Thomas Marissal 
email: thomas.marissal@inserm.fr
  
An inventory of basic research in Temporal Lobe Epilepsy

Keywords: maximum 6): Temporal Lobe Epilepsy, Preclinical Research, Therapeutical perspectives

Temporal lobe epilepsy is a severe neurological disease, characterized by seizure occurrence and invalidating cognitive co-morbidities, which affects up to 1% of the adults.

Roughly one third of the patients are resistant to any conventional pharmacological treatments. The last option in that case is the surgical removal of the epileptic focus, with no guarantee for clinical symptom alleviation. This state of affairs requests the identification of cellular or molecular targets for novel therapeutic approaches with limited side effects. Here we review some generalities about the disease as well as some of the most recent discoveries about the cellular and molecular mechanisms of TLE, and the latest perspectives for novel treatments.

1

Temporal Lobe Epilepsy: Generalities

Temporal lobe epilepsy (TLE) affects up to 1% of people from Western countries [1,[START_REF] Bell | CPD -Education and self-assessment The epidemiology of epilepsy: the size of the problem[END_REF]. TLE is the most prevalent type of epilepsy in adults, accounting for 30-40% of epileptic patients. The precise causes of TLE are difficult to identify with certainty. It is postulated that patients undergo an initial trauma (e.g., febrile seizure, infectious disease, head injury, or status epilepticus [START_REF] Boyd | Temporal Lobe Epilepsy after Refractory Status Epilepticus: An Illustrative Case and Review of the Literature[END_REF]), which induces remodeling of the temporal lobe neuronal network. One of the most salient histological manifestations of these changes is abnormal hardening and a decrease in the size of the hippocampus, called hippocampal sclerosis, which is observable using magnetic resonance imaging and was developed by two-thirds of patients with TLE [START_REF] Blümcke | Ammon's Horn Sclerosis: A Maldevelopmental Disorder Associated with Temporal Lobe Epilepsy[END_REF].

After a latent period that can last years, the temporal lobe becomes susceptible to unpredictable and recurrent epileptic seizures. The latter include focal aware seizures that manifest through an ensemble of clinical symptoms, called "auras", which are sometimes hard for patients to describe. It seems that auras are associated with uncomfortable sensations from the stomach and the chest and are transiently accompanied by abnormal emotional (e.g., fear, anxiety), sensory (e.g., hearing or olfactory hallucinations), or mnesic (e.g., amnesia, dejà-vu feeling) perceptions, most of the time without loss of consciousness.

Complex partial seizures can also occur (lasting a few minutes at maximum), notably characterized by a fixed stare and motor manifestations such as abnormal arm positioning and typical repetitive lip-smacking movements. In extreme cases, seizures can evolve into generalized tonic-clonic seizures accompanied by behavioral convulsions or even status epilepticus during which seizure activity lasts more than 30 minutes without recovery of consciousness.

From an electrophysiological point of view, the symptoms detailed above can coincide with the pathological, sometimes hypersynchronous, activity of the neurons from the temporal lobe of the brain, called "ictal" events, which can be monitored using electroencephalogram (EEG) recordings. In patients suffering from TLE, ictal event onset is characterized by the emergence of rapid discharges, sometimes preceded by rhythmic spiking [START_REF] Bartolomei | Pre-ictal synchronicity in limbic networks of mesial temporal lobe epilepsy[END_REF]. Interestingly, EEGs can also detect abnormal patterns of activity during periods between seizures called "interictal" events, which are brief episodes of rhythmic epileptiform activity. These activity patterns are commonly considered a distinguishing signature of an epileptic network. As interictal events are not necessarily correlated with abnormal behavior, their impact on hippocampal function is still debated: some experimental evidence suggests that they could disturb cognitive performance [START_REF] Holmes | Role of interictal epileptiform abnormalities in cognitive impairment[END_REF][START_REF] Ung | Interictal epileptiform activity outside the seizure onset zone impacts cognition[END_REF][START_REF] Kleen | Hippocampal interictal epileptiform activity disrupts cognition in humans[END_REF] by interfering with the underlying physiological mechanisms, notably hippocampal-cortical coupling [START_REF] Gelinas | Interictal epileptiform discharges induce hippocampal-cortical coupling in temporal lobe epilepsy[END_REF]. Conversely, the observation that interictal activity results in the inhibition of glutamatergic cells [START_REF] Muldoon | GABAergic inhibition shapes interictal dynamics in awake epileptic mice[END_REF] supports the hypothesis that those activity patterns could be protective phenomena [START_REF] Avoli | Does interictal synchronization influence ictogenesis?[END_REF].

Last, ictal and interictal periods can also be accompanied by pathological high-frequency oscillations [START_REF] Bragin | High-frequency oscillations in human brain[END_REF][START_REF] Bragin | Interictal high-frequency oscillations (80-500Hz) in the human epileptic brain: Entorhinal cortex[END_REF] that are concurrent with physiological ripples of lower frequencies [START_REF] Ewell | The impact of pathological high-frequency oscillations on hippocampal network activity in rats with chronic epilepsy[END_REF].

EEG signals are used as a tool for the identification of the epileptogenic zone in the temporal lobe [START_REF] Bartolomei | Epileptogenicity of brain structures in human temporal lobe epilepsy: a quantified study from intracerebral EEG[END_REF]. The ability of the different regions from the temporal lobe to act as epileptogenic foci is still debated. Although temporal lobe structures such as the amygdala complex and the entorhinal cortex are able to initiate ictal discharges [START_REF] Bartolomei | Pre-ictal synchronicity in limbic networks of mesial temporal lobe epilepsy[END_REF][START_REF] Bartolomei | Epileptogenicity of brain structures in human temporal lobe epilepsy: a quantified study from intracerebral EEG[END_REF][START_REF] Bartolomei | Entorhinal Cortex Involvement in Human Mesial Temporal Lobe Epilepsy: An Electrophysiologic and Volumetric Study[END_REF][START_REF] Spencer | Entorhinal-Hippocampal Interactions in Medial Temporal Lobe Epilepsy[END_REF], the hippocampus is still considered a major ictal generator [START_REF] Tatum | Mesial Temporal Lobe Epilepsy[END_REF], particularly in the case of TLE accompanied by hippocampal sclerosis [START_REF] Wieser | Mesial Temporal Lobe Epilepsy with Hippocampal Sclerosis[END_REF].

In addition to seizures, patients suffering from TLE must cope with numerous invalidating comorbidities. Among them, psychiatric disorders are very common: TLE is associated with a high prevalence of mood disorders such as anxiety, major depression or suicidal ideation compared with the general population [START_REF] Tellez-Zenteno | Psychiatric Comorbidity in Epilepsy: A Population-Based Analysis[END_REF]. In addition, patients exhibit an increased risk of developing serious cognitive impairments: alterations in social processing [START_REF] Schacher | Mesial Temporal Lobe Epilepsy Impairs Advanced Social Cognition[END_REF], deficits in the recognition of emotional expression [START_REF] Golouboff | Impaired facial expression recognition in children with temporal lobe epilepsy: Impact of early seizure onset on fear recognition[END_REF], and executive dysfunctions [START_REF] Rzezak | Executive dysfunction in children and adolescents with temporal lobe epilepsy: Is the Wisconsin Card Sorting Test enough?[END_REF] have been notably observed in patients suffering from TLE. Furthermore, one of the most prominent side-effect cognitive disorders in TLE (and probably the most studied) is memory disruption. More than half of the patients with TLE present mild or severe memory alterations [START_REF] Hermann | Cognitive phenotypes in temporal lobe epilepsy[END_REF], affecting diverse domains of mnesic function, such as spatial [START_REF] Bell | Route Learning Impairment in Temporal Lobe Epilepsy[END_REF], episodic [START_REF] Tramoni | Long-term consolidation of declarative memory: insight from temporal lobe epilepsy[END_REF], or working [START_REF] Hötting | Long-term versus shortterm memory deficits for faces in temporal lobe and generalized epilepsy patients[END_REF] memories.

