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BACKGROUND: Dysfunctional mesocorticolimbic dopamine (DA) signaling has been linked to alterations in motor and reward-based functions associated with psychiatric disorders. Converging evidence from psychiatric patients and use of antipsychotics suggest that misbalance of DA signaling deeply alters hippocampal functions. However, given the lack of full characterization of a functional mesohippocampal pathway, the precise role of DA transmission in memory deficits associated with these disorders and their dedicated therapies is unknown. In particular, the positive outcome of antipsychotic treatments, commonly antagonizing D2 dopamine receptors (D2R), on cognitive deficits and memory impairments remains questionable. METHODS: Following pharmacological and genetic manipulation of dopamine transmission, we combined anatomical, neurochemical, electrophysiological and behavioral investigations to uncover the role of dopamine D2-like receptors in hippocampal-dependent plasticity and learning. Naïve mice (n=4-21) were used in the different procedures. RESULTS: We report that DA modulated the both long-term potentiation (LTP) and depression (LTD) in the temporal hippocampus as well as spatial and recognition learning and memory in mice through D 2 dopamine receptors (D2R). Whereas genetic deletion or pharmacological blockade of D2R led to the loss of LTP expression, the specific genetic removal of presynaptic D2R specifically impairs LTD as well as the performances on spatial memory tasks. CONCLUSION: The pre-synaptic D2Rs in DA fibers of the temporal hippocampus tightly modulate LTD expression and plays a major role in the regulation of hippocampal learning and memory. This direct role of mesohippocampal DA input uncovered here adds a new dimension to DA involvement in the physiology underlying neuropsychiatric disorders deficits.

Introduction

In addition to its roles in motor and reward systems [START_REF] Beninger | The role of dopamine in locomotor activity and learning[END_REF][START_REF] Wise | Brain dopamine and reward[END_REF], DA has also been acknowledged to be essential in adaptive behaviors, such as attention, learning and memory [START_REF] Cools | Dopaminergic modulation of cognitive function-implications for L-DOPA treatment in Parkinson's disease[END_REF][START_REF] Nieoullon | Dopamine and the regulation of cognition and attention[END_REF][START_REF] Weinberger | Mesocortical dopaminergic function and human cognition[END_REF]. The development of powerful genetic tools has enabled a better understanding of DA's function in the basal ganglia and the cortical structures [START_REF] Tritsch | Dopaminergic modulation of synaptic transmission in cortex and striatum[END_REF] involved in these motor and reward functions. However, the limited innervation by DA terminals and the low levels of DA receptor (DAR) expression in the hippocampus [START_REF] Beaulieu | Beyond cAMP: The Regulation of Akt and GSK3 by Dopamine Receptors[END_REF][START_REF] Gasbarri | The dopaminergic mesencephalic projections to the hippocampal formation in the rat[END_REF][START_REF] Swanson | The projections of the ventral tegmental area and adjacent regions: a combined fluorescent retrograde tracer and immunofluorescence study in the rat[END_REF] have slowed our understanding of DA's potential role in the mesohippocampal pathway [START_REF] Lisman | A thalamo-hippocampal-ventral tegmental area loop may produce the positive feedback that underlies the psychotic break in schizophrenia[END_REF]. Considering the pathological imbalance in hippocampal DA transmission observed in schizophrenic patients [START_REF] Boyer | Hippocampal abnormalities and memory deficits: new evidence of a strong pathophysiological link in schizophrenia[END_REF][START_REF] Folley | Anomalous neural circuit function in schizophrenia during a virtual Morris water task[END_REF][START_REF] Hanlon | Impairment on the hippocampal-dependent virtual Morris water task in schizophrenia[END_REF][START_REF] Ledoux | Decreased fMRI activity in the hippocampus of patients with schizophrenia compared to healthy control participants, tested on a wayfinding task in a virtual town[END_REF] and the lack of perspective on the impact of antipsychotic treatments in memory processes, there is an urgent need to better understand the DA contribution in hippocampal-related processes.

Long-term synaptic plasticity, with its two counterparts, LTP and LTD, is underlying neuronal circuit tuning. It was shown 40 years ago that microelectrophoretical application of DA in the hippocampal CA3 region of cats depressed glutamate-induced cell firing [START_REF] Biscoe | Micro-electrophoretic studies of neurones in the cat hippocampus[END_REF]. However, how DA modulates glutamatergic transmission in the hippocampus is still poorly understood.

