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Until recently, analysis of the mechanisms underlying epilepsy was centered on neuron dysfunctions. Accordingly, most of the available pharmacological treatments aim at reducing neuronal excitation or at potentiating neuronal inhibition. These therapeutic options can lead to obvious secondary effects, and, moreover, seizures cannot be controlled by any known medication in one-third of the patients.

A purely neurocentric view of brain functions and dysfunctions has been seriously questioned during the past 2 decades because of the accumulation of experimental data showing the functional importance of reciprocal interactions between glial cells and neurons. In the case of epilepsy, our current knowledge of the human disease and analysis of animal models clearly favor the involvement of astrocytes and microglial cells during the progression of the disease, including at very early stages, opening the way to the identification of new therapeutic targets. Purinergic signaling is a fundamental feature of neuron-glia interactions, and increasing evidence indicates that modifications of this pathway contribute to the functional remodeling of the epileptic brain.

This Review discusses the recent experimental results indicating the roles of astrocytic and microglial P2X and P2Y receptors in epilepsy.

Epilepsy is a condition of the brain characterized by the unpredictable occurrence of seizures that result from the abnormal synchronization of neuronal networks in the forebrain.

Seizures, therefore, correspond to transient disturbances of neuronal brain functions that can lead to motor behavior abnormalities and loss of consciousness, with devastating psychosocial consequences for patients. Roughly 50 million people worldwide suffer from epilepsy [START_REF] Hesdorffer | Estimating risk for developing epilepsy: a population-based study in Rochester, Minnesota[END_REF]. Epilepsy can be controlled but cannot be cured by medication, and about one-third of patients are refractory to pharmacological treatments.

For decades, analyses of the mechanisms underlying epilepsy as well as therapeutic approaches have been dominated by a neurocentric view seeking to understand dysfunctions of synaptic and intrinsic membrane properties of neurons. However, it is now clear that reciprocal interactions between neurons and glial cells dynamically modulate synaptic transmission and neuronal network excitability through a large number of signaling pathways [START_REF] Perea | Tripartite synapses: astrocytes process and control synaptic information[END_REF][START_REF] Kettenmann | Physiology of microglia[END_REF][START_REF] Araque | Gliotransmitters travel in time and space[END_REF][START_REF] Bergles | Oligodendrocyte development and plasticity[END_REF][START_REF] Maldonado | Multiple modes of communication between neurons and oligodendrocyte precursor cells[END_REF]. Accordingly, increasing evidence suggests that neuron-glia interactions are critical actors in determining the pathophysiology of various neurological disorders, including epilepsy (Steinhauser and SIGNIFICANCE Increasing evidence indicatesthat interactions between neurons and glial cells are fundamental components of brain functions and dysfunctions. Epilepsy has long been studied from a neurocentric point of view, but we now know that astrocytes and microglia are recruited at different phases ofthe disease,including at very early stages.Purineric signaling is central in neuron-glia interactions, and purinergic receptors represent promising therapeutic targets. This Review discusses the experimental resultson the roles of purinergic signaling in epilepsy, with an emphasis on P2X and P2Y receptors expressed by astrocytes and microglial cells. [START_REF] Steinhauser | Epilepsy: crucial role for astrocytes[END_REF][START_REF] Devinsky | Glia and epilepsy: excitability and inflammation[END_REF]. Therefore, the role of glia in seizures and epileptogenesis has been put forward as a research priority [START_REF] Baulac | Research priorities in epilepsy for the next decade: a representative view of the European scientific community[END_REF][START_REF] Noebels | The next decade of research in the basic mechanisms of the epilepsies[END_REF].

Modifications of glial cell phenotypes are important determinants of the inflammatory reaction that contributes to the remodeling of neuronal networks in epilepsy. These modifications are usually regrouped under the generic terms of gliosis, glial activation, or reactive glia. They actually represent a variety of cell behaviors that are disease and context specific, can be graded and reversible, and may not be uniform or homogeneous within a glial cell population for a given disease [START_REF] Hanisch | Microglia: active sensor and versatile effector cells in the normal and pathologic brain[END_REF][START_REF] Ransohoff | Microglial physiology: unique stimuli, specialized responses[END_REF][START_REF] Pekny | Astrocytes: a central element in neurological diseases[END_REF]. Reactive astrocytes and microglial cells, the resident macrophages of the CNS, have been observed in specimens of human patients with different forms of epilepsy as well as in animal models of the disease [START_REF] Vezzani | The role of inflammation in epilepsy[END_REF][START_REF] Devinsky | Glia and epilepsy: excitability and inflammation[END_REF][START_REF] Marchi | Inflammatory pathways of seizure disorders[END_REF]. Reactive gliosis has been mostly studied in animal models of temporal lobe epilepsy (TLE). In the case of astrocytes this includes up-regulation of GFAP, modification of the astrocyte morphology, alterations in expression, localization and function of connexins, potassium and water channels, impaired gliotransmission, glutamate uptake and functions of the glutamate-and of the adenosine-converting enzymes, glutamine synthetase and adenosine kinase, respectively [START_REF] Bedner | Astrocyte uncoupling as a cause of human temporal lobe epilepsy[END_REF]. In the case of microglia, seizure-induced reactivity (or activation) includes morphological changes, proliferation, upregulation of potassium channels and of purinergic receptors, upregulation and release of inflammatory mediators, and modification of process motility [START_REF] Avignone | Status epilepticus induces a particular microglial activation state characterized by enhanced purinergic signaling[END_REF][START_REF] Avignone | Altered morphological dynamics of activated microglia after induction of status epilepticus[END_REF][START_REF] Devinsky | Glia and epilepsy: excitability and inflammation[END_REF]. Microglial cells probably react very rapidly to seizure initiation, and the first signs of activation (i.e., production of inflammatory mediators and increased number of processes) are readily detected 30-45 minutes after the start of a status epilepticus (SE; De [START_REF] Simoni | Inflammatory cytokines and related genes are induced in the rat hippocampus by limbic status epilepticus[END_REF][START_REF] Eyo | Neuronal hyperactivity recruits microglial processes via neuronal NMDA receptors and microglial P2Y12 receptors after status epilepticus[END_REF], even though some other changes require several days to occur [START_REF] Avignone | Status epilepticus induces a particular microglial activation state characterized by enhanced purinergic signaling[END_REF]. It is generally assumed that microglia activation initiates the inflammatory reaction and drives the astrocyte activation. However, functional changes in astrocytes can develop much faster (within a few hours) than upregulation of GFAP, for instance [START_REF] Bedner | Astrocyte uncoupling as a cause of human temporal lobe epilepsy[END_REF], and reciprocal interactions between these two cell types are probably important in setting up the determinants of seizure-induced inflammation.

Clearly, our knowledge on the actual phenotypic changes of astrocytes and microglia at different steps of the disease is still fragmented, and there is a crucial requirement for longitudinal and combinatorial studies that would better describe the dynamics of glial cell adaptation to the epileptic condition.

Purinergic signaling is one of the key signaling pathways regulating neuron-glia interactions.