For the generation of seizures, the hippocampus might play a key role in the cognitive impairments that are associated with TLE. First, various lines of evidence suggest that physiological hippocampal theta and gamma band rhythms, which are substrates for several cognitive functions, are disturbed in TLE [START_REF] Lega | The gamma band effect for episodic memory encoding is absent in epileptogenic hippocampi[END_REF][START_REF] Fu | Negative effects of interictal spikes on theta rhythm in human temporal lobe epilepsy[END_REF][START_REF] Kitchigina | Alterations of Coherent Theta and Gamma Network Oscillations as an Early Biomarker of Temporal Lobe Epilepsy and Alzheimer's Disease[END_REF]. Second, hippocampal sclerosis seems to be an important correlate for the severity of memory decline [START_REF] Abrahams | Hippocampal Involvement in Spatial and Working Memory: A Structural MRI Analysis of Patients with Unilateral Mesial Temporal Lobe Sclerosis[END_REF][START_REF] Zhao | Neuropsychological deficits in temporal lobe epilepsy: A comprehensive review[END_REF]. Notwithstanding, TLE pathology is unlikely to rely on the hippocampus alone. In contrast, cognitive impairments extend far beyond the epileptic zone(s) from which seizures originate, even beyond the temporal lobe itself [START_REF] Bell | The neurobiology of cognitive disorders in temporal lobe epilepsy[END_REF]. It was demonstrated that hippocampal epileptiform events could perturb network activity patterns in "remote" brain regions and that abnormal coupling could disrupt the related cognitive functions [START_REF] Gelinas | Interictal epileptiform discharges induce hippocampal-cortical coupling in temporal lobe epilepsy[END_REF][START_REF] Sheybani | Large-Scale 3-5 Hz Oscillation Constrains the Expression of Neocortical Fast Ripples in a Mouse Model of Mesial Temporal Lobe Epilepsy[END_REF][START_REF] Englot | Regional and global connectivity disturbances in focal epilepsy, related neurocognitive sequelae, and potential mechanistic underpinnings[END_REF][START_REF] Dahal | Interictal epileptiform discharges shape large-scale intercortical communication[END_REF]. Importantly, the aberrant connectivity between the epileptic foci and distal brain regions seemed to be correlated with TLE severity (cognitive impairments, seizure frequency) and postsurgical outcome [START_REF] Englot | Regional and global connectivity disturbances in focal epilepsy, related neurocognitive sequelae, and potential mechanistic underpinnings[END_REF].

In summary, patients with TLE suffer from numerous disorders that dramatically dampen their quality of life. The disease burden from epilepsy (based on life expectancy disability weight and other factors) was estimated to be heavier than those for Alzheimer's and Parkinson's disease combinations [START_REF] Murray | Disabilityadjusted life years (DALYs) for 291 diseases and injuries in 21 regions, 1990-2010: a systematic analysis for the Global Burden of Disease Study 2010[END_REF]. To control seizure occurrence, multiple anti-epileptic drugs (AEDs) can be prescribed. Classically, these pharmacological agents tend to block specific ionic channels to reduce excitatory glutamatergic transmission or potentialize inhibitory GABAergic transmission [START_REF] Schmidt | Drug treatment of epilepsy in adults[END_REF]. Unfortunately, these therapeutic strategies present numerous inconveniences. First, as a symptomatic treatment, AEDs do not prevent or reverse the pathological processes underlying the disease. Second, controlling seizures using AEDs is not always sufficient to alleviate the associated clinical comorbidities. Even worse, these drugs may contribute to aggravating cognitive disorders in some patients [START_REF] Eddy | The cognitive impact of antiepileptic drugs[END_REF].

In addition, interactions may occur between AEDs and the other medications the patient takes, resulting in reductions in their effects. That said, the pharmacological agents that were most recently developed display less adverse cognitive effects and cause fewer drug interactions [START_REF] Schmidt | Drug treatment of epilepsy in adults[END_REF]. Last, a high fraction of patients with TLE in developed countries are resistant to any available pharmacological therapy [START_REF] Picot | The prevalence of epilepsy and pharmacoresistant epilepsy in adults: A population-based study in a Western European country[END_REF]. For intractable TLE, surgical resection of the epileptic focus is a strategy of last resort. However, only 25-50% of adults are cured after surgery in TLE with hypocampal sclerosis (e.g., at least five years seizurefree and off drugs, [START_REF] Schmidt | Drug treatment of epilepsy in adults[END_REF][START_REF] Schuele | Intractable epilepsy: management and therapeutic alternatives[END_REF]). Moreover, this type of surgery is capable of permanently damaging cognitive functions in some patients [START_REF] Thompson | Cognitive outcomes of temporal lobe epilepsy surgery in older patients[END_REF]. Therefore, epilepsy surgery is still underutilized even though growing lines of evidence suggest that surgery remains the best option for patients with refractory TLE [START_REF] Englot | The persistent under-utilization of epilepsy surgery[END_REF].

In conclusion, not only do the current therapeutic strategies not guarantee the relief of the symptoms associated with TLE (including seizure generation), but the socioeconomic burden is heavy: the estimated cost per patient was evaluated at €2000-11,500, representing a total expense of €15.5 billion in Europe in 2004 [START_REF] Pugliatti | Estimating the Cost of Epilepsy in Europe: A Review with Economic Modeling[END_REF]. Therefore, in terms of public health, it is particularly important to better understand the pathophysiological mechanisms underlying TLE to identify targets for novel treatments.

The molecular and cellular bases of temporal lobe epilepsy: lessons from basic

research.

Substrates for basic research: from patients to animal models

A few basic studies were conducted directly on patients, notably to decipher the network connectivity at the macroscale level [START_REF] Bartolomei | Defining epileptogenic networks: Contribution of SEEG and signal analysis[END_REF]. However, those strategies were not able to capture the cellular and microcircuit alterations that can impact TLE pathology [START_REF] Farrell | Resolving the Micro-Macro Disconnect to Address Core Features of Seizure Networks[END_REF]. A growing number of basic researchers have used living tissues surgically removed from the brains of patients with intractable TLE. These samples could be used to conduct cellular and molecular biology experiments or proteomic studies [START_REF] Dachet | Proteomic analysis of human epileptic neocortex predicts vascular and glial changes in epileptic regions[END_REF]. In addition, surgically resected tissues allowed the preparation of both acute, and organotypic slices with longer lifespans [START_REF] Eugène | An organotypic brain slice preparation from adult patients with temporal lobe epilepsy[END_REF][START_REF] Wickham | Prolonged life of human acute hippocampal slices from temporal lobe epilepsy surgery[END_REF]. These slices displayed several molecular and histological features of the epileptic hippocampal network in vivo [START_REF] Eugène | An organotypic brain slice preparation from adult patients with temporal lobe epilepsy[END_REF]. In addition, those preparations maintained the ability to spontaneously generate epileptiform activity in vitro, resembling interictal discharges, which could be recorded using electrophysiological or calcium imaging strategies [START_REF] Eugène | An organotypic brain slice preparation from adult patients with temporal lobe epilepsy[END_REF][START_REF] Wickham | Prolonged life of human acute hippocampal slices from temporal lobe epilepsy surgery[END_REF][START_REF] Duigou | Imaging pathological activities of human brain tissue in organotypic culture[END_REF][START_REF] Huberfeld | Hippocampus and epilepsy: findings from human tissues[END_REF].