Five DARs have been identified in mammals [START_REF] Beaulieu | The physiology, signaling, and pharmacology of dopamine receptors[END_REF] and classified into the D1/D5 -"D1-like" -and D2/D3/D4 -"D2-like" families. Both D1-like and D2-like receptor agonists and antagonists regulate synaptic plasticity [START_REF] Jay | Dopamine: a potential substrate for synaptic plasticity and memory mechanisms[END_REF], but if the role of D1-like receptors in hippocampal synaptic plasticity is quite well understood, little is known about the precise role of the D2R. D1-like receptor blockade inhibits the expression and maintenance of late LTP [START_REF] Frey | The effect of dopaminergic D1 receptor blockade during tetanization on the expression of long-term potentiation in the rat CA1 region in vitro[END_REF][START_REF] Lemon | Dopamine D1/D5 receptors gate the acquisition of novel information through hippocampal long-term potentiation and long-term depression[END_REF][START_REF] Lisman | A neoHebbian framework for episodic memory; role of dopamine-dependent late LTP[END_REF], whereas the D1-like agonist SKF-38393 favored the early and late phases of LTP [START_REF] Huang | D1/D5 receptor agonists induce a protein synthesisdependent late potentiation in the CA1 region of the hippocampus[END_REF][START_REF] Otmakhova | D1/D5 dopamine receptor activation increases the magnitude of early long-term potentiation at CA1 hippocampal synapses[END_REF]. Accordingly, D1KO mice showed an absence of late LTP in vitro [START_REF] Matthies | Dopamine D1-deficient mutant mice do not express the late phase of hippocampal long-term potentiation[END_REF] and exhibited impaired spatial memory [START_REF] El-Ghundi | Spatial learning deficit in dopamine D(1) receptor knockout mice[END_REF]. Conversely, the role of D2-like receptors in hippocampus remains controversial. Activation of D2R would exert a suppressive effect on CA1 LTD in the rat hippocampus [START_REF] Chen | Roles of dopamine receptors in long-term depression: enhancement via D1 receptors and inhibition via D2 receptors[END_REF] with no effect on LTP [START_REF] Huang | D1/D5 receptor agonists induce a protein synthesisdependent late potentiation in the CA1 region of the hippocampus[END_REF], but D2 agonists directly administered in the hippocampus improved memory performances in radial maze tasks [START_REF] Packard | Dissociation of hippocampus and caudate nucleus memory systems by posttraining intracerebral injection of dopamine agonists[END_REF][START_REF] Wilkerson | Ventral hippocampal dopamine D1 and D2 systems and spatial working memory in rats[END_REF]. Rats treated with the D2R antagonist haloperidol displayed spatial learning deficits [START_REF] Terry | Differential effects of chronic haloperidol and olanzapine exposure on brain cholinergic markers and spatial learning in rats[END_REF][START_REF] Terry | Timedependent effects of haloperidol and ziprasidone on nerve growth factor, cholinergic neurons, and spatial learning in rats[END_REF] and impaired recognition memory [START_REF] Schroder | Impairing effects of chronic haloperidol and clozapine treatment on recognition memory: possible relation to oxidative stress[END_REF][START_REF] Ozdemir | Differential effects of antipsychotics on hippocampal presynaptic protein expressions and recognition memory in a schizophrenia model in mice[END_REF]. Systemic injection of the D2/D3 antagonist sulpiride affected learning in the spatial version of the Morris water maze (MWM) [START_REF] Stuchlik | Morris water maze learning in Long-Evans rats is differentially affected by blockade of D1-like and D2-like dopamine receptors[END_REF], but whether it is a specific effect on the hippocampus remains unclear [START_REF] Setlow | Sulpiride infused into the nucleus accumbens posttraining impairs memory of spatial water maze training[END_REF].

Whereas D1-like receptors are only present on dopaminoceptive neurons, D2R are localized both post-synaptically where they activate multiple signalization pathways [START_REF] Bonci | The dopamine D2 receptor: new surprises from an old friend[END_REF] and pre-synaptically where they exert an inhibitory control over DA synthesis and release [START_REF] Anzalone | Dual control of dopamine synthesis and release by presynaptic and postsynaptic dopamine D2 receptors[END_REF][START_REF] Bello | Cocaine supersensitivity and enhanced motivation for reward in mice lacking dopamine D2 autoreceptors[END_REF]. This dual localization of D2R potentially results in multi-modal processes with complex effects.

Here, we showed that D2R post-synaptic expression was restricted to neurons of the dentate gyrus (DG), whereas DA fibers expressing the dopamine transporter (DAT) originating from the VTA and carrying pre-synaptic D2R innervated the temporal CA1 areas. The genetic deletion of D2R severely impairs both NMDAR-dependent LTP and LTD in CA1, matching with remodeling of mesohippocampal DA fibers and decrease in performance on learning and memory tasks. The pharmacological blockade of D2R in naïve mice reproduced these impairments. Finally, the specific genetic deletion of presynaptic D2R resulted in deficits of both LTD expression and spatial memory without impairing LTP levels.

Material and Methods

Detailed procedures are listed in the supplemental information section.

Animals:

Mice with a constitutive deletion of the D2R were from the Jackson Laboratories (B6.129S2-Drd2 tm1Low /J), D2cre mice were from Gensat (MMRC; B6.FVB(Cg)-Tg(Drd2-cre) ER44Gsat/Mmucd ) and crossed with mice carrying ROSA-tomato reporter from Jackson Laboratories (Gt(ROSA)26Sor tm9(CAG-tdTomato)Hze ), mice with floxed D2R gene [START_REF] Bello | Cocaine supersensitivity and enhanced motivation for reward in mice lacking dopamine D2 autoreceptors[END_REF] and DATcre mice [START_REF] Turiault | Analysis of dopamine transporter gene expression pattern --generation of DAT-iCre transgenic mice[END_REF] were directly obtained.

Anatomical procedures: DAR mRNAs were detected by radioactive and fluorescent in situ hybridization. Immunolabeling was adapted from previous protocol to detect DAT, CaMK2α, TH and GABA on coronal slices from D2KO, D2 DATcre and sulpiride-treated mice. All experiments were performed on naïve mice (n=4-10; Sup Table 1).

Electrophysiological recordings:

Field excitatory postsynaptic potentials (fEPSP) and whole-cell patch-clamp recordings were performed on coronal slices prepared from D2KO, D2 DATcre and C57Bl/6 WT mice in presence of sulpiride or SCH23390. All experiments were done in the presence of 5 µM bicuculline. All experiments were performed on naïve mice (n=6-11; Sup Table 2).

Behavioral tests: Males D2KO, D2 DATcre , sulpiride treated (i.p.: 50mg/kg; intra-HP: 2.5µg) and their respective controls, were exposed to spatial and cued versions of the MWM, Barnes maze, two objects recognition, contextual and cued fear conditioning.

Only naive mice were tested. All experiments were performed on naïve mice (n=9-21; Sup Table 3).

Statistical comparisons:

Results are reported as mean ± SEM. Statistical analysis were made with Student's t test and ANOVA, unless otherwise specified (see Statistical tables Sup 1, 2 and 3).

Results

Mapping of DA receptors and fibers in the hippocampal formation

The distribution of the five DAR was evaluated by in situ hybridization in C57BL/6 mouse brains (Figure 1A-C given their morphology and their projection patterns (Figure 1J).

