 5-HT 1A receptor, in the differentiation-or-death decision of newborn cells. Interestingly, the vast majority of DG newborn cells undergoes death by apoptosis in the first 4 days of their life, during the transition from amplifying neural progenitors to early post-proliferative neuroblasts [START_REF] Sierra | Microglia shape adult hippocampal neurogenesis through apoptosis-coupled phagocytosis[END_REF]. The 5-HT survivalapoptosis decision, 5-HT 1A receptor-dependant, may correspond to this transition from late dividing neural progenitors to early postmitotic neuroblasts.

Increased survival of newborn neurons may be expected to have impacts on memory and learning (rev. in [START_REF] Koehl | A new chapter in the field of memory: adult hippocampal neurogenesis[END_REF] and depressive-like phenotypes (rev. in [START_REF] Petrik | The neurogenesis hypothesis of affective and anxiety disorders: are we mistaking the scaffolding for the building?[END_REF], although recent reviews underlined the difficulty to establish a causal role of increased neurogenesis for the control of these behaviours. Cytostatic drugs, irradiation, and genetic manipulation demonstrated that the ablation of newborn neurons impairs several forms of hippocampus-depending learning and memory. However, controlled elimination of newborn cells by cell death is also crucial, since mice with disruption of the pro-apoptotic factor Bax performed worse than control mice in spatial memory tests, whereas pattern separation was improved [START_REF] Dupret | Spatial learning depends on both the addition and removal of new hippocampal neurons[END_REF][START_REF] Sahay | Increasing adult hippocampal neurogenesis is sufficient to improve pattern separation[END_REF]. Likewise, another genetically modified mouse model with an increased population of young DG cells exhibited enhanced pattern separation between similar contexts [START_REF] Nakashiba | Young dentate granule cells mediate pattern separation, whereas old granule cells facilitate pattern completion[END_REF]. In contrast, we report here that Pet1 -/-mice have a normal performance in pattern separation, although they have an increased number of immature DG cells. However it is possible that in the hyposerotoninergic mouse lines, the functional deficits caused by globally decreased 5-HT neurotransmission prevents the potential beneficial effect of an increased number of immature neurons in the DG.

Moreover, despite the apparently normal maturation of newborn neurons at early stages (1 week) it is possible that late maturation or integration of these neurons in functional circuits is suboptimal in conditions of hyposerotoninergia. It remains to be determined whether the increase in the number of adult born neurons is responsible for some of the behavioral traits observed in the Pet1 -/-mice such as enhanced conditioned fear responses [START_REF] Kiyasova | A genetically defined morphologically and functionally unique subset of 5-HT neurons in the mouse raphe nuclei[END_REF]. Moreover it should be noted that our results are consistent with a possible relationship between enhanced neurogenesis and reduced depression-like behaviour [START_REF] Pittenger | Stress, depression, and neuroplasticity: a convergence of mechanisms[END_REF], since VMAT2 sert-cre mice displayed enhanced struggling in the tail suspension test (Narboux-Neme et al, 2011) while Pet1 -/-showed no changes floating time in the forced swim test [START_REF] Diaz | 5-HT(2B) receptors are required for serotonin-selective antidepressant actions[END_REF], and both lines showed anxiolytic-like response in the noveltysuppressed feeding test [START_REF] Kiyasova | A genetically defined morphologically and functionally unique subset of 5-HT neurons in the mouse raphe nuclei[END_REF], Narboux-Neme et al, 2011).

The present findings add new insights in the mechanisms and pathways that finely regulate early stages of neurogenesis and pave the way for future studies to better comprehend the factors influencing the fate of immature newborn DG cells. 

  8 and 10, mice were first exposed to context A before context B, whereas on the test-days 2, 3, 5, 6 and 9, they were first exposed to context B. Measurement of the freezing levels in both the A training context (3 min pre-shock) and the similar B context (3 min) each day allowed the assessment of discrimination between the two contexts and was computed as a discrimination index: (Freezing A context -Freezing B context )/ (Freezing A context + Freezing B context ). A score of 0 indicates complete lack of discrimination (equal freezing levels in both contexts), whereas a score of 1 indicates perfect discrimination (no freezing in context B).