In addition to its classical role as a transmitter released by neuronal vesicles at specific synapses, ATP is also released by glial cells, which, in addition, express purinergic receptors that sustain key functions of these cells [START_REF] Butt | ATP: a ubiquitous gliotransmitter integrating neuronglial networks[END_REF][START_REF] Matute | Neuroglial interactions mediated by purinergic signalling in the pathophysiology of CNS disorders[END_REF][START_REF] Rodrigues | ATP as a multitarget danger signal in the brain[END_REF]. The roles of adenosine and its receptors in epilepsy have been extensively studied (for review see [START_REF] Boison | Adenosinergic signaling in epilepsy[END_REF]. Adenosine has anticonvulsant effects in both in vitro and in vivo models of epilepsy [START_REF] Huber | Grafts of adenosine-releasing cells suppress seizures in kindling epilepsy[END_REF][START_REF] Avsar | Adenosine acting via A1 receptors controls the transition to status epilepticus-like behaviour in an in vitro model of epilepsy[END_REF][START_REF] Etherington | Endogenous adenosine modulates epileptiform activity in rat hippocampus in a receptor subtypedependent manner[END_REF][START_REF] Vianna | Modulation of seizures and synaptic plasticity by adenosinergic receptors in an experimental model of temporal lobe epilepsy induced by pilocarpine in rats[END_REF]. This action is mediated through the activation of A1 receptors that hyperpolarize neurons and decrease the probability of glutamate release at many excitatory synapses, whereas A2 and A3 receptors have opposite convulsive effects [START_REF] Matute | Neuroglial interactions mediated by purinergic signalling in the pathophysiology of CNS disorders[END_REF][START_REF] Rodrigues | ATP as a multitarget danger signal in the brain[END_REF]. One key function of astrocytes in regulating the anticonvulsant action of adenosine relies on the activity of the astrocytic enzyme ADK.

The expression of ADK is upregulated during epilepsy, leading to a deficiency of adenosine concentration and, consequently, of A1 receptor activation [START_REF] Boison | Adenosinergic signaling in epilepsy[END_REF]. In contrast, the roles of P2 receptors in epilepsy remain more controversial. In the following paragraphs, we review the roles of P2X and P2Y receptors expressed by astrocytes and microglia in epilepsy, focusing mostly on TLE.

MECHANISMS OF ATP RELEASE

Extracellular signaling properties of ATP were identified during the first half of 20th century, yet it took almost 50 years to establish clearly that ATP fulfills almost all criteria defining a neurotransmitter and 20 additional years to elucidate the molecular nature of purinergic receptors (Burnstock, 2006a). Even now, numerous questions with respect to extracellular ATP remain unanswered or controversial, among which are questions pertaining to the mechanisms of ATP release.

Unlike other signaling molecules, ATP can be released in the extracellular space through different mechanisms. In neurons, following the work of [START_REF] Holton | The liberation of adenosine triphosphate on antidromic stimulation of sensory nerves[END_REF], studies using synaptosomes showed that synaptic vesicles contain high concentrations of ATP [START_REF] White | Release of ATP from a synaptosomal preparation by elevated extracellular K 1 and by veratridine[END_REF]. Later, corelease of ATP with other neurotransmitters, such as acetylcholine, GABA, or glutamate, was demonstrated (Fields, 2011a). It has been only recently that the nucleotide transporter (VNUT), concentrating ATP into vesicles, was identified, further supporting a classical vesicular release of ATP by neurons that underlies fast synaptic purinergic transmission [START_REF] Sawada | Identification of a vesicular nucleotide transporter[END_REF]. VNUT is also expressed in nonneuronal cells, in which it is localized in vesicles of the regulatory secretory pathway, underlying the possibility for numerous cell types to release ATP in a calcium-dependent manner [START_REF] Lazarowski | Vesicular and conductive mechanisms of nucleotide release[END_REF]. Such mechanisms are well described for T lymphocytes or myeloid cells, including microglia [START_REF] Imura | Microglia release ATP by exocytosis[END_REF]. VNUT is also associated with vesicles of the lysosomal exocytosis pathways. In astrocytes, several studies have demonstrated that vesicular ATP is released by lysosomal exocytosis and sustains the propagation of intercellular calcium waves in vitro [START_REF] Bowser | Vesicular ATP is the predominant cause of intercellular calcium waves in astrocytes[END_REF][START_REF] Zhang | Regulated ATP release from astrocytes through lysosome exocytosis[END_REF][START_REF] Hamilton | Mechanisms of ATP-and glutamate-mediated calcium signaling in white matter astrocytes[END_REF][START_REF] Oya | Vesicular nucleotide transporter is involved in ATP storage of secretory lysosomes in astrocytes[END_REF].

In addition to these mechanisms of vesicular release, cytosolic ATP can be released through so-called conductive pathways [START_REF] Lazarowski | Vesicular and conductive mechanisms of nucleotide release[END_REF]. The best characterized pathway is through hemichannel proteins. Hemichannels are hexameric proteins that form a pore through the plasma membrane. Two families of proteins can form hemichannels, the connexins and the pannexins. Although these two families of protein do not share significant amino acid sequence homology, they have similar membrane organization, function, and pharmacology [START_REF] Orellana | Hemichannels: new roles in astroglial function[END_REF]. Unlike gap junction, hemichannels are not involved in cellular coupling but allow direct exchange between the cytoplasmic compartment and the extracellular space. Most connexin and pannexin hemichannels exhibit ATP permeability, although with various efficacy and cell specificity [START_REF] Lohman | Differentiating connexin hemichannels and pannexin channels in cellular ATP release[END_REF]. Experimental conditions leading to ATP efflux through connexin pores require low external calcium and strong depolarization that are outside physiological range, suggesting that connexin-evoked ATP release may be related mostly to pathological conditions. Among the three pannexin proteins, pannexin-1 (PANX1) is the best characterized isoform.

Many studies have demonstrated that, under physiological conditions, PANX1 can release ATP in response to the activation of different signaling pathways [START_REF] Bao | Pannexin membrane channels are mechanosensitive conduits for ATP[END_REF]. Because PANX1 is widely expressed and activated for membrane potential in the physiological range, it has been considered as the major hemichannel allowing cellular ATP efflux. PANX1 activity can be triggered by purinergic receptor activation [START_REF] Pelegrin | Pannexin-1 mediates large pore formation and interleukin-1beta release by the ATP-gated P2X7 receptor[END_REF]. This positive feedback loop constituted by ATP-induced ATP release may support the role of ATP as a danger signal under pathological conditions [START_REF] Rodrigues | ATP as a multitarget danger signal in the brain[END_REF]. Although results obtained from connexin-or pannexin-deficient mice are somewhat prone to controversy [START_REF] Hanstein | Promises and pitfalls of a Pannexin1 transgenic mouse line[END_REF], data obtained from these mice support the view that these two hemichannel families contribute to the release of ATP into the extracellular space, particularly under pathological conditions.

Other conductive pathways have also been documented. Cellular swelling and mechanical cell deformation lead to a surge in extracellular ATP. Although PANX1 appears to be mechanosensitive [START_REF] Beckel | Mechanosensitive release of adenosine 50-triphosphate through pannexin channels and mechanosensitive upregulation of pannexin channels in optic nerve head astrocytes: a mechanism for purinergic involvement in chronic strain[END_REF], ATP release evoked by cell swelling is more likely related to activation of the large-conductance volumeregulated anionic channel (VRAC) and maxianion channels. Although ATP efflux through VRAC is still controversial, there is compelling evidence that maxianion channels contribute to ATP release [START_REF] Islam | Maxianion channel and pannexin 1 hemichannel constitute separate pathways for swelling-induced ATP release in murine L929 fibrosarcoma cells[END_REF]. For neurons, these channels have been proposed to be activated by local variations of osmolarity along the axon that occur during action potential propagation (Fields, 2011b), leading to an activity-dependent ATP release from axons. Similarly, based on pharmacological sensitivity to gadolinium, massive ATP release from astrocytes evoked by oxygen-glucose deprivation likely is due to the activity of maxianion channels [START_REF] Liu | Maxianion channel as a candidate pathway for osmosensitive ATP release from mouse astrocytes in primary culture[END_REF].

