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Regulation and dysregulation of neuronal circuits by KARs

Kainate receptors (KARs) constitute a family of ionotropic glutamate receptors (iGluRs) with distinct physiological roles in synapses and neuronal circuits. Despite structural and biophysical commonalities with the other iGluRs, AMPA receptors and NMDA receptors, their role as post-synaptic receptors involved in shaping EPSCs to transmit signals across synapses is limited to a small number of synapses. On the other hand KARs regulate presynaptic release mechanisms and control ion channels and signaling pathways through non-canonical metabotropic actions. We review how these different KAR-dependent mechanisms concur to regulate the activity and plasticity of neuronal circuits in physiological conditions of activation of KARs by endogenous glutamate (as opposed to pharmacological activation by exogenous agonists). KARs have been implicated in neurological disorders, based on genetic association and on physiopathological studies. A well described example relates to temporal lobe epilepsy for which the aberrant recruitment of KARs at recurrent mossy fiber synapses takes part in epileptogenic neuronal activity. In conclusion, KARs certainly represent an underestimated actor in the regulation of neuronal circuits, and a potential therapeutic target awaiting more selective and efficient genetic tools and/or ligands.

Introduction

Kainate receptors (KARs) are a family of ionotropic glutamate-gated channels (iGluRs) which were molecularly characterized three decades ago [START_REF] Bettler | Review: neurotransmitter receptors. II. AMPA and kainate receptors[END_REF]. Members of the KAR family were cloned (GluK1 to GluK5) and found to form a class of iGluRs closely related to AMPA receptors but distinct in many aspects. KAR subunits can form homomeric glutamate receptors or assemble into heteromeric receptors which are permeable to cations. As a consequence, activation of KAR-gated ion channels leads to neuronal depolarization. KAR subunits form a distinct class as they do not coassemble with AMPA and NMDA receptor subunits. KARs are widely distributed throughout the brain and serve a variety of roles in synaptic transmission and plasticity, in the maturation of neuronal circuits and in the regulation of neuronal excitability [START_REF] Contractor | Kainate receptors coming of age: milestones of two decades of research[END_REF]Lerma and Marques, 2013) (see other reviews in this issue of Neuropharrmacology).

The present review attempts to bring together knowledge on the role played by KARs in the control of activity of neuronal circuits. We choose to focus on conditions in which KARs are activated by endogenously released glutamate, not by pharmacological activation. Activation of KARs by externally applied agonists have robust effects, and the wealth of earlier studies have certainly been instrumental in highlighting rather wide-spread expression of functional KARs and the diversity of roles they could play. However, because of the artificial conditions of activation of KARs in terms of timing and local concentrations of the agonists at specific locations within neuronal circuits, these pharmacological actions have not been sufficient to get a full understanding of the neurophysiological role of KARs.

Unlike AMPA and NMDA receptors, localization of KARs to postsynaptic densities is not ubiquitous in all neurons throughout the CNS, although a large majority of neuronal populations express one or the other of the KAR subunits. As exemplified below, KARs can function as bona fide postsynaptic ionotropic receptors participating in the EPSC, however this may not be their most widespread mode of action. KARs also participate in the regulation of neurotransmitter release and in presynaptic forms of short-term plasticity, although the mechanism of action is still mostly unclear [START_REF] Pinheiro | Presynaptic glutamate receptors: physiological functions and mechanisms of action[END_REF]. Moreover, in many instances KARs act through a non-canonical (non-ionotropic) mode of action through activation of second messenger signaling pathways [START_REF] Valbuena | Non-canonical Signaling, the Hidden Life of Ligand-Gated Ion Channels[END_REF]. How these different modes of actions of KARs participate in the control of synaptic circuits and information processing in the brain and in the activity of neuronal ensembles in relation to behaviour, in physiological and disease-related conditions, remain exciting and rather open questions in the field.

What are the tools at hands for exploring the roles of KARs? The paucity of pharmacological agents to selectively block KARs while sparing AMPARs and NMDARs [START_REF] Contractor | Kainate receptors coming of age: milestones of two decades of research[END_REF] has hampered efficient testing of the impact of endogenous KAR activation on the activity of neuronal circuits. Substantial efforts have however been made to develop KAR selective antagonists following cloning of the KAR subunits [START_REF] Jane | Kainate receptors: pharmacology, function and therapeutic potential[END_REF]. Most of the compounds developed with good selectivity over AMPARs currently target GluK1 containing KARs including UBP 304 and UBP310 [START_REF] Dolman | Synthesis and Pharmacological Characterization of N 3-Substituted Willardiine Derivatives: Role of the Substituent at the 5-Position of the Uracil Ring in the Development of Highly Potent and Selective GLU K5Kainate Receptor Antagonists[END_REF] which have been used to block KAR function in vivo and in vitro [START_REF] Jane | Kainate receptors: pharmacology, function and therapeutic potential[END_REF]. We are in general lacking highly selective antagonists targeting the most abundant KAR isoform GluK2/GluK5, albeit UBP310 was also found to block synaptic receptors comprising GluK2/GluK5 KARs in vitro and in vivo [START_REF] Pinheiro | Selective block of postsynaptic kainate receptors reveals their function at hippocampal mossy fiber synapses[END_REF]. Recently however quinoxaline-2,3-dione analogues have been synthetized and shown to have a good pharmacological selectivity at GluK3 over GluK1 and AMPARs [START_REF] Møllerud | N-(7-(1H-Imidazol-1-yl)-2,3-dioxo-6-(trifluoromethyl)-3,4-dihydroquinoxalin-1(2H)-yl)benzamide, a New Kainate Receptor Selective Antagonist and Analgesic: Synthesis, X-ray Crystallography, Structure-Affinity Relationships, and in Vitro and in Vivo Pharmacology[END_REF]. This may offer possibilities in the future to better understand the physiological role of the elusive GluK3 subunit. Knock-out mice for each of the KAR subunits have been instrumental in identifying KARs involved in the various functions of KARs in synaptic circuits and in relation to behaviour [START_REF] Contractor | Kainate receptors coming of age: milestones of two decades of research[END_REF]. It should be kept in mind however, that because of the clearcut implication of KARs during development (ref Sari Lauri's review in this issue of Neuropharmacology), it is likely that part of the phenotypes observed in KAR subunit knockout mice at the synaptic, circuit and systems level may arise from alteration of maturation of synaptic circuits. Conditional knock-out mice for the different KAR subunits counteract this limitation and their use will address the impact of cell-specific removal of KAR subunits at the adult stage [START_REF] Marshall | Kainate Receptors Inhibit Glutamate Release Via Mobilization of Endocannabinoids in Striatal Direct Pathway Spiny Projection Neurons[END_REF].

