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Background: Identifying the underlying cellular mechanisms of episodic memory is an important challenge since this memory, based on temporal and contextual associations among events, undergoes preferential degradation in aging and various neuropsychiatric disorders. Memory storage of temporal and contextual associations is known to rely on hippocampal NMDA receptor (NMDAR)-dependent synaptic plasticity, which depends ex vivo on dynamic organization of surface NMDAR. Whether NMDAR surface trafficking sustains the formation of associative memory remains however unknown. Methods:

We here tested this hypothesis, using single nanoparticle imaging, electrophysiology and behavioral approaches in hippocampal networks challenged with a potent modulator of NMDAR-dependent synaptic plasticity and memory, 17 -estradiol (E2). Results: We demonstrate that E2 modulates NMDAR surface trafficking, a necessary condition for E2-induced potentiation at hippocampal CA1 synapses.

Strikingly, CA1 NMDAR surface trafficking controls basal and E2-enhanced mnemonic retention of temporal, but not contextual associations. Conclusions: NMDAR surface trafficking and its modulation by the sex hormone E2, is a cellular mechanism critical for a major component of episodic memory, opening a new and non-canonical research avenue in the physiopathology of cognition.

Text

INTRODUCTION

NMDA receptor (NMDAR)-dependent synaptic plasticity is thought to be the basis for information storage including the formation of long-term episodic memory, our capability to remember conjunctions of what happened, when and where (1). In this line, it has been reported that NMDAR located in the CA1 subfield of the hippocampus, critical structure for episodic memory, are needed for long-term mnemonic retention of spatial/contextual (2) and temporal associations (3,4). However, the implication of hippocampal NMDAR in long-term associative memory is still matter of questioning (5) and better understanding of the mechanisms by which these receptors may sustain memory is needed.

In hippocampal cultured neurons and slices, NMDAR are dynamic at the membrane surface, exploring both extrasynaptic and synaptic compartments (6)(7)(8). Moreover, NMDAR surface trafficking tunes the plasticity of maturing glutamate synapses through the fine regulation of intracellular kinase trafficking (8). Thus, NMDAR surface trafficking is an efficient mechanism to sustain synaptic plasticity and potentially associative memory formation, although this emerging possibility remains an open question.

One of the most potent physiological regulators of NMDAR-dependent plasticity and memory in the hippocampus is the sex hormone 17 -estradiol (E2; for review, 9). In various hippocampus-dependent learning tasks, performance varies as a function of the estrous cycle in females and can be enhanced by exogenous E2 (10)(11)(12)(13). Furthermore, in both males and females, E2 is produced within the hippocampus (14), which expresses moderate levels of estrogen receptors (ER) and ER [START_REF] Mitra | Immunolocalization of estrogen receptor beta in the mouse brain: comparison with estrogen receptor alpha[END_REF][START_REF] Mitterling | Cellular and subcellular localization of estrogen and progestin receptor immunoreactivities in the mouse hippocampus[END_REF] and displays a robust response to E2. In the CA1 area, E2 modulates multiple aspects of morphological and functional synaptic plasticity, including dendritic spine density and long-term potentiation (LTP)/depression (LTD) of glutamate synapses, in a direction beneficial to mnemonic storage [START_REF] Good | Cyclical changes in endogenous levels of oestrogen modulate the induction of LTD and LTP in the hippocampal CA1 region[END_REF][START_REF] Gould | Gonadal steroids regulate dendritic spine density in hippocampal pyramidal cells in adulthood[END_REF][START_REF] Mukai | Rapid modulation of long-term depression and spinogenesis via synaptic estrogen receptors in hippocampal principal neurons[END_REF][START_REF] Woolley | Estradiol mediates fluctuation in hippocampal synapse density during the estrous cycle in the adult rat[END_REF][START_REF] Zamani | Estradiol modulates long-term synaptic depression in female rat hippocampus[END_REF][START_REF] Woolley | Naturally occurring fluctuation in dendritic spine density on adult hippocampal pyramidal neurons[END_REF]. At the molecular level, E2 increases NMDAR agonist binding, sensitivity to NMDAR-mediated synaptic inputs and GluN2B-NMDA excitatory post-synaptic currents [START_REF] Gazzaley | Differential regulation of NMDAR1 mRNA and protein by estradiol in the rat hippocampus[END_REF][START_REF] Woolley | Estradiol increases the sensitivity of hippocampal CA1 pyramidal cells to NMDA receptor-mediated synaptic input: correlation with dendritic spine density[END_REF][START_REF] Smith | Estradiol-induced increase in the magnitude of long-term potentiation is prevented by blocking NR2B-containing receptors[END_REF]. In addition, E2-induced GluN2B-NMDAR current potentiation does not result from changes in NMDAR subunit expression levels or phosphorylation status [START_REF] Snyder | Estradiol potentiation of NR2B-dependent EPSCs is not due to changes in NR2B protein expression or phosphorylation[END_REF], but could potentially be mediated by a surface redistribution of the GluN2B-NMDAR in the perisynaptic area, as such an effect was previously observed in aged rats [START_REF] Adams | Estrogen modulates synaptic Nmethyl-D-aspartate receptor subunit distribution in the aged hippocampus[END_REF]. Collectively, these studies support the possibility that E2 may impact NMDAR synaptic plasticity and memory through a modulation of the NMDAR surface dynamics in the hippocampus.

Here, we test the hypothesis that hippocampal CA1 NMDAR surface dynamics plays a role in associative memory and its modulation by E2. We used antibodies directed against extracellular epitopes of the NMDAR, to interfere with the receptor surface trafficking without altering other intrinsic properties as previously shown (8) in vitro and ex vivo in hippocampal preparations. Using a combination of single nanoparticle imaging, electrophysiology and behavioral testing, we provide direct evidence that E2 regulates NMDAR surface dynamics and this mechanism is a necessary condition for E2-induced in vitro and in vivo hippocampal synaptic plasticity and for the temporal component of basal and E2-enhanced associative memory.