In conclusion, ATP release involves multiple mechanisms that can be differentially triggered by physiological or pathological stimuli. In the nervous system, extracellular ATP has important functions in neuron-glia communication through the activation of purinergic P2 receptors.

PURINERGIC RECEPTORS

Extracellular tri-and dinucleotides act on two main classes of membrane receptors, P2Y and P2X receptors, that are G-protein-coupled receptors and ATP-gated channels, respectively (Burnstock, 2006b). In mammals, height P2Y receptors are known (P2Y1, 2, 4, 6, 11, 12, 13, and 14), although P2Y11 is not present in rat and mouse genomes. They exhibit differential sensitivity to either adenine or uracil nucleotides [START_REF] Von K€ugelgen | Pharmacology and structure of P2Y receptors[END_REF]; most P2Y receptors have a lower affinity for ATP than for other purines such as ADP, UTP, UDP, or UDP-glucose.

Pharmacology of P2Y receptors is well defined. There are specific antagonists for all of them except for P2Y2 and P2Y14; however, these two receptors can be activated by specific agonists.

All eight P2Y receptors are expressed in the brain, particularly in glial cells.

There are seven cloned P2X subunits. These subunits can assemble to form homo-or heterotrimeric channels, potentially encoding an important number of receptor complexes.

However, only limited numbers of heterotrimeric P2X receptors have been unambiguously characterized thus far. Unlike P2Y receptors, P2X receptors are activated only by ATP or its derivatives, such abmeATP, ATP-g-S, or BzATP. They are not sensitive to dinucleotides or uracil nucleotides. Only a few specific antagonists for P2X receptors are available.

These molecules target, with high specificity, P2X1, P2X2, P2X3, P2X2/3, or P2X7 channels. Specific and wellcharacterized antagonists for P2X4 receptors are still lacking, despite some recent improvement [START_REF] Khakh | Neuromodulation by extracellular ATP and P2X receptors in the CNS[END_REF]. P2X5 and P2X6 have received little attention because they are either nonfunctional as a homomeric receptor (P2X6) or inappropriately spliced in humans (P2X5; [START_REF] Collo | Cloning OF P2X5 and P2X6 receptors and the distribution and properties of an extended family of ATP-gated ion channels[END_REF][START_REF] Bo | Pharmacological and biophysical properties of the human P2X5 receptor[END_REF].

In the nervous system, all cell types express P2X receptors, yet each cell type expresses only a subset of subunits. P2X2, P2X3, and P2X6 are found only in neurons, whereas P2X4 has been characterized in neurons, microglia, and oligodendrocytes.

The pattern of expression of P2X7 is more problematic.

Although different groups have reported the expression of P2X7 in neurons and astrocytes, these findings, often based on poorly selective pharmacological tools, are still controversial; unambiguous expression of P2X7 has been demonstrated in microglia [START_REF] Khakh | Neuromodulation by extracellular ATP and P2X receptors in the CNS[END_REF]. A subset of cortical astrocytes expresses functional heteromeric P2X1/P2X5 receptors [START_REF] Lalo | P2X1 and P2X5 subunits form the functional P2X receptor in mouse cortical astrocytes[END_REF]. It is important to keep in mind that expression of P2X receptors is highly dynamic and can dramatically change under pathological conditions. For example, P2X4 is absent from resting microglia but is strongly upregulated in activated cells following nerve injury or induction of an SE [START_REF] Tsuda | P2X4 receptors induced in spinal microglia gate tactile allodynia after nerve injury[END_REF][START_REF] Ulmann | Upregulation of P2X4 receptors in spinal microglia after peripheral nerve injury mediates BDNF release and neuropathic pain[END_REF][START_REF] Ulmann | Involvement of P2X4 receptors in hippocampal microglial activation after status epilepticus[END_REF].

PURINERGIC SIGNALING IN THE CNS P2X Receptors

Figure 1 summarizes the main purinergic signaling pathways, and their functions, between neurons, astrocytes, and microglial cells. Just as with other ligand-gated channels, P2X receptors could contribute to fast synaptic transmission. Consistent with this idea, several studies have demonstrated that P2X receptors can be activated at synapses of different brain regions. However, these excitatory postsynaptic currents are small and rare and occur in few cells within given brain nuclei/areas [START_REF] Pankratov | Quantal release of ATP in mouse cortex[END_REF][START_REF] Khakh | Neuromodulation by extracellular ATP and P2X receptors in the CNS[END_REF]. Our current understanding of P2X signaling in neurons is that these receptors have neuromodulatory rather than true excitatory properties. Supporting this view, P2X receptors can alter NMDA-dependent synaptic functions either by regulating the membrane insertion of the GluN2B subunit [START_REF] Baxter | Role of P2X4 receptors in synaptic strengthening in mouse CA1 hippocampal neurons[END_REF] or by regulating NMDA receptor inactivation [START_REF] Pankratov | Role for P2X receptors in long-term potentiation[END_REF]. Similarly, a recent study showed that P2X receptor activation triggers AMPA receptor internalization and thus can regulate glutamatergic fast synaptic transmission in the hippocampus [START_REF] Pougnet | ATP P2X receptors downregulate AMPA receptor trafficking and postsynaptic efficacy in hippocampal neurons[END_REF]. By direct interaction with GABA A receptors, P2X4 receptors can negatively control the generation of inhibitory postsynaptic currents, promoting, although indirectly, network excitability [START_REF] Jo | Cross-talk between P2X4 and gamma-aminobutyric acid type A receptors determines synaptic efficacy at a central synapse[END_REF].

The function of P2X receptors in astrocytes is poorly documented.

In the hippocampus, where astrocytes have been studied the most, fast applications of P2X receptor agonists during whole-cell recordings of astrocytes in the mouse, rat, and human CA1 region failed to Fig. 1. Purinergic signaling pathways between neurons, astrocytes, and microglial cells. The different release mechanisms ofATP and the expression of P2X and P2Y receptors are indicated for microglia (green), astrocytes (violet), and neurons (blue). The involvement of microglial P2X receptors in the production of the IL-1b, TNF-a, and BDNF and that of astrocytic P2Y1 receptors in the release of glutamate are highlighted. The putative functions of glial P2X and P2Y receptors are also indicated at right and at left of the microglial cell and of the astrocyte, respectively. trigger any detectable membrane current that could support the existence of functional P2X receptors in these cells [START_REF] Jabs | Lack of P2X receptor mediated currents in astrocytes and GluR type glial cells of the hippocampal CA1 region[END_REF]), yet, as stated above, heteromeric P2X1/P2X5 receptors have been functionally characterized in a subset of cortical astrocytes [START_REF] Lalo | P2X1 and P2X5 subunits form the functional P2X receptor in mouse cortical astrocytes[END_REF]; however, the physiological role of this heteromeric receptor remains speculative. It is possible that P2X1/5 activation can contribute to astroglial calcium signaling and may represent a fast neuron-to-glia signaling mechanism at the synaptic level.