KAR-EPSCs and integration of synaptic signals

Hippocampus. Hippocampal mossy fiber synapses onto CA3 pyramidal cells (Mf-CA3 synapses) stand apart in the study of KARs as these cells and synapses were the first in which a physiological role of KARs activated by endogenously released glutamate was described [START_REF] Castillo | Kainate receptors mediate a slow postsynaptic current in hippocampal CA3 neurons[END_REF][START_REF] Vignes | The synaptic activation of kainate receptors[END_REF]. Since then Mf-CA3 synapses have continued to be a much favoured model for the study of KARs, from the cell biological mechanisms of synaptic recruitment and stabilization to their physiological role in synaptic transmission and plasticity (Figure 1), as well as during synaptic maturation (reviewed in [START_REF] Carta | Kainate receptors in the hippocampus[END_REF]Lerma and Marques, 2013). A single presynaptic stimulation is sufficient to activate postsynaptic KARs which can be revealed in the presence of GYKI 53655 (LY307070) to block AMPA receptors [START_REF] Castillo | Kainate receptors mediate a slow postsynaptic current in hippocampal CA3 neurons[END_REF]. Surprisingly, KARs comprise only a small component of the postsynaptic response, accounting for less than 10% of the amplitude of Mf-CA3 EPSCs [START_REF] Marchal | Postnatal maturation of mossy fibre excitatory transmission in mouse CA3 pyramidal cells: a potential role for kainate receptors[END_REF]. The use of KAR subunit ko mice has identified GluK2 as the main subunit comprising synaptic KARs at Mf-CA3 synapses [START_REF] Mulle | Altered synaptic physiology and reduced susceptibility to kainate-induced seizures in GluR6-deficient mice[END_REF]. However, KARs activated by synaptic release of glutamate at Mf-CA3 synapses are heteromeric receptors combining GluK2, GluK4 and GluK5, as KAR-EPSCs are absent in the double GluK4/GluK5 ko mice [START_REF] Fernandes | High-Affinity Kainate Receptor Subunits Are Necessary for Ionotropic but Not Metabotropic Signaling[END_REF]. The stoichimetry of these heteromeric receptors is unknown, although there is yet no evidence for the presence of homomeric GluK2-KARs [START_REF] Fievre | Molecular determinants for the strictly compartmentalized expression of kainate receptors in CA3 pyramidal cells[END_REF], and GluK4 appears essential for the recruitment of synaptic KARs at Mf-CA3 synapses as it is the target of transsynaptic regulation by the C1ql2/3 proteins [START_REF] Matsuda | Transsynaptic Modulation of Kainate Receptor Functions by C1q-like[END_REF]. In CA3 pyramidal cells, KARs are highly compartmentalized at Mf-CA3 synapses and are absent at other synapses or in extrasynaptic compartments [START_REF] Fievre | Molecular determinants for the strictly compartmentalized expression of kainate receptors in CA3 pyramidal cells[END_REF]. Similarly, in hilar mossy cells, KAR-EPSCs are present at Mf inputs, but absent at inputs from CA3 pyramidal cells [START_REF] Hedrick | Excitatory Synaptic Input to Hilar Mossy Cells under Basal and Hyperexcitable Conditions[END_REF].

Bath application of KAR agonists activates inward currents in CA1 pyramidal cells [START_REF] Bureau | Kainate receptor-mediated responses in the CA1 field of wild-type and GluR6-deficient mice[END_REF] and DG granule cells (Valérie Crépel -unpublished observations) indicating the presence of somato-dendritic KARs, in line with the expression of GluK2 and GluK5 in these neurons [START_REF] Bureau | Kainate receptor-mediated responses in the CA1 field of wild-type and GluR6-deficient mice[END_REF]. However synaptically released glutamate does not activate KAR-EPSCs in these neuronal populations [START_REF] Bureau | Kainate receptor-mediated responses in the CA1 field of wild-type and GluR6-deficient mice[END_REF][START_REF] Epsztein | Recurrent mossy fibers establish aberrant kainate receptor-operated synapses on granule cells from epileptic rats[END_REF]. KAR-EPSCs with low amplitude and slow decay kinetics were recorded in CA1 interneurons in the rat (Cossart et al., 1998;Frerking et al., 1998;[START_REF] Frerking | AMPA receptors and kainate receptors encode different features of afferent activity[END_REF][START_REF] Yang | Synaptic kainate currents reset interneuron firing phase[END_REF], although this has not been reported in the mouse. KARs in hippocampal interneurons likely comprise both GluK1 and GluK2 [START_REF] Mulle | Subunit composition of kainate receptors in hippocampal interneurons[END_REF]. The slow decay kinetics of KAR-EPSCs appears to be a key feature which differentiates synaptic KARs from AMPARs. The slow kinetics is likely multifactorial, but seems to depend on the biophysical properties of GluK2/GluK5 [START_REF] Barberis | GluR6/KA2 kainate receptors mediate slow-deactivating currents[END_REF] and interaction with the auxilliary proteins Neto1 and Neto2 [START_REF] Copits | Dancing partners at the synapse: auxiliary subunits that shape kainate receptor function 1-12[END_REF][START_REF] Straub | Distinct functions of kainate receptors in the brain are determined by the auxiliary subunit Neto1[END_REF][START_REF] Tang | Neto1 Is an Auxiliary Subunit of Native Synaptic Kainate[END_REF]). An interesting study combining slice electrophysiology and modeling has provided several indications as to the relative impact of ionotropic mechanisms through KARs vs. AMPARs in hippocampal interneurons [START_REF] Frerking | AMPA receptors and kainate receptors encode different features of afferent activity[END_REF]. First, because of their slow kinetics, KAR-EPSCs are likely to have a larger impact on membrane depolarization (KAR-EPSPs) than AMPAR-EPSCs relative to their amplitude. Second, with repetitive presynaptic stimulation above 3 Hz, synaptic activation of KARs leads to a tonic depolarization that is larger and much less variable than with AMPARs [START_REF] Frerking | AMPA receptors and kainate receptors encode different features of afferent activity[END_REF]. Overall, it is proposed that the different modes of depolarization may encode distinct aspects of afferent activity, with variable and large transient depolarization mediated by AMPARs, and KARs leading to a larger and more regular depolarization less sensitive to the temporality of firing in the afferent input [START_REF] Frerking | AMPA receptors and kainate receptors encode different features of afferent activity[END_REF].