METHODS AND MATERIALS

A detailed description of all methods and materials can be found in the Supplemental Information (SI) file.

Cell culture, protein expression, synaptic live staining, immunocytochemistry, single particle (Quantum dot, QD) tracking and surface diffusion were performed in live hippocampal neurons from 18 days-old rat embryos. Surface GluA1 or GluN2A and GluN2B subunits containing NMDAR staining was performed, imaged and analyzed. Spine density, receptor surface staining, average intensity and area of fluorescently labeled surface receptor were measured within dendritic fields. GluN2A and -2B subunits containing NMDAR surface dynamics were examined after 15 min or 24 h. To affect the surface diffusion of NMDAR, we used the cross-link (X-link) procedure (figure 2G) adapted from previous published studies [START_REF] Groc | The stress hormone corticosterone conditions AMPAR surface trafficking and synaptic potentiation[END_REF][START_REF] Heine | Surface mobility of postsynaptic AMPARs tunes synaptic transmission[END_REF].

In vivo studies were performed on 3-4 month-old C57Bl/6J naive male mice. Field excitatory postsynaptic potentials (fEPSP) evoked by stimulation of CA3 input in CA1 synapses were recorded, amplified, filtered, digitized and analyzed. NMDAR surface mobility was blocked using the X-link protocol 45 minutes before HFS (1 train of 1s at 100 Hz) or CA1 infusion of E2 (17 -estradiol, 10 nM, 60 nL, figure 3A). Surgery and intra-hippocampal infusions in freely moving mice were performed as described previously [START_REF] Mingaud | The hippocampus plays a critical role at encoding discontiguous events for subsequent declarative memory expression in mice[END_REF][START_REF] Kaouane | Glucocorticoids can induce PTSD-like memory impairments in mice[END_REF], (figures 4A, 5A and S1). The fear-conditioning task was conducted as described previously [START_REF] Kaouane | Glucocorticoids can induce PTSD-like memory impairments in mice[END_REF]. Independent groups of mice were trained either with a 20 s interval between the tone and the shock (20 s; trace condition) or with the 2 stimuli contiguous (0 s; delay condition) [START_REF] Misane | Time-dependent involvement of the dorsal hippocampus in trace fear conditioning in mice[END_REF] (figures 4A and S1). Freezing behavior was used as an index of fear responses [START_REF] Fanselow | Conditioned and unconditional components of post-shock freezing[END_REF]. The object location task was performed as described previously [START_REF] Assini | Object location memory in mice: pharmacological validation and further evidence of hippocampal CA1 participation[END_REF] with minor modifications. General locomotor activity and time spent exploring each object was measured during the acquisition and the test phase after 24 h (figure 5A). Histological control of cannulae placements after behavioral testing was used as exclusion criteria. To check for intra-hippocampal X-link diffusion, anti-GluN1 was infused 45 min prior to sacrifice and immunohistochemistry on brains sections were performed using only secondary antibody (figures 

RESULTS

E2 increases dendritic spine density, potentiates synaptic AMPAR and modulates surface NMDAR distribution in hippocampal neurons.

Since E2 is known to enhance dendritic spine density and promote hippocampal LTP, we first tested in our experimental conditions, i.e. cultured hippocampal neurons, that E2 induces morphological changes associated with plasticity. We measured dendritic spine density and size, as well as surface glutamate receptors density and distribution using immunocytochemistry. As expected from previous studies [START_REF] Woolley | Estradiol increases the sensitivity of hippocampal CA1 pyramidal cells to NMDA receptor-mediated synaptic input: correlation with dendritic spine density[END_REF][START_REF] Waters | Estrogen receptor alpha and beta specific agonists regulate expression of synaptic proteins in rat hippocampus[END_REF][START_REF] Jelks | Estradiol targets synaptic proteins to induce glutamatergic synapse formation in cultured hippocampal neurons: critical role of estrogen receptor-alpha[END_REF][START_REF] Murphy | Regulation of dendritic spine density in cultured rat hippocampal neurons by steroid hormones[END_REF][START_REF] Srivastava | Rapid enhancement of two-step wiring plasticity by estrogen and NMDA receptor activity[END_REF][START_REF] Woolley | Estradiol regulates hippocampal dendritic spine density via an N-methyl-D-aspartate receptor-dependent mechanism[END_REF] hippocampal neurons exposed to E2 (10 nM, 24 h) exhibited an increase in the density of dendritic spines containing post-synaptic density (PSD), labeled either with the scaffold protein Homer 1c (Figure 1A, top panel; +48.1±6.4% t 57 =5.781; p<0.0001; n=32 vehicle and n=27 E2 dendritic fields) or Shank (+28.1±2.7% t 194 =8.125;p<0.0001; n=92 vehicle and n=104 E2 dendritic fields), reaching an average 32.4±3.9% increase without any detectable effect on the spine size (figure 1B, upper left). In addition, E2 treatment increased the surface GluA1-AMPAR content in the synaptic and extrasynaptic compartments (figures 1A-B, bottom panel and histograms). We next explored whether E2 regulates endogenous NMDAR surface distribution by focusing our attention on the two most expressed NMDAR subunits in the hippocampus, the GluN2A and GluN2B subtypes. E2 did not alter the global surface content of either of these subunits (GluN2A: +25.1±12.5%; p=0.1301; GluN2B: -0.3±3.2%; p=0.1204) but it altered their synaptic contents, increasing GluN2A-NMDAR and decreasing GluN2B-NMDAR synaptic content respectively to 183.7±25.0% and 80.9±4.6% relative to vehicle (figures 1C-D). Altogether, these data indicate that E2 increases spine density and potentiates synaptic GluA1-AMPAR. Quite remarkably, E2 redistributes surface GluN2A-and GluN2B-NMDAR in the same time window, therefore altering their synaptic ratio and possibly their related signaling.