  Fig 1 a). However when BrdU labeled cells in the DG were counted 4 weeks after the BrdU injections, a significant increase was observed in Pet1 -/- mice as compared to controls (p <0.046; Fig 1 b), indicating an increase in the survival rate of newborn cells. It is known that 50 to 75% of the newly produced cells in the DG undergo cell
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  Fig 1 d), but a significant increase in cell survival at 4 weeks (p<0.02; Fig 1 e) and at 1 week (p=0.05; Fig 1 f) after BrdU administration. These results demonstrated that inducing a 5-HT depletion in adult life is enough to improve survival of the newborn neurons in the DG.

  Fig 3 a). Similar increased freezing times were found for both genotypes on day 1, i.e. 24 hrs after the first exposure to the context A (p=0.24; Fig 3 a),
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 23 Figure 2. Normal differentiation of newborn neurons in Pet1 -/-mice. (a-b') Multiple immunohistochemistry were performed on control of Pet1 -/-mice one week after BrdU injection. The proportion of cells expressing a differentiation marker within BrdU positive cells was measured and compared between genotypes. We checked the expression of the immature neuron markers Calretinin (CalR a, a') and Doublecortin (Dcx, b, b'), as well as the expression of the marker of mature DG neurons Calbindin (Cabp, a, a'). No difference was found in the expression of these markers between genotypes. (c-c') Analysis of the morphology of newborn neurons was performed one week after the injection of GFPexpressing retrovirus. The number of nodes was quantified for each labeled cell as a marker of differentiation. No significant difference was found between controls and Pet1 -/-mice. Scale bar = 20µm
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Discussion

The present observations demonstrate that 5-HT is: (i) dispensable for neural stem cell and progenitor proliferation in the DG and (ii) necessary for the removal of surplus immature newborn neurons via post-synaptic 5-HT 1A receptor stimulation.

A number of studies report that enhanced hippocampal neurogenesis is required for the therapeutic response to the increased 5-HT levels induced by SSRIs treatments [START_REF] Malberg | Chronic antidepressant treatment increases neurogenesis in adult rat hippocampus[END_REF][START_REF] Santarelli | Requirement of hippocampal neurogenesis for the behavioral effects of antidepressants[END_REF] rev. in [START_REF] Samuels | Neurogenesis and affective disorders[END_REF][START_REF] Samuels | Neurogenesis and affective disorders[END_REF][START_REF] Samuels | Neurogenesis and affective disorders[END_REF].

Conversely this observation would predict that, reduced neurogenesis should be observed in hyposerotonergic mice, although there is as yet little evidence that impaired neurogenesis has a causal role in the etiology of depression [START_REF] Pittenger | Stress, depression, and neuroplasticity: a convergence of mechanisms[END_REF]see the meta-analysis in [START_REF] Petrik | The neurogenesis hypothesis of affective and anxiety disorders: are we mistaking the scaffolding for the building?[END_REF]). Initial studies in rats by Daszuta et al. showed a strong reduction in hippocampal cell proliferation after serotonergic 5,7-DHT lesions in the raphe [START_REF] Brezun | Depletion in serotonin decreases neurogenesis in the dentate gyrus and the subventricular zone of adult rats[END_REF][START_REF] Brezun | Serotonergic reinnervation reverses lesion-induced decreases in PSA-NCAM labeling and proliferation of hippocampal cells in adult rats[END_REF]. However, subsequent studies using 5,7-DHT lesions by ICV injections, reported a change neither on cell proliferation [START_REF] Huang | The role of 5-HT1A receptors in the proliferation and survival of progenitor cells in the dentate gyrus of the adult hippocampus and their regulation by corticoids[END_REF] nor on cell survival [START_REF] Jha | Selective serotonin depletion does not regulate hippocampal neurogenesis in the adult rat brain: differential effects of pchlorophenylalanine and 5,7-dihydroxytryptamine[END_REF]. These conflicting reports suggest that 5-HT could play multiple and perhaps opposing roles, via different 5-HT receptors, in the regulation of the different neurogenic stages.

