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The G9a/G9a-like protein (GLP) histone lysine dimethyltransferase complex and downstream histone H3 lysine 9 dimethylation (H3K9me2) repressive mark have recently emerged as key transcriptional regulators of gene expression programs necessary for long-term memory (LTM) formation in the dorsal hippocampus. However, the role for hippocampal G9a/GLP complex in mediating the consolidation of spatial LTM remains largely unknown. Using a water maze competition task in which both dorsal hippocampus-dependent spatial and striatum-dependent cue navigation strategies are effective to solve the maze, we found that pharmacological inhibition of G9a/GLP activity immediately after learning disrupts long-term consolidation of previously learned spatial information in male mice, hence producing cue bias on the competition test performed 24h later. Importantly, the inhibition of hippocampal G9a/GLP did not disrupt short-term memory retention. Immunohistochemical analyses revealed increases in global levels of permissive histone H3K9 acetylation in the dorsal hippocampus and dorsal striatum at 1h post-training, which persisted up to 24h in the hippocampus. Conversely, H3K9me2 levels were either unchanged in the dorsal hippocampus or transiently decreased at 15min post-training in the dorsal striatum. Finally, the inhibition of G9a/GLP activity further increased global levels of H3K9 acetylation while decreasing H3K9me2 in the hippocampus at 1h post-training. However, both marks returned to vehicle control levels at 24h. Together, these findings support the possibility that G9a/GLP in the dorsal hippocampus is required for the transcriptional switch from short-term to long-term spatial memory formation.

Introduction

In the last decade, emerging evidence emphasizes dynamic chromatin remodeling through post-translational modifications (PTM) of histone proteins as a key player of gene expression patterns underpinning the formation of long-term memories (LTM) [START_REF] Peixoto | The Role of Histone Acetylation in Memory Formation and Cognitive Impairments[END_REF][START_REF] Stilling | The role of histone acetylation in age-associated memory impairment and Alzheimer's disease[END_REF][START_REF] Sweatt | Experience-dependent epigenetic modifications in the central nervous system[END_REF]. Most of the studies on the dynamic changes in histones PTM during learning and memory processes have focused on acetylation and methylation at multiple lysine residues on the N-terminal tail of specific histones. Studies in rodents have emphasized an essential role of histone acetylation in the dorsal hippocampus (dHPC) in activating the gene expression program necessary for LTM consolidation in several HPC-dependent paradigms, including contextual fear conditioning and spatial learning [START_REF] Bousiges | Spatial memory consolidation is associated with induction of several lysine-acetyltransferase (histone acetyltransferase) expression levels and H2B/H4 acetylation-dependent transcriptional events in the rat hippocampus[END_REF][START_REF] Castellano | Age-related memory impairment is associated with disrupted multivariate epigenetic coordination in the hippocampus[END_REF][START_REF] Castellano | Reassessing the effects of histone deacetylase inhibitors on hippocampal memory and cognitive aging[END_REF][START_REF] Fischer | Recovery of learning and memory is associated with chromatin remodelling[END_REF][START_REF] Levenson | Regulation of histone acetylation during memory formation in the hippocampus[END_REF][START_REF] Peleg | Altered histone acetylation is associated with age-dependent memory impairment in mice[END_REF][START_REF] Sweatt | Experience-dependent epigenetic modifications in the central nervous system[END_REF][START_REF] Vecsey | Histone deacetylase inhibitors enhance memory and synaptic plasticity via CREB:CBP-dependent transcriptional activation[END_REF]. We previously reported that local infusion of histone deacetylase inhibitor (HDACi) into the dHPC immediately after learning selectively enhances LTM consolidation of spatial water maze training by influencing the strength of functional connectivity between the hippocampus and interconnected structures [START_REF] Dagnas | HDAC inhibition facilitates the switch between memory systems in young but not aged mice[END_REF].

While histone acetylation is a permissive transcriptional mark, changes in lysine methylation of histones are associated with either activation or repression of gene expression, depending on the location of methylated residue and, for a single lysine residue, the degree of methylation status. In recent years, dimethylation of histone H3 lysine 9 (H3K9me2), a repressive mark catalyzed by histone methyltransferases (HMT) G9a (also known as Ehmt2) and G9a-like protein (GLP, also known as Ehmt1), has emerged as a critical epigenetic regulator of HPC-dependent LTM formation and long-lasting forms of synaptic plasticity (for review, see [START_REF] Benevento | The role of chromatin repressive marks in cognition and disease: A focus on the repressive complex GLP/G9a[END_REF][START_REF] Pang | Epigenetics and memory: Emerging role of histone lysine methyltransferase G9a/GLP complex as bidirectional regulator of synaptic plasticity[END_REF]. Several studies have reported, for example, a pivotal role for G9a/GLP-mediated H3K9me2 in mediating transcriptional homeostasis between gene activation and silencing in area CA1 of the dHPC (dCA1) and the entorhinal cortex during contextual fear memory consolidation [START_REF] Gupta-Agarwal | G9a/GLP histone lysine dimethyltransferase complex activity in the hippocampus and the entorhinal cortex is required for gene activation and silencing during memory consolidation[END_REF][START_REF] Gupta | Histone methylation regulates memory formation[END_REF]Mahan et al., 2012). Pharmacological inhibition or genetic silencing of G9a/GLP activity in the dCA1 impairs contextual fear LTM and disrupts hippocampal long-term potentiation (LTP) [START_REF] Gupta-Agarwal | G9a/GLP histone lysine dimethyltransferase complex activity in the hippocampus and the entorhinal cortex is required for gene activation and silencing during memory consolidation[END_REF][START_REF] Gupta | Histone methylation regulates memory formation[END_REF][START_REF] Schaefer | Control of cognition and adaptive behavior by the GLP/G9a epigenetic suppressor complex[END_REF]. In contrast, the same G9a/GLP blockade in the entorhinal cortex had the opposite effect on fear LTM while increasing both repressive H3K9me2 marks at promoter regions of non-memory permissive genes (e.g. COMT) and permissive H3K4me3 and H3K9ac marks at memory-related gene promoters (e.g. Zif268; BDNF exon IV; DNMT3) in the dHPC. Electrophysiology studies in rats also indicated that G9a/GLP complex activity exerts an epigenetic control over BDNF-mediated long-term plasticity and associativity in hippocampal CA1 neurons [START_REF] Sharma | Epigenetic regulation by G9a/GLP complex ameliorates amyloid-beta 1-42 induced deficits in long-term plasticity and synaptic tagging/capture in hippocampal pyramidal neurons[END_REF] Collectively, these findings suggest that an accurate regulation of G9a/GLPmediated H3K9me2 may play a pivotal role in maintaining a fine balance between gene activation and gene silencing during the process of LTM consolidation.