As most of the tyrosine hydroxylase (TH) labeling found in hippocampus originates from noradrenergic neurons [START_REF] Giros | Hyperlocomotion and indifference to cocaine and amphetamine in mice lacking the dopamine transporter[END_REF], we visualized DAT + fibers to characterize the DA projections. DAT + fibers were restricted to the temporal area of CA1 (Figure 1K-L Constitutive deletion of D2Rs led to a profound remodeling of the VTAhippocampus dopaminergic pathway D2KO mice had three-to seven-fold more DAT + fibers in the hippocampus than WT animals (Figure 2A-C). In the LMol layer of CA1, D2KO mice showed three-fold increase in DAT + fibers (n=4; 337±52) compared to WT (n=4; 111±30). The radiatum layer showed a similar increase (308±50 in D2KO ; 85±12 in D2WT), and a major sprouting was observed in the oriens and pyramidal cell layers, with seven-fold more DAT + fibers (257±42) in D2KO than in D2WT mice (38±9). Interestingly, whereas DAT + fibers were absent in the hilus of the DG in D2WT animals, they were visible in D2KO mice (32.3±12.2). No DAT + fibers were observable in any other subdivisions of the temporal hippocampus or in septal areas.

To determine the origin of DAT + fibers increase, we injected fluorescent retrobeads into the CA1 of D2KO and D2WT mice (Figure 2C-D and Figure sup 2E-E''). The majority of retrogradely labeled neurons were localized in the VTA (87-89%), only a fraction of them were DAergic (16-21%), whereas the majority was GABAergic (79-84%).

The number (n=27) and the proportion (21%) of TH + neurons in D2KO mice were slightly increased, compared to WT (n=22; 16%). Thus, this increase did not account for the massive sprouting observed in D2KO hippocampus. Furthermore, DA levels in the temporal hippocampus were significantly higher in D2KO mice (293.9±30.9 ng/g) compared to D2WT mice (169.9±21.4 ng/g) (Figure 2E; Figure sup 2G). Finally, we assessed by microdialysis whether this increased sprouting of DA terminals in temporal hippocampus would translate into an increase in KCl-induced DA release (Figure 2F; However, KCl-induced paired depolarization led to 2.4 times greater DA release in the D2KO mice (K1=23.0±6.3 ng/ml; K2=31.5±10.4 ng/ml) compared to WT littermates (K1=11.2±2.2; K2=13.05±2.6). The second KCl-induced stimulation (K2) in D2KO mice resulted in a 1.4-fold increase in DA release, compared to the first depolarization (K1), which was significantly higher than that observed in D2WT mice (1.16), implying the absence of inhibitory control from the presynaptic D2Rs upon DA release (Figure 2F).

Constitutive deletion of the D2 receptor impaired synaptic plasticity in the temporal CA1

We examined whether remodeling of the VTA-hippocampus dopaminergic pathway in D2KO mice would impair N-methyl-D-aspartate receptor (NMDAR)-dependent synaptic plasticity in CA1. In the dorsal area of temporal CA1, where DAT + fibers were detected, high-frequency stimulation induced a significant LTP in D2WT animals (n=6; 1.44±0.06) but not in D2KO mice (n=8; 1.15±0.07) (Figure 3A). For LTD expression, paired-pulse low-frequency stimulation induced stable depression in the D2WT (n=9; 0.83±0.04), but not in D2KO slices (n=7; 1.08±0.04) (Figure 3B). This reduction in longterm synaptic plasticity could be due to a change in glutamatergic transmission; in voltage clamp configuration, we recorded miniature excitatory post-synaptic currents (mEPSC) in glutamatergic pyramidal neurons of temporal CA1 in D2KO (n=11) and D2WT (n=11) mice at -80 mV, in the presence of tetrodotoxin (TTX) (Figure 3C).

Neither the frequency (D2WT: 0.25±0.02 Hz; D2KO: 0.28±0.04 Hz) nor the amplitude (D2WT: 7.44±0.42 pA; D2KO: 6.92±0.49 pA) of the mEPSCs were modified, suggesting that neither the glutamate spontaneous release nor post-synaptic glutamate sensitivity was altered in CA3-CA1 synapses (Figure 3D). Paired-pulse facilitation of fEPSPs at CA3-CA1 glutamatergic synapses at increasing inter-pulse intervals was also conserved in D2KO brain slices (Figure 3E). However, fEPSPs recorded in the D2KO mice (n=10) were significantly larger in the medium range than in D2WT (n=8), revealing an increased excitability of CA3-CA1 synapses (Figure 3F). We wondered whether the To assess the acute effects of D2R blockade on synaptic plasticity, we applied sulpiride (10 µM) to C57BL/6J slices during LTP and LTD induction. Sulpiride application produced the same impairment pattern observed in D2KO slices. Both LTP (n=7; 1.55±0.1) and LTD (n=7; 0.78±0.08) were observed in the untreated slices, whereas sulpiride produced a significant decrease in LTP (n=8; 1.30±0.06) (Figure 5D) and abolition of LTD expression (n=6; 1.03±0.05) (Figure 5E).

As in D2KO mice, C57Bl/6J mice treated for 15 days with sulpiride showed a highly 

D2R deletion in DAT + neurons was sufficient to impair LTD expression and spatial memory formation in the hippocampus

To specifically assess the contribution of pre-synaptic D2Rs we crossed Drd2 loxP/loxP mice [START_REF] Bello | Cocaine supersensitivity and enhanced motivation for reward in mice lacking dopamine D2 autoreceptors[END_REF] with BAC-DATicre mice [START_REF] Turiault | Analysis of dopamine transporter gene expression pattern --generation of DAT-iCre transgenic mice[END_REF] Remarkably, the input-output relationship in evoked glutamatergic fEPSPs was not different between the D2 DATcre mice and their WT DATcre littermates (Figure 6C). To assess whether this LTD deficit could be a consequence of pre-synaptic D2R absence on DA release and synthesis, we analyzed DAT + fibers density and DA tissue levels in the temporal hippocampus of D2 DATcre mice. We found that D2 DATcre mice exhibited 3.3 and 7.5 fold more DAT + fibers in the radiatum (D2 DATcre : 228.3±55.6; WT DATcre : 68.4±12.5) and in the oriens/pyramidal cell layers (D2 DATcre : 221.8±64.9; WT DATcre : 29.4±15.3), respectively, compared to WT DATcre littermates, with no changes in the LMol layer (D2 DATcre : 81.5±17.3; WT DATcre : 89.2±33.9) (Figure 6E). Finally, we observed a significant 1.3-fold increase in tissue DA levels in the D2 DATcre mice's temporal hippocampus compared to WT DATcre mice (Figure 6F, Figure sup 5E).