Alternatively, P2X-evoked sodium influx in astrocytes may interfere with the glutamate buffering capacity of astrocytes.

The expression of P2X7 in astrocytes is highly controversial. Indeed most studies demonstrating functional P2X7-like receptors in astrocytes in vitro or ex vivo rely on the use of pharmacological tools with little specificity. Moreover, a recent study demonstrated that heteromeric P2X2/5 receptors have pharmacological and functional properties close to those of P2X7, including activation by micromolar BzATP concentration, pore dilatation characteristics, and induction of pseudoapoptosis, supporting the view that other P2X receptors present the same hallmark of activation as P2X7 [START_REF] Compan | P2X2 and P2X5 subunits define a new heteromeric receptor with P2X7-like properties[END_REF]. Nevertheless, several studies have provided convincing results showing the expression of P2X7 in radial glial cells, such as Muller glia in the retina [START_REF] Pannicke | P2X7 receptors in Muller glial cells from the human retina[END_REF] or Bergmann cells in the cerebellum [START_REF] Habbas | Purinergic signaling in the cerebellum: Bergmann glial cells express functional ionotropic P2X7 receptors[END_REF]. Moreover, it has recently been shown in vivo that the induction of P2X7 expression in activated cortical astrocytes contributes to ischemic tolerance induced by a preconditioning sublethal insult [START_REF] Hirayama | Astrocyte-mediated ischemic tolerance[END_REF]. P2X receptor expression in cultured oligodendrocyte precursor cells has been reported; however, these observations have not been reproduced in mature oligodendrocytes in situ [START_REF] Matute | P2X7 receptors in oligodendrocytes: a novel target for neuroprotection[END_REF]. P2X7 is potentially expressed in a subset of oligodendroglia [START_REF] Domercq | P2X7 receptors mediate ischemic damage to oligodendrocytes[END_REF], yet these studies suffer from the same limitation as described above.

Expression of P2X receptors in microglia is well documented. Microglial cells are brain-resident macrophages known for their involvement in neuroinflammation [START_REF] Hanisch | Microglia: active sensor and versatile effector cells in the normal and pathologic brain[END_REF][START_REF] Ransohoff | Microglial physiology: unique stimuli, specialized responses[END_REF]. Increasing evidence indicates that microglial cells also have numerous homeostatic functions in healthy brain or during development [START_REF] Kettenmann | Microglia: new roles for the synaptic stripper[END_REF][START_REF] Wu | Microglia in neuronal circuits[END_REF][START_REF] Shemer | Microglia plasticity during health and disease: an immunological perspective[END_REF][START_REF] Arnoux | Fractalkine signaling and microglia functions in the developing brain[END_REF]. Microglia behaviors are shaped by the activity of nearby networks, including neurons and astrocytes under both healthy and pathological conditions [START_REF] Kettenmann | Microglia: new roles for the synaptic stripper[END_REF]. Microglial cells have long and branched processes that present remarkable and unique motility properties, allowing them to scan their environment and establish transient contact with synapses. These processes can also rapidly extend toward a local lesion, and several studies have demonstrated that purinergic signaling, particularly through the P2Y12 receptor, is a central regulator of microglial process motility [START_REF] Parkhurst | Microglia dynamics and function in the CNS[END_REF]. Purinergic receptors shape many other functions of microglial cells, particularly their ability to interact with other brain cell types, and, from this point of view, they share many characteristics with peripheral macrophages, which are known to express both P2X and P2Y receptors.

In microglia, as in macrophages, the expression of P2X1, P2X4, and P2X7 receptors is clearly established. P2X7 receptors, which are highly expressed in all myeloid cells, display unusual biophysical, pharmacological, and functional properties compared with other P2X receptors (but see [START_REF] Compan | P2X2 and P2X5 subunits define a new heteromeric receptor with P2X7-like properties[END_REF]; they have a very low sensitivity for ATP (EC50 above 1 mM), and their activation opens a permeation pathway for high-molecular-weight molecules. The main functional characteristic of P2X7 is its ability to activate the inflammasome, leading to procaspase-1 cleavage and interleukin (IL)-1b processing and release. Mice deficient for the P2X7 gene are unable to process and secrete mature IL-1b or IL-18 in response to an inflammatory challenge and display a severe alteration of the expression of other proinflammatory cytokines, including tumor necrosis factor-a (TNF-a; [START_REF] Solle | Altered cytokine production in mice lacking P2X(7) receptors[END_REF]. P2X7-deficient mice have normal pain sensation but do not show any hypersensitivity to mechanical stimuli in models of pathological pain (Chessell et al., 2005). This phenotype likely is due to an alteration of microglial proinflammatory functions in the spinal cord. It is surprising that only a few studies have investigated the cellular mechanisms underlying the contribution of microglial P2X7 receptors in brain pathologies and inflammation.

P2X7 receptors are also expressed by microglia under physiological conditions [START_REF] Avignone | Status epilepticus induces a particular microglial activation state characterized by enhanced purinergic signaling[END_REF], suggesting that these receptors contribute to microglia homeostatic functions.

Unlike P2X7, P2X4 receptors are not expressed in quiescent microglia but are strongly upregulated in activated cells under diverse pathological conditions. After sciatic nerve ligation, a model of neuropathic pain, P2X4 is expressed de novo in activated spinal microglia in which this receptor contributes to a calcium-dependent brain-derived neurotrophic factor (BDNF) release. The latter will, in turn, promote network excitability through downregulation of the chloride-potassium cotransporter KCC2 and GABAergic disinhibition [START_REF] Beggs | P2X4R 1 microglia drive neuropathic pain[END_REF]. P2X4 has a strong permeability to calcium, equivalent to that of NMDA receptors [START_REF] Egan | Contribution of calcium ions to P2X channel responses[END_REF]. In myeloid cells, P2X4-evoked calcium entry activates phospholipase A2 and stimulates the production of arachidonic acid and prostaglandin 2, the latter inducing sensitization of sensory neurons [START_REF] Ulmann | P2X4 receptors mediate PGE2 release by tissue-resident macrophages and initiate inflammatory pain[END_REF]. P2X4 is likely to have a similar function in brain microglia, potentially contributing to neuronal excitability within the CNS. Other microglial functions are regulated by P2X4-evoked calcium influx, as suggested by the fact that microglial cells in P2X4-deficient mice show attenuated activation hallmarks in disease models [START_REF] Ulmann | Upregulation of P2X4 receptors in spinal microglia after peripheral nerve injury mediates BDNF release and neuropathic pain[END_REF][START_REF] Ulmann | Involvement of P2X4 receptors in hippocampal microglial activation after status epilepticus[END_REF].

The role of P2X1 in microglia has not been investigated. In macrophage, P2X1-deficient mice have altered neutrophil extravasation and reduced plasma levels of key cytokines and chemokines in an endotoxemia model [START_REF] Maitre | The P2X1 receptor is required for neutrophil extravasation during lipopolysaccharide-induced lethal endotoxemia in mice[END_REF]. This phenotype suggests that P2X1 could also contribute to microglial proinflammatory functions.