Pharmacologically induced ictal-like patterns [START_REF] Eugène | An organotypic brain slice preparation from adult patients with temporal lobe epilepsy[END_REF], along with theta and gamma rhythmic activities [START_REF] Florez | In Vitro Recordings of Human Neocortical Oscillations[END_REF], which were distinct from epileptiform discharges but similar to the behaviorrelated oscillations recorded in vivo, could also be monitored. Thus, human tissues appear to be a powerful tool for the screening of innovative approaches based on drugs or gene therapy. However, they have many limitations [START_REF] Avoli | Cellular and molecular mechanisms of epilepsy in the human brain[END_REF]. In addition to the inconveniences that were applicable to in vitro preparations in general [START_REF] Verwer | Injury Response of Resected Human Brain Tissue In Vitro[END_REF], the interpretation of the results might be precluded by the absence of "normal" controls and by the variability of each patient e.g., (age, sex, history of seizure and medication). Consequently, the use of rodent models of TLE remains essential [START_REF] O'dell | Understanding the basic mechanisms underlying seizures in mesial temporal lobe epilepsy and possible therapeutic targets: A review[END_REF][START_REF] Kandratavicius | Psychiatric comorbidities in temporal lobe epilepsy: possible relationships between psychotic disorders and involvement of limbic circuits[END_REF]. In this review, I will focus on two rodent models in which the initial brain injury was reproduced by the systemic or intrahippocampal administration of the glutamatergic agonist kainate [START_REF] Ben-Ari | Injections of kainic acid into the amygdaloid complex of the rat: An electrographic, clinical and histological study in relation to the pathology of epilepsy[END_REF][START_REF] Bouilleret | Recurrent seizures and hippocampal sclerosis following intrahippocampal kainate injection in adult mice: electroencephalography, histopathology and synaptic reorganization similar to mesial temporal lobe epilepsy[END_REF] or by injecting the muscarinic agonist pilocarpine [START_REF] Curia | The pilocarpine model of temporal lobe epilepsy[END_REF].

The injections rapidly lead to status epilepticus that initiates epileptogenic processes. During a period with few clinical signs, called the "latent phase", numerous changes at the molecular, synaptic, and cellular levels occur within the temporal lobe (summarized in part 2.3 below). These pathological phenomena are reflected by the emergence of nonictal pathological activity patterns generated in future epileptic foci [START_REF] Lévesque | Animal models of temporal lobe epilepsy following systemic chemoconvulsant administration[END_REF] and beyond [START_REF] Sheybani | Electrophysiological Evidence for the Development of a Self-Sustained Large-Scale Epileptic Network in the Kainate Mouse Model of Temporal Lobe Epilepsy[END_REF]. After a few weeks in rodents (weeks to years in patients), the latent period is followed by a chronic period that manifests with the occurrence of recurrent seizures generated by the temporal lobe. Pilocarpine and kainate status epilepticus induction procedures are widely used due to their high similarity to human TLE [START_REF] Lévesque | High-frequency oscillations and mesial temporal lobe epilepsy[END_REF]. First, both models exhibited EEG electrophysiological signatures of epilepsy during the chronic period, such as ictal and interictal discharges, along with pathological high-frequency oscillations. Interestingly, classical AEDs reduced seizure occurrence in most animals, but a fraction of animals remained pharmacoresistant, similar to patients with TLE [START_REF] Glien | Effects of the Novel Antiepileptic Drug Levetiracetam on Spontaneous Recurrent Seizures in the Rat Pilocarpine Model of Temporal Lobe Epilepsy[END_REF]. Second, kainate and pilocarpine models of TLE displayed several histological changes in the temporal lobe and, more particularly, alterations in the hippocampus that were reminiscent of hippocampal sclerosis in patients [START_REF] Gröticke | Behavioral alterations in the pilocarpine model of temporal lobe epilepsy in mice[END_REF][START_REF] Gröticke | Behavioral alterations in a mouse model of temporal lobe epilepsy induced by intrahippocampal injection of kainate[END_REF]. Last, they presented anxiety and depression-like behavior [START_REF] Klein | Sucrose consumption test reveals pharmacoresistant depression-associated behavior in two mouse models of temporal lobe epilepsy[END_REF], social deficits and memory impairment [START_REF] Gröticke | Behavioral alterations in the pilocarpine model of temporal lobe epilepsy in mice[END_REF][START_REF] Gröticke | Behavioral alterations in a mouse model of temporal lobe epilepsy induced by intrahippocampal injection of kainate[END_REF], and decreases in the associated physiological rhythmic activity patterns [START_REF] Dugladze | Impaired hippocampal rhythmogenesis in a mouse model of mesial temporal lobe epilepsy[END_REF][START_REF] Chauvière | Early Deficits in Spatial Memory and Theta Rhythm in Experimental Temporal Lobe Epilepsy[END_REF], mimicking the principal functional alterations accompanying seizure generation in humans with TLE. Overall, the two models display quite similar manifestations. Notably, pilocarpinetreated animals seem to develop a higher seizure rate [START_REF] Polli | Changes in Hippocampal Volume are Correlated with Cell Loss but Not with Seizure Frequency in Two Chronic Models of Temporal Lobe Epilepsy[END_REF] and more marked behavioral alterations [START_REF] Gröticke | Behavioral alterations in the pilocarpine model of temporal lobe epilepsy in mice[END_REF][START_REF] Gröticke | Behavioral alterations in a mouse model of temporal lobe epilepsy induced by intrahippocampal injection of kainate[END_REF] than kainate models. Thus, the pilocarpine model reliably replicates the symptoms associated with the most severe TLE forms. In contrast, the intrahippocampal application of kainate better reproduced the unilateral lesions observed in most humans with TLE [START_REF] Engel | Introduction to temporal lobe epilepsy[END_REF]. Originally established for rats [START_REF] Ben-Ari | Injections of kainic acid into the amygdaloid complex of the rat: An electrographic, clinical and histological study in relation to the pathology of epilepsy[END_REF][START_REF] Turski | Limbic seizures produced by pilocarpine in rats: Behavioural, electroencephalographic and neuropathological study[END_REF], kainate and pilocarpine administration protocols were also efficient in inducing TLE in mice, which became indispensable for their ability to undergo genetic engineering. Nonetheless, the experimenters had to deal with a higher mortality rate during TLE induction and a lesser likelihood of developing seizures after kainate injections in some mouse strains compared with rats [START_REF] Mckhann | Mouse strain differences in kainic acid sensitivity, seizure behavior, mortality, and hippocampal pathology[END_REF].

In brief, kainate-and pilocarpine-based rodent models of TLE satisfy the requirements for valid models of human TLE [START_REF] Lévesque | Animal models of temporal lobe epilepsy following systemic chemoconvulsant administration[END_REF]. Consequently, they are a good substrate for the study of the cellular and molecular bases of the disease.