The D2 DATcre mice exhibited dramatic memory impairments in the spatial version of the MWM. The final mean escape latency was significantly increased in the D2 DATcre (50.9±11.2s) compared to WT DATcre (21.8±8.8s) and the percentage of time spent in the active quadrant was significantly decreased in D2 DATcre (22.4±6.7%) compared to WT DATcre mice (44.2±3.9%) (Figure 6G). Further linking the LTD role in these memory deficits, while blockade of D1-like receptors with SCH23390 rescued HFS induced LTP expression in D2KO slices, it had no effect neither on LTD deficits nor on memory deficits (Figure 3H and sup 3B).

Discussion

The organization of the dopamine circuitry in the hippocampus suggests a tonic functional mode of transmission

We localized DAR expressing cells using sensitive in situ hybridization techniques; D5R mRNA expression in the entire granular cell layer of the DG and the pyramidal cell layer of CA1 and CA3, and D1R expression restricted to the granular cells of the DG confirm previous reports in rats and primates [START_REF] Bergson | Regional, cellular, and subcellular variations in the distribution of D1 and D5 dopamine receptors in primate brain[END_REF][START_REF] Ciliax | Dopamine D(5) receptor immunolocalization in rat and monkey brain[END_REF][START_REF] Fremeau | Localization of D1 dopamine receptor mRNA in brain supports a role in cognitive, affective, and neuroendocrine aspects of dopaminergic neurotransmission[END_REF][START_REF] Levey | Localization of D1 and D2 dopamine receptors in brain with subtype-specific antibodies[END_REF][START_REF] Tiberi | Cloning, molecular characterization, and chromosomal assignment of a gene encoding a second D1 dopamine receptor subtype: differential expression pattern in rat brain compared with the D1A receptor[END_REF]. We could not detect D3R or D4R transcript expression in the hippocampus: D3 mRNA was observed only in the amygdalohippocampal area [START_REF] Kato | Dendritic aberrations in the hippocampal granular layer and the amygdalohippocampal area following kindled-seizures[END_REF], but the absence of D4 mRNA detection contrasts with its previously described participation in CA1 synapses depotentiation through CA3 GABAergic interneurons [START_REF] Andersson | Neuregulin and dopamine modulation of hippocampal gamma oscillations is dependent on dopamine D4 receptors[END_REF][START_REF] Kwon | Neuregulin-1 regulates LTP at CA1 hippocampal synapses through activation of dopamine D4 receptors[END_REF]. mRNA localization and binding experiments showed the restricted expression of D2R in the hilus, as well as in the DG, flanking the granular cell layer. Furthermore, as D2Rs binding was detectable in the hippocampus of D2 DATcre mice (Figure sup 5D), it clearly indicated that the labeling in the DG mostly originated from the hilar D2-positive cells. The demonstration that D2mRNA co-localized with CaMKIIα in the hilus confirmed the recent report of putative D2R expression in mossy cells using Drd2-EGFP transgenic mice [START_REF] Gangarossa | Characterization of dopamine D1 and D2 receptor-expressing neurons in the mouse hippocampus[END_REF]. Morphological characteristics of these cells confirmed that these were glutamate mossy interneurons [START_REF] Amaral | The dentate gyrus: fundamental neuroanatomical organization (dentate gyrus for dummies)[END_REF][START_REF] Jinde | Hilar mossy cell degeneration causes transient dentate granule cell hyperexcitability and impaired pattern separation[END_REF][START_REF] Scharfman | Hilar mossy cells of the dentate gyrus: a historical perspective[END_REF]. Dopaminergic innervation, assessed by DAT expression, was restricted to the temporal area of CA1. The organization of the DA system, with an absence of DAT + fibers in the polymorphic layers of the DG, is typical of a volume transmission modus operandi [START_REF] Descarries | Dual character, asynaptic and synaptic, of the dopamine innervation in adult rat neostriatum: a quantitative autoradiographic and immunocytochemical analysis[END_REF][START_REF] Rice | Dopamine spillover after quantal release: rethinking dopamine transmission in the nigrostriatal pathway[END_REF][START_REF] Zoli | Volume transmission in the CNS and its relevance for neuropsychopharmacology[END_REF]. Retrograde labeling with fluorobeads injected into the temporal hippocampus confirmed results obtained in rats [START_REF] Gasbarri | Mesolimbic dopaminergic neurons innervating the hippocampal formation in the rat: a combined retrograde tracing and immunohistochemical study[END_REF], we showed about 20% of the efferent VTA neurons are TH + neurons and identified all other projecting neurons as GABAergic. Using in vivo microdialysis, we showed that the functionally releasable pool of DA is under the control of pre-synaptic D2 activation, as described in the striatum [START_REF] Anzalone | Dual control of dopamine synthesis and release by presynaptic and postsynaptic dopamine D2 receptors[END_REF][START_REF] Bello | Cocaine supersensitivity and enhanced motivation for reward in mice lacking dopamine D2 autoreceptors[END_REF]. The presynaptic D2Rs conferred to DA neurons a high structural plasticity, as shown by the massive sprouting of these DAT-positive fibers in the D2KO, D2 DATcre mice and following a chronic treatment with sulpiride. This observation is in accordance with previous studies reporting that D2R activation exerted an inhibitory effect on DA sprouting in the striatum [START_REF] Parish | Effects of longterm treatment with dopamine receptor agonists and antagonists on terminal arbor size[END_REF][START_REF] Tripanichkul | D2 Dopamine receptor blockade results in sprouting of DA axons in the intact animal but prevents sprouting following nigral lesions[END_REF]. Therefore, the upregulation of DAT fibers, DA tissue and DA release levels suggest that chronic use of antipsychotics could produce drastic anatomical changes in the hippocampus.