E2 modulates GluN2-NMDAR surface trafficking, a process necessary for E2-induced increase in spine density in vitro

To investigate the cellular mechanism responsible for the E2 effects on GluN2-NMDAR synaptic content, we used the single nanoparticle (Quantum Dot, QD) imaging approach to track surface GluN2A-and GluN2B-NMDAR in live hippocampal neurons. We first examined the acute effect of E2 on GluN2A-or GluN2B-NMDAR surface dynamics (10 nM, 15 min; figures 2A-C). While E2 does not affect GluN2A-NMDAR, it decreases GluN2B-NMDAR surface diffusion and increases its synaptic dwell-time (time spent in the PSD area; figure 2C), leading to an overall decreased synaptic GluN2A/GluN2B ratio.

Since a 24 h treatment with E2 increases the spine density and potentiates synapses (figure 1), we next investigated the associated dynamic rearrangement of surface NMDAR. After 24 h exposure, E2 reduces GluN2A-NMDAR and enhances GluN2B-NMDAR surface diffusion (figures 2D-F). The GluN2A-NMDAR cumulative distribution of the membrane diffusion coefficient was significantly shifted, the relative fraction of immobile receptors (diffusion coefficien m 2 /s) was increased from 52% to 75% (figure 2E) and consistently the synaptic dwell-time was increased by 29% (data not shown). On the opposite, E2 increased membrane diffusion coefficient and mobile fraction of GluN2B-NMDAR receptors (figure 2E) and decreased the synaptic dwell-time of 18% (data not shown). Thus, E2 acutely decreases synaptic GluN2B-NMDAR surface dynamics and GluN2A/2B synaptic ratio, but after 24 h exposure, when E2-induced synaptic potentiation/spinogenesis has occurred, strong anchoring of GluN2A-NMDAR and lateral displacement of synaptic GluN2B-NMDAR, i.e. high synaptic GluN2A/ GluN2B ratio, is observed.

This observation prompted us to test whether this surface redistribution of GluN2-NMDAR plays an instrumental role in E2 effects on the glutamate synapse adaptation. For this purpose, we artificially reduced the surface GluN2A-and GluN2B-NMDAR trafficking using an antibody-based cross-linking protocol (8, 28, 29) (figure 2G). Remarkably, both GluN2A-and GluN2B-NMDAR cross-links (X-link) fully prevented E2 effect on spine density (figures 2H-I). These data provide thus the first demonstration that GluN2A/B-NMDAR surface dynamics is required for E2 to mediate its regulatory action on the spine number in cultured hippocampal neurons.

GluN1-NMDAR surface X-linking impairs electrically-and E2-induced potentiation of CA1 synapses in vivo

To further explore the striking interplay between hippocampal NMDAR dynamics and synaptic adaptations, we tested the impact of interfering with surface NMDAR trafficking on two different protocols of hippocampal synaptic potentiation. In vivo electrophysiological recordings of fEPSP evoked by stimulation of CA3 input in CA1 synapses were performed in anesthetized mice (figures 3A-B). We first established the NMDAR-dependent LTP paradigm by controlling that i) basal fEPSP were abolished by the AMPAR antagonist, CNQX (figure 3C), ii) high frequency stimulation (HFS, 1 s, 100 Hz) induced a long-lasting enhancement of fEPSP (+160.3±38.7% compared to baseline) and iii) this LTP was completely blocked by NMDAR antagonists pre-treatments (-37.7±8.8% and -11.1±5.3% compared to baseline for AP5 and MK801, respectively; figure 3D).

Since GluN2A-NMDAR and GluN2B-NMDAR surface dynamics is required for E2-mediated action on the spine density, to interfere with surface trafficking of all NMDAR subtypes, we infused locally into hippocampal CA1, the GluN1-NMDAR X-link, as previously described (8). When injected alone, GluN1 Xlink did not alter basal synaptic transmission (figure 3E) but it completely prevented the HFS-induced LTP (figure 3F). When GluN1 X-link was injected in combination with E2 into hippocampal CA1, it prevented the long-lasting potentiation of synaptic transmission evoked by E2 alone (figure 3G). Thus, NMDAR surface trafficking is a physiological mechanism contributing to in vivo synaptic plasticity since it is required for HFS-and E2-evoked potentiation of CA1 synaptic transmission.

Reducing NMDAR surface dynamics in the CA1 area selectively impairs temporal associative memory and its enhancement by E2.

To demonstrate the implication of local surface NMDAR trafficking in CA1 NMDAR-dependent associative memory, we used a classical trace fear conditioning procedure (figure 4A). This task enables assessment of both temporal and contextual fear memories, based on associations of the shock with the tone (20 s interval) and with the surrounding cues of conditioning context, respectively. We used low or high electric foot-shock intensity (0.3 and 0.6 mA) to induce weak or strong associative memories, respectively. Restricting NMDAR surface trafficking by intra CA1-infusions of GluN1 X-link (figure 4B) before a conditioning normally leading to strong fear memories (0.6 mA) has no effect on the acquisition of the fear conditioning, (figure 4C), but selectively impairs the retention of temporal associative memories (figures 4D-E). When GluN1 X-link was infused into the whole dorsal hippocampus, instead of dorsal CA1, before conditioning (figures S1A-B), it impairs acquisition of fear conditioning (figure S1C) and both retention of temporal and contextual associative memories (figures S1D-E), whereas, infusion into the Dentate Gyrus (DG) does not impair neither acquisition nor retention of the tone and context (see supplemental results, SI file). Taken together, these findings indicate selective involvement of CA1 NMDAR surface trafficking in the temporal component of associative memory.

To provide further evidence supporting this functional selectivity, we performed intra CA1-infusion of GluN1 X-Link in another typical hippocampal dependent-task with no requirement for temporal association, the object location task [START_REF] Assini | Object location memory in mice: pharmacological validation and further evidence of hippocampal CA1 participation[END_REF][START_REF] Barker | When is the hippocampus involved in recognition memory?[END_REF]. As expected, restricting NMDAR surface trafficking by intra CA1-infusion of GluN1 X-link (figure 5A) spares both the acquisition and the retention (figures 5B-C; table S1) of object location memory. Overall, our results show that CA1 NMDAR surface trafficking is required during learning to form long-term memory of temporal, but not contextual associations.