Cellular and molecular bases of temporal lobe epilepsy

One of the most characteristic changes observed using TLE models, but also in humans, was severe neuronal degeneration. More particularly, pyramidal neurons from the CA1 and CA3 areas [START_REF] Steve | Quantification of subfield pathology in hippocampal sclerosis: A systematic review and meta-analysis[END_REF], hilar mossy cells [START_REF] Sloviter | Decreased hippocampal inhibition and a selective loss of interneurons in experimental epilepsy[END_REF] and, to a lesser extent, granule cells from the dentate gyrus [START_REF] Blümcke | Loss of Hilar Mossy Cells in Ammon's Horn Sclerosis[END_REF] degenerate. In the latter brain area, a dispersion of granule cells was also observed [START_REF] Thom | Cytoarchitectural Abnormalities in Hippocampal Sclerosis[END_REF], along with an increase in the number of adult-born granule cells displaying aberrant locations and properties [START_REF] Parent | Dentate Granule Cell Neurogenesis Is Increased by Seizures and Contributes to Aberrant Network Reorganization in the Adult Rat Hippocampus[END_REF]. These histopathological processes were first observed in the hippocampus and were associated with hippocampal sclerosis. However, evidence of neuron loss has also been reported in other structures from the temporal lobe, such as the entorhinal cortex and the amygdala [START_REF] Ben-Ari | Primary and Secondary Mechanisms of Epileptogenesis in the Temporal Lobe: There is a before and an After: Epilepsy Currents[END_REF]. Moreover, the damaged areas were colonized by glial cells, a phenomenon called gliosis [START_REF] Binder | Functional changes in astroglial cells in epilepsy[END_REF]. It was postulated that gliosis might participate in TLE pathology by promoting an immune and inflammatory response [START_REF] Crespel | Inflammatory reactions in human medial temporal lobe epilepsy with hippocampal sclerosis[END_REF] that could participate in neuronal death [START_REF] Wang | TRPV4-induced inflammatory response is involved in neuronal death in pilocarpine model of temporal lobe epilepsy in mice[END_REF] and a perturbation of the properties of glial cells themselves [START_REF] Bedner | Astrocyte uncoupling as a cause of human temporal lobe epilepsy[END_REF]. In addition, a perturbation of glial cell function could also take part in the alteration of physiological oscillations and the generation of synchronized pathological activity patterns [START_REF] Fellin | Neuronal Synchrony Mediated by Astrocytic Glutamate through Activation of Extrasynaptic NMDA Receptors[END_REF][START_REF] Crunelli | Novel astrocyte targets: New Avenues for the Therapeutic Treatment of Epilepsy[END_REF][START_REF] Perea | Activitydependent switch of GABAergic inhibition into glutamatergic excitation in astrocyteneuron networks[END_REF][START_REF] Heuser | Ca2+ Signals in Astrocytes Facilitate Spread of Epileptiform Activity[END_REF][START_REF] Chever | Astroglial networks promote neuronal coordination[END_REF].

The remaining excitatory neurons developed aberrant properties, notably via changes in ion channel properties [START_REF] Wolfart | Homeostasis or channelopathy? Acquired cell type-specific ion channel changes in temporal lobe epilepsy and their antiepileptic potential[END_REF]. For instance, the downregulation of Kv1.1 [START_REF] Sosanya | Rapamycin reveals an mTOR-independent repression of Kv1.1 expression during epileptogenesis[END_REF] and A-type [START_REF] Bernard | Acquired Dendritic Channelopathy in Temporal Lobe Epilepsy[END_REF] potassium ion channels amplified CA1 pyramidal neuron intrinsic excitability. Furthermore, surviving neurons form abnormal excitatory connections in each hippocampal area. Among them, the most emblematic in TLE is the sprouting of mossy fibers, which are granule cell axons [START_REF] Buckmaster | Mossy Fiber Sprouting in the Dentate Gyrus[END_REF]. These fibers normally contact hilar neurons and CA3 pyramidal cells. Under TLE conditions, granule cells form recurrent connections that are very rarely observed otherwise [START_REF] Scheibel | The Hippocampal-Dentate Complex in Temporal Lobe Epilepsy[END_REF][START_REF] Nadler | The Recurrent Mossy Fiber Pathway of the Epileptic Brain[END_REF]. Similar aberrant recurrences were also observed in CA1 regions [START_REF] Long | Aberrant neuronal synaptic connectivity in CA1 area of the hippocampus from pilocarpine-induced epileptic rats observed by fluorogold[END_REF]. CA3-to-CA3 connections, which are more common in the healthy hippocampus, and CA3 to CA1 projections (called Schaffer collaterals) were shown to be denser in a model of chronic epilepsy [START_REF] Siddiqui | CA3 axonal sprouting in kainate-induced chronic epilepsy[END_REF]. Again, the reorganization of the excitatory synaptic network is not restricted to the hippocampus; it has been recently demonstrated that other temporal lobe regions, such as the entorhinal cortex, might also be affected by axonal sprouting in TLE [START_REF] Armstrong | Targetselectivity of parvalbumin-positive interneurons in layer II of medial entorhinal cortex in normal and epileptic animals[END_REF]. TLE-related synaptic rewiring, which leads to the formation of aberrant recurrent connections or the strengthening of pre-existing connections, might play a key role in seizure generation since it has been shown that recurrent excitatory networks can act as a "pacemaker" for synchrony in the hippocampus [START_REF] Wittner | Factors defining a pacemaker region for synchrony in the hippocampus[END_REF][START_REF] Marissal | Pioneer glutamatergic cells develop into a morpho-functionally distinct population in the juvenile CA3 hippocampus[END_REF]. In addition, some aberrant synapses display unusual properties that lead to an increase in neuronal excitability. More specifically, our research group reported the presence of slow kinetic GluK2/K5-containing kainate receptors at the level of aberrant mossy fibers established between dentate gyrus granule cells [START_REF] Epsztein | Recurrent Mossy Fibers Establish Aberrant Kainate Receptor-Operated Synapses on Granule Cells from Epileptic Rats[END_REF][START_REF] Peret | Contribution of Aberrant GluK2-Containing Kainate Receptors to Chronic Seizures in Temporal Lobe Epilepsy[END_REF]. These receptors, which are absent in nonepileptic conditions, interact with the persistent sodium voltage-dependent channel INaP, facilitating the sustained and rhythmic discharges of hippocampal neurons [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 Epilepsy[END_REF].

Because GABAergic interneurons are less numerous than excitatory neurons and because they are subdivided into numerous heterogeneous populations [START_REF] Klausberger | Neuronal Diversity and Temporal Dynamics: The Unity of Hippocampal Circuit Operations[END_REF][START_REF] Pelkey | Hippocampal GABAergic Inhibitory Interneurons[END_REF], the exhaustive characterization of each inhibitory neuron subtype property in TLE conditions appears to be a dauntingly long task. However, numerous alterations concerning GABAergic neurons have been documented [START_REF] Alexander | Organization and control of epileptic circuits in temporal lobe epilepsy[END_REF]. For excitatory neurons, some specific interneuron subpopulations are vulnerable to neuronal death in the hippocampus [START_REF] Liu | Dysfunction of hippocampal interneurons in epilepsy[END_REF][START_REF] Marx | Differential vulnerability of interneurons in the epileptic hippocampus[END_REF] but also in other temporal lobe structures [START_REF] Kumar | Hyperexcitability, Interneurons, and Loss of GABAergic Synapses in Entorhinal Cortex in a Model of Temporal Lobe Epilepsy[END_REF]. In the hippocampus, some interneurons degenerate at very early disease stages (e.g., CA1 parvalbumin-expressing axo-axonic cells and somatostatinpositive O-LM cells), whereas other subtypes (e.g., parvalbumine basket cells, long-range projecting GABAergic neurons) appear quite well preserved [START_REF] Cossart | Dendritic but not somatic GABAergic inhibition is decreased in experimental epilepsy[END_REF][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][START_REF] Wick | Axonal sprouting in commissurally projecting parvalbumin-expressing interneurons[END_REF][START_REF] Tóth | The vulnerability of calretinin-containing hippocampal interneurons to temporal lobe epilepsy[END_REF]. Surviving neurons display aberrant intrinsic properties, notably changes in their excitability [START_REF] Cossart | Dendritic but not somatic GABAergic inhibition is decreased in experimental epilepsy[END_REF]. In addition, they undergo substantial axonal reorganization [START_REF] Peng | A Reorganized GABAergic Circuit in a Model of Epilepsy: Evidence from Optogenetic Labeling and Stimulation of Somatostatin Interneurons[END_REF]. As a consequence, reductions in both perisomatic [START_REF] Wyeth | Selective Reduction of Cholecystokinin-Positive Basket Cell Innervation in a Model of Temporal Lobe Epilepsy[END_REF] and dendritic [START_REF] Cossart | Dendritic but not somatic GABAergic inhibition is decreased in experimental epilepsy[END_REF][START_REF] Kobayashi | Reduced Inhibition of Dentate Granule Cells in a Model of Temporal Lobe Epilepsy[END_REF] inhibition of leftover excitatory neurons in the hippocampus are observed.