Dopamine D2 receptors control the plasticity of the temporal hippocampus

The potential role played by D2Rs in the modulation of long-term hippocampal synaptic plasticity was poorly documented [START_REF] Huang | D1/D5 receptor agonists induce a protein synthesisdependent late potentiation in the CA1 region of the hippocampus[END_REF][START_REF] Chen | Roles of dopamine receptors in long-term depression: enhancement via D1 receptors and inhibition via D2 receptors[END_REF]. Our anatomical description emphasized a critical role for pre-synaptic D2R in DAT fiber architecture in the temporal region. Therefore, we focused on this region to investigate the role of D2R activation in synaptic plasticity.

In D2KO mice, we observed a suppression of both LTP and LTD after HFS or paired-pulse LFS of the Schaffer collaterals in temporal CA1. As it was previously reported regarding cortico-striatal plasticity [START_REF] Calabresi | Abnormal synaptic plasticity in the striatum of mice lacking dopamine D2 receptors[END_REF], no critical changes in basal glutamatergic transmission were detected. Because we could not detect post-synaptic D2R expression in CA1, we assumed that D5R overactivation at glutamatergic cells was potentially involved. Interestingly, blocking D1-like receptors with SCH23390 in D2KO slices reestablished LTP levels but did not restore LTD. Functional response of D1Rs activation has been shown to follow an "inverted U-shape" curve in the prefrontal cortex [START_REF] Vijayraghavan | Inverted-U dopamine D1 receptor actions on prefrontal neurons engaged in working memory[END_REF]. Our results suggested that this model is relevant regarding LTP expression at glutamatergic synapses of CA1 but that LTD expression responds to different mechanisms.

The impairments in LTP and LTD were almost entirely replicated by application in C57BL/6J mice slices of sulpiride that has high specificity for D2/D3 receptors [START_REF] Caley | Sulpiride: an antipsychotic with selective dopaminergic antagonist properties[END_REF]. In particular, LTD was fully blocked as reported in D2KO mice. These results showed that D2Rs played a pivotal role in the expression of CA3-CA1 plasticity.

Dopamine D2 receptors control spatial learning in the temporal hippocampus

Given the drastic changes in synaptic plasticity and the dopaminergic circuit remodeling observed in D2KO and sulpiride-treated mice, we anticipated downstream functional impairments in hippocampus-dependent learning and memory processes. Systemic administration of D2-like antagonists in rats had been shown to trigger learning and memory deficits [START_REF] Terry | Differential effects of chronic haloperidol and olanzapine exposure on brain cholinergic markers and spatial learning in rats[END_REF][START_REF] Schroder | Impairing effects of chronic haloperidol and clozapine treatment on recognition memory: possible relation to oxidative stress[END_REF][START_REF] Stuchlik | Morris water maze learning in Long-Evans rats is differentially affected by blockade of D1-like and D2-like dopamine receptors[END_REF][START_REF] Ertugrul | The influence of Ndesmethylclozapine and clozapine on recognition memory and BDNF expression in hippocampus[END_REF][START_REF] Ploeger | Effects of haloperidol on the acquisition of a spatial learning task[END_REF][START_REF] Prokopova | Synergistic effects of dopamine D2-like receptor antagonist sulpiride and beta-blocker propranolol on learning in the carousel maze, a dry-land spatial navigation task[END_REF]. Accordingly, the profound deficits in both LTP and LTD observed in D2KO mice were associated with dramatic impairments in three hippocampus-dependent learning and memory paradigms: the spatial MWM, the Barnes maze and the NORT. The absence of deficits in the cued version of the MWM, known to involve mainly striatal DA regulation [START_REF] Morris | Selective impairment of learning and blockade of long-term potentiation by an N-methyl-D-aspartate receptor antagonist[END_REF][START_REF] Teather | Differential induction of c-Jun and Fos-like proteins in rat hippocampus and dorsal striatum after training in two water maze tasks[END_REF] implied an absence of sensorimotor deficits in the D2KO strain.

The experiments using various treatment times with Sulpiride provided greater insight into the rapid dynamics of changes that occur after D2R blockade and revealed a reversible adaptive response controlled by D2R activity. This observation is consistent with the rapid onset of the beneficial effects of antipsychotics on positive symptoms of schizophrenia in human patients [START_REF] Agid | Delayed-onset hypothesis of antipsychotic action: a hypothesis tested and rejected[END_REF].

Finally, stereotaxic administration of sulpiride into the temporal hippocampi of C57BL/6J animals fully replicated the learning deficit observed in D2KO mice. This unambiguously demonstrated the specific participation of D2Rs localized in the temporal hippocampus in the MWM performance.

Specific deletion of pre-synaptic D2Rs is correlated with LTD absence in the temporal hippocampus and learning deficits

In D2 DATcre mice, with pre-synaptic D2R deletion, a dichotomy between LTP and LTD expression was observed, LTP expression remaining intact whereas LTD was abolished.