Only a few studies have directly investigated the role of post-synaptic KARs in synaptic integration and information transfer within hippocampal circuits. Of several possible reasons, disentangling the different possible actions of KARs would require selective removal from prevs postsynaptic sites. The finding that UBP310 efficiently blocks the ionotropic action of postsynaptic KARs-EPSCs without affecting their non-canonical metabotropic action, nor presynaptic KARs, has allowed to directly test the impact of KARs in information transfer at Mf-CA3 synapses [START_REF] Pinheiro | Selective block of postsynaptic kainate receptors reveals their function at hippocampal mossy fiber synapses[END_REF]. The blockade of KAR-EPSCs at Mf-CA3 synapses reduces the sustained depolarization which builds up during repetitive activity of presynaptic DG afferents, and impacts on spike transmission mediated by heterosynaptic signals [START_REF] Pinheiro | Selective block of postsynaptic kainate receptors reveals their function at hippocampal mossy fiber synapses[END_REF]. Interestingly CA3 pyramidal cells in GluK5 ko mice, in which the decay kinetic of KAR-EPSCs is accelerated [START_REF] Contractor | Loss of kainate receptor-mediated heterosynaptic facilitation of mossy-fiber synapses in KA2-/-mice[END_REF], display reduced firing in response to short bursts of presynaptic stimulation [START_REF] Sachidhanandam | Kainate Receptors Act as Conditional Amplifiers of Spike Transmission at Hippocampal Mossy Fiber Synapses[END_REF]. Overall, these results indicate that KAR-EPSCs, although displaying low amplitude relative to AMPAR-EPSCs, play a role in synaptic integration and spike transfer due to their slow decay kinetics which allows substantial tonic depolarization in conditions of repetitive firing of presynaptic afferents or coactive inputs.

Similarly KARs are hypothesized to have a substantial effect on the membrane potential of GABAergic interneurons during afferent activity similar to that measured in vivo. This has been documented at excitatory synapses onto interneurons in the hippocampus. Electrophysiological recordings from somatostatin-positive neurons in the stratum orienslacunosum moleculare (O-LM cells) revealed the crucial contribution of synaptic KARs to the firing activity [START_REF] Yang | Synaptic kainate currents reset interneuron firing phase[END_REF] and to the sustained response to theta stimulation of excitatory afferrents [START_REF] Goldin | Synaptic kainate receptors tune oriens-lacunosum moleculare interneurons to operate at theta frequency[END_REF]. However the study provided some evidence that the EPSP kinetics alone cannot account for the ability of the O-LM cells to reliably follow theta stimulation and that a specific interaction between synaptic KARs and the active membrane properties specific to this particular cell type could play a role [START_REF] Goldin | Synaptic kainate receptors tune oriens-lacunosum moleculare interneurons to operate at theta frequency[END_REF]. A selective GluK1 antagonist (UBP304) was administered in vivo to block the activity of KARs, while performing EEG and single-unit recordings from the dorsal hippocampus of awake, freely moving rats trained to forage for food [START_REF] Huxter | Inhibition of kainate receptors reduces the frequency of hippocampal theta oscillations[END_REF]. This pharmacological approach targets KARs in GABAergic interneurons, since GluK1 is selectively expressed in these neurons in the hippocampus [START_REF] Mulle | Subunit composition of kainate receptors in hippocampal interneurons[END_REF][START_REF] Paternain | GluR5 and GluR6 kainate receptor subunits coexist in hippocampal neurons and coassemble to form functional receptors[END_REF]. UBP304 lowered the frequency of theta modulation of hippocampal interneuron discharge, and in parallel reduced the firing rates and the precision of firing within place fields [START_REF] Huxter | Inhibition of kainate receptors reduces the frequency of hippocampal theta oscillations[END_REF]. These parallel studies provide evidence for a link between postsynaptic KARs in hippocampal interneurons and theta oscillations, albeit more selective genetic tools targeting KARs in hippocampal interneurons would be required to confirm the link between postsynaptic KARs and theta oscillations, and their possible role in spatial information processing and memory encoding.

Neocortex. All KAR subunits are highly expressed in the neocortex, and KAR currents activated by exogenous KAR agonists have been recorded in various neocortical areas and cell types (Zhuo, 2017a). However, as in the hippocampus, the excitatory synaptic inputs in which KAR-EPSCs have been recorded are scarce. KARs in the entorhinal cortex (EC) have received some attention likely because of a postulated role of KARs in rythmogenicity and in epileptogenesis [START_REF] Cunningham | Gamma oscillations induced by kainate receptor activation in the entorhinal cortex in vitro[END_REF]. KAR-EPSCs can be evoked in EC LIII pyramidal neurons (and to a lesser extent in LII neurons), in a pathway specific manner [START_REF] Beed | GluK2-Mediated Excitability within the Superficial Layers of the Entorhinal Cortex[END_REF][START_REF] Chamberlain | Pre-and post-synaptic functions of kainate receptors at glutamate and GABA synapses in the rat entorhinal cortex[END_REF][START_REF] West | Differential contribution of kainate receptors to excitatory postsynaptic currents in superficial layer neurons of the rat medial entorhinal cortex[END_REF]. KAR-EPSCs have also been recorded in the superficial layers of the anterior cingulate cortex [START_REF] Wu | Kainate receptor-mediated synaptic transmission in the adult anterior cingulate cortex[END_REF], the insular cortex [START_REF] Koga | Kainate receptormediated synaptic transmissions in the adult rodent insular cortex[END_REF] and the motor cortex [START_REF] Bibliography Ali | Involvement of post-synaptic kainate receptors during synaptic transmission between unitary connections in rat neocortex[END_REF]. In all these studies, KAR-EPSCs have relatively small amplitudes (less than 20% of the AMPAR component) and display decay kinetics far slower than that of the AMPAR-EPSCs (however see [START_REF] Eder | Distribution and properties of functional postsynaptic kainate receptors on neocortical layer V pyramidal neurons[END_REF].