Dual solution tasks are used to study how multiple memory systems interact with one another over time and/or training regimen [START_REF] Gasser | Shifting between response and place strategies in maze navigation: Effects of training, cue availability and functional inactivation of striatum or hippocampus in rats[END_REF][START_REF] Martel | Dynamic interplays between memory systems depend on practice: the hippocampus is not always the first to provide solution[END_REF][START_REF] Rice | Lesions of the hippocampus or dorsolateral striatum disrupt distinct aspects of spatial navigation strategies based on proximal and distal information in a cued variant of the Morris water task[END_REF]. Using a water maze competition task, in which both HPC-based spatial/place and striatum-based cue/response strategies are effective solutions to solve the task, we previously demonstrated that inducing histone hyperacetylation in the dorsal HPC immediately after learning operates as a molecular switch between the HPC-and dorsal striatum-dependent memory systems, biasing mice towards predominant use of a spatial navigational strategy under training conditions that normally results in the use of the cued strategy (Dagnas et al., 2013). The present study used the same water maze task to examine whether immediate post-training infusion of the pharmacological G9a/GLP inhibitor, BIX-01294, administrated into the dHPC of male mice would also influence the consolidation of one particular memory strategies (i.e. spatial versus cue-guided) assessed 24h later in competition probe tests. Since a proper balance between transcriptionally active H3K9ac and repressive H3K9me2 marks via accurate regulation of the HMT G9a/GLP activity is important for coordinating patterns of gene expression during the process of memory consolidation, we also explored whether differences in performance in the BIX-infused mice would be accompanied by altered patterns of changes of the two histone marks in the dCA1 and the dorsal striatum. Taken together, our results suggest that G9a/GLP complex activity in the dHPC is essential for ensuring the coordinated expression of gene networks that are required for consolidation of long-term spatial memory.

Materials and Methods

2.1 Animals. Male C57BL/6 mice from Charles River Laboratories (L'Arbresle, France) at 4 months old at the beginning of the experiments were used. They were individually housed in a temperature-controlled colony room with a 12:12 hour light-dark cycle (lights on at 7:00 am) and were provided with food and water ad libitum. Behavioral tests were performed during the light cycle between 08:00 and 13:00 hour. In addition, all mice were handled for 5 days (5 min each time) before any experimental manipulation. All procedures were approved by the local Ethics Committee for Animal Experiments (N° 501-20-89) in compliance with the European Communities Council Directive of 1st February 2013 (2010/63/UE).

2.2 Surgery. Mice were anesthetized with a mixture of ketamine (100 mg / kg; body weight, i.p.) and xylazine (6 mg / kg; body weight, i.p.) (Kopf Instruments, Wuppertal, Germany) and placed in a stereotaxic apparatus (Kopf instruments). Stainless-steel guide cannulae (26 gauge, 8 mm length) were implanted bilaterally 1 mm above the dCA1 (AP -2; ML 1.4; DV 0.9; mm from Bregma, [START_REF] Franklin | The Mouse Brain in Stereotaxic Coordinates[END_REF]. Guide cannulae were fixed to the skull with dental cement and three jewel screws. Mice were given 10 days of recovery before water maze training was conducted.

Local drug infusion.

The G9a/GLP HMT inhibitor BIX 01294 (BIX; Tocris Bioscience, Cat#3364) was stored at 10 mM stock in DMSO at -20°C. Bilateral injections of 0.5 µL of BIX (45μmol; [START_REF] Gupta-Agarwal | G9a/GLP histone lysine dimethyltransferase complex activity in the hippocampus and the entorhinal cortex is required for gene activation and silencing during memory consolidation[END_REF] or its vehicle (aCSF) were infused into the dorsal HPC immediately or 1h after last training trial on Day 1. Bilateral infusion took  5 min and cannulae were left in place for an additional 1 min before removal to allow diffusion of the drug away from the cannulae tips. Placement implantations were controlled using thionine blue coloration on 60 μm coronal brain sections cut with a freezing microtome (Leica SM2400) and visualized under optical microscope (Fig. 1A).

Behavioral task.

2.4.1 Apparatus. An elevated circular pool (150 cm diameter x55 cm height) was filled with water maintained (211°C) that was rendered opaque with non-toxic white paint. Two Plexiglas platforms (PF, 13 cm diameter) were submerged 1 cm below the water surface.

Several distal visual cues located on the walls of the experimental room served as oriental landmarks.