The acquired hyperexcitability of the hippocampal excitatory network, combined with deficits in inhibition, may act as a "detonator" for epileptic seizures [START_REF] Miri | Altered hippocampal interneuron activity precedes ictal onset[END_REF]. In addition, such alterations could interfere with cognitive functions [START_REF] Dugladze | Impaired hippocampal rhythmogenesis in a mouse model of mesial temporal lobe epilepsy[END_REF][START_REF] Chauvière | Early Deficits in Spatial Memory and Theta Rhythm in Experimental Temporal Lobe Epilepsy[END_REF][START_REF] Liu | Seizure-Induced Changes in Place Cell Physiology: Relationship to Spatial Memory[END_REF][START_REF] Lenck-Santini | Cognitive and Behavioral Comorbidities in Epilepsy: The Treacherous Nature of Animal Models: TLE Models and Comorbidities[END_REF], which are encoded by the precise and coordinated firing of excitatory neurons, themselves orchestrated by the cooperative actions of specific subpopulations of inhibitory neurons [START_REF] Stefanelli | Hippocampal Somatostatin Interneurons Control the Size of Neuronal Memory Ensembles[END_REF][START_REF] Royer | Control of timing, rate and bursts of hippocampal place cells by dendritic and somatic inhibition[END_REF][START_REF] Amilhon | Parvalbumin Interneurons of Hippocampus Tune Population Activity at Theta Frequency[END_REF][START_REF] Gulyás | Parvalbumin-Containing Fast-Spiking Basket Cells Generate the Field Potential Oscillations Induced by Cholinergic Receptor Activation in the Hippocampus[END_REF][START_REF] Veit | Cortical gamma band synchronization through somatostatin interneurons[END_REF]. Therefore, numerous attempts have been made (and are still ongoing) to reverse cardinal molecular and cellular alterations (i.e., cell loss, gliosis, altered intrinsic and synaptic properties, excitatory/inhibitory imbalance), to reduce the pathological symptoms associated with TLE.

Therapeutic strategies explored using models related to temporal lobe epilepsy

Hereunder, I report some of the latest basic research breakthroughs that open new possibilities concerning TLE treatment. Various unconventional approaches have been shown to provide beneficial actions on epileptic networks, including the modulation of neuropeptide Y [START_REF] Ledri | Translational approach for gene therapy in epilepsy: Model system and unilateral overexpression of neuropeptide Y and Y2 receptors[END_REF] and the opioid system [START_REF] Burtscher | The Opioid System in Temporal Lobe Epilepsy: Functional Role and Therapeutic Potential[END_REF][START_REF] Agostinho | Dynorphinbased "release on demand" gene therapy for drug-resistant temporal lobe epilepsy[END_REF], the design of seizure-regulatory miRNA targets [START_REF] Venø | A systems approach delivers a functional microRNA catalog and expanded targets for seizure suppression in temporal lobe epilepsy[END_REF][START_REF] Brennan | MicroRNAs as regulators of brain function and targets for treatment of epilepsy[END_REF], and the delivery of neuroprotective substances using genetically engineered cells encapsulated in a grafted device [START_REF] Falcicchia | Seizure-Suppressant and Neuroprotective Effects of Encapsulated BDNF-Producing Cells in a Rat Model of Temporal Lobe Epilepsy[END_REF][START_REF] Paolone | Long-Term, Targeted Delivery of GDNF from Encapsulated Cells Is Neuroprotective and Reduces Seizures in the Pilocarpine Model of Epilepsy[END_REF] or using organic electronic ion pumps [START_REF] Williamson | Controlling Epileptiform Activity with Organic Electronic Ion Pumps[END_REF]. Here, I will specifically focus on strategies that attempt to restore the aforementioned molecular and cellular alterations that were actually observed in temporal lobe epilepsy.

Strategies aimed at circumventing neuronal loss

There are two potential approaches aimed at reducing the impact of neuronal loss on TLE pathology: a) preventing neuronal death at the earliest disease stages and b) counterbalancing cell loss at later stages. For instance, the inhibition of the TrkB pathway [START_REF] Liu | Transient Inhibition of TrkB Kinase after Status Epilepticus Prevents Development of Temporal Lobe Epilepsy[END_REF] or the use of NMDA receptor antagonists [START_REF] Prasad | Phenobarbital and MK-801, but not phenytoin, improve the long-term outcome of status epilepticus[END_REF] in narrow time windows following status epilepticus showed a protective effect against brain damage. In some cases, these strategies could even decrease subsequent cognitive impairments and epileptogenesis [START_REF] Liu | Transient Inhibition of TrkB Kinase after Status Epilepticus Prevents Development of Temporal Lobe Epilepsy[END_REF][START_REF] Prasad | Phenobarbital and MK-801, but not phenytoin, improve the long-term outcome of status epilepticus[END_REF]. In some other notable cases, the neuroprotective effect was unable to prevent the development of epilepsy [START_REF] Brandt | N-methyl-d-aspartate receptor blockade after status epilepticus protects against limbic brain damage but not against epilepsy in the kainate model of temporal lobe epilepsy[END_REF]. A possible explanation is that neurons that were spared from death could develop aberrant properties, promoting network hyperexcitability and seizure generation [134].

An alternative approach is to replenish the epileptic temporal lobe neuronal pool with cells that actually display intrinsic and synaptic properties similar to those that are normally present in nonepileptic conditions [START_REF] Lybrand | Stem cells: a path towards improved epilepsy therapies[END_REF]. Pursued since the late 1990s [START_REF] Björklund | Cell replacement therapies for central nervous system disorders[END_REF][START_REF] Falcicchia | New Tools for Epilepsy Therapy[END_REF], that goal was successfully achieved for inhibitory neurons by grafting stem cell-derived medial embryonic eminence (MGE) neuroprogenitors originating from mice [START_REF] Baraban | Reduction of seizures by transplantation of cortical GABAergic interneuron precursors into Kv1.1 mutant mice[END_REF][START_REF] Hunt | GABA progenitors grafted into the adult epileptic brain control seizures and abnormal behavior[END_REF][START_REF] Casalia | Persistent seizure control in epileptic mice transplanted with gamma-aminobutyric acid progenitors[END_REF] or humans [START_REF] Upadhya | Human induced pluripotent stem cell-derived MGE cell grafting after status epilepticus attenuates chronic epilepsy and comorbidities via synaptic integration[END_REF]. These cells differentiate into GABAergic neuron subtypes, are well integrated in the pre-existing hippocampal network, and display typical neurochemical and electrophysiological properties [START_REF] Baraban | Reduction of seizures by transplantation of cortical GABAergic interneuron precursors into Kv1.1 mutant mice[END_REF][START_REF] Hunt | GABA progenitors grafted into the adult epileptic brain control seizures and abnormal behavior[END_REF][START_REF] Casalia | Persistent seizure control in epileptic mice transplanted with gamma-aminobutyric acid progenitors[END_REF][START_REF] Upadhya | Human induced pluripotent stem cell-derived MGE cell grafting after status epilepticus attenuates chronic epilepsy and comorbidities via synaptic integration[END_REF]. The implantation of MGE-derived cells leads to the diminution of abnormal neurogenesis and aberrant mossy fiber sprouting in TLE models [START_REF] Upadhya | Human induced pluripotent stem cell-derived MGE cell grafting after status epilepticus attenuates chronic epilepsy and comorbidities via synaptic integration[END_REF]. More importantly, it causes a marked reduction in spontaneous seizure occurrence and improves depression-related and cognitive behaviors [START_REF] Baraban | Reduction of seizures by transplantation of cortical GABAergic interneuron precursors into Kv1.1 mutant mice[END_REF][START_REF] Hunt | GABA progenitors grafted into the adult epileptic brain control seizures and abnormal behavior[END_REF][START_REF] Upadhya | Human induced pluripotent stem cell-derived MGE cell grafting after status epilepticus attenuates chronic epilepsy and comorbidities via synaptic integration[END_REF][START_REF]Persistent seizure control in epileptic mice transplanted with gamma-aminobutyric acid progenitors[END_REF]. Therefore, a cell strategy targeting inhibitory neurons appears to be a promising therapeutic approach for TLE.