To further demonstrate the implication of CA1 NMDAR surface trafficking in the formation of long-term associative memory, we examined whether this trafficking was required for associative memory modulation by E2 using combinations of intra-CA1 infusions of vehicle/E2 and control/GluN1 X-link before conditioning. As we expected E2 to enhance memory retention, conditioning was performed under the low shock intensity condition (0.3 mA), normally leading to weak fear memories. In addition to trace conditioning, we also used the delay conditioning procedure (i.e., 0 s tone-shock interval)

evaluating elementary fear memory, to further assess selectivity of GluN1 X-link effects for the temporal component of associative memories (figure 6). We found that E2 enhanced the retention of both temporal and elementary fear memories and that only the enhancement of temporal memory was prevented by GluN1 X-link (figures 6A-B). While in trace or delay conditioning, neither the acquisition of conditioning (data not shown) nor contextual memory retention (figures 6C-D) were modified by E2 and/or GluN1 X-link (figures 6C-D).

Altogether, our findings indicate that NMDAR surface trafficking in hippocampal CA1 is a critical mechanism in the formation of long-term fear memories based on associations across time and their enhancement by E2.

DISCUSSION

We here provide the first demonstration that NMDAR surface trafficking in the dorsal CA1 of the hippocampus is a crucial cellular mechanism for long-term plasticity of glutamate synapse and contributes to certain NMDAR components of associative memory and their modulation by E2 in the adult rodent. Using a X-linking procedure that restricts NMDAR surface mobility without altering other intrinsic receptor properties (8) and a set of high-resolution live imaging, in vivo electrophysiology and behavioral testing, we demonstrate that i) E2 regulates the surface trafficking of GluN2A-and GluN2B-NMDAR, ii) NMDAR surface dynamics is required for E2-induced increase in spine density, HFS-and E2induced LTP of CA1 synapses and iii) NMDAR surface dynamics in the dorsal CA1 is required for 24 h mnemonic retention of temporal associative fear memory and its enhancement by E2, but is not necessary for contextual and elementary fear memories. This study sheds a new light on the key role of NMDAR cellular distribution in memory since it indicates that the NMDAR surface dynamics and not only the channel activity per se (8,[START_REF] Nabavi | Metabotropic NMDA receptor function is required for NMDA receptor-dependent long-term depression[END_REF] regulates the LTP of glutamate synapses in vitro and in vivo and, in CA1, sustains the formation of long-term memory of associations across time, an important component of episodic memory [START_REF] Eichenbaum | Memory on time[END_REF].

The regulation of NMDAR signaling and NMDAR-dependent synaptic plasticity by E2 has long been reported (9,[START_REF] Woolley | Acute effects of estrogen on neuronal physiology[END_REF]. We here show that E2 increases AMPAR synaptic content and dendritic spine density through a surface redistribution of the two key GluN2A-and GluN2B-NMDAR subtypes in hippocampal neurons. Acutely, E2 rapidly increases the synaptic anchoring of GluN2B-NMDAR without notably changing GluN2A-NMDAR surface trafficking. This effect is transitory since after 24 h of E2 exposure, when synaptic AMPAR contents and spine density are already and stably increased, we reported an increased synaptic GluN2A/2B ratio. The description of the regulated NMDAR membrane dynamics supports the well-established enhancing effects of E2 on various forms of hippocampal NMDARdependent LTP (reviewed in 44). The acute change in GluN2B-NMDAR surface trafficking leading to reduced synaptic GluN2A/2B ratio was predictive of a LTP induction facilitation at excitatory synapses [START_REF] Lau | NMDA receptor trafficking in synaptic plasticity and neuropsychiatric disorders[END_REF][START_REF] Yashiro | Regulation of NMDA receptor subunit expression and its implications for LTD, LTP, and metaplasticity[END_REF]. This suggestion is supported since an in vivo intra-hippocampal infusion of E2, at a physiological dose (14), acutely potentiates CA3-CA1 synaptic transmission (see also, 25) in a surface NMDAR trafficking-dependent manner. In line with the present findings, E2 has been shown to enhance GluN2Bdependent excitatory postsynaptic currents independently of GluN2B-NMDAR expression or phosphorylation status [START_REF] Snyder | Estradiol potentiation of NR2B-dependent EPSCs is not due to changes in NR2B protein expression or phosphorylation[END_REF]. Also, the surface redistribution of both GluN2A and GluN2B subunits 24 h after E2 exposure may contribute to the maintenance of the synaptic potentiation. Even if different effects of E2 have been reported on GluN2A/GluN2B regulation depending on the animal models, timing and stimulation protocols [START_REF] Zamani | Estradiol modulates long-term synaptic depression in female rat hippocampus[END_REF][START_REF] Woolley | Acute effects of estrogen on neuronal physiology[END_REF], the present findings are consistent with a two-step model in which E2 exposure first favors LTP induction through an increased GluN2B-NMDAR synaptic retention and signaling, and second E2 contributes to LTP maintenance through the control of a GluN2A/GluN2B ratio in the newly-potentiated synapses that prevents further plasticity [START_REF] Srivastava | Rapid enhancement of two-step wiring plasticity by estrogen and NMDA receptor activity[END_REF]. At the cellular level, our data identify the surface dynamics of NMDAR as a primary target of E2-mediated signaling in hippocampal neurons. How these effects interplay with the role of the receptor current and intracellular signaling remains to be thoroughly explored. However, several lines of evidence suggest that the selective effect of GluN1 X-link infusion into the dorsal CA1 for temporal memory cannot be explained entirely by functional regionalization of the hippocampus. First, we found no impact of the infusion of GluN1 X-link in the CA1-dependent object location task [START_REF] Assini | Object location memory in mice: pharmacological validation and further evidence of hippocampal CA1 participation[END_REF] while NMDAR besides their role in temporal memory have also been involved in spatial memory (2,[START_REF] Place | NMDA signaling in CA1 mediates selectively the spatial component of episodic memory[END_REF]. Second, GluN1 X-link infusion into the DG has no effect on contextual discrimination whereas this capability was previously shown to rely on DG NMDAR [START_REF] Eadie | NMDA receptor hypofunction in the dentate gyrus and impaired context discrimination in adult Fmr1 knockout mice[END_REF][START_REF] Kheirbek | NR2B-dependent plasticity of adult-born granule cells is necessary for context discrimination[END_REF]. Hence it appears that restricting NMDAR surface trafficking in a particular subfield of the hippocampus, does not affect all associative memory functions of local NMDAR. The behavioral selectivity of GluN1 X-link effects is indicative of GluN1 X-link specificity, which echoes with previous electrophysiological demonstration that GluN1 X-link does not prevent agonist binding or alter functional properties of NMDAR besides lateral mobility (8). Since GluN1-X link only interferes with NMDAR surface trafficking, our data support the conclusion that, in the CA1 subfield of the hippocampus, NMDAR surface diffusion around the synapse is selectively needed to form long-term associative memories of events occurring with a brief temporal interval.