P2Y Receptors

The functions of P2Y receptors in the CNS are still poorly characterized. As for most other G-proteincoupled receptors, P2Y receptors in neurons appear to have neuromodulatory functions, yet there is only sparse evidence that P2Y receptors endorse important neuronal functions (but see [START_REF] Bowser | ATP excites interneurons and astrocytes to increase synaptic inhibition in neuronal networks[END_REF]. By contrast, P2Y receptors are major determinants of glial cell activity. Astrocytes are thought to express several types of P2Y1, P2Y2, and P2Y4 receptors in situ [START_REF] Verkhratsky | Purinoceptors on neuroglia[END_REF], among which P2Y1 has been the most extensively studied. Activation of P2Y1 triggers increases in cytosolic calcium concentration through the phospholipase C pathway, mobilizing calcium from intracellular stores.

Variation of cytosolic calcium is an important feature of astrocyte activity through which these cells integrate and respond to external stimuli [START_REF] Zorec | Astroglial excitability and gliotransmission: an appraisal of Ca 21 as a signalling route[END_REF][START_REF] Bazargani | Astrocyte calcium signaling: the third wave[END_REF]. For instance, P2Y1-mediated calcium signaling in astrocytes leads to changes in the extracellular concentration of transmitters by modulating either the activity of astrocyte transporters [START_REF] Jacob | P2Y1 receptor inhibits GABA transport through a calcium signalling-dependent mechanism in rat cortical astrocytes[END_REF] or the release of astrocyte transmitters or gliotransmitters, including glutamate and ATP [START_REF] Araque | Gliotransmitters travel in time and space[END_REF]. Under pathological conditions, P2Y1 expression is upregulated, and calcium signaling in activated astrocytes is usually increased [START_REF] Franke | Pathophysiology of astroglial purinergic signalling[END_REF]. The best-described example is that of animal models of Alzheimer's disease. In vivo two-photon imaging showed that intracellular concentration of calcium and the frequency of calcium transients are increased in astrocytes of cortical areas including b-amyloid plaques [START_REF] Kuchibhotla | Synchronous hyperactivity and intercellular calcium waves in astrocytes in Alzheimer mice[END_REF] and that inhibiting P2Y1 receptors normalizes calcium signaling [START_REF] Delekate | Metabotropic P2Y1 receptor signalling mediates astrocytic hyperactivity in vivo in an Alzheimer's disease mouse model[END_REF]. These studies of Alzheimer's mice provide the only reports of intercellular propagation of calcium waves in the astrocyte syncytium in vivo.

Calcium waves in astrocytes have been observed and studied extensively in cell cultures and acute slice preparations but never in vivo under physiological conditions. P2Y1 plays a pivotal role in initiating or propagating these waves [START_REF] Giaume | Astroglial networks: a step further in neuroglial and gliovascular interactions[END_REF].

Several P2Y receptors are expressed by microglial cells (P2Y6, P2Y12, and P2Y13), some at very high levels in resting cells (P2Y12, P2Y13). The expression of these receptors is highly dependent on the activation state of microglia. Under some conditions of activation, the expression of P2Y12 and P2Y13 receptors is strongly downregulated, and that of P2Y6 is increased [START_REF] Haynes | The P2Y12 receptor regulates microglial activation by extracellular nucleotides[END_REF][START_REF] Koizumi | UDP acting at P2Y6 receptors is a mediator of microglial phagocytosis[END_REF], whereas the expression of all these receptors is upregulated under other pathological conditions [START_REF] Avignone | Status epilepticus induces a particular microglial activation state characterized by enhanced purinergic signaling[END_REF][START_REF] Kobayashi | Multiple P2Y subtypes in spinal microglia are involved in neuropathic pain after peripheral nerve injury[END_REF]. The lack of specific pharmacological tools has precluded the analysis of the functional roles of P2Y13 receptors, and there are few data on its neuronal expression. Its close homolog, P2Y12, however, has received much more attention.

In the brain, P2Y12 is expressed almost exclusively in microglia. Early studies using CX3CR1 1/eGFPreporter mice have demonstrated that P2Y12 is a key regulator of the dynamics of microglial process and chemotaxis [START_REF] Haynes | The P2Y12 receptor regulates microglial activation by extracellular nucleotides[END_REF]). P2Y12 appears to be a highly sensitive sensor of extracellular ATP, underlying response of microglial response to neuronal excitability or acute pathogenic event. For example, it has been proposed that NMDA receptor activity can lead to a local production of ATP that induces a P2Y12dependent microglial process outgrowth toward the active neuron [START_REF] Li | Reciprocal regulation between resting microglial dynamics and neuronal activity in vivo[END_REF][START_REF] Dissing-Olesen | Activation of neuronal NMDA receptors triggers transient ATP-mediated microglial process outgrowth[END_REF][START_REF] Eyo | Neuronal hyperactivity recruits microglial processes via neuronal NMDA receptors and microglial P2Y12 receptors after status epilepticus[END_REF].

UDP-sensitive P2Y6 receptors have been shown to regulate the phagocytic activity of microglia [START_REF] Koizumi | UDP acting at P2Y6 receptors is a mediator of microglial phagocytosis[END_REF]; this receptor can also induce the expression of the chemokines CCL2 and CCL3, although the downstream signaling pathway is still unclear (B. Kim et al., 2011;[START_REF] Morioka | The activation of P2Y6 receptor in cultured spinal microglia induces the production of CCL2 through the MAP kinases-NF-kappaB pathway[END_REF]. Altogether, recent data demonstrate that astroglial and microglial purinergic receptors are central to brain functions under homeostatic and pathological conditions, yet the role of purinergic receptors expressed by other brain cells should not be neglected.

PURINERGIC SIGNALING IN EPILEPSY

The involvement of purinergic signaling in pathological situations has received much attention. This is due mainly to the common belief that extracellular ATP concentrations drastically increase under many pathological conditions, including trauma, ischemia, inflammation, periods of intense neuronal activity, and different chronic or neurodegenerative pathologies [START_REF] Franke | Pathophysiology of astroglial purinergic signalling[END_REF][START_REF] Rodrigues | ATP as a multitarget danger signal in the brain[END_REF]. The consequences of this surge in extracellular ATP in pathological states are not fully appreciated. There are several hurdles limiting the characterization of the involvement of purinergic signaling in pathological states. First, the different mechanisms leading to ATP release are still poorly characterized. Second, ATP is rapidly metabolized in ADP and adenosine, which in turn activates their specific receptors. This dynamic process of ATP conversion is difficult to apprehend experimentally. Finally, the number of pharmacologically active molecules that can be used in vivo or ex vivo to target specifically the diverse purinergic receptors remains limited, despite some recent improvement [START_REF] Bhattacharya | Pharmacological characterization of a novel centrally permeable P2X7 receptor antagonist: JNJ-47965567[END_REF]. The use of genetically modified mice has provided convincing results on the involvement of purinergic receptors in diverse pathological models, indicating that some purinergic receptors could represent interesting therapeutic targets.

The involvement of purinergic signaling has been particularly investigated in the field of neuropathic pain and seizure or SE. It turns out that these two models share unexpected similarities and that microglial purinergic receptors play an active role in the development of these pathologies. The mechanisms underlying purinergic contribution to chronic pain have been reviewed elsewhere [START_REF] Beggs | P2X4R 1 microglia drive neuropathic pain[END_REF][START_REF] Tsuda | Microglia and intractable chronic pain[END_REF].