2.4.2 Procedure. Mice underwent a training session of 8 or 12 trials followed 1h or 24h later by a competition phase consisting of a series of three probe trials (Fig. 1A, [START_REF] Martel | Dynamic interplays between memory systems depend on practice: the hippocampus is not always the first to provide solution[END_REF].

During the training day, the PF remained in a fixed position (northwest quadrant) and was marked with a 10 cm height striped cylindrical intra-maze cue allowing a balanced "spatial" and "non-spatial" version of the reference memory task. In each trial, mice were placed, facing the wall, at a constant start position (middle of the southeast quadrant). The trial was completed when the mouse found and climbed onto the cued PF or 90 s had elapsed. If a mouse failed to find the PF within 90 s, it was gently guided onto the PF by hand where it was left for 20 s. After each trial, mice were dried and returned to their home cage placed in a warm box equipped with dark lamps. Mice were trained in squads of 5 (10-12 min inter-trial interval) and fully counterbalanced with respect to groups.

The competitive test was conducted 1h or 24h after completion of the training phase and consisted of three test trials (5min inter-trial interval). During each trial, two PF were submerged to assess the search strategy used. A non-visible PF was placed in the original training location (northwest quadrant) whereas the cued-PF was moved to the opposite quadrant (southeast). The start position was equidistant to old and new quadrants location of the PF (southwest). If the animals swam to old quadrant (hidden) PF location, a place response was noted; if the animal swam to the new quadrant (cued) PF location, a cue-guided response was noted.

2.4.3. Quantification and analysis of behavioral data. A video camera mounted above the pool was used to record swim trials. The data were recorded and analysed using an automated tracking system (Videotrack, Champagne au Mont d'Or, France). The acquisition performance was analyzed for each trial, defined as the mean latency (time (sec) to escape from the releasing point to the submerged platform). During the competitive test, performance was calculated as mean percentage of a particular (spatial versus cue) response or mean percentage of time spent in each half of the pool over the three test trials. In addition, an individual profile was categorized as place or cue-guided strategy according to the majority choice made by the animal over the three probe trials when responding to the old or new PF location, respectively. 2.5. Immunohistochemistry and quantification. Animals were deeply anesthetized with ketamine/xylazine (100mg/20mg/Kg, ip) and were transcardially perfused with ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer. Brains were removed and post-fixed overnight, then sectioned (40 µm) on a vibratome (Leica). Serial coronal sections were cryoprotected in 30% ethylene glycol and 30% glycerol in PB and stored at -20°C until processed for immunohistochemistry as previously described in detail (Dagnas et al., 2013;[START_REF] Dagnas | Post-training, intrahippocampal HDAC inhibition differentially impacts neural circuits underlying spatial memory in adult and aged mice[END_REF]Dagnas & Mons, 2013). Briefly, free-floating sections were incubated with rabbit polyclonal antibodies for H3K9me2 (1:5000, Millipore) or H3K9Ac (1:3000, Millipore). Then, sections were incubated with a biotinylated goat antirabbit IgG secondary antibody (1:2000; Jackson immunoresearch). This was followed by incubation with an avidin-biotinylated horseradish peroxidase complex (Vectastain Elite kit, Vector Laboratories, Burlingame, CA. The peroxidase reaction was visualized in a Tris solution containing diaminobenzidine tetrahydrochloride and hydrogen peroxide. Sections were mounted on gelatine-coated slides, dehydrated and coverslipped. All images were acquired using an imaging analysis system (Biocom Visiolab 2000, V4.50).

For each animal, positive nuclei were quantified in area CA1 of the dHPC (dCA1) and the dorsal part of the striatum according to [START_REF] Franklin | The Mouse Brain in Stereotaxic Coordinates[END_REF]. At least three consecutive serial sections were examined bilaterally, and the number of positive nuclei / mm 2 was averaged to produce Group mean + SEM and compared to that of home-cage (naive) mice.

2.6. Statistical tests. The behavioral data was analyzed using one-and two-way analysis of variance (ANOVA) for repeated measures with Group as between-subject factor, and Trial as within-subject factors. Within-group comparisons between the percentages of each strategy selection used paired t-tests to determine which response type was preferred. χ² Analyses were computed in order to determine if any training groups exhibited a significant bias toward one type of strategy. Immunohistochemical data were analyzed using one-way or two-way ANOVAs followed by Fishers Least Significant Difference (LSD) post-hoc tests, when appropriate. A significance level of 0.05 was used for all statistical tests.

Results

Pharmacological inhibition of G9a/GLP activity in the dorsal hippocampus impairs consolidation of long-term spatial memory

We first examined the effect of post-training G9a/GLP blockade in the dHPC on consolidation of spatial LTM. Bilateral infusion of the G9a/GLP inhibitor BIX01294 (BIX) or aCSF (Vehicle) was administrated immediately or 1 hour after the training session consisting of 8 trials followed 24h later, by a probe test in which spatial and cue-guided strategies were in competition (Fig. 1A).

During the acquisition phase, all groups of mice showed a clear improvement in locating the cue-guided PF as indicated by a progressive decrease in escape latencies during the course of learning (Fig. 1B). A two way repeated-measures ANOVA for swim latencies to escape yielded a significant Trial effect (F( 7,245 ) = 25.15; p < 0.0001), with no significant Group effect (F( 1,35 ) < 1; p = 0.65), or interaction between Group X Trial (F( 7,245 ) < 1; p = 0.69), reflecting the fact that the mice had not received any drug up to this point. Therefore, mice were randomly assigned to one of four groups and received either vehicle or BIX treatment immediately or 1hour after the last training trial. Then, a competitive probe test was conducted 24h later in which mice were allowed to freely swim to either the original (spatial) or new (cued) PF location.