Then, how can one explain the critical implication of CA1 NMDAR surface trafficking in temporal but not contextual/spatial associative memory? The present selectivity of GluN1 X-link effects suggests that surface redistribution of NMDAR around the synaptic area may sustain the detection of co-occurrence between stimuli separated by a brief temporal interval. Although speculative, this proposal is based on the traditional view of NMDAR function according to which these receptors act as detectors of coincident synaptic activations leading to synaptic strengthening that sustain the associative memory of coincident events. In the specific case of temporally discontinuous stimuli (i.e. in trace fear conditioning), the detection of tone and shock co-occurrence implies that some of synaptic activation induced by the former (tone) persists until the second (shock) occurs (i.e. during the trace interval). We suggest that surface NMDAR mobility and its modulation by E2 may contribute to maintain persistent synaptic activation across brief temporal intervals.

In conclusion, our study provides evidence that CA1 NMDAR surface trafficking and its modulation by the sex hormone 17 -estradiol, is a cellular mechanism critical for a major component of episodic memory. As this memory is essential to a normal life and is highly susceptible to degradation in aging and various neuropsychiatric disorders, identifying underlying mechanisms is crucial and the present discovery may have important outcome regarding therapeutic development. and analysis. Immunolabeled or over-expressed fluorescent proteins were imaged using a spinning confocal microscope (Leica, Germany) with a 63x oil immersion objective.

Footnotes Table/Figure legends

For each experiment, 2-6 different sets of hippocampal cultures were used. For each condition, 8-12 neurons (N, from at least 3 separate experiments) were used and at least 2 dendritic fields (n) from each neuron were analyzed. To quantify spine density, the dendritic length was manually obtained and individual spines were counted over those segments. The quantification of the receptor surface staining, the average intensity and area of fluorescently-labelled surface receptor (total or within synaptic cluster) were measured within dendritic fields using imaging tools from Metamorph software (Universal Imaging Corporation, PA, USA) as previously published (2-4). The integrated fluorescence levels were averaged and expressed as percentage compared to vehicle-treated group.

Single particle (Quantum dot) tracking and surface diffusion

As previously described (5-7), the nanoparticle QD 655 Goat F(ab') 2 anti-Rabbit IgG (Invitrogen, France) were first incubated for 30 minutes with polyclonal antibodies directed against GluN2A or GluN2B subunits (same as above). Non-specific binding was blocked by additional casein (Vector Laboratories, France). Neurons were then incubated for 10 min with pre-coated anti-rabbit QD

(1:10000) and mounted on a heated-chamber for observation. QD signals were detected using an EMCCD camera (Quantem, Roper Scientific, Germany) and followed on randomly selected dendritic regions for up to 20 min. QD recording sessions were processed with the Metamorph software. The instantaneo s diff sion coefficient D as calc lated for each trajector from linear fits of the first points of the mean-square-displacement versus time function using MSD(t)=<r2> (t)=4Dt. The twodimensional trajectories of single molecules in the plane of focus were constructed by correlation analysis between consecutive images using a Vogel algorithm.

Drug treatments and cross-link (X-Link) procedure in vitro

Neurons were treated with 10 nM of E2 (17 -estradiol, Sigma, France) or vehicle solution (0.0001% DMSO, Sigma, France) in culture medium (for 15 min or 24 h, as indicated) before processing neurons for immunostaining or single particle tracking. To affect the surface diffusion of GluN2-containing NMDAR, we used, prior to E2 treatment, the X-link procedure (figure 2G) adapted from previous published studies (6,7). This procedure was shown to alter synaptic plasticity without altering intrinsic capability of NMDAR to respond to glutamate (5). Schematically, neurons were incubated with highly concentrated (0.2 mg/mL) polyclonal antibodies directed against GluN2A or GluN2B or goat anti-rabbit IgG antibody (0.2 mg/mL; control, Invitrogen, France) for 30 min before E2 or vehicle addition into culture medium.

Animals

For in vivo studies, we used 3-4 month-old naive male mice (C57Bl/6J; Janvier, France) collectively ( 8mice/cage) housed in standardized animal room conditions (22±1°C, 65% humidity, light on: 07:00-19:00) with ad libitum access to food and water. All experiments took place during the light phase.

Before electrophysiological and behavioral experiments, animals were randomly selected from collective cages and assigned to experimental groups. For behavioral experiments, the mice were shifted to individual housing from before surgery to the end of experiments. The number of mice by group was determined on basis of previous studies using the same procedures (8,9). All animal care and behavioral tests were conducted in compliance with the European Communities Council Directive 2010-63-EU and approved by the Bordeaux University Animal care and use committee under the protocol number 5012070-A.