Strikingly, performance in the spatial MWM was equally impaired in D2 DATcre and in D2KO mice. LTP and LTD operate by different molecular mechanisms, with potentially distinct roles [START_REF] Holscher | Synaptic plasticity and learning and memory: LTP and beyond[END_REF][START_REF] Kemp | Hippocampal long-term depression and long-term potentiation encode different aspects of novelty acquisition[END_REF]. In particular, LTD has been shown to be essential for spatial memory consolidation [START_REF] Ge | Hippocampal long-term depression is required for the consolidation of spatial memory[END_REF], novel spatial learning [START_REF] Goh | Spatial Object Recognition Enables Endogenous LTD that Curtails LTP in the Mouse Hippocampus[END_REF] and behavioral flexibility [START_REF] Nicholls | Transgenic mice lacking NMDAR-dependent LTD exhibit deficits in behavioral flexibility[END_REF]. NMDAR-LTD in the hippocampus relies on phosphatase activity [START_REF] Luscher | NMDA receptor-dependent long-term potentiation and longterm depression (LTP/LTD)[END_REF], whereas the expression of NMDAR-LTP is dependent upon the postsynaptic activation of calcium/calmodulin-dependent kinase II (CaMKII) and trafficking of GluA1 containing AMPARs [START_REF] Selcher | Glutamate receptor subunit GluA1 is necessary for long-term potentiation and synapse unsilencing, but not long-term depression in mouse hippocampus[END_REF]. Notably, the activity of the G protein-independent glycogen synthase kinase-3beta (GSK3β)/Akt pathway might be required in NMDAR-dependent LTD expression in the hippocampus [START_REF] Peineau | A systematic investigation of the protein kinases involved in NMDA receptor-dependent LTD: evidence for a role of GSK-3 but not other serine/threonine kinases[END_REF][START_REF] Peineau | LTP inhibits LTD in the hippocampus via regulation of GSK3beta[END_REF]. In the mouse striatum, D2R activation is essential for Akt inhibition and GSK3β activation [START_REF] Beaulieu | Beyond cAMP: The Regulation of Akt and GSK3 by Dopamine Receptors[END_REF][START_REF] Beaulieu | Regulation of Akt signaling by D2 and D3 dopamine receptors in vivo[END_REF], therefore the recruitment of these pathways in D2-dependent plasticity in the hippocampus remains to be investigated.

Another interesting question is the function of D2Rs expressed in the mossy cells of the DG. Whereas it is unlikely that these postsynaptic D2Rs would be implicated in LTD and spatial memory deficits, because they are intact in D2 DATcre mice, they might participate in the deficit of LTP expression of D2KO mice through a modulation of CA3 to CA1 excitability.

Overall, our data uncover that LTD expression in the temporal hippocampus plays a determinant role in the regulation of learning and memory and that pre-synaptically expressed D2Rs in DA fibers tightly modulate this aspect of hippocampus function. On the one hand, D2Rs control synaptic and extrasynaptic DA levels, DA innervation, LTD expression thresholds and learning and memory performance through their presynaptic location in temporal CA1. On the other hand, they seem to be implicated in LTP modulation through postsynaptic D1R overactivation. Even if a clarification of the mechanisms involved in these processes is still necessary, these contributions were largely underestimated until now. The functional role of VTA dopaminergic input in the hippocampus potentially shapes a complex circuitry when added to the loop from the hippocampus to the nucleus accumbens and then to the VTA, which has been shown to control the firing of DA neurons [START_REF] Lisman | A thalamo-hippocampal-ventral tegmental area loop may produce the positive feedback that underlies the psychotic break in schizophrenia[END_REF][START_REF] Lisman | The hippocampal-VTA loop: controlling the entry of information into long-term memory[END_REF]. The existence of a direct mesohippocampal functional DA pathway and the role of pre-synaptic D2R are therefore key elements to consider in the etiology of psychotic symptoms and the long-term effects of antipsychotic treatments, including their potential impact on hippocampal volume in schizophrenic patients [START_REF] Ho | Long-term antipsychotic treatment and brain volumes: a longitudinal study of first-episode schizophrenia[END_REF] and the role of DA in aberrant salience and the etiology of delusions [START_REF] Kapur | Psychosis as a state of aberrant salience: a framework linking biology, phenomenology, and pharmacology in schizophrenia[END_REF]. 

,

  Figure sup 1). D3R and D4R mRNA expression in the hippocampus (Figure sup 1B-C) fell below our detection limit (Figure sup 1B). D1R mRNA expression was restricted to the granular cell layer of the DG (Figure sup 1A), and D2R mRNA expression was observed only in the polymorphic layer (hilus) of the DG (Figure 1A-B). D5R mRNA was expressed in granular and pyramidal cell layers (Figure sup 1D). Radiolabeling with [I 125 ]-iodosulspride the presence of D2R in the granular cell layer, in addition to the polymorphic layer of the DG (Figure 1D-E). The specificity of D2R expression was shown using D2KO mice (Figure 1C-1F). Combined fluorescent D2R in situ hybridization and immunolabeling against CaMKIIα showed the D2R-expressing neurons in the hilus to be glutamatergic (Figure 1G-I, Figure sup 1E-H). Using reporter tdTomato D2cre mice, we identify these neurons as mossy neurons,

  ) and totally absent in the septal part of the hippocampus (Figure sup 2A-B). The strongest labeling was observed in the dorsal part of the stratum radiatum and the ventral part of the lacunosum moleculare (LMol) of CA1 (Figure sup 2C-D). The specificity of DAT labeling was confirmed using DATKO mice (38) (Figure sup 2E).

Figure

  Figure sup 2F). Basal levels of extracellular DA were similar in D2WT and D2KO mice.