Unlike interneurons, replacement strategies aimed at refilling the decimated population of glutamatergic neurons have been poorly explored to date [START_REF] Grade | Neuronal replacement therapy: previous achievements and challenges ahead[END_REF]. Obviously, if glutamatergic neuron loss is detrimental to hippocampal function, the addition of new excitatory neurons in a hyperexcitable network would constitute a certain risk.

Approaches targeting gliosis

Targeting glial function and neuroglial interactions was explored quite recently as a possible therapeutic strategy for epilepsy [START_REF] Vitaliti | Targeting inflammation as a therapeutic strategy for drug-resistant epilepsies: An update of new immunemodulating approaches[END_REF][START_REF] Vargas-Sánchez | Astroglial role in the pathophysiology of status epilepticus: an overview[END_REF]. Accordingly, it has been highlighted that pharmacologically or genetically manipulating glia-related processes, such as inflammation [START_REF] Noe | Pharmacological blockade of IL-1β/IL-1 receptor type 1 axis during epileptogenesis provides neuroprotection in two rat models of temporal lobe epilepsy[END_REF][START_REF] Maroso | Interleukin-1β Biosynthesis Inhibition Reduces Acute Seizures and Drug Resistant Chronic Epileptic Activity in Mice[END_REF], cellular interactions via gap junctions [START_REF] Li | Targeting gap junction in epilepsy: Perspectives and challenges[END_REF] or gliotransmission [START_REF] Clasadonte | Astrocyte control of synaptic NMDA receptors contributes to the progressive development of temporal lobe epilepsy[END_REF], can delay the development of seizures and attenuate abnormal behavior in models related to TLE. More recently, a research group focused on pannexin-1, which is expressed by neuronal and glial cell channels [START_REF] Huang | Pannexin1 is expressed by neurons and glia but does not form functional gap junctions[END_REF]. These channels, which are activated under pathological but not basal conditions [START_REF] Dossi | Pannexin-1 channels contribute to seizure generation in human epileptic brain tissue and in a mouse model of epilepsy[END_REF], are thought to potentiate neuronal excitability [START_REF] Scemes | Astrocyte and Neuronal Pannexin1 Contribute Distinctly to Seizures[END_REF]. Pharmacological blockade or genetic inactivation of pannexin-1 strongly decreases seizure frequency in mouse models of TLE. More interestingly, blocking pannexin-1 using probenecid and mefloquine dramatically reduces ictal discharges generated in cortical slices resected from patients with glioma or malformations of cortical development [START_REF] Dossi | Pannexin-1 channels contribute to seizure generation in human epileptic brain tissue and in a mouse model of epilepsy[END_REF]. Further experiments should be performed to determine whether probenecid and mefloquine are also efficient in alleviating the pathological symptoms observed in patients suffering from TLE. However, these results are encouraging in the prospect of developing a therapy applicable to humans since these two drugs are already approved by the United States Food and Drug Administration (FDA) for treating gout and malaria.

Methods aimed at re-establishing the excitatory/inhibitory balance

The hypothesis of a dysregulation of the excitatory/inhibitory equilibrium in favor of excitation is traditionally exposed to explain the mechanisms of epilepsy in both models [START_REF] Fritschy | Epilepsy, E/I Balance and GABAA Receptor Plasticity[END_REF] and patients [START_REF] Dehghani | Dynamic Balance of Excitation and Inhibition in Human and Monkey Neocortex[END_REF]. In line with that assumption, numerous cellular and molecular defects associated with TLE might lead to the perturbation of the inhibitory and/or excitatory component of the temporal lobe. Therefore, a particular effort has been made to directly decrease excitation or increase inhibition using various strategies. For instance, a gene therapy strategy aimed at re-establishing the normal expression of the Kv1.1 potassium channel that participates in glutamatergic neuron hyperexcitability in epileptic conditions [START_REF] Sosanya | Rapamycin reveals an mTOR-independent repression of Kv1.1 expression during epileptogenesis[END_REF] has been recently developed. That genetic approach, which is based on a harmless virus that was optimized for further clinical development, was effective at diminishing seizures in a rat TLE model [START_REF] Snowball | Epilepsy Gene Therapy Using an Engineered Potassium Channel[END_REF][START_REF] Colasante | In vivo CRISPRa decreases seizures and rescues cognitive deficits in a rodent model of epilepsy[END_REF]. In addition, light-based optogenetic tools have been used to manipulate the activity of genetically defined populations of inhibitory or excitatory neurons with fine temporal precision in the context of epilepsy [START_REF] Farrell | Resolving the Micro-Macro Disconnect to Address Core Features of Seizure Networks[END_REF][START_REF] Choy | Optogenetic study of networks in epilepsy[END_REF]. The inhibition of the main population of excitatory glutamatergic neurons delayed seizure onset in a rat model of TLE [START_REF] Sukhotinsky | Optogenetic Delay of Status Epilepticus Onset in an In Vivo Rodent Epilepsy Model[END_REF]. Combined with a closed loop system enabling the control of the activity as soon as seizures are detected using EEG monitoring, light-assisted inhibition of hippocampal pyramidal cells was efficient at stopping the seizures in vivo [START_REF] Krook-Magnuson | On-demand optogenetic control of spontaneous seizures in temporal lobe epilepsy[END_REF]. In contrast, the activation of some peculiar glutamatergic neuron subclasses, i.e., dentate gyrus mossy cells, surprisingly reduces convulsive seizures [START_REF] Bui | Dentate gyrus mossy cells control spontaneous convulsive seizures and spatial memory[END_REF]. However, that "enigmatic" subtype of locally projecting excitatory neurons can indirectly provide powerful inhibition to principal granule cells by exciting surrounding inhibitory interneurons [START_REF] Scharfman | The enigmatic mossy cell of the dentate gyrus[END_REF]. As specific interneuron subtypes, notably parvalbumin and somatostatin cells, play a key role in shaping network activity and behavior under "normal" conditions [START_REF] Stefanelli | Hippocampal Somatostatin Interneurons Control the Size of Neuronal Memory Ensembles[END_REF][START_REF] Royer | Control of timing, rate and bursts of hippocampal place cells by dendritic and somatic inhibition[END_REF][START_REF] Amilhon | Parvalbumin Interneurons of Hippocampus Tune Population Activity at Theta Frequency[END_REF][START_REF] Gulyás | Parvalbumin-Containing Fast-Spiking Basket Cells Generate the Field Potential Oscillations Induced by Cholinergic Receptor Activation in the Hippocampus[END_REF][START_REF] Veit | Cortical gamma band synchronization through somatostatin interneurons[END_REF], the effect of optogenetic manipulation of these inhibitory neuron subpopulations on TLE pathology has been tested. In particular, direct excitation of the parvalbumin-expressing interneuron subclass interrupts behavioral and electrographic seizures in TLE mice [START_REF] Krook-Magnuson | On-demand optogenetic control of spontaneous seizures in temporal lobe epilepsy[END_REF][START_REF] Krook-Magnuson | In vivo evaluation of the dentate gate theory in epilepsy[END_REF] and improves spatial memory [START_REF] Kim | Optogenetic intervention of seizures improves spatial memory in a mouse model of chronic temporal lobe epilepsy[END_REF]. However, it is still uncertain whether each functionally diverse parvalbumin-expressing neuron subset [START_REF] Varga | Functional fission of parvalbumin interneuron classes during fast network events[END_REF] that survives TLE [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] actually displays alterations in excitability and firing [START_REF] Cossart | Dendritic but not somatic GABAergic inhibition is decreased in experimental epilepsy[END_REF] and whether they need to be overexcited. Notably, it seems that the activation of a peculiar parvalbumin neuron subpopulation, which is involved in the disinhibitory nigra-parifascicular pathway, aggravates seizures in kainic acid and kindling models of epilepsy [START_REF] Chen | A disinhibitory nigraparafascicular pathway amplifies seizure in temporal lobe epilepsy[END_REF]. In addition, a strategy based on specific interneuron manipulation could collide with the fact that some interneuron subsets may have paradoxical pro-and anti-epileptic effects as a function of the stage of seizures (interictal period, ictogenesis initiation, maintenance of ictal activity, [START_REF] Magloire | GABAergic Interneurons in Seizures: Investigating Causality With Optogenetics[END_REF][START_REF] Khoshkhoo | Dynamic, Cell-Type-Specific Roles for GABAergic Interneurons in a Mouse Model of Optogenetically Inducible Seizures[END_REF][START_REF] Lévesque | Paradoxical effects of optogenetic stimulation in mesial temporal lobe epilepsy[END_REF]). The "double agent" role of interneurons may depend on GABA polarity and chloride homeostasis dynamics, which are thought to be perturbed in TLE [START_REF] Huberfeld | Perturbed Chloride Homeostasis and GABAergic Signaling in Human Temporal Lobe Epilepsy[END_REF][START_REF] Curtis M De | GABAergic networks jump-start focal seizures[END_REF].