First, all vehicle-infused mice showed no strategy preference, regardless of whether they received vehicle infusion immediately or 1h after training (group effect: F( 1,13 ) = 1.3; p = 0.27; percentage of place strategy: 44.4% and 50%, respectively). However, both vehicle groups spent significantly more time in the half of the pool where the PF was previously located (time spent in spatial area at 0' and 1h : 75.6% and 76.4%, respectively), without significant between group difference (F( 1,13 ) < 1; p = 0.91). Therefore, we pooled the data for the two vehicle groups together (Fig. 1C left and 1D left ).

In mice given immediate post-training infusion of the BIX (BIX-0'; Fig. 1C middle ), there was a clear bias towards the use of cue-guided strategy (Spatial: 22.2%; Cued: 77.77%; p = 0.001).

In contrast, no effect of the drug on mean percentage of spatial versus cue response was found when BIX infusion occurred 1h after training (p = 0.46; Fig. 1C right ). The analysis of the mean percentage of time the animals spent in each half part of the pool confirmed these results (Fig. 1D). Specifically, the BIX-1h group spent significantly more time in the half of the pool containing the spatial PF (70.9%, spatial versus cue: p =0.018), similarly to the vehicle one (75.9%; spatial versus cue: p < 0.0001). In sharp contrast, the exploration of the spatial area was significantly reduced in the BIX-0' group compared to vehicles (p = 0.0017) and BIX-1h (p = 0.018) due to no such difference in percentage of time exploring the spatial area (50.3%; spatial versus cue: p < 0.82). An additional analysis of the profiles distribution (Fig. 1E) confirmed that there was a significant drug effect between vehicle and BIX-0' groups (χ² = 6.075; p = 0.013) with almost all immediate BIX-infused animals displaying a cued profile (BIX: Spatial: 8.3% and Cue: 91.7%; Vehicle: 53.3% and Cue: 46.7%). In contrast, the profile distribution observed in the BIX-1h mice mirrored that of vehicle controls (BIX-1h: Spatial: 60% and Cued: 40%; BIX effect: χ² = 0.108; p = 0.74). Together, these results suggest that G9a/GLP inhibition in the dHPC results in a significant impairment of spatial LTM, when administrated within a very restricted time-window after the last acquisition trial.

Pharmacological inhibition of G9a/GLP activity in the dorsal hippocampus has no effect on short-term memory

We next sought to examine whether immediate post-training infusion of BIX interferes with STM during a competition test conducted 1h after training (Fig. 2A). As expected, both Vehicle and BIX groups learned to reach the cue-guided PF efficiently over the 8 training trials (Fig. 2B). In the 1h-competition test, there was no difference between groups in mean percentage of (cue, place) response (F (1,15) < 1; p = 0.76 ; Fig. 2C) or mean percentage of time exploring each half of the pool containing the spatial or cued PF (F (1,15) = 1.48; p = 0.24; Fig. 2D). Moreover, the profiles of the BIX and Vehicle groups did not significantly differ in the type of strategy used over the three competition trials (χ² = 0.108; p = 0.74; Fig. 2E).

Together, these results indicate that blockade of hippocampal G9a/GLP activity selectively impairs the 24h-retention of spatial LTM but had no effect on STM retention. reaching asymptotic performance at approximately trials 9-10 (Fig. 3B). Two way repeatedmeasures ANOVA confirmed a significant effect of Trials (F( 11,187 ) = 27.96; p < 0.0001) but no significant effect of Group (F( 1,17 ) < 1; p = 0.23) and no significant Group X Trial interaction (F( 11,187 ) < 1; p = 0.83), reflecting the fact that the mice had not received any drug up to this point.

During the 24h-competition test, Vehicle-and BIX-infused animals showed a slight preference towards the use of spatial strategy to solve the task (vehicle: 62.5% and BIX: 60.6%; Fig. 3C). Indeed, ANOVAs revealed no significant effects of Group for either mean percentage of strategy response (F (1,17) < 1; p = 0.93) or mean percentage of time the animals spent in each half of the pool (F (1,17) < 1; p = 0.53; Fig. 3D). The analysis of the profile distribution for each group indicated vehicle mice displayed a bias toward the spatial profile.

Even if the BIX mice rather displayed similar rates of spatial and cued strategies, the distribution of the profiles between the two groups failed to reach significance (χ² = 2.1; p = 0.14). Overall, these results indicate that deleterious effects of post training BIX infusion on spatial LTM depend on training regimen and/or the performance level reached in acquisition.

Spatial training differentially regulates H3K9ac and H3K9me2 levels in the dorsal hippocampus and dorsal striatum

There is substantial evidence that dynamic changes of histone H3K9 acetylation and methylation marks are critical players for coordinated activation and repression of genes that are required for the process of LTM formation [START_REF] Gupta-Agarwal | G9a/GLP histone lysine dimethyltransferase complex activity in the hippocampus and the entorhinal cortex is required for gene activation and silencing during memory consolidation[END_REF][START_REF] Gupta | Histone methylation regulates memory formation[END_REF]Mahan et al., 2012;Mahan & Ressler, 2012). Therefore, we next investigated the temporal changes in H3K9ac and H3K9me2 levels in the dHPC and the dorsal striatum. To assess this, separate groups of mice were killed before (naive controls) or immediately, 1h or 24h after the 8-trial acquisition session. Then, the numbers of positive neurons expressing H3K9ac or H3K9me2 were measured in the dorsal CA1 (dCA1) and the dorsomedial (SDM) and dorsolateral (SDL) parts of the striatum using immunohistochemistry.