Other brain regions. EPSCs mediated by KARs have also been recorded in the basolateral amygdala (H. [START_REF] Li | GluR5 kainate receptor mediated synaptic transmission in rat basolateral amygdala in vitro[END_REF], in the dorsal horn of the spinal cord (P. [START_REF] Li | Kainate-receptormediated sensory synaptic transmission in mammalian spinal cord[END_REF], in the Golgi cells of the cerebellum [START_REF] Bureau | Kainate receptor-mediated synaptic currents in cerebellar Golgi cells are not shaped by diffusion of glutamate[END_REF], and in the retina at synapses between between cones and `Off' bipolar cells [START_REF] Devries | Kainate receptors mediate synaptic transmission between cones and "Off" bipolar cells in a mammalian retina[END_REF]. KAR-EPSCs have failed to be detected in many neuronal types which express KAR subunits, and for which somatodendritic KARs can be activated by the exogenous application of an agonist, as for instance in CA1 pyramidal cells [START_REF] Bureau | Kainate receptor-mediated responses in the CA1 field of wild-type and GluR6-deficient mice[END_REF]. Albeit, in striatal medium spiny neurons high frequency stimulation of cortical afferents engage post-synaptic GluK2 KARs to inhibit synaptic transmission through the release of endocannabinoids [START_REF] Marshall | Kainate Receptors Inhibit Glutamate Release Via Mobilization of Endocannabinoids in Striatal Direct Pathway Spiny Projection Neurons[END_REF]. This indicates that postsynaptic KARs may be activated in response to trains of afferent stimulation, although a conventional EPSC is hardly detected or very small [START_REF] Xu | Complete Disruption of the Kainate Receptor Gene Family Results in Corticostriatal Dysfunction in Mice[END_REF] (see also [START_REF] Melyan | Metabotropic regulation of intrinsic excitability by synaptic activation of kainate receptors[END_REF][START_REF] Petrovic | Metabotropic action of postsynaptic kainate receptors triggers hippocampal long-term potentiation[END_REF]). Another striking feature of synaptic KARs, is their compartmentalized expression at selective inputs on a given neurons [START_REF] Fievre | Molecular determinants for the strictly compartmentalized expression of kainate receptors in CA3 pyramidal cells[END_REF]. As an example in the basolateral amygdala, synaptic responses mediated by GluK1containing KARs are observed at inputs from the external capsule but not from the basal amygdala (H. [START_REF] Li | GluR5 kainate receptor mediated synaptic transmission in rat basolateral amygdala in vitro[END_REF]; in the dorsal horn KARs contribute to sensory synaptic transmission activated by high-threshold nociceptive fibers but not low threshold fibers (P. [START_REF] Li | Kainate-receptormediated sensory synaptic transmission in mammalian spinal cord[END_REF]. Finally KARs and AMPARs are generally co-expressed at posysnaptic sites, with a low relative amplitude of KAR-EPSCs. Synapses between between cones and `Off' bipolar cells constitute an exception in which pure KAR-EPSCs exist (DeVries and Schwartz, 1999).

The slow decay kinetics and summation of KAR-EPSCs in response to repeated stimulation appears as a general rule. As in CA3 pyramidal cells and in O-LM interneurons, this suggests a role for postsynaptic KARs in synaptic integration and efficacy of spike transfer, although experiments exploring the role of KARs at all these other synapses remain scarce.

Presynaptic mechanisms

Ionotropic glutamate receptors are predominantly expressed postsynaptically, albeit they have also been found presynaptically to regulate neurotransmitter release and presynaptic forms of synaptic plasticity [START_REF] Pinheiro | Presynaptic glutamate receptors: physiological functions and mechanisms of action[END_REF]. A presynaptic function of KARs has long been suggested based on the effects of exogenous KAR agonists on synaptic release mechanisms (e.g see [START_REF] Rodriguez-Moreno | Kainate receptors presynaptically downregulate GABAergic inhibition in the rat hippocampus[END_REF]). Here we will only consider presynaptic mechanisms involving activation of KARs in physiological conditions by the endogenous agonist, as studied with either KAR antagonists or genetic invalidation of KAR subunits.

The strongest evidence for a role of KARs in presynaptic function stems from work on Mf-CA3 synapses [START_REF] Contractor | Kainate receptors are involved in shortand long-term plasticity at mossy fiber synapses in the hippocampus[END_REF][START_REF] Lauri | A critical role of a facilitatory presynaptic kainate receptor in mossy fiber LTP[END_REF][START_REF] Pinheiro | GluR7 is an essential subunit of presynaptic kainate autoreceptors at hippocampal mossy fiber synapses[END_REF][START_REF] Schmitz | Presynaptic kainate receptor mediation of frequency facilitation at hippocampal mossy fiber synapses[END_REF]. The facilitatory action of presynaptic KARs is fast (<10 ms) indicating that they can be activated as autoreceptors by synaptically released glutamate [START_REF] Kamiya | Kainate receptor-dependent short-term plasticity of presynaptic Ca2+ influx at the hippocampal mossy fiber synapses[END_REF][START_REF] Schmitz | Presynaptic kainate receptor mediation of frequency facilitation at hippocampal mossy fiber synapses[END_REF]. Presynaptic KARs strongly contribute to short-and long term presynaptic facilitation, which are key features of Mf-CA3 synapses. Studies in ko mice indicate that GluK2 and GluK3 are the main KAR subunits involved in presynaptic facilitation at Mf-CA3 synapses [START_REF] Contractor | Kainate receptors are involved in shortand long-term plasticity at mossy fiber synapses in the hippocampus[END_REF][START_REF] Pinheiro | GluR7 is an essential subunit of presynaptic kainate autoreceptors at hippocampal mossy fiber synapses[END_REF]. The mechanism of action is yet somewhat unclear; it likely involves increased Ca 2+ influx in presynaptic terminals [START_REF] Kamiya | Kainate receptor-dependent short-term plasticity of presynaptic Ca2+ influx at the hippocampal mossy fiber synapses[END_REF]Scott et al., 2008a), but KARs may also exert at least part of their action through a depolarization of the mossy fiber bouton that does not involve changes in Ca 2+ (Scott et al., 2008b). Importantly presynaptic KARs strongly favor spike transmission in response to patterns of presynaptic activity mimicking in vivo dentate granule cell activity, and are thus thought to act as conditional amplifiers of synaptic transmission [START_REF] Sachidhanandam | Kainate Receptors Act as Conditional Amplifiers of Spike Transmission at Hippocampal Mossy Fiber Synapses[END_REF].