  increased DA released in D2KO mice would overactivate postsynaptic D5Rs expressed at CA1 glutamatergic cells and produce deficits in synaptic plasticity. The D1/D5 antagonist SCH23390 (1 µM, 30 min) reinstated HFS-induced LTP on D2KO slices to a level comparable to D2WT slices (n=9; 1.37±0.06) (Figure 3G), whereas it had no effect on the LTP induced in D2WT slices (n=6; 1.40±0.09) (Figure sup 3A). Nonetheless, SCH23390 application (1 µM, 40 min) did not affect the level of LTD in D2KO slices (n=6; 1.04±0.05) (Figure 3H). Constitutive deletion of the D2 receptor caused spatial and recognitionmemory deficits In the spatial version of the MWM, D2KO mice were unable to learn the platform location. The mean latency during the last training session was significantly longer in D2KO mice (72.4±7.4 s) compared to D2WT (38.5±8.9 s). During the challenge session performed 90 min after the final training, D2KO mice (23±4.7%) spent significantly less time in the active quadrant than WT (43.8±2.2%), suggesting impairments in short-term spatial memory (Figure 4A). This deficit contrasted with the normal performance of D2KO mice in the cued version of the MWM (Figure 4B), where no differences in escape latencies were observed between the D2KO (day 5: 25.4±5.4) and D2WT (day 5: 22.5±5.4). In the spatial Barnes maze, D2KO acquired properly the escape hole location during training but did not significantly visit the active quadrant during the challenge session performed 24 hrs after the last training (D2WT: 35.5±4; D2KOs: 21.6±4.5), suggesting long-term spatial memory impairments (Figure 4C). Recognition memory was also impaired in the two-object recognition task, D2KO mice exhibited significantly decreased percentages of time spent exploring the new object compared to WT (D2KOs: 53.1±4%; D2WT: 65.2±3.8%) (Figure 4D). Finally, D2KO mice exhibited no impairment in the fear-conditioning paradigm (Figure sup 4). Pharmacological blockade of the D2Rs produced a loss of spatial memory and of synaptic plasticity in the hippocampus Given the possible compensatory mechanisms that could occurred during D2KO mouse development, we tested pharmacological blockade of D2Rs in naïve C57BL/6J animals. Daily systemic administration of the D2/D3R antagonist sulpiride (50 mg/kg) 30 minutes before the first of two training sessions in the spatial version of the MWM revealed a slow-onset effect. During the first 4 training days, the escape latency in the sulpiride group (58.3±11 s) and the NaCl group (50.3±5.4 s) were identical. However, within subsequent trainings, sulpiride-treated mice became slower to find the platform location (sulpiride: 70.2±10.6 s; control: 39.6±7.3 s), and spent less time in the active quadrant (sulpiride: 21.1±10.4%; control: 42.6±4.1%) during the challenge (Figure 5A). When the sulpiride treatment started 1 week before the MWM training and was maintained during the procedure, the mice were unable to learn the platform location (sulpiride: 71.1±9.5 s; control: 44.1±10.1 s) and spent significantly less time in the active quadrant during the challenge (sulpiride: 17.5±3.7%; control: 42.6±4.1%) (Figure 5B). Interestingly, if the sulpiride pre-treatment was stopped prior to the MWM training, the deficit during the first 3 days of training (sulpiride: 80.4±5.9 s; control: 60±4.6 s) disappeared during the last days (sulpiride: 44.1±10.1 s; control: 39.6±7.3 s) and the challenge (sulpiride: 36±4.9%; control: 42.6±4.1%) (Figure 5C).

  significant sprouting (1.3-1.7 fold more) of DAT + fibers in LMol (Sulpiride: 132.3±22.5 ; control: 99.1±10.6), Radiatum (Sulpiride: 126.7±5.9; control: 76.2±5.9) and Pyramidal/oriens (Sulpiride: 51.1±6.4; control: 32.7±2.2) layers (Figure5F and sup 2H-H'). Dopamine levels were also increased in treated mice (Sulpiride: 204.4±20.1 ng/g; vs control:169.8±12.4 ng/g), attesting the fast remodelling of DA system in hippocampus (Figure5Gand sup 2I).To undoubtedly associate the effects of D2R blockade with hippocampal-dependent processes, we implanted bilateral cannulas into the temporal part of the hippocampi of C57BL/6J mice (Figuresup 2J). Direct sulpiride infusion (5 µg/µl, 0.1 µl/side), initiated 1 week before the MWM procedure and maintained during training, reproduced the learning deficit observed in D2KO mice (Figure5H). The final escape latency was significantly increased in sulpiride-treated mice (77.3±6.6 s) compared to control mice (29±7.5 s), and the time spent in the active quadrant was significantly decreased (19.6±3.9%) compared to controls (33.2±4.1%).

  to remove D2 autoreceptors in DAT + neurons (Figure sup 5A-C). Pre-synaptic knockout of the D2R gene (D2 DATcre mice) had no effect on the expression of LTP in CA1 (n=8; 1.40±0.05) in comparison with WT DATcre animals (n=6; 1.44±0.06) (Figure 6A). Conversely, D2 DATcre mice totally loss their LTD expression (n=6; 1.06±0.05) compared to WT DATcre mice (n=9; 0.83±0.04), (Figure 6B).

FIGURE LEGENDS Figure 1 :

 LEGENDS1 FIGURE LEGENDSFigure 1: DA D2 receptors and DA fibers distribution in the hippocampus. A-C) D2R mRNA expression detected by antisens [ 35 S]-oligonucleotides in hippocampus of WT mice (A,B) was restricted to the polymorphic layer of dentate gyrus along anteroposterior axis. No signal was detected on coronal slices from D2KO mice (C). D-F) Autoradiographic detection of D2R using [ 125 I]-iodosulpride labeling in the granular layer of dentate gyrus and in the proximal pyramidal cells of CA3 in WT mice (D,E) with no signal in the D2KO slices (F). G-I) Fluorescent in situ hybridization for D2R mRNA (G, red) coupled to immunolabeling for CaMK2α (H, green) in mossy cells of dentate gyrus (I) with Hoechst staining (blue).Scale bar=25µm. J) Morphological confirmation of mossy cells expressing D2R in D2-tomato reporter mice. Scale bar=25µm. K) Schematic 3D representation of mice hippocampus with representation of coronal sections within temporal hippocampus (anterior to bregma, -3.2 mm). L) Immunolabeling for DAT (red) positive fibers restricted in CA1 division of mice hippocampus. Slices were counterstained with Hoechst staining (blue). Scale bar=50µm. LMol: Laconosum Molecular layer; Rad: Stratum radiatum; Pyr: Pyramidal layer.