In the dCA1, the number of positive H3K9ac neurons was significantly increased 1h after training and remained high for up to 24h compared to naïve controls (Fig. 4A). A one-way ANOVA for H3K9ac in the dCA1 area yielded a significant Group effect (F (3,18) = 16.30 ; p < 0.0001). Post-hoc analyses confirmed that the trained groups sacrificed at 1h and 24h significantly differed from naïve controls (both p < 0.001) and from the group sacrificed immediately after training (p <0.001 and p < 0.0001, respectively). In contrast to H3K9ac, no effect of training was observed for H3K9me2 in the dCA1 (F (3,18) = 0.96; NS; Fig. 4B).

In the dorsal striatum, one-way ANOVA for H3K9ac revealed main Group effects in both the SDM (F (3,18) = 15.06; p <0.0001; Fig. 4C) and the SDL (F (3,18) =16.97; p < 0.001; Fig. 4E), which reflected higher levels of H3K9ac in the trained Group-0' (for SDL only: p < 0.05) and Group-1h (SDM and SDL: both p< 0.001), compared to naive animals. We also observed Group-1h was significantly higher than Group-0' (SDM: p<0.001 and SDL: p<0.01) or Group-24h (SDM and SDL: both p<0.001), which otherwise did not differ from each other.

The ANOVA for H3K9me2 revealed a significant Group effect in the SDM (F (3,18) = 5.24, p < 0.01) and the SDL (F (3,18) = 3.19, p = 0.05), which was due to an early and transient decrease of H3K9me2 in the Group-0' (SDM and SDL: both p < 0.01) relative to naïve controls. Posthoc analyses also indicated that the Group-0' had significantly reduced H3K9me2 compared to other trained groups in the SDM (1h: p < 0.01; 24h: p < 0.05), but not in the SDL.

Together, these results indicate that training produced region-specific changes of H3K9ac and H3K9me2 in the dorsal HPC and the dorsal striatum. In particular, the findings show that training elicited a prolonged increase of H3K9ac in the dCA1 that lasts for up to at least 24h and only a transient peak of H3K9ac in the dorsal striatum whereas H3K9me2 levels are either unchanged (in the dCA1) or transiently reduces (in the striatum) after training.

3.5. G9a/GLP inhibition impairs spatial memory via the deregulation of the balance between H3K9me2 and H3K9ac levels in the dorsal hippocampus.

Next, we tested the hypothesis that the impairing effects of the BIX inhibitor on spatial LTM is the result of a dysregulation of the balance between H3K9Ac/H3K9me2 in the HPC and the striatum. To the end, four groups of mice received intra-HPC infusion of either the BIX or vehicle immediately after training and were killed 1h or 24h later. We then analysed the effects of local BIX infusion on H3K9ac and H3K9me2 in the dCA1 and the dorsal striatum using immunohistochemistry (Fig. 5).

In the dCA1, a 2-way ANOVA for H3K9ac data revealed main effects of Group (F (1,13) = 14.29; P = 0.023), of Time (F (1,13) = 8.86; P=0.01) and a significant Group X Time interaction (F (1,13) = 14.85; P = 0.002). For H3K9me2 in the dCA1, there was a main effect of group (F (1,13) = 7.25; P = 0.018), of time (F (1,13) = 8.47; P=0.012) but no interaction (F (1,13) = 3.52; P = 0.083). Relative to vehicle controls, the BIX-1h mice displayed significantly increased levels of H3K9Ac (P < 0.001; Fig. 5A and5C) as opposed to significantly reduced H3K9me2 levels (-61.4 +/-7 %; P < 0.01; Fig. 5B and5D). In contrast, no group difference was observed for either H3K9ac or H3K9me2 at 24h post-training (versus vehicle: both P > 0.5; versus 1h: P < 0.001 and P<0.01, respectively).

In the dorsal striatum, statistical analyses detected no effect of group for H3K9me2 or for H3K9ac neither in the SDM nor in the SDL (all F < 1.5; all P > 0.1) (data not shown).

These results therefore suggested that reduced G9a activity, leading to altered balance between H3K9ac and H3K9me2, selectively in the dCA1 during the early consolidation phase is sufficient to disrupt spatial LTM to the benefit of cued memory.

Discussion

In the present study, we used a dual-solution version of the water maze to examine the role of the H3K9-specific histone methyltransferase (HMT) G9a/G9a-like protein (GLP) activity in LTM consolidation of spatial information and dynamic interaction between HPC-dependent spatial/place and dorsal striatum-dependent cued-response memory systems. H3K9ac (increased) that lasts only few hours after learning. Together, these data suggest that G9a/GLP complex activity, along with the balance between histone H3K9 acetylation and methylation, is involved in the epigenetic gene control mechanisms underlying LTM formation.

Previous investigations using dual-solution water maze tasks that can be solved with both HPC-dependent spatial/place and striatum-dependent cue-guided navigational strategies have shown that animals initially adopt a cued/response strategy early in training but then, with learning progression or when the context pre-exposure is sufficient, they switch toward predominant use of spatial/place strategy [START_REF] Martel | Dynamic interplays between memory systems depend on practice: the hippocampus is not always the first to provide solution[END_REF][START_REF] Martel | Stimulation of hippocampal adenylyl cyclase activity dissociates memory consolidation processes for response and place learning[END_REF][START_REF] Nicolle | Emergence of a cue strategy preference on the water maze task in aged C57B6 x SJL F1 hybrid mice[END_REF][START_REF] Sung | Learning strategy selection in the water maze and hippocampal CREB phosphorylation differ in two inbred strains of mice[END_REF][START_REF] Tunur | Pre-exposure to context affects learning strategy selection in mice[END_REF]. In this regard, we previously showed that pharmacological elevation of histone acetylation in the dorsal HPC immediately post-learning operates as a molecular switch between the HPC-and dorsal striatum-dependent memory systems, biasing mice towards predominant use of spatial navigational strategies under training condition that normally promotes the use of cue strategy in vehicle controls (Dagnas et al., 2013).