Excitatory synapses onto somatostatin (SOM) interneurons display robust frequency facilitation which depends on Ca 2+ permeable presynaptic KARs in CA1 [START_REF] Sun | Calcium-permeable presynaptic kainate receptors involved in excitatory short-term facilitation onto somatostatin interneurons during natural stimulus patterns[END_REF][START_REF] Sun | Presynaptic kainate receptor activation is a novel mechanism for target cell-specific short-term facilitation at Schaffer collateral synapses[END_REF][START_REF] Sylwestrak | Elfn1 regulates target-specific release probability at CA1interneuron synapses[END_REF]. Pharmacological studies using NS102 suggest that presynaptic KARs also participate in the facilitation of inputs onto L2/3 SOM interneurons in the sensory cortex, but not in L5 [START_REF] Stachniak | Elfn1-Induced Constitutive Activation of mGluR7 Determines Frequency-Dependent Recruitment of Somatostatin Interneurons[END_REF]. The activity of presynaptic KARs in response to high frequency trains of stimuli thus enhance the recruitment of SOM interneurons, as evidenced by the reduced number of stimuli required for spiking of these neurons as compared to L5 SOM neurons [START_REF] Stachniak | Elfn1-Induced Constitutive Activation of mGluR7 Determines Frequency-Dependent Recruitment of Somatostatin Interneurons[END_REF]. Presynaptic KARs present in GABAergic terminals, activated by ambiant or synaptically released glutamate, participate in heterosynaptic regulation of the inhibitory tone in several brain regions [START_REF] Braga | Bidirectional modulation of GABA release by presynaptic glutamate receptor 5 kainate receptors in the basolateral amygdala[END_REF][START_REF] Daw | Presynaptic kainate receptor activation preserves asynchronous GABA release despite the reduction in synchronous release from hippocampal cholecystokinin interneurons[END_REF][START_REF] Jiang | A kainate receptor increases the efficacy of GABAergic synapses[END_REF][START_REF] Kerchner | Direct presynaptic regulation of GABA/glycine release by kainate receptors in the dorsal horn: an ionotropic mechanism[END_REF][START_REF] Lourenço | Synaptic activation of kainate receptors gates presynaptic CB(1) signaling at GABAergic synapses[END_REF][START_REF] Wyeth | Neto Auxiliary Subunits Regulate Interneuron Somatodendritic and Presynaptic Kainate Receptors to Control Network Inhibition[END_REF]. Blockade of KARs decreases GABAergic synaptic transmission in paired recordings of interneurons and pyramidal cells in CA1, indicating that basal glutamate in the slice is sufficient to positively regulate presynaptic GABA release [START_REF] Jiang | A kainate receptor increases the efficacy of GABAergic synapses[END_REF]. Interestingly, stimulation of the excitatory stratum radiatum fibers potentiates unitary IPSCs by glutamate activation of presynaptic KARs, which may function as a negative feedback control in local circuits [START_REF] Jiang | A kainate receptor increases the efficacy of GABAergic synapses[END_REF]. A further study showed that facilitation of GABAergic transmission by stimulation of the Schaffer collaterals is observed at connections expressing presynaptic GluK1 receptors, but not the endocannobinoid CB1 receptors [START_REF] Lourenço | Synaptic activation of kainate receptors gates presynaptic CB(1) signaling at GABAergic synapses[END_REF]. In fact, in interneurons of the CCK/CB1 type, KARs induce a reduction in evoked IPSCs [START_REF] Daw | Presynaptic kainate receptor activation preserves asynchronous GABA release despite the reduction in synchronous release from hippocampal cholecystokinin interneurons[END_REF][START_REF] Lourenço | Synaptic activation of kainate receptors gates presynaptic CB(1) signaling at GABAergic synapses[END_REF]. The depression which can be observed with synaptically released glutamate to activate KARs appears to rely on an enhancement of the activity of CB1 receptors produced by mGluR-dependent release of endocannabinoids [START_REF] Lourenço | Synaptic activation of kainate receptors gates presynaptic CB(1) signaling at GABAergic synapses[END_REF]. Further supporting the inhibitory action of presynaptic GluK1-KARs in terminals of CCK/CB1 expressing interneurons, tonic suppression of inhibition is lost in mice knock-out for the Neto subunits [START_REF] Wyeth | Neto Auxiliary Subunits Regulate Interneuron Somatodendritic and Presynaptic Kainate Receptors to Control Network Inhibition[END_REF]. Similarly, in the pyramidal cells of the basolateral amygdala, pharmacological administration of LY293558 decreases failures of evoked IPSCs, indicating that basal levels of extracellular glutamate escaping from excitatory synapses tonically inhibit the activity of nearby inhibitory synapses via presynaptic GluK1 kainate receptors [START_REF] Braga | Bidirectional modulation of GABA release by presynaptic glutamate receptor 5 kainate receptors in the basolateral amygdala[END_REF]. In summary, presynaptic GluK1 KARs activated by basal levels of ambiant glutamate appear to either inhibit or enhance GABA release depending of the type of interneurons, and this regulation of inhibition may be favoured in conditions of increased activity of excitatory afferents. What the net effect is in terms of circuit activity, depends on the actual levels of glutamate in the extracellular space in vivo. Synaptically-released glutamate from primary afferent sensory fibers was also shown to reduce inhibition in the dorsal horn of the spinal cord [START_REF] Kerchner | Direct presynaptic regulation of GABA/glycine release by kainate receptors in the dorsal horn: an ionotropic mechanism[END_REF], possibly facilitating the relay of sensory information to higher brain centers (Zhuo, 2017b).

A tonic action of presynaptic KARs has also been described during maturation in principal cells. In the immature hippocampus, application of the GluK1 antagonist LY382884 reversibly increases evoked EPSC amplitude at CA3-CA1 synapses, indicating that inhibitory presynaptic KARs are tonically activated by ambiant glutamate [START_REF] Lauri | Endogenous activation of kainate receptors regulates glutamate release and network activity in the developing hippocampus[END_REF]2006). This GluK1dependent inhibitory control of excitatory synapses is downregulated during postnatal maturation, and can be rapidly switched off in response to a high frequency LTP protocol [START_REF] Lauri | Functional Maturation of CA1 Synapses Involves Activity-Dependent Loss of Tonic Kainate Receptor-Mediated Inhibition of Glutamate Release[END_REF]. By tonically inhibiting release probability, presynaptic KARs sets the dynamic properties of neonatal inputs in favor of synaptic facilitation during high frequency bursts of incoming activity, typical for developing neuronal networks [START_REF] Lauri | Functional Maturation of CA1 Synapses Involves Activity-Dependent Loss of Tonic Kainate Receptor-Mediated Inhibition of Glutamate Release[END_REF]. The molecular mechanisms and complex interplay between plasticity and regulation of KARs in immature circuits has been reviewed recently [START_REF] Lauri | Kainate receptors in the developing neuronal networks[END_REF].. Besides its role in the modulation of ongoing neuronal activity, presynaptic KARs participate in some forms of synaptic plasticity. This has been observed for presynaptic forms of longterm potentiation (LTP) at Mf-CA3 synapses using KAR antagonists [START_REF] Lauri | A critical role of a facilitatory presynaptic kainate receptor in mossy fiber LTP[END_REF] or KAR subunit ko mice [START_REF] Contractor | Kainate receptors are involved in shortand long-term plasticity at mossy fiber synapses in the hippocampus[END_REF][START_REF] Pinheiro | GluR7 is an essential subunit of presynaptic kainate autoreceptors at hippocampal mossy fiber synapses[END_REF]. The mechanism involved has not been clearly defined, but may simply derive from the role of KARs in short-term facilitation during the bursts of stimulation, hence strengthening the induction of LTP. Activation of presynaptic KARs also promotes presynaptic LTP at thalamic inputs to the lateral amygdala [START_REF] Shin | Hierarchical order of coexisting pre-and postsynaptic forms of long-term potentiation at synapses in amygdala[END_REF], and possibly in the anterior cingulate cortex (ACC) [START_REF] Koga | Impaired presynaptic long-term potentiation in the anterior cingulate cortex of Fmr1 knock-out mice[END_REF]. Interestingly, presynaptic KARs appear necessary for presynaptic LTD induced by low frequency stimulation of parallel fiber to Purkinje cell synapses, paired with depolarization of Purkinje cells (F. [START_REF] Crépel | Role of presynaptic kainate receptors at parallel fiber-purkinje cell synapses in induction of cerebellar LTD: interplay with climbing fiber input[END_REF].