In vivo electrophysiology in anesthetized mice

Field excitatory postsynaptic potentials (fEPSP) evoked by stimulation of CA3 input in CA1 synapses were recorded. Briefly, stereotaxic surgery for electrophysiology experiments was performed under isoflurane anaesthesia (1.0-1.2%, O 2 flow rate: 1L/min) as described previously (8). Mice s bod temperature was maintained using at 37°C using a temperature control system (FHC, ME, USA).

Concentric bipolar stimulating electrodes (Rhodes Medical Instruments, CA, USA) were inserted into the ventral hippocampal commissure (anteroposterior: -0.5 mm from bregma, mediolateral: +0.3 mm from midline on the left hemisphere; dorsoventral: 2.3 mm from brain surface) as described previously (10).

GluN1 NMDAR surface mobility was blocked using the X-link protocol against GluN1 subunit to immobilize surface NMDAR (5) (epitope corresponding to residues 385-399 of GluN1 subunit;

Alomone Labs, Israel). Forty-five minutes before HFS (1 train of 1s at 100 Hz) or CA1 infusion of E2 sample size was based on previous studies using similar experimental procedure (8,10).

Surgical procedures

Surgery and intra-hippocampal infusions in freely moving mice were performed as described previously (9,11). Briefly, mice were anesthetized with ketamine-xylazine (80-16 mg/kg body weight, ip) and secured in a stereotaxic frame (Kopf Instruments). Stainless-steel guide cannulae (26 gauge, 8 mm length) were implanted bilaterally 0.8 mm above the dorsal hippocampus (anteroposterior, -2 mm; mediolateral, +1.3 mm; dorsoventral, 0.8 mm; relative to dura and bregma), then fixed to the skull. Mice were allowed to recover in their home cage for at least 8-10 days before behavioral testing. Forty-five minutes before fear conditioning, intra-CA1, intra-DG or intra-hippocampal bilateral infusion (300 nL or nL per side respectively; 0.1 L min of Gl N X-link (same as above; 0.2 mg/mL) or its control was performed alone or followed (15 min after) by intra-CA1 bilateral infusion of E2 (10 nM) or vehicle. The cannulae were left in place for an additional 2 min before removal to allow diffusion of the drug away from the cannulae tips.

Histological control of cannulae placements after behavioral testing was used as exclusion criteria.

For this purpose, animals were given an overdose of pentobarbital (250 mg/kg) and transcardially perfused with 4% paraformaldehyde. Brains were frozen, cut coronally (60 m and co nterstained with neutral red (Sigma, France). To check for intra-CA1 or intra-hippocampal GluN1 X-link diffusion, anti-GluN1 was infused 45 min prior to sacrifice and immunohistochemistry on brains sections were performed using only secondary antibody (figures 4B and S1).

Trace fear conditioning

The fear-conditioning task was conducted in a conditioning apparatus (Imetronic, France) described previously (9). During fear conditioning, each animal received five pairings of tone (65 dB, 1 kHz, 30 s) and foot shock (0.3 mA or 0.6 mA as indicated, 50 Hz, 1 s) (context A, figure 4A). Independent groups of mice were trained either with a 20 s interval between the tone and the shock (20 s; trace condition) or with the 2 stimuli contiguous (0 s; delay condition) (12). The retention of the tone-and context-shock associations acquired during conditioning was tested by re-exposure to the tone alone in a dark and unknown chamber (context B, figure 4A) and to the conditioning context alone (24 h and 26 h post-conditioning, respectively, figure 4A).

At all stages of the experiment, freezing behavior, defined as a lack of all movement except for respiratory-related movements was used as an index of fear responses (13). Animals were continuously video-recorded and the percentage of time spent freezing was measured by an observer blind of experimental groups. Sample size (n=16 mice/experimental group, in order to obtain at least 9-12 animals after surgery, intra-hippocampal infusions and behavioral procedures) was mainly based on previous studies using similar experimental procedures (9). Histological control of cannulae placements after behavioral testing was used as exclusion criteria.

Object location task

The apparatus consists of an open field arena (40x40x40cm) made of white floor and blue acrylic alls The arena is digitall di ided into ones to identify the objects and their boundaries (2 cm radius). The objects consist in LEGO blocks (3.5 cm X 3.5 cm X 6 cm) placed in the corners (7.5 cm from walls). An infrared-sensitive camera (Panasonic) was mounted above the chamber and was connected to the video input of the behavioral tracking software (Ethovision XT11, Noldus, The Netherlands) that tracked the animal's position during experimental trials. The software acquired the coordinates of the nose and the body center, which was facilitated by the high contrast between the animals' black coat at the white background. The arena is cleaned with mild detergent disinfectant (Phagospray DM, Christeyns, France) solution and dried in between each subject so as to eliminate any potential odor cues left by previous subjects.

The object location task was performed as described previously (14) with minor modifications. On the first day of the novel object location task (acquisition, figure 5A), the mouse is placed into the center of the arena and allowed to freely explore the arena containing the two identical objects placed at adjacent northern locations of the arena. The behavior is recorded for 10 min and analyzed using the tracking software. General locomotor activity was assessed as total track length and was analyzed to confirm that there is no preference for one object over another (table S1). After 24 h, one object (A, non-displaced object NDO is placed to its former location hile the other object A displaced object, DO) is placed in a new location (southeast corner) of the same arena (figure 5A).

The same mouse is returned to the arena and time spent exploring each object is recorded for 3 min and the time spent investigating each of the objects is measured (time spent with nose point to the objects and in the proximity of the objects 

Supplemental Results

To demonstrate the implication of hippocampal surface NMDAR trafficking in NMDAR-dependent associative temporal and contextual memories, we used the trace fear conditioning procedure.

GluN1 X-link infusion in the whole dorsal hippocampus before conditioning (Figures S1A-B) impairs acquisition of fear conditioning (figure S1C) and both retention of temporal and contextual associative memories (figures S1D-E). To emphasize the selectivity of hippocampal CA1 surface NMDAR trafficking requirement for associative temporal memory, we used the object location task, which depends on hippocampal CA1 (14) but has no demand on temporal memory. GluN1 X-link infusion in the dorsal CA1 before acquisition phase does not impair acquisition and retention of spatial memory (table S1).