Accordingly, the photostimulation of subicular GABAergic neurons aggravates secondary generalized seizure expression via depolarized GABA signaling [START_REF] Wang | Depolarized GABAergic Signaling in Subicular Microcircuits Mediates Generalized Seizure in Temporal Lobe Epilepsy[END_REF]. Last, it appears that activating larger, mixed populations of inhibitory neurons is more effective than activating only a subset of parvalbumin or somatostatin interneurons in the hippocampus [START_REF] Ledri | Global Optogenetic Activation of Inhibitory Interneurons during Epileptiform Activity[END_REF][START_REF] Lu | Optogenetic dissection of ictal propagation in the hippocampal-entorhinal cortex structures[END_REF], but similar manipulation exhibited a poor effect in the entorhinal cortex [START_REF] Lu | Optogenetic dissection of ictal propagation in the hippocampal-entorhinal cortex structures[END_REF]. Consequently, additional experiments should be performed in the future to better understand the timing, region specificity and subtype dependence of neuron optogenetic manipulation effects on the epileptic brain.

Even though those results raise considerable optimism, the use of an optogenetic approach in humans is confronted with several technical and ethical hurdles, as it implies the surgical implantation of devices enabling light delivery and an EEG recording system in the case of a closed-loop system [START_REF] Delbeke | And Then There Was Light: Perspectives of Optogenetics for Deep Brain Stimulation and Neuromodulation[END_REF]. An alternative strategy is the use of chemogenetic strategies (also called pharmacogenetic approaches) to selectively control the activity of genetically defined populations of neurons with no invasive light delivery [START_REF] Vardy | A New DREADD Facilitates the Multiplexed Chemogenetic Interrogation of Behavior[END_REF][START_REF] Rogan | Remote Control of Neuronal Signaling[END_REF]. Chemogenetic strategies are based on the neuron subtype-specific expression of designer excitatory or inhibitory receptors that are activated by designer inert ligands (i.e., drugs that have no biological effect but that activate the chemogenetic receptor). In conformity with optogenetic, the chemogenetic excitation of excitatory neurons in the neocortex has a robust effect against seizures generated in a rat model of chronic epilepsy [START_REF] Kätzel | Chemical-genetic attenuation of focal neocortical seizures[END_REF]. Conversely, the chemogenetic activation of hippocampal parvalbumin-expressing interneurons and, to a lesser extent, somatostatin-containing inhibitory cells diminishes epileptiform discharges and compulsive behavior in vivo, whereas the stimulation of VIP-expressing interneurons has little effect [START_REF] Cǎlin | Chemogenetic Recruitment of Specific Interneurons Suppresses Seizure Activity[END_REF]. An important restriction with the use of chemogenetic technology is the capacity of the most common designer ligand, clozapine-N-oxide (CNO), to be back-converted in vivo into pharmacologically active metabolites such as clozapine, which could lead to potentially undesirable off-target effects [START_REF] Gomez | Chemogenetics revealed: DREADD occupancy and activation via converted clozapine[END_REF]. However, it appears that the injection of designer drugs [START_REF] Jendryka | Pharmacokinetic and pharmacodynamic actions of clozapine-N-oxide, clozapine, and compound 21 in DREADD-based chemogenetics in mice[END_REF], olanzapine [START_REF] Weston | Olanzapine: A potent agonist at the hM4D(Gi) DREADD amenable to clinical translation of chemogenetics[END_REF] and a low dose of clozapine [START_REF] Gomez | Chemogenetics revealed: DREADD occupancy and activation via converted clozapine[END_REF] could activate chemogenetic receptors with little, if any, nonspecific behavioral effects. The possible use of clozapine and olanzapine increases the translational potential of chemogenetic approaches, as FDAapproved molecules are clinically used as atypical antipsychotics for treating schizophrenia.

However, the possible life-threatening adverse effects of these drugs must be taken into consideration, particularly in the case of clozapine [START_REF] Manu | When can patients with potentially life-threatening adverse effects be rechallenged with clozapine? A systematic review of the published literature[END_REF].

Despite their specific limitations, the optogenetic or chemogenetic control of neurons of interest, particularly interneurons, seems to be a credible lead from the perspective of developing innovative treatments for TLE [START_REF] Forcelli | Applications of optogenetic and chemogenetic methods to seizure circuits: Where to go next[END_REF]. Another recently developed strategy could maintain some of the main advantages of the methods detailed above (detection of seizures, specific neuronal manipulation) while circumventing some of their major inconveniences (e.g., surgical implantation of recording and/or manipulation devices) [START_REF] Lieb | Biochemical autoregulatory gene therapy for focal epilepsy[END_REF]. This autoregulatory genetic approach is based on the virally induced expression of glutamategated chloride channels (GluCl) that open only in response to pathological elevation of extracellular glutamate, therefore biochemically "sensing" the initiation of seizures [START_REF] Cavus | Extracellular metabolites in the cortex and hippocampus of epileptic patients[END_REF]. Cl-conductance is sufficient to robustly reduce the frequency of seizures in a chronic model of neocortical epilepsy, presumably by shunting inhibition [START_REF] Lieb | Biochemical autoregulatory gene therapy for focal epilepsy[END_REF].