Metabotropic actions of KARs

In addition to their canonical ionotropic function, KARs also activate non-canonical pathways, which have been extensively studied and characterized in response to their activation by externally applied agonists [START_REF] Valbuena | Non-canonical Signaling, the Hidden Life of Ligand-Gated Ion Channels[END_REF]. Here we review the evidence for noncanonical actions of KARs activated by endogenously released glutamate, and their impact on the regulation of neuronal circuits. Amongst the apparent multiplicity of mechanisms proposed for the regulation of neurotransmmitter release by presynaptic KARs, some are thought to involve a non-canonical action of KARs [START_REF] Pinheiro | Presynaptic glutamate receptors: physiological functions and mechanisms of action[END_REF][START_REF] Valbuena | Non-canonical Signaling, the Hidden Life of Ligand-Gated Ion Channels[END_REF]. Direct evidence for non-canonical mechanisms in physiological conditions of activation of presynaptic KARs is however scarce. The interaction of presynaptic KARs and the endocanabinoid system to inhibit GABA release is one such example [START_REF] Lourenço | Synaptic activation of kainate receptors gates presynaptic CB(1) signaling at GABAergic synapses[END_REF], although the precise mechanism remains to be defined.

There are however strong evidence that KARs activated by synaptically released glutamate regulate the activity of ion channels [START_REF] Melyan | Metabotropic regulation of intrinsic excitability by synaptic activation of kainate receptors[END_REF]. Activation of KARs by a short bursts of stimulation of Schaffer collaterals control the excitability of CA1 pyramidal cells via modulation of a slow afterhyperpolarization (sAHP) [START_REF] Melyan | Metabotropic regulation of intrinsic excitability by synaptic activation of kainate receptors[END_REF]. The regulation of sAHP by KARs requires a metabotropic cascade which depends on PKC activation [START_REF] Melyan | Metabotropic regulation of intrinsic excitability by synaptic activation of kainate receptors[END_REF]. It is interesting to point out that synaptically released glutamate which controls sAHP through KARs, does not trigger KAR-mediated EPSCs in CA1 pyramidal cells [START_REF] Melyan | Metabotropic regulation of intrinsic excitability by synaptic activation of kainate receptors[END_REF], although functional KARs are present in the dendritic compartment [START_REF] Bureau | Kainate receptor-mediated responses in the CA1 field of wild-type and GluR6-deficient mice[END_REF]. Postsynaptic KARs with a metabotropic action were further found to trigger a form of LTP in CA1 pyramidal cells in response to a train of high frequency stimulation of excitatory afferents [START_REF] Petrovic | Metabotropic action of postsynaptic kainate receptors triggers hippocampal long-term potentiation[END_REF]. Synaptic activation of postsynaptic KARs reversibly inhibits a sAHP at Mf-CA3 synapses through a metabotropic action that requires the GluK5 subunit (in addition to the obligatory GluK2 subunit) [START_REF] Ruiz | Distinct subunits in heteromeric kainate receptors mediate ionotropic and metabotropic function at hippocampal mossy fiber synapses[END_REF](note that the involvement of GluK5 was not confirmed by Fernandes et al, 2009, for reasons which remain unclear). Unlike KAR-EPSCs which can be evoked by a single presynaptic action potential, inhibition of sAHP through KARs requires an extended train of presynaptic stimulation [START_REF] Ruiz | Distinct subunits in heteromeric kainate receptors mediate ionotropic and metabotropic function at hippocampal mossy fiber synapses[END_REF]. As a consequence, synaptic activation of GluK2/GluK5 KARs increases spike transmission between the DG and CA3 in response to trains of presynaptic stimulation by controlling the excitability of postsynaptic pyramidal cells [START_REF] Sachidhanandam | Kainate Receptors Act as Conditional Amplifiers of Spike Transmission at Hippocampal Mossy Fiber Synapses[END_REF]. Postsynaptic KARs at Mf-CA3 synapses are subject to LTD [START_REF] Carta | CaMKIIdependent phosphorylation of GluK5 mediates plasticity of kainate receptors[END_REF][START_REF] Chamberlain | Long-term depression of synaptic kainate receptors reduces excitability by relieving inhibition of the slow afterhyperpolarization[END_REF][START_REF] Selak | A role for SNAP25 in internalization of kainate receptors and synaptic plasticity[END_REF]. Interestingly, in the piriform cortex, trains of synaptic stimulation results in long-lasting enhancement of neuronal excitability in neurons from controls through activation of KARs, but not in animals which have learned a complex olfactory task [START_REF] Chandra | A Cellular Mechanism Underlying Enhanced Capability for Complex Olfactory Discrimination Learning[END_REF]. Overall postsynaptic KARs appear to promote spike transmission at a subset of excitatory synapses in the hippocampus and in the cortex in conditions of repetitive input stimulation both through ionotropic and metabotropic mechanisms.

In the immature hippocampus, the spiking activity of CA3 interneurons is maintained at a high level through the metabotropic regulation of mAHP by GluK1-KARs activated by tonic glutamate [START_REF] Segerstråle | High firing rate of neonatal hippocampal interneurons is caused by attenuation of afterhyperpolarizing potassium currents by tonically active kainate receptors[END_REF]. In mice, KAR-dependent regulation of excitability disappears by the end of the second postnatal week because of a developmental decoupling between KAR activation and mAHP inhibition [START_REF] Segerstråle | High firing rate of neonatal hippocampal interneurons is caused by attenuation of afterhyperpolarizing potassium currents by tonically active kainate receptors[END_REF]. In immature neuronal circuits, the tonic suppression of glutamate release by GluK1-containing receptors is also proposed to relie on a metabotropic action of KARs [START_REF] Lauri | Functional Maturation of CA1 Synapses Involves Activity-Dependent Loss of Tonic Kainate Receptor-Mediated Inhibition of Glutamate Release[END_REF].