Figure 2 :

 2 Figure 2: Anatomical and physiological characterizations of hyperdopaminergia in D2KO mice. A) Immunolabeling of DAT positive fibers (red) in the stratum radiatum layer of the hippocampus of D2WT and D2KO mice. Coronal slices containing the hippocampus were counterstained with Hoescht (blue). Scale bars: 50 µm. B) Quantification of DAT+ fibers in CA1 layers (LMol: Laconosum Molecular layer; Rad: Stratum radiatum; Pyr: Pyramidal layer; Ori: Oriens) of the right hippocampus in D2WT and D2KO mice (n=4 for each group; compared to D2WT: **p<0.01). C) Schematic representations of retrolabeled neurons distribution in ventral mesencephalon of D2WT (left) and D2KO (right) mice. D) Table compiling the numbers and the proportion of DAergic or GABAergic neurons retrogradelly labeled in VTA or SNc in D2WT (n=10) and D2KO (n=10) mice. E) HPLC analysis of tissue catecholamine (DA and DOPAC) levels in the hippocampus of D2WT (n=10) and D2KO (n=9) mice (compared to D2WT: **p<0.01). F) Left, Microdialysis analysis of extracellular DA in the right temporal hippocampus of D2WT and D2KO mice (n=6 per group) at baseline and during two KCl stimulations (K1, K2). Center, Area under the curve during the two KCl-evoked DA release (K1, K2) in D2WT and D2KO mice. Right, DA concentration measured by the ratio K2/K1 in D2WT (1.05) and D2KO (1.38) mice (Compared to D2WT: *p<0.05).

Figure 3 :

 3 Figure 3: Synaptic plasticity of the temporal hippocampus in D2KO mice A) Left, High frequency induced LTP in D2WT (n=6) and D2KO (n=8) mice hippocampus slices. Right, Mean final slope in each genotype (Compared to baseline: ### p<0.001; Compared to D2WT: **p<0.01). B) Left, Paired-pulse low frequency induced LTD in D2WT (n=9) and D2KO (n=7) mice hippocampus slices. Right, Mean final slope

Figure 4 :

 4 Figure 4: Hippocampal-dependent memory performance in the D2KO mice. A) Left, Mean escape latency in the spatial hidden-platform version of the MWM in D2WT (n=17) and D2KO (n=18) (Compared to D2WT: *p<0.05; ***p<0.001). Right, Percentage of time spent in the active quadrant during the probe test of the MWM in each genotype (compared to chance performance of 25%: ## p<0.01; compared to D2WT: *p<0.05). B) Mean escape latency in the Cued version of the MWM for the D2WT (n=16) and the D2KO (n=15) groups. C) Left, Escape latency in the spatial Barnes maze in D2WT (n=9) and D2KO (n=10) groups. Right, Percentage of time spent in the active quadrant during the probe test of the Barnes maze in each genotype (compared to chance performance of 25%: # p<0.05; compared to D2WT: *p<0.05). D) Percentage of time exploring the new object in the novel object recognition task in D2WT (n=9) and D2KO (n=10) (compared to chance performance of 50%: ## p<0.01; compared to D2WT: *p<0.05).

Figure 5 :

 5 Figure 5: Spatial memory performance and synaptic plasticity after pharmacological blockage of D2R by sulpiride A) Left, Mean escape latency in the spatial hidden-platform version of the MWM in Control (NaCl 0.9%, n=21) and Sulpiride (i.p., 50 mg/kg, n=9) treated mice during the 7 days of MWM (compared to Control: *p<0.05; ** p<0.01; ***p<0.001). Right, Percentage of time spent in the active quadrant during the probe test of the MWM in each condition (compared to chance performance of 25%: ### p<0.001; compared to Control: *p<0.05). B) Left, Mean escape latency in the spatial hidden-platform version of the MWM in Control (NaCl 0.9%, n=21) and Sulpiride (i.p., 50 mg/kg, n=11) treated mice with treatment started 7 days before the MWM and carried on during the 7 days of experiment (compared to Control: *p<0.05; ** p<0.01; ***p<0.001). Right, Percentage of time spent in the active quadrant during the probe test of the MWM in each condition (compared to chance performance of 25%: ### p<0.001; compared to Control: ***p<0.001). C) Left, Mean escape latency in the spatial hidden-platform version of the MWM in Control (NaCl 0.9%, n=21) and Sulpiride (i.p., 50 mg/kg, n=11) treated mice with treatment started 7 days before the MWM but stopped during the 7 days of experiment (compared to day 1: *p<0.05; ***p<0.001). Right, Percentage of time spent in the active quadrant during the probe test of the MWM in each condition (compared to chance performance of 25%: # p<0.05; ### p<0.001). D) Left, High frequency induced LTP in C57BL/6J mice hippocampus slices after Sulpiride (10 µM, 30 min) application (n=9) compared to untreated slices (n=7). Right, Mean of the final slope in each condition (compared to baseline: ## p<0.01; compared to untreated slices: *p<0.05). E) Left, Paired-pulse low frequency induced LTD in C57BL/6J mice hippocampus slices after Sulpiride (10 µM, 40 min) application (n=6) compared to untreated slices (n=8). Right, Mean of the final slope in each condition (compared to baseline # p<0.05; compared to untreated slices: *p<0.05). F) Quantification of DAT+ fibers immunostaining in CA1 layers (LMol: Laconosum Molecular layer; Rad: Stratum radiatum; Pyr: Pyramidal layer; Ori: Oriens) of the right hippocampus in control and Sulpiride-treated mice (n=4 for each group, compared to WT: *p<0.05). G) HPLC analysis of tissue catecholamine (DA and DOPAC) levels in the hippocampus of control (n=7) and Sulpiride-treated (n=7) mice (compared to control: *p<0.05). H) Left, Mean escape latency in the spatial hiddenplatform version of the MWM for Control (NaCl 0.9%; n= 10) and Sulpiride (2.5 µg each side; n=11) injected mice (compared to Control: *p<0.05, ***p<0.005). Right, Percentage of time spent in the active quadrant during the probe test of the MWM in each condition (compared to Control: *p<0.05).

Figure 6 :

 6 Figure 6: Synaptic plasticity, anatomical characterization and spatial memory in presynaptic D2R knock-out mice A) Left, High frequency induced LTP in WT DATCre (n=6) and D2 DATCre (n=9) mice hippocampus slices. Right, Mean of the final slope in each genotype (compared to baseline: ### p<0.001). B) Left, Paired-pulse low frequency induced LTD in WT DATCre
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