Table S1 depicts the effects of GluN1 X-link or control infusions in the dorsal CA1 on the locomotor activity (total track length) and exploration of both objects during the acquisition and the test phases.

During the test phase, both experimental groups exhibited a higher time exploring DO compared to NDO (shaded lines). However, total track length and time spent exploring both objects did not differ between groups both during acquisition and test phases. 

  4B and S1). All quantitative data are expressed as mean±sem. Statistical analyses performed are detailed in the SI file and in figure legends. Statistical comparisons are indicated as *, ** and *** for p<0.05, p<0.01 and p<0.0001, respectively.
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 1 Figure 1. E2 increases synaptic density, surface GluA1-AMPAR content and regulates surface
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 2 Figure 2. E2 regulates surface diffusion of GluN2-NMDAR and reduction of NMDAR surface diffusion
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 39 Figure 3. Surface cross-linking of GluN1-NMDAR impairs electrically and E2-induced NMDAR-

Figure 4 .
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 61112 Figure 6. Reduction of surface NMDAR surface dynamics in the dorsal (CA1) hippocampus selectively

Figure 3

 3 Figure 3 Potier et al.

(

  10 nM, 60 nL), GluN1 X-link (0.2 mg/mL) or goat anti-rabbit IgG antibody (control) was infused (figure3A) into the dorsoventral axis of CA1 area (3 consecutive infusions of 60 nL at 30 s intervals at 1.0, 1.25 and 1.5 mm from brain surface) using controlled pressure-pulses of compressed air (20 psi, 2 min period, 180 nL total volume) applied via a Picospritzer® (Parker Hannifin, NJ, USA) to a single or a double-barrel glass recording micropipette. fEPSP were recorded through a glass recording electrode, filled with 0.5 M sodium acetate/2% pontamine sky blue, inserted in area CA1 stratum radiatum (anteroposterior: -1.8 mm from bregma, mediolateral: -1.25 mm from midline on the right hemisphere; dorsoventral: 1.2-1.4 mm from brain surface) as previously described(8). In a subset of experiments AP5 (Sigma, France, 100 M, 60 nL intra-CA1) was infused 5 min before HFS and MK801 (Sigma, France, 3 mg/kg) was injected ip 45 min before HFS. fEPSP were amplified (Axoclamp2B amplifier, Molecular devices, CA, USA) and filtered (differential AC amplifier, model 1700; A-M Systems, WA, USA), digitized and collected on-line using a laboratory interface and software (CED 1401, SPIKE 2; Cambridge Electronic Design, UK). Basal stimulation intensity was adjusted to 30-40% of the maximum evoked field response. All responses were expressed as percent change from the average responses recorded during the 10 min before drug application or HFS. At the end of each recording experiment, the electrical stimulation site and the recording electrode placement were marked. Histological controls of stimulation and recording sites were used as exclusion criteria and

Figure S1 .

 S1 Figure S1. Reduction of NMDAR surface dynamics in the whole dorsal hippocampus impairs

  to rely on hippocampal NMDAR[START_REF] Misane | Time-dependent involvement of the dorsal hippocampus in trace fear conditioning in mice[END_REF][START_REF] Bast | Dorsal hippocampus and classical fear conditioning to tone and context in rats: effects of local NMDA-receptor blockade and stimulation[END_REF][START_REF] Czerniawski | Dorsal versus ventral hippocampal contributions to trace and contextual conditioning: differential effects of regionally selective NMDA receptor antagonism on acquisition and expression[END_REF][START_REF] Gao | Hippocampal NMDA receptor subunits differentially regulate fear memory formation and neuronal signal propagation[END_REF][START_REF] Quinn | Dorsal hippocampus NMDA receptors differentially mediate trace and contextual fear conditioning[END_REF][START_REF] Schenberg | Effects of pre or posttraining dorsal hippocampus D-AP5 injection on fear conditioning to tone, background, and foreground context[END_REF][START_REF] Stiedl | Impairment of conditioned contextual fear of C57BL/6J mice by intracerebral injections of the NMDA receptor antagonist APV[END_REF][START_REF] Wanisch | Trace fear conditioning depends on NMDA receptor activation and protein synthesis within the dorsal hippocampus of mice[END_REF]. Furthermore, hippocampal NMDAR signaling was found to sustain E2 enhancement of both trace fear conditioning and spatial object recognition(10, 13,[START_REF] Vedder | Estradiol-induced increase in novel object recognition requires hippocampal NR2B-containing NMDA receptors[END_REF]; reviewed in 62).

	Present selectivity of the surface trafficking manipulation in dorsal CA1 is in agreement with a
	functional dissociation among dorsal hippocampal subfields, and preferential implication of the CA1
	subfield and local NMDAR in the temporal component of memory function (4; reviewed in 49), while
	spatial and contextual components would rely more on CA3 and DG (50-53). Indeed, while restricting
	surface trafficking of NMDAR in dorsal CA1 had a selective impact on temporal fear memory, infusion of

Nevertheless, one can speculate that these effects would implicate some of the non-genomic mechanisms of E2 action, i.e. E2 action at or near the plasma membrane on either metabotropic glutamate receptor or G-protein estrogen receptor to transduce second messenger cascades and elicit ERK/CREB, mTOR or JNK signaling (for in depth reviews, see

[START_REF] Frick | Molecular mechanisms underlying the memory-enhancing effects of estradiol[END_REF][START_REF] Tuscher | Regulation of object recognition and object placement by ovarian sex steroid hormones[END_REF]

.