Increased levels of purines during epileptic seizure have been described in humans, yet this observation has been restricted to adenosine [START_REF] During | Adenosine: a potential mediator of seizure arrest and postictal refractoriness[END_REF]. The use of electrode biosensor detecting adenosine in the CA1 area of the hippocampus has revealed a rise in adenosine levels following brief, electrically evoked electrographic seizures. However, there is still no evidence for an increase of ATP levels following seizures in this structure [START_REF] Lopatar | Minor contribution of ATP P2 receptors to electrically-evoked electrographic seizure activity in hippo-campal slices: evidence from purine biosensors and P2 receptor agonists and antagonists[END_REF]. In the CA3 area, dihydroxyphenylglycine, a metabotropic glutamate agonist, induces epileptiform activities and concomitant ATP release [START_REF] Lopatar | Pannexin-1-mediated ATP release from area CA3 drives mGlu5-dependent neuronal oscillations[END_REF]. In the two hippocampal regions, there is no correlation between the levels of extracellular ATP and adenosine, suggesting that ATP degradation by ectonucleotidase does not significantly contribute to extracellular adenosine concentration. Still, the ATP release pattern might depend on the type of stimulation eliciting epileptic activity.

For example, astrocytic release of ATP can be triggered by K 1 -evoked depolarization in brain slices but not by electrical stimulation, which further complicates the interpretation of these studies. If electrode biosensors allow for a direct and dynamic analysis of purine release, this technique has limitations. Indeed, even if the spatial resolution of the measurement is improved compared with the bulk analysis of ATP released in supernatant, it still provides information that may be unrelated to the concentration of ATP in the synaptic cleft or at the immediate vicinity of cells. In addition these biosensors rely on the enzymatic conversion of purine that generates peroxide.

The kinetics of this conversion may be slower than the actual degradation of ATP by membrane-bound ecto-ATPase.

Finally, these biosensors have been used mainly in ex vivo brain slice preparations, in which extracellular ATP levels may have been perturbed during tissue processing.

Independently of whether the release of ATP is enhanced in the epileptic brain, there is general agreement that purines contribute to the pathology of epilepsy. Direct application of ATP analogs in the brain is known to evoke neuronal hyperexcitability and to promote seizure activity [START_REF] Knutsen | Adenosine and ATP in epilepsy[END_REF]. Moreover, ATP released from astrocytes contributes to ictogenesis and epileptogenesis. On the one hand, genetic impairment of vesicular ATP release by expressing a dominantnegative soluble NSF attachment protein receptor in astrocytes delays the onset of recurrent seizure, decreases the frequency of these seizures, and reduces hippocampal damage after a pilocarpine-induced SE [START_REF] Clasadonte | Astrocyte control of synaptic NMDA receptors contributes to the progressive development of temporal lobe epilepsy[END_REF]. This effect is probably mediated through the control of NMDA receptor expression that is regulated by adenosine A1 receptor activation following ATP release from astrocytes [START_REF] Fellin | Endogenous nonneuronal modulators of synaptic transmission control cortical slow oscillations in vivo[END_REF][START_REF] Deng | Astrocytic activation of A1 receptors regulates the surface expression of NMDA receptors through a Src kinase dependent pathway[END_REF]. On the other hand, it has been suggested that ATP release through PANX1 contributes to neuronal hyperexcitability in seizures because mice with PANX1 deficiency or silencing are less prone to kainate-or pilocarpin-evoked SE [START_REF] Santiago | Targeting pannexin1 improves seizure outcome[END_REF]. Finally, there is a profound remodeling of the expression of hippocampal P2 receptors following SE in rodents [START_REF] Avignone | Status epilepticus induces a particular microglial activation state characterized by enhanced purinergic signaling[END_REF][START_REF] Engel | ATPergic signalling during seizures and epilepsy[END_REF]; this will be the focus of the following paragraphs.

P2X Receptors in Epilepsy

Because of their excitatory properties, their activation during episode of high neuronal activity, and their expression in microglial cells, the involvement of ionotropic P2X receptors in tissue remodeling after the induction of SE has received special attention. After SE, a local inflammatory reaction occurs in brain areas that have been the most active during the seizure episode, and this inflammation persists for days or weeks. There is now strong evidence that this inflammatory response promotes neuronal damage and contributes to long-lasting alteration of local network properties [START_REF] Devinsky | Glia and epilepsy: excitability and inflammation[END_REF][START_REF] Marchi | Inflammatory pathways of seizure disorders[END_REF]. IL-1b and TNF-a are key proinflammatory cytokines, which, in the CNS, can sustain neuronal hyperexcitability, and their involvement in the initiation of seizure and epileptogenesis was proposed several years ago [START_REF] Vezzani | The role of cytokines in the pathophysiology of epilepsy[END_REF]. The fact that P2X7 activity is the main trigger of IL-1b processing and contributes to TNF-a production led to investigating the role of these receptors in epilepsy. In human specimens from patients suffering with focal cortical dysplasia (FCD), P2X7 mRNA and protein expressions were increased vs. control samples. This was accompanied by an increased immunoreactivity against IL-1b in microglia and also in dysmorphic neurons and balloon cells, which are characteristic cells of FCD [START_REF] Wei | Increased expression and cellular localization of P2X7R in cortical lesions of patients with focal cortical dysplasia[END_REF]. The roles of P2X7 in epilepsy have been investigated in different animal models in which the modulation of the receptor activity was performed with different approaches, either pharmacological or genetic. Opposite results were reported when SE was induced through systemic injection of proconvulsive agents or through direct intra-amygdala injection of kainate. In the pilocarpine-evoked SE model, P2X7 appeared to have protective properties. Indeed, inhibition of P2X7 activity with either specific antagonists or P2X7deficient mice increased seizure susceptibility after pilocarpine injection.

P2X7-anticonvulsive effects were linked to PANX1 because siRNA-mediated downregulation of PANX1 also reduced the threshold of seizure apparition (Kim and Kang, 2011). It has been suggested that the protective effect of P2X7 receptor in pilocarpineinduced SE could be mediated through TNF-a pathways, at least in the CA3 area (J.E. Kim et al., 2011). In a region-specific manner, P2X7 receptors control the hippocampal nonapoptotic astrocyte death after pilocarpineinduced SE [START_REF] Kim | P2X7 receptor-mediated PARP1 activity regulates astroglial death in the rat hippocampus following status epilepticus[END_REF].

On the other hand, P2X7 activation appears to have proconvulsive effects when SE is triggered by an intraamygdala injection of KA. In this model, P2X7-deficient mice showed reduced electrographic seizure during SE, and pretreatment with P2X7 antagonists (brilliant blue G or A-438079) reduced behavioral seizures, neuronal cell death in the hippocampus, and increase of IL-1b triggered by SE. Treatment with a combination of a classical anticonvulsivant (lorazepam) and A-438079 during the SE refractory period, a period during which SE cannot be blocked by anticonvulsants alone, efficiently stopped the SE (for review see [START_REF] Jimenez-Mateos | microRNA targeting of the P2X7 purinoceptor opposes a contralateral epileptogenic focus in the hippocampus[END_REF]. The regulation of P2X7 expression in this model is controlled by micro-RNA-22, which has anticonvulsive effects by inhibiting P2X7 expression [START_REF] Jimenez-Mateos | microRNA targeting of the P2X7 purinoceptor opposes a contralateral epileptogenic focus in the hippocampus[END_REF]. Whether this regulation holds true also in humans has not been documented.