Integrative circuit mechanisms

In view of the multiplicity of roles that KARs can play in neuronal circuits through actions on membrane potential, on synaptic release of glutamate and GABA and on the regulation of ion channels (Figure 2), an integrative view of the impact of KARs is awaited. This has proven not be an easy task, in part due to the lack of a selective antagonist of KARs which would span all subtypes. A full knock-out of all five KAR subunits has been generated, and mainly studied within the context of cortico-striatal function for which a major phenotype is observed [START_REF] Xu | Complete Disruption of the Kainate Receptor Gene Family Results in Corticostriatal Dysfunction in Mice[END_REF]. In studying dysfunction of neuronal circuits in constitutive KAR-subunit ko mice it is important to take into consideration the role that KARs during postnatal development [START_REF] Lanore | Deficits in morphofunctional maturation of hippocampal mossy fiber synapses in a mouse model of intellectual disability[END_REF][START_REF] Lauri | Functional Maturation of CA1 Synapses Involves Activity-Dependent Loss of Tonic Kainate Receptor-Mediated Inhibition of Glutamate Release[END_REF][START_REF] Segerstråle | High firing rate of neonatal hippocampal interneurons is caused by attenuation of afterhyperpolarizing potassium currents by tonically active kainate receptors[END_REF], as well as potential homeostatic compensatory mechanisms. This likely limits the possibility from obtaining a clear integrative view of the function of KARs in the regulation of mature circuits. The availability of conditional ko mice (e.g for GluK2, [START_REF] Marshall | Kainate Receptors Inhibit Glutamate Release Via Mobilization of Endocannabinoids in Striatal Direct Pathway Spiny Projection Neurons[END_REF]) will certainly allow to circumvent at least in part these issues. Based on pharmacological approaches mainly using kainate as an agonist, a number of studies have involved KARs in rythmogenesis in the hippocampus [START_REF] Fisahn | Distinct roles for the kainate receptor subunits GluR5 and GluR6 in kainate-induced hippocampal gamma oscillations[END_REF][START_REF] Huxter | Inhibition of kainate receptors reduces the frequency of hippocampal theta oscillations[END_REF] and in the entorhinal cortex (EC) [START_REF] Beed | GluK2-Mediated Excitability within the Superficial Layers of the Entorhinal Cortex[END_REF][START_REF] Chamberlain | Pre-and post-synaptic functions of kainate receptors at glutamate and GABA synapses in the rat entorhinal cortex[END_REF][START_REF] Cunningham | Gamma oscillations induced by kainate receptor activation in the entorhinal cortex in vitro[END_REF]2006a). The role played by KARs in physiologically occuring oscillations has been much less characterized. A single study has tested the impact of available pharmacological agents against KARs on neuronal circuit activity in vivo [START_REF] Huxter | Inhibition of kainate receptors reduces the frequency of hippocampal theta oscillations[END_REF]. EEG and single units recordings were made from the dorsal hippocampus of rats foraging for food, which received administration of UBP304, developed as a GluK1 antagonist [START_REF] Huxter | Inhibition of kainate receptors reduces the frequency of hippocampal theta oscillations[END_REF]. This study showed that blocking KARs reduced the frequency, but not the power, of theta oscillations, and induced a degradation in the coherence of spatial firing patterns in place cells [START_REF] Huxter | Inhibition of kainate receptors reduces the frequency of hippocampal theta oscillations[END_REF]. Because of the selective expression of GluK1 in GABAergic interneurons, inhibition of KARs by UBP304 possibly affects the activity of pacemaker interneurons which entrain hippocampal pyramidal cells during theta oscillations.

Slow wave oscillations, which are particularly manifest during periods of behavioral quiescence and are critical for learning and memory (Steriade, 1993), can be recorded in EC slices (Cunningham et al., 2006b). UBP302, abolished the up phase of slow wave sleep at both the single-cell and population level, and this was correlated with faster-decaying spontaneous EPSPs recorded in LIII pyramidal neurons (Cunningham et al., 2006b). This brings further demonstration for the importance of the slow decay time of KAR-EPSPs in shaping the activity of neuronal circuits. As indicated above, UBP302 was designed as a GluK1 antagonist, but was later shown to block GluK2/GluK5 KARs, in line with the occurrence of GluK2-containing synaptic KARs in LIII pyramidal neurons [START_REF] Beed | GluK2-Mediated Excitability within the Superficial Layers of the Entorhinal Cortex[END_REF].

KARs in the pathological dysregulation of neuronal circuits

The best evidence for a role of KARs in the pathological dysfunction of neuronal circuits comes from experiments in chronic models of temporal lobe epilepsy (TLE). In both human patients and animal models of TLE, it is well established that glutamatergic fibers sprout and establish novel synapses leading to pathological glutamatergic excitatory networks and seizure activities [START_REF] Noebels | Mossy Fiber Sprouting in the Dentate Gyrus, 4 ed[END_REF][START_REF] Represa | Hippocampal plasticity in childhood epilepsy[END_REF][START_REF] Sutula | Mossy fiber synaptic reorganization in the epileptic human temporal lobe[END_REF]. The sprouted axons, observed in the dentate inner molecular layer, mostly originates from immature dentate granule cells (2-4 weeks old at the time of status epilepticus) [START_REF] Kron | The developmental stage of dentate granule cells dictates their contribution to seizure-induced plasticity[END_REF]. In animal models of TLE the sprouted mossy fibers making synapses onto DG cells are endowed with a KAR-mediated synaptic component absent in DG cells from naïve animals [START_REF] Epsztein | Recurrent mossy fibers establish aberrant kainate receptor-operated synapses on granule cells from epileptic rats[END_REF]. In DG cells of chronic TLE rats, stimulation of excitatory afferents in the inner molecular layer trigger KAR-EPSCs that provides as much as half of the total glutamatergic synaptic tone [START_REF] Epsztein | Recurrent mossy fibers establish aberrant kainate receptor-operated synapses on granule cells from epileptic rats[END_REF]. Mossy fibers induce the recruitment of GluK2-containing KARs in DG granule cells likely through similar mechanisms (involving the C1q-like proteins C1ql2 and C1ql3) as in CA3 pyramidal cells [START_REF] Matsuda | Transsynaptic Modulation of Kainate Receptor Functions by C1q-like[END_REF].KAR-EPSCs generated in DG granule cells in chronic TLE rats share common physiological features with KARs at Mf-CA3 synapses (V. [START_REF] Crépel | Physiopathology of kainate receptors in epilepsy[END_REF]; they display a slow time course of decay when compared with AMPAR-EPSCs [START_REF] Epsztein | Recurrent mossy fibers establish aberrant kainate receptor-operated synapses on granule cells from epileptic rats[END_REF] a key feature supporting temporal summation and spike transmission. Ectopic KAR-EPSCs at sprouted Mf synapses shift the sparse firing of DG granule cells to a sustained firing mode [START_REF] Artinian | Synaptic Kainate Receptors in Interplay with INaP Shift the Sparse Firing of Dentate Granule Cells to a Sustained Rhythmic Mode in Temporal Lobe[END_REF] resembling the "detonator" feature described in CA3 pyramidal cells [START_REF] Sachidhanandam | Kainate Receptors Act as Conditional Amplifiers of Spike Transmission at Hippocampal Mossy Fiber Synapses[END_REF]. Interestingly, the sustained and aberrant firing driven by KARs also trigger a long-lasting disruption of the perforant path input-output operation in epileptic DG cells [START_REF] Artinian | Impaired neuronal operation through aberrant intrinsic plasticity in epilepsy[END_REF]. This is due to the activitydependent potentiation of a persistent sodium current, which results in anomalous longlasting increase of intrinsic hyperexcitability of "epileptic" DG cells [START_REF] Artinian | Impaired neuronal operation through aberrant intrinsic plasticity in epilepsy[END_REF]. Therefore, the impact of ectopic KARs in the physiopathology of "epileptic" DG cells is not only restricted to an aberrant readout of synaptic inputs by KARs but also interfere with the temporality of firing of these cells due to the long lasting change in their intrinsic properties.