Our behavioral results indicate that surface NMDAR trafficking in the dorsal CA1 subfield of the hippocampus contributes to experience-dependent changes in integrative properties of hippocampal synapses that sustain certain, but not all forms of NMDAR-dependent associative memory. In dorsal CA1, whether in basal condition or in presence of E2, local surface trafficking of NMDAR is selectively required for long-term retention of temporal association between events separated by a brief interval (20 s, trace fear conditioning), but neither for contextual/spatial (fear conditioning/object location task) nor elementary (0 s, delay fear conditioning) associative memories. GluN1 X-link targeting the whole dorsal hippocampus produces an unselective impairment of acquisition of trace fear conditioning and retention of both temporal and contextual associative memories i.e. all components previously shown

  ). A location index is calculated by dividing the amount of time spent exploring both the DO and NDO divided by the amount of time spent exploring both objects ((Time DO)/(Time NDO + Time DO) and (Time NDO)/(Time NDO + Time DO), respectively),StatisticsAll quantitative data are expressed as mean±sem. For in vitro studies, comparisons between 2 e perimental gro ps ere performed sing St dent s t test or Mann Whitne test hile comparisons between several experimental groups were performed using one way ANOVA statistical analyses followed by post-hoc St dent s t tests. For QD tracking, the diffusion coefficients D are

	such that mice were successful at the task if they spent significantly more time than chance (0.5)
	exploring the DO.

reported per group as the median±25-75%. Comparisons between groups for D were performed using Mann Whitney test followed by Dunn's Multiple Comparison test (group comparison). For electrophysiology recordings and behavioral data, statistical analyses performed were one or twoway ANOVA, with Bonferroni multiple comparisons or post-hoc St dent s t tests (as detailed in figure legends). Values of p<0.05 were considered significant for comparisons and statistical comparisons are indicated as *, ** and *** for p<0.05, p<0.01 and p<0.0001, respectively.

  =31.77; p<0.0001; Treatment: F 1,40 =10.91; p=0.002; Interaction: F 1,40 =8.31 p=0.0063) and contextual association (E, Context: Context: F 1,40 =53.17; p<0.0001; Treatment: F 1,40 =4.81; p=0.0341 and Interaction: F 1,40 =2.36; p=0.1323). All graphs show mean±sem of percent of time spent freezing (% freezing); n=numbers of animals. Statistical comparisons to control condition or within experimental groups are indicated by *, ** and *** for p<0.05, p<0.01 and p<0.001, respectively (two-way ANOVA and St dent s t test post-hoc comparisons).To further investigate the implication of surface NMDAR trafficking in NMDAR-dependent associative temporal and contextual memories in different subfields of the hippocampus, we performed GluN1 X-link infusion in the Dentate Gyrus (DG) before the trace fear conditioning procedure. Reduction of NMDAR surface dynamics in the DG has no effect on acquisition of fear conditioning (Tone repetition:F 4,64 =49.3; p<0.0001; Treatment F 1,16 =0.16; p=0.69 and Interaction: F 4,64 =0.24; p=0.91) and does not impair temporal (Tone: F 1,32 =20.4; p<0.0001; Treatment: F 1,32 =0.13; p=0.7161; Interaction: F 1,32 =0.78; p=0.3840) and contextual (Context: F 1,32 =16.1; p<0.0001; Treatment: F 1,32 =0.21; p=0.6488 and Interaction: F 1,32 =0.02; p=0.8792) associative memories .

Table S1 :

 S1 Behavioral parameters evaluated during acquisition and test phases of the object location task in mice submitted to control and GluN1 X-link infusions in dorsal CA1 before acquisition phase.

		Control (mean±SEM)	GluN1 X-link (mean±SEM)
	Total track length (cm) during acquisition	1373±68.8	1374±66.5
	Total track length (cm) during test phase	1151±64.9	1094±60.8
	Time exploring object A/object A+boundary (s) during acquisition	2.6±0.5 / 9.32±1.4	2.7 ±0.5 / 10.4±1.2
	Time e plo ing objec A object A bo nda (s) during acquisition	2.8±10.7 / 9.9±1.0	2.2 ±0.5 / 9.9±1.5
	Time exploring		
	NDO(A)/NDO(A)+boundary (s) during test	1.9±0.4 / 9.5±1.1	2.5±0.6 / 13.0±2.8
	phase		

Time e plo ing DO A DO A bo nda (s) during test phase 5.8±2.4

  

/ 18.5±2.6 4.4±1.1 / 19.1±3.3 Supplemental References
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Supplemental Information

Supplemental Material and Methods

Cell culture, protein expression, synaptic live staining and immunocytochemistry

Hippocampal neurons from 18 days-old rat embryos were cultured on glass coverslips following the Banker technique as previously described (1-3). Cells were plated at a density of 200x10 3 cells per mL on poly-lysine pre-coated cover slips and cultures were maintained in serum-free neurobasal medium (Invitrogen, France) at 37°C, 5% CO2 for up to 22 days in vitro (div). For some experiments, neurons were transfected at 9-10 div with Homer1c-DsRed and SEP-GluA1 using the Effectene transfection kit Qiagen France according to man fact rer s instr ctions Surface GluN2A and GluN2B subunits containing NMDAR staining was performed for 10 min on live neurons at 37°C in culture medium using antibodies directed against epitopes corresponding to residues 41-53 and 323-327 of GluN2A and GluN2B subunits, respectively (Alomone Labs, Israel). Surface GluA1 staining was performed on neurons previously transfected with SEP-GluA1 and immunolabeled using a mouse monoclonal anti-GFP antibody (1/400; Roche). Neurons were then fixed, washed and finally incubated 30 min with secondary antibody anti-mouse Alexa Fluor 488 (1/800, Molecular Probes, France). To label postsynaptic areas, neurons were permeabilized using 0.1% Triton X100, incubated 30 min with a primary rabbit polyclonal directed against Shank (1/1000, Abcam, France) or mouse monoclonal PSD-95 antibodies (1/800, Neuromab, France) and incubated with secondary antibody anti-rabbit or anti mouse Alexa 568 (1/1000, 30 min, Molecular Probes, France). Neurons were washed, mounted and preparations were kept at 4°C until image acquisition 
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