Nevertheless, experimental factors, such as mode of 5-HT depletion/up-regulation, duration of treatment and timing of observations, could probably also account for these discrepancies [START_REF] Huang | The role of 5-HT1A receptors in the proliferation and survival of progenitor cells in the dentate gyrus of the adult hippocampus and their regulation by corticoids[END_REF][START_REF] Jha | Selective serotonin depletion does not regulate hippocampal neurogenesis in the adult rat brain: differential effects of pchlorophenylalanine and 5,7-dihydroxytryptamine[END_REF]. Here, we found that there was no change in cell proliferation in the DG of three independent models of 5-HT depletion: complete loss of 5-HT-storage in the VMAT2 sert-cre axons (Narboux-Neme et al, 2011), failure to differentiate raphe neurons in Pet1 -/-mice [START_REF] Hendricks | Pet-1 ETS gene plays a critical role in 5-HT neuron development and is required for normal anxiety-like and aggressive behavior[END_REF][START_REF] Kiyasova | A genetically defined morphologically and functionally unique subset of 5-HT neurons in the mouse raphe nuclei[END_REF], and pharmacological inhibition of 5-HT synthesis. These results indicate that 5-HT depletion had
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The authors have no financial interests or conflict of interest to disclose, (a) On day 0, Pet1 -/-and control mice showed negligible levels of freezing in context A before receiving the foot shock (n= 4-6). On day 1, both groups showed comparable levels of conditioning to training context A (n= 11-13). (b) Freezing levels as indicated by the discrimination ratio, i.e. (Freezing A context -Freezing B context )/ (Freezing A context + Freezing B context ) were similar in Pet1 -/-and control mice (n= 6-13). Data are expressed as mean + SEM. Representative 5-HT 1A , 5-HT 2B , 5-HT 3A , 5-HT 4 , 5-HT 6 , and 5-HT 7 mRNA labeling in the DG of WT mice determined by in situ hybridization . Scale bar = 100µm After a 1 week-treatment, 8-OH-DPAT (0.5 mg/kg; twice a day) did not affect cell survival in control mice, but hindered the increased basal cell survival phenotype described in PET1 -/- mice (a) as well as in 4-week-treated PCPA WT mice (b). Data are expressed as mean + SEM (* , + p <0.05; ** , ++ p <0.01; n=3-4).

Supplementary Figure 1.

The comparison of the number of BrdU + cells in WT mice 24h and 1 week after BrdU injection indicates that 50% of the cells labeled one day after BrdU injection are missing one week later. Data are expressed as mean + SEM (*** p <0.001; n = 4-5 mice for each group).

Supplementary Figure 2.

(a) Cell proliferation in the subgranular zone 24 h after BrdU administration was similar in control mice and VMAT2 sert-cre (n=7-8). On the contrary, cell survival in the cell granular The surface of the DG measured in 7-week old VMAT2 sert-cre mice was similar in both groups (n=5). Scale bar = 20µm Supplementary Figure 3. Experimental protocol employed for 5-HT depletion during adulthood. PCPA was administered daily during 4 weeks (300 mg/kg for the first 3 days; 100 mg/kg for the rest of the treatment) to WT animals. BrdU (2 injections at 150 mg/kg injected 2 hr apart) was administered i.p. after the first 4 weeks of PCPA treatment. A group of animals was sacrificed 24 hr after BrdU treatment for evaluating cell proliferation whereas another group went on receiving PCPA 100mg/kg and sacrificed 1 week or 4 weeks after BrdU treatment for evaluating cell survival.