It was further shown that blocking aberrant KAR-EPSCs with UBP310 or genetic ablation of GluK2 drastically reduces the number of seizures in TLE mice supporting the notion that GluK2/GluK5 play a key role in seizure generation in TLE [START_REF] Peret | Contribution of aberrant GluK2-containing kainate receptors to chronic seizures in temporal lobe epilepsy[END_REF]. This finding was further confirmed in C1ql2/3 null mice in which the post-synaptic recruitment of ectopic GluK2/GluK5 KARs at recurrent Mf-DG cell synapses is prevented [START_REF] Matsuda | Transsynaptic Modulation of Kainate Receptor Functions by C1q-like[END_REF]. The contribution of KARs to chronic seizures in human TLE is yet unknown, albeit Mf sprouting is a key histopathological features of the disease. If fact it is anticipated that the human DG is endowed with aberrant KARs in patients with TLE, since increased high affinity kainate binding was observed in the inner molecular layer of the DG [START_REF] Represa | Hippocampal plasticity in childhood epilepsy[END_REF].

The grik4 gene encoding GluK4 maps to the 11q23.3-q24.1 locus in human, which is duplicated de novo in autism and intellectual disability, and mice overexpressing grik4 in the forebrain display social impairment, enhanced anxiety, and depressive states [START_REF] Aller | Increased Dosage of High-Affinity Kainate Receptor Gene grik4 Alters Synaptic Transmission and Reproduces Autism Spectrum Disorders Features[END_REF][START_REF] Arora | Increased Grik4 Gene Dosage Causes Imbalanced Circuit Output and Human Disease-Related Behaviors[END_REF]. A mild gain in GluK4 in this mouse model is sufficient to create an imbalance between the inhibitory and excitatory activity in amygdala output neurons [START_REF] Arora | Increased Grik4 Gene Dosage Causes Imbalanced Circuit Output and Human Disease-Related Behaviors[END_REF], mainly due to the tonic activation by presynaptic KARs. It is proposed that the consequent hyperexcitability of basolateral amygdala output neurons in the mouse model of grik4 gene duplication is associated with increased anxiety-like behaviors [START_REF] Arora | Increased Grik4 Gene Dosage Causes Imbalanced Circuit Output and Human Disease-Related Behaviors[END_REF]. Further genetic studies indicate that mutations in grik2 and grik4 affecting KAR function confer risk for neurodevelopmental disorders [START_REF] Guzmán | A gain-of-function mutation in the GRIK2 gene causes neurodevelopmental deficits[END_REF][START_REF] Koromina | Damaging coding variants within kainate receptor channel genes are enriched in individuals with schizophrenia, autism and intellectual disabilities[END_REF], awaiting evidence that these variations impact on the activity of neural circuits.

Recent observations have shown that GluK2-containing KARs are also upregulated in autosomal recessive juvenile parkinsonism, a neurodegenerative disease characterized by dysfunction and death of dopamine neurons in the substantia nigra pars compacta. The disease is causally related to loss-of-function mutations in the PARK2 gene; PARK2 encodes the protein parkin which interacts with GluK2 [START_REF] Maraschi | Parkin regulates kainate receptors by interacting with the GluK2 subunit[END_REF]. In the absence of parkin, GluK2 is upregulated in human tissues from patients with autosomal recessive juvenile parkinsonism and in mouse models of the disease [START_REF] Maraschi | Parkin regulates kainate receptors by interacting with the GluK2 subunit[END_REF][START_REF] Regoni | Pharmacological antagonism of kainate receptor rescues dysfunction and loss of dopamine neurons in a mouse model of human parkin-induced toxicity[END_REF]. In the parkin Q311X mouse, a model of human parkin-induced toxicity, chronic administration of UBP310 not only reduces the loss of dopaminergic neurons, but also rescues the abnormal firing rate of nigral dopaminergic neurons [START_REF] Regoni | Pharmacological antagonism of kainate receptor rescues dysfunction and loss of dopamine neurons in a mouse model of human parkin-induced toxicity[END_REF]. KAR function in DA neurons is still unexplored, however this recent study supports a role for endogenous activation of GluK2 in the chronic and abnormal upregulation of spontaneous firing in these neurons.

Conclusions

Although KARs are widely expressed in the brain and were shown to exert multiple functions in synaptic transmission and plasticity, a comprehensive overview of their role in the control of the activity of neuronal circuits in relation to brain states and behaviour is only progressing slowly. As mentioned, highly selective, and possibly KAR subunit-specific, antagonists and/or genetic tools are mostly lacking. Their use in combination with state-of-the art electrophysiological recordings (or 2P cellular calcium imaging) in vivo, in awake behaving animals would certainly resolve uncertainties as to the integrative function of KARs in the brain. Conditional knock-out mice for the KAR subunits [START_REF] Marshall | Kainate Receptors Inhibit Glutamate Release Via Mobilization of Endocannabinoids in Striatal Direct Pathway Spiny Projection Neurons[END_REF] should hold promise not only in circumventing the involvement of KARs during maturation of neuronal circuits, but also in clarifying their role in a selected neuronal population or brain region, spanning from synapses to circuits and related behaviours.
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 1 Figure 1 -Schematic illustration of the different modes of action of KARs at Mf-CA3 synapses at pre-and postsynaptic sites, and through both ionotropic and metabotropic mechanisms. Experimental data shown are adapted from Contractor et al, 2001, Fièvre et al, 2016 and Ruiz et al, 2005.

Figure 2 -

 2 Figure 2 -Schematic illustration of the diverse role of KARs which vary amongst synapses and neuronal types.
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