The reason for the discrepancies between the two models is not clear. The same antagonists and the same strain of P2X7-deficient mice were used in both cases; however, these two experimental models of SE are very different, and it is possible that, in the pilocarpine model, the peripheral mode of administration involves a P2X7dependent intermediary step that is not activated when SE is induced by direct intra-amygdala injection of kainate. It is worth noting that adhesion of circulating leukocytes on endothelial cells of cerebral blood vessels is probably an initial and mandatory step of SE induction in the pilocarpine model [START_REF] Fabene | A role for leukocyte-endothelial adhesion mechanisms in epilepsy[END_REF]. A recent study in rats showed that, 3 months after systemic kainate injections, treatment with a new P2X7 antagonist that crosses the blood-brain barrier decreased the severity of spontaneous recurrent seizures [START_REF] Amhaoul | P2X7 receptor antagonism reduces the severity of spontaneous seizures in a chronic model of temporal lobe epilepsy[END_REF]. Although the seizure frequency remained unaltered by this new P2X7 antagonist, this study further strengthens the idea that blocking P2X7 might have beneficial effects in regulating seizure during not only the acute but also the chronic phases of the disease.

P2X7 may thus appear as a potential therapeutic target to reduce the burden of seizures. However, several technical issues with respect to the results discussed in this Review should be kept in mind. First, the antagonists used in these studies are specific for P2X7 receptors compared with other P2X receptors or other receptors and channels but may show off-target activity. Such a case was reported recently for a P2X1 antagonist that also inhibits the activity of CCR5 and CXCR4 [START_REF] Giroud | P2X1 receptor antagonists inhibit HIV-1 fusion by blocking virus-coreceptor interactions[END_REF]. Second, the tissue and cellular distribution of P2X7 is still unclear; antibodies and mouse reporter gene lack specificity or can reasonably be questioned. With respect to the Gensat P2X7-GFP reporter mouse (http:// www.gensat.org/imagenavigator.jsp?imageID=36838), there are strong discrepancies between the pattern of expression of GFP in this mouse strain and mRNA tissue distribution of the receptor that can be visualized in the Allen brain atlas in situ hybridization database (http:// mouse.brain-map.org/gene/show/18206).

Moreover, it is surprising that no expression of GFP in microglial cells can be observed in this mouse because there are clear demonstrations that P2X7 is functionally expressed in microglial cells under physiological conditions (see above). Finally, whether P2X7 is efficiently deleted in the two commonly used P2X7-deficient mice is still debated [START_REF] Taylor | Lymphocytes from P2X7-deficient mice exhibit enhanced P2X7 responses[END_REF]. For all these reasons, further work is required to establish unambiguously whether P2X7 is a viable therapeutic target in epilepsy.

Particularly, investigating the involvement of P2X7 in seizure activity and chronic epilepsy in conditional knockout mice will be an essential step. There is a common agreement that the expression of P2X7 is enhanced following SE in the hippocampus. Whether this expression is restricted to microglia, as functionally demonstrated [START_REF] Avignone | Status epilepticus induces a particular microglial activation state characterized by enhanced purinergic signaling[END_REF], or is also present in neurons and astrocytes requires a clear examination. Finally, it is important to note that all clinical trials testing the effectiveness of P2X7 antagonists have failed to demonstrate any beneficial effect in rheumatoid arthritis [START_REF] Keystone | Clinical evaluation of the efficacy of the P2X7 purinergic receptor antagonist AZD9056 on the signs and symptoms of rheumatoid arthritis in patients with active disease despite treatment with methotrexate or sulphasalazine[END_REF], despite the clear demonstration of involvement of this receptor in animal models of the disease.

P2X4 is the only other P2X receptor that has been studied for its potential involvement in epilepsy. As for P2X7, there are important discrepancies in the literature, mainly regarding whether P2X4 expression is up-or downregulated in the hippocampus following SE. In mice, two studies showed no change or a decrease of P2X4 immunostaining within 24 hr post-SE, evoked either by systemic pilocarpine or by intra-amygdala kainate injection [START_REF] Dona | Alteration of purinergic P2X4 and P2X7 receptor expression in rats with temporal-lobe epilepsy induced by pilocarpine[END_REF][START_REF] Engel | P2X7 receptor in epilepsy; role in pathophysiology and potential targeting for seizure control[END_REF]. A similar finding was also reported in seizure-sensitive compared with seizure-resistant gerbil hippocampus [START_REF] Kang | P2X2 and P2X4 receptor expression is regulated by a GABA A receptor-mediated mechanism in the gerbil hippocampus[END_REF]. However, no specificity for the P2X4 antibodies used in any of these studies was provided. Another study using intraperitoneal injection of kainate to elicit SE demonstrated an increase of the transcription and protein expression in the hippocampus 24 and 48 hr post-SE [START_REF] Ulmann | Involvement of P2X4 receptors in hippocampal microglial activation after status epilepticus[END_REF]. Particularly, upregulated P2X4 receptors were localized in activated microglial cells in the stratum radiatum. In this study, the specificity of P2X4 antibody staining was confirmed in P2X4-deficient mice. Furthermore, Western blot experiments performed on purified hippocampal microglia clearly demonstrated a de novo expression of P2X4 in microglia 48 hr after the induction of SE. Involvement of P2X4 in epileptogenesis was also investigated with the P2X4-deficient mice.

The data show a reduction of distinct hallmarks of microglial activation after the induction of SE in the P2X4-deficient mice, including a reduction of cell density and morphological changes. Analysis of microglia electrophysiological properties in acute hippocampal slices revealed that the upregulation of Kv1.3-mediated outward K 1 currents normally occurring in activated microglia of wild-type mice was reduced in epileptic P2X4-deficient mice, yet the functional upregulation of P2 receptors (i.e., P2X7, P2Y12, and P2Y6) was not altered by the deletion of P2X4. In addition, a reduction in the expression of different proinflammatory genes and a lower neuronal cell death in the CAI area were also reported.

Although SE was not analyzed by EEG recordings in P2X4-deficient mice, no difference of susceptibility to kainate-induced SE assessed by scoring behavioral seizures was observed between wild-type and P2X4-deficient mice. Whether P2X4-deficient mice can develop spontaneous recurrent seizure has not been determined. Thus, even though both microglial activation and neuronal damage are significantly attenuated by the inactivation of this receptor, the role of P2X4 must be further substantiated by EEG recordings during acute and chronic phases of epilepsy. In addition, P2X4 conditional allele deletion to inactivate P2X4 in either neurons or microglia should also be performed. Indeed, P2X4 is expressed in hippocampal neurons, where its activation is triggered by episodes of high neuronal activity [START_REF] Sim | Altered hippocampal synaptic potentiation in P2X4 knockout mice[END_REF] and could lead to hyperexcitability, which in turn could promote microglial activation or neuronal death. On the other hand, as documented in the neuropathic pain model [START_REF] Beggs | P2X4R 1 microglia drive neuropathic pain[END_REF], de novo expression of P2X4 in microglia after SE could control the release of BDNF and KCC2 downregulation, thereby inducing local hyperexcitability and promoting epileptogenesis. Clearly, there is a crucial requirement for specific P2X4 antagonists and for more targeted genetic approaches to clarify the actual roles of P2X4 in epilepsy.