Importantly, recent evidence clearly demonstrated the importance of transcriptionally repressive histone H3K9me2, catalyzed by the HMT G9a/GLP complex, in coordinating cellular and molecular connectivity between the dorsal HPC and other brain regions during fear LTM consolidation and storage [START_REF] Gupta-Agarwal | G9a/GLP histone lysine dimethyltransferase complex activity in the hippocampus and the entorhinal cortex is required for gene activation and silencing during memory consolidation[END_REF]. Specifically, inhibition of the G9a-mediated H3K9me2 with the selective inhibitor of G9a activity BIX01294 improved or impaired contextual fear LTM depending on whether the drug was infused into the HPC or the entorhinal cortex, indicating that the same histone modification can exert brain regionspecific outcomes on memory processes. An essential role for the HMT G9a and its downstream H3K9me2 in fear memory LTM has also been reported in studies using mice with postnatal conditional knockout of G9a/GLP in the forebrain [START_REF] Maze | Essential role of the histone methyltransferase G9a in cocaineinduced plasticity[END_REF]. The above findings prompted us to examine whether pharmacological disruption of G9a-mediated H3K9me2 in the dorsal HPC, using the selective inhibitor of G9a/GLP activity BIX01294, immediately after learning affects LTM of spatial/place information in a water maze competition task that can be solved with both HPC-dependent spatial/place and dorsal striatal-dependent cue memory systems. The main finding in our study was that intra-CA1 inhibition of the G9a-mediated H3K9me2 immediately after learning elicits a functional imbalance between dHPC and dorsal striatum, prompting the predominant use of striatum-dependent cue-guided search strategies during the competition test assessed 24h after learning. Specifically, vehicle-infused mice subjected to 8-trial acquisition did not discriminate 24 h later between the place and cue strategies, independently of the time interval (1h or 24h) interposed between the acquisition and the test session. In contrast, the BIX-infused mice were able to successfully use both place and cued strategies on the 1h-probe test but exhibited significantly greater use of a cue/response strategy on the 24h-probe test. Together, the present data indicate that pharmacological inhibition of hippocampal G9a/GLP complex during the initial consolidation window impaired HPC-dependent spatial LTM when mice were tested 24h after learning, while leaving protein synthesis-independent spatial STM unaffected. These results strongly suggest a critical role for the G9a/GLP complex activity as part of a molecular cascade of early transcription events that is required in the dorsal HPC for proper long-term consolidation of spatial memory. Our data are consistent with previous findings wherein the pharmacological inhibition of G9a/GLP activity in the HPC impairs LTM formation of contextual fear conditioning, accelerates extinction and prevents the induction and maintenance of late long-term potentiation (L-LTP) at the schaffer collateral-CA1 synapses, a cellular correlate of HPC-dependent LTM formation [START_REF] Gupta-Agarwal | G9a/GLP histone lysine dimethyltransferase complex activity in the hippocampus and the entorhinal cortex is required for gene activation and silencing during memory consolidation[END_REF]. On the other hand, slight inhibition of G9a/GLP complex activity using lower inhibitor concentrations reverses long-term depression (LTD), reinforces LTP maintenance and promotes synaptic tagging/capture in hippocampal CA1 pyramidal neurons [START_REF] Sharma | Inhibition of G9a/GLP Complex Promotes Long-Term Potentiation and Synaptic Tagging/Capture in Hippocampal CA1 Pyramidal Neurons[END_REF]. Interestingly, the authors reported that such effects of G9a/GLP inhibition on LTP maintenance occurred within a limited time-frame of 30min before and after the induction of early LTP, which is consistent with our data reporting an impairing effect of the BIX01294 inhibitor on spatial LTM when administrated immediately, but not 60min, after learning. According to the above findings, the same authors have point out a key role for G9a/GLP complex, as an epigenetic bidirectional regulator of the switch from shortto long-term synaptic plasticity and memory, through transcriptional and/or translational control of specific set of plasticity-related products, such as brain-derived-neurotropic factor (BDNF), protein kinase M and activity-related cytoskeletal (Arc) genes [START_REF] Pang | Epigenetics and memory: Emerging role of histone lysine methyltransferase G9a/GLP complex as bidirectional regulator of synaptic plasticity[END_REF].

One of the multiple factors that can influence dynamic interaction between the dorsal HPCand dorsal striatum-dependent memory systems to direct behavior is the amount of training that animals have received [START_REF] Packard | Factors that influence the relative use of multiple memory systems[END_REF]. Numerous studies including ours showed that very early learning is controlled by the striatum-dependent memory whereas the use of HPC-dependent place/spatial memory comes to dominate on the condition that training or pre-exposure to the spatial environment is sufficient [START_REF] Martel | Dynamic interplays between memory systems depend on practice: the hippocampus is not always the first to provide solution[END_REF][START_REF] Martel | Stimulation of hippocampal adenylyl cyclase activity dissociates memory consolidation processes for response and place learning[END_REF][START_REF] Nicolle | Emergence of a cue strategy preference on the water maze task in aged C57B6 x SJL F1 hybrid mice[END_REF][START_REF] Sung | Learning strategy selection in the water maze and hippocampal CREB phosphorylation differ in two inbred strains of mice[END_REF][START_REF] Tunur | Pre-exposure to context affects learning strategy selection in mice[END_REF]. In line with these findings, the current data showed that vehicle mice that had received 12 training trials spent more time searching in half of the pool containing the spatial PF and relied predominantly on the place strategy during the 24h-probe test, compared with those that underwent 8 training trials.