P2Y Receptors in Epilepsy

The role of P2Y receptors in epilepsy has received little attention. From a purely neuronal point of view, there is little evidence supporting a role for these receptors in mediating hyperexcitability or epileptogenesis. However, functional excitatory P2Y1 receptors are expressed by subpopulations of inhibitory interneurons in the hippocampus [START_REF] Bowser | ATP excites interneurons and astrocytes to increase synaptic inhibition in neuronal networks[END_REF]. Some of these interneurons degenerate after SE [START_REF] Dinocourt | Loss of interneurons innervating pyramidal cell dendrites and axon initial segments in the CA1 region of the hippocampus following pilocarpine-induced seizures[END_REF], and this could lead to a modification of the P2Y1 regulation of the excitation/inhibition balance in the hippocampal neuronal network.

The expression of P2Y receptors in glia and their remodeling under pathological conditions suggest that these receptors may contribute to phenotypic changes taking place after seizures. Supporting this idea, P2Y12 receptors are functionally upregulated in microglia after SE, and this leads to increased process motility toward a source of ATP [START_REF] Avignone | Status epilepticus induces a particular microglial activation state characterized by enhanced purinergic signaling[END_REF]. Other aspects of microglia process motility (e.g., basal motility or process extension toward a laser-induced lesion) are not affected in this model [START_REF] Avignone | Altered morphological dynamics of activated microglia after induction of status epilepticus[END_REF]. These studies were performed with either local application of agonists or laser-evoked microlesion in acute slices after SE induction in vivo. Eyo and coworkers (2014) also demonstrated, in vivo, that P2Y12 receptor-mediated elongation of microglia processes toward active dendrites are enhanced after SE. This phenomenon was impaired in P2Y12-deficient mice, and, remarkably, these mice showed a worsening of kainate-induced seizures, suggesting that microglial P2Y12 signaling has a beneficial effect on the outcome of the disease.

Microglial P2Y6 receptors are also upregulated after SE [START_REF] Avignone | Status epilepticus induces a particular microglial activation state characterized by enhanced purinergic signaling[END_REF], but the consequences of this upregulation on epilepto-and ictogenesis have not been evaluated. These receptors control the phagocytic function of microglial cells [START_REF] Koizumi | UDP acting at P2Y6 receptors is a mediator of microglial phagocytosis[END_REF], so it is important to test whether P2Y6 contributes to the phagocytosis of hippocampal neurons after SE as well as to the regulation of adult neurogenesis in the dentate gyrus [START_REF] Sierra | Microglia shape adult hippocampal neurogenesis through apoptosis-coupled phagocytosis[END_REF], which is also affected after seizures [START_REF] Sierra | Neuronal hyperactivity accelerates depletion of neural stem cells and impairs hippocampal neurogenesis[END_REF].

Astrocytic purinergic signaling in epilepsy has received little attention despite the fact that P2Y1 receptors control calcium signaling in astrocytes and contribute to glutamate-mediated gliotransmission (see above).

In the hippocampus, the astrocytic release of glutamate following P2Y1 activation is controlled by TNF-a and prostaglandins [START_REF] Domercq | P2Y1 receptor-evoked glutamate exocytosis from astrocytes: control by tumor necrosis factor-alpha and prostaglandins[END_REF]. Accordingly, this form of gliotransmission is enhanced in the inflammatory context of a mouse model of multiple sclerosis and leads to alterations of synaptic functions and impairment of contextual learning and memory [START_REF] Habbas | Neuroinflammatory TNFa impairs memory via astrocyte signaling[END_REF]. TNFa and prostaglandin signaling are rapidly upregulated after SE [START_REF] Avignone | Status epilepticus induces a particular microglial activation state characterized by enhanced purinergic signaling[END_REF], so it is very likely that altered gliotransmission will contribute to the remodeling of the hippocampus during epileptogenesis and to the generation of seizures. In an in vitro model of focal seizures, calcium elevation in astrocytes, partially dependent on P2 receptors, contributes to drive neurons to the threshold of ictal but not interictal events [START_REF] Gomez-Gonzalo | An excitatory loop with astrocytes contributes to drive neurons to seizure threshold[END_REF]. Moreover, calcium signaling is enhanced in cortical astrocytes in vivo during and up to 3 days after pilocarpineinduced SE [START_REF] Ding | Enhanced astrocytic Ca 21 signals contribute to neuronal excitotoxicity after status epilepticus[END_REF]. Unfortunately, despite the fact that this enhanced calcium signaling favors the release of astrocytic glutamate and SE-induced neuronal death, the contribution of P2Y receptors has not been tested. A more recent study on a model of kindling in the rat also indicated enhanced calcium signaling in astrocytes that depends on P2Y1 receptor activation [START_REF] Alvarez-Ferradas | Enhanced astroglial Ca21 signaling increases excitatory synaptic strength in the epileptic brain[END_REF]. In agreement with the pilocarpine model, processes downstream of the kindling-evoked calcium signaling include mGluR5-dependent increase of presynaptic glutamate release probability and NMDA receptordependent enhanced neuronal excitability. ATP released by microglia in hippocampal slices of na€ıve animalscan rapidly mobilize this signaling cascade through the activation of astrocyte P2Y1 receptors, the release of astrocyte glutamate, and the activation of mGluR5 receptors on presynaptic glutamatergic terminals, leading to an enhancement of excitability and favoring the appearance of epileptiform activities [START_REF] Pascual | Microglia activation triggers astrocyte-mediated modulation of excitatory neurotransmission[END_REF]. These results support the hypothesis of an active role of astrocytic P2Y1 receptors in epileptogenesis. However, specific inhibition or invalidation at specific stages of the disease is still required to establish more clearly the actual impact of this enhanced P2Y1 signaling.

Moreover, a careful examination of the involvement of other P2Y receptors that may be upregulated in reactive astrocytes is required.

CONCLUSIONS AND PERSPECTIVES

Increasing evidence indicates that this glial reactivity is actively involved in remodeling of the epileptic brain [START_REF] Matute | Neuroglial interactions mediated by purinergic signalling in the pathophysiology of CNS disorders[END_REF][START_REF] Steinhauser | Epilepsy: crucial role for astrocytes[END_REF][START_REF] Devinsky | Glia and epilepsy: excitability and inflammation[END_REF][START_REF] Heuser | The role of glial cells in epilepsy][END_REF] and that ATP is a danger signal in many disorders, including epilepsy [START_REF] Rodrigues | ATP as a multitarget danger signal in the brain[END_REF]. Here, we have reviewed several modifications of purinergic signaling pathways that have been observed in animal models of epilepsy, and we believe that, as fundamental components of neuron-glia interactions, purinergic receptors represent promising therapeutic targets to cure or to control the disease better. Unlike glutamate and GABA receptors, purinergic receptors are not expressed by all neurons of the brain. Some of these receptors are expressed almost exclusively by astrocytes or microglia and control several key functions of these glial cells. Moreover, some of these receptors are selectively upregulated in glial cells after these cells are activated under pathological conditions. This is the case, for instance, for P2X4 in microglia after SE [START_REF] Ulmann | Involvement of P2X4 receptors in hippocampal microglial activation after status epilepticus[END_REF]. However, the repertoire of purinergic receptors expressed by astrocytes and by microglia at different stages of the disease is still largely unknown and should be carefully determined. Functional studies to establish the roles of these receptors will certainly be an important step, but the lack of specific pharmacological tools will be an obstacle.

An initial transcriptome analysis to identify the set of genes up-or downregulated in astrocytes and in microglia at different stages of the disease appears to be essential before designing genetic and functional strategies to understand better the specific roles of purinergic receptors during the time course of reactive gliosis occurring in epilepsy.
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