Moreover, intra-CA1 infusion of the BIX immediately after the last 12 th trial had no significant effect on spatial LTM retention, suggesting that after the 12-trials training session, once mice had reached asymptotic level of performance, consolidation of previously acquired information is already stabilized and no longer susceptible to disruption by G9a/GLP inhibitors.

Since the transcriptionally repressive H3K9me2 is mutually exclusive to permissive H3K9ac, we investigated whether regional and temporal patterns of H3K9me2 and H3K9Ac in the dHPC and the dorsal striatum correlate with strategy engagement in vehicle-and BIX-infused mice. Our results indicate that vehicle mice submitted to 8 acquisition trials exhibited significant increases in H3K9ac at 1h and 24h post-training in area CA1 and a transient peak of H3K9ac at 1h in the dorsal striatum, compared with naïve controls. Previously, H3K9me2 was found to be persistently altered in the HPC following associative contextual fear conditioning [START_REF] Gupta | Histone methylation regulates memory formation[END_REF], which contrasts with our results showing no effect of training on H3K9me2 in area CA1 and an early, transient decrease of H3K9me2 in the dorsal striatum. Previous studies reported that local inhibition of G9a/GLP activity 1h prior to conditioning disrupts the dynamic balance between transcription-repressive H3K9me2 and transcription-permissive H3K9ac and H3K4me3 marks across multiple brain regions recruited for LTM formation [START_REF] Gupta-Agarwal | G9a/GLP histone lysine dimethyltransferase complex activity in the hippocampus and the entorhinal cortex is required for gene activation and silencing during memory consolidation[END_REF]. We also observed that G9a/GLP inhibition in dorsal CA1 immediately after learning resulted in the down-regulation of H3K9me2 and further elevation of H3K9ac in area CA1 at 1h post-training, compared with vehicle condition. Importantly, the effects of the BIX on the balance between histone acetylation and methylation appears to be restricted to a limited time-window as we found no difference between BIX-and vehicle-infused animals sacrificed 24h after training. In addition, intra-CA1 administration of BIX did not alter the levels of H3K9ac and H3K9me2 in the dorsal striatum. Overall, our results indicate that mice with disrupted G9a/GLP activity in area CA1 display spatial LTM impairment, which was accompanied by altered balance between H3K9ac (increased) and H3K9me2 (decreased) during initial consolidation period. Therefore, G9a/GLP activity in area CA1 may be of critical importance for the fine-tuning of transcriptional gene activation and silencing necessary for HPC-dependent LTM formation.

Accordingly, an essential role for G9a/GLP activity has recently emerged as a bidirectional regulator of synaptic plasticity, through its transcriptional corepressor (e.g.Zif268, BDNF exon IV, DNMT3a genes) or coactivator (e.g. non-permissive COMT gene) functions [START_REF] Bittencourt | G9a functions as a molecular scaffold for assembly of transcriptional coactivators on a subset of glucocorticoid receptor target genes[END_REF][START_REF] Gupta-Agarwal | G9a/GLP histone lysine dimethyltransferase complex activity in the hippocampus and the entorhinal cortex is required for gene activation and silencing during memory consolidation[END_REF] for review, [START_REF] Pang | Epigenetics and memory: Emerging role of histone lysine methyltransferase G9a/GLP complex as bidirectional regulator of synaptic plasticity[END_REF]). Several studies have suggested that H3K9 lysine methyltransferase promoters (for example, G9a) dynamically interact with HDACs to regulate functional interplay between histones H3K9ac and H3K9ac within the genome [START_REF] Kennedy | Class I HDAC inhibition blocks cocaine-induced plasticity by targeted changes in histone methylation[END_REF][START_REF] Maze | Essential role of the histone methyltransferase G9a in cocaineinduced plasticity[END_REF]. For instance, Gupta and colleagues (2010) proposed that one mechanism by which HDAC inhibition produces memory enhancement may be through the negative regulation of hippocampal G9a-mediated H3K9me2 [START_REF] Gupta | Histone methylation regulates memory formation[END_REF]. Together, the present data provide evidence that proper regulation of G9a-mediated H3K9me2 activity occurring in area CA1 during initial consolidation window is necessary for long-term consolidation processes of spatial memory.

During recent years, growing body of evidence has emerged to suggest sex differences in regionally specific recruitment of histone PTMs and histones modifying enzymes involved in regulating transcription of genes important for learning and/or memory [START_REF] Keiser | Examining the contribution of histone modification to sex differences in learning and memory[END_REF]. Interestingly, a recent study revealed that different behavioral experiences produced sex-specific differences of global histone H3K9 acetylation and methylation patterns, both within and across the dorsal HPC and frontal cortex [START_REF] Sobolewski | Different Behavioral Experiences Produce Distinctive Parallel Changes in, and Correlate With, Frontal Cortex and Hippocampal Global Post-translational Histone Levels[END_REF]. Furthermore, higher levels of both HDAC activity and/or DNA methyltransferase 1 content have been reported in the HPC and cortices of females compared to males, indicators of increased transcriptional activity repression [START_REF] Elsner | Epigenetic marks are modulated by gender and time of the day in the hippocampi of adolescent rats: A preliminary study[END_REF][START_REF] Tsai | Sex differences in histone modifications in the neonatal mouse brain[END_REF]. Since our data were obtained from adult male mice, it is important for future studies to precisely determine sexdependent difference to the behavioral effect of local intra-HPC G9a/GLP inhibition in female mice.

Overall, the data indicate that deregulation of the functional interplay between H3K9ac (increased) and H3K9me2 (decreased) during initial consolidation window in area CA1 could be causing the memory-disrupting effects of BIX. Although molecular details on how G9a-mediated H3K9me2 and other chromatin-modifying enzymes such as HDAC interact to regulate memory formation remain to be elucidated, these results may have important therapeutic implications in view of the efforts to design new drugs to target cognitive disorders resulting from normal and pathological aging. 

  Fig.3A). During the acquisition phase, both Vehicle and BIX groups learned to locate the

  First, our behavioural experiments indicate that intra-CA1 infusion of the G9a/GLP HMT inhibitor BIX01294 administrated immediately after a moderate training session (8-trial session) interferes with the selection of the HPC-dependent spatial/place strategy and leads to maintain a predominant use of the striatum-based cue strategy as assessed during the competition test 24h later. However, the failure to switch to the spatial strategy caused by BIX was not observed when the drug was administered 1 hour after training or when the mice were given four additional training trials (12-trial session). Second, we showed that mice submitted to the 8-trial training regimen display no change in H3K9me2 in the dCA1 and only an immediate, transient decrease of H3K9me2 in the dorsal striatum, compared to naïve controls. In contrast, training elicited an increase of H3K9ac level in the dCA1 and the dorsal striatum that persisted up to 24h in the dCA1 but returned near to basal level in the dorsal striatum. Third, our imaging data indicated that post-training BIX infusion into the dCA1 may impair spatial LTM formation via transient alteration of the balance between H3K9me2 (reduced) and
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 2 Figure 2. Intra-hippocampal BIX infusion immediately post-training does not affect short-term spatial memory retention. A. Experimental design. Mice received bilateral intra-CA1 infusion of BIX (BIX: N= 10) or aCSF (Vehicle: N=7) immediately after training. STM performance was measured 1h later during a competition test consisting of 3 trials with a submerged (place) platform located in the original quadrant and the cue-marked platform moved to the diagonally opposite quadrant. B. Learning curves for vehicle and BIX-0' groups expressed as mean latency (sec) to find the platform during the training session. C-D. Mean percentage (+SEM) of (cue, place) strategy selection (C) and of time spent in each half of the pool (D) in vehicle and BIX-0' groups during the 1h-probe test. E. Individual strategy response for Vehicle and BIX groups as expressed as mean percentage of mice that rely on a place or cue strategy during the probe test for each group. *p < 0.05, ***p < 0.001: cue vs. place strategy.

Figure 3 .

 3 Figure 3. The effect of intra-hippocampal BIX infusion on spatial LTM retention depends on the intensity of training regimen. A. Experimental design. Mice were given an acquisition session consisting of 12 trials and, immediately after, they received intra-CA1 infusion of BIX (BIX: N=11) or aCSF (Vehicle: N=8). LTM retention was assessed 24h later during the probe test consisting of 3 trials with a submerged platform placed in the original quadrant (place strategy) and the cue-marked platform moved to the diagonally opposite quadrant (cue strategy). B. Learning curves for vehicle and BIX-0' mice expressed as mean escape latency (sec) to locate the platform over the 12 consecutive trials during the acquisition session. C-D. Mean percentage (+SEM) of (cue, place) strategy selection (C) and of time spent in each half of the pool (D) for Vehicle and BIX groups during the 24h-probe test. E.Individual strategy response as expressed as mean percentage of mice that rely on a place or a cue strategy for each group during the probe test. **p < 0.01, ***p < 0.001: cue vs. place strategy.
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 4 Figure 4. Training induces distinct temporal patterns of H3K9 acetylation and methylation in the dorsal hippocampus and the dorsal striatum. Trained mice were sacrificed at three time-points after the 8-trial training session (Group-0H: N=7; Group-1H: N= 7; Group-24H: N= 4) and compared with Naïve controls (Naïve: N=4). Quantification of immunopositive nuclei for H3K9ac (left) and H3K9me2 (right) in the dCA1 (A-B), the dorso-medial (SDM; C-D) and dorso-lateral (SDL; E-F) parts of the striatum. Data are represented as mean (+SEM) number of immunoreactive nuclei per mm 2 . *p < 0.05, **p < 0.01, ***p < 0.001 significantly different from Naive. $ p < 0.05, $$ p < 0.01, $$$ p < 0.001 significantly different from other trained group.
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 5 Figure 5. Training elicits significant increase of H3K9ac and no change of H3K9me 2 in the dorsal CA1. Representative immunostainings for H3K9ac (left) and H3K9me2 (right) in area CA1 of the dorsal hippocampus for Naive controls and trained mice sacrificed immediately, 1H or 24H after the 8-trial training session. Scale bar: 25 μm

Figure 7 .

 7 Figure 7. Post-training inhibition of G9a/GLP activity affects the balance between H3K9ac and H3K9me2 in the dCA1. Mice received intra-CA1 infusion of BIX or vehicle immediately after the 8-trial training session and were killed 1h or 24h later. (A-B) Mean (+ SEM) fold changes of acetyl-H3K9 (A) and H3K9me2 (B) in the dorsal CA1 region of BIXinfused mice (1H-BIX: N=4; 24H-BIX: N=5) relative to respective Vehicles (1H: N=3; 24H: N=5). (C-D) Representative H3K9ac (C) and H3K9me2 (D) immunostainings in the dorsal CA1 for vehicle (left) and BIX (right) mice sacrificed 1h after training. Scale bar: 100μm. The asterisk indicates the infusion cannula location. **p <0.01 and ***p < 0.001: compared with 1H-vehicle. $$ p < 0.01 and $$$ p<0.001: compared with 24H-BIX.
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