A common point of each strategy described above is the fact they are based on the compensation of the pathological alterations by virally delivering genes that are not normally expressed in the targeted cell type, sometimes not even in the human brain [START_REF] Snowball | Epilepsy Gene Therapy Using an Engineered Potassium Channel[END_REF][START_REF] Sukhotinsky | Optogenetic Delay of Status Epilepticus Onset in an In Vivo Rodent Epilepsy Model[END_REF][START_REF] Krook-Magnuson | On-demand optogenetic control of spontaneous seizures in temporal lobe epilepsy[END_REF][START_REF] Bui | Dentate gyrus mossy cells control spontaneous convulsive seizures and spatial memory[END_REF][START_REF] Krook-Magnuson | In vivo evaluation of the dentate gate theory in epilepsy[END_REF][START_REF] Ledri | Global Optogenetic Activation of Inhibitory Interneurons during Epileptiform Activity[END_REF][START_REF] Kätzel | Chemical-genetic attenuation of focal neocortical seizures[END_REF][START_REF] Cǎlin | Chemogenetic Recruitment of Specific Interneurons Suppresses Seizure Activity[END_REF]. Those approaches might be associated with various ethical and safety concerns, which have to be overcome prior to clinical application [START_REF] Represa | Aberrant growth of mossy fibers and enhanced kainic acid binding sites induced in rats by early hyperthyroidism[END_REF][START_REF] Matsuda | Transsynaptic Modulation of Kainate Receptor Functions by C1q-like Proteins[END_REF]. However, genetic modification of the epileptogenic area in an intractable adult patient, which would be otherwise surgically removed in last resort, is clearly not ethically out of the question.

Besides the expression of ectopic genes, an alternative strategy would be to suppress the acquired pathological molecular and cellular features of TLE. For instance, granule cells form abnormal recurrent synapses in the epileptic dentate gyrus [START_REF] Epsztein | Recurrent Mossy Fibers Establish Aberrant Kainate Receptor-Operated Synapses on Granule Cells from Epileptic Rats[END_REF][START_REF] Represa | Aberrant growth of mossy fibers and enhanced kainic acid binding sites induced in rats by early hyperthyroidism[END_REF], which express aberrant GluK2/K5-expressing kainate receptors (KARs [START_REF] Epsztein | Recurrent Mossy Fibers Establish Aberrant Kainate Receptor-Operated Synapses on Granule Cells from Epileptic Rats[END_REF][START_REF] Peret | Contribution of Aberrant GluK2-Containing Kainate Receptors to Chronic Seizures in Temporal Lobe Epilepsy[END_REF][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 Epilepsy[END_REF]). These synapses participate in the elevation of granule cell excitability [START_REF] Epsztein | Recurrent Mossy Fibers Establish Aberrant Kainate Receptor-Operated Synapses on Granule Cells from Epileptic Rats[END_REF][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 Epilepsy[END_REF], participating in the generation of epileptiform discharges [START_REF] Peret | Contribution of Aberrant GluK2-Containing Kainate Receptors to Chronic Seizures in Temporal Lobe Epilepsy[END_REF][START_REF] Matsuda | Transsynaptic Modulation of Kainate Receptor Functions by C1q-like Proteins[END_REF]. It has been shown that the selective pharmacological blockade of GluK2/K5-expressing receptors efficiently reduced KAR-mediated postsynaptic currents [START_REF] Pinheiro | Selective Block of Postsynaptic Kainate Receptors Reveals Their Function at Hippocampal Mossy Fiber Synapses[END_REF] and robustly decreased the frequency of interictal and ictal discharges in a reliable mouse TLE model, reproducing the effect of a complete genetic knockout of GluK2 [START_REF] Peret | Contribution of Aberrant GluK2-Containing Kainate Receptors to Chronic Seizures in Temporal Lobe Epilepsy[END_REF].

Further investigations should be performed to determine if those strategies could relieve the comorbidities associated with TLE and if they can efficiently alleviate seizures in patients.

Notwithstanding, the modulation of KAR opens exciting perspectives [START_REF] Matsuda | Transsynaptic Modulation of Kainate Receptor Functions by C1q-like Proteins[END_REF].

Regardless of the method used, which is associated with specific pros and cons, manipulating excitation and/or inhibition seems to be an efficient method of controlling seizures in chronic models of epilepsy.

Future challenges

Basic researchers worldwide initiated a true arms race to fight against temporal lobe epilepsy, using their most powerful bioengineered weapons to control seizures. Some of the state-of-the-art strategies detailed above are already undergoing translation towards clinical applications [START_REF] Melin | Disease Modification by Combinatorial Single Vector Gene Therapy: A Preclinical Translational Study in Epilepsy[END_REF], sometimes with the financial support of local health agencies [START_REF] Drew | Repairs for a runaway brain n[END_REF].

However, the battle against TLE is likely not even close to being won. First, bridging the gap between the bench and the bedside is obviously a difficult task [START_REF] Drolet | Translational research: understanding the continuum from bench to bedside[END_REF]. Second, these techniques are confronted with at least one of the following major limitations and challenges that, if they are not necessarily crippling, should be addressed before sliding towards translational research: a) Insufficient human data: A significant proportion of intractable patients with TLE have little alternative but to undergo surgical removal of the epileptogenic focus. With a collaboration between academic laboratories and local clinical settings and patient permission, resected tissues from epileptic temporal lobe structures can be used for research purposes [START_REF] Eugène | An organotypic brain slice preparation from adult patients with temporal lobe epilepsy[END_REF][START_REF] Wickham | Prolonged life of human acute hippocampal slices from temporal lobe epilepsy surgery[END_REF]. As slice preparations originating from those tissues maintain the ability to generate epileptiform activities, they could constitute an ideal substrate for testing the effect of a given strategy on seizure occurrence and for monitoring seizure toxicity in humans. However, very few studies have attempted to test a strategy targeting epilepsy in human brain tissues [START_REF] Dossi | Pannexin-1 channels contribute to seizure generation in human epileptic brain tissue and in a mouse model of epilepsy[END_REF], even less so in temporal lobe structures from patients suffering from TLE.

b) Lack of specificity: A fraction of the strategies detailed in part 3, particularly those that target glutamatergic neurons [START_REF] Snowball | Epilepsy Gene Therapy Using an Engineered Potassium Channel[END_REF][START_REF] Lieb | Biochemical autoregulatory gene therapy for focal epilepsy[END_REF], are able to differentiate between neurons involved in pathological processes and those underlying normal brain function; the two cell types are likely to be engaged in distinct subnetworks [START_REF] Ewell | The impact of pathological high-frequency oscillations on hippocampal network activity in rats with chronic epilepsy[END_REF]. In a way, those approaches are not so different from existing therapies that do not discriminate across cell types and brain structures [START_REF] Perucca | Adverse effects of antiepileptic drugs[END_REF].

c) Missing information concerning functional alterations in addition to seizures: Ictal activity is probably the most prominent symptom associated with TLE. Therefore, most research groups have focused on suppressing seizures or at least interrupting/reducing them. However, ictal activity is not the only macroscopic pathological trait associated with TLE. First, other pathological patterns, such as interictal activity and abnormal high-frequency oscillations, can also be recorded in the temporal lobe from TLE patients and animal models. Although they are not directly associated with any behavioral manifestation (unlike ictal activity), they could mediate functional processes [START_REF] Holmes | Role of interictal epileptiform abnormalities in cognitive impairment[END_REF][START_REF] Ewell | The impact of pathological high-frequency oscillations on hippocampal network activity in rats with chronic epilepsy[END_REF]. Second, physiological activity, such as hippocampal oscillations, is deeply perturbed in TLE conditions [START_REF] Lenck-Santini | Altered Phase Precession and Compression of Temporal Sequences by Place Cells in Epileptic Rats[END_REF]. Third, and probably as a consequence of the points described above, TLE is accompanied by severe mood and cognitive disorders that are very disabling for the patients. An ideal treatment would not only interrupt seizures but also restore normal temporal lobe activity (by reducing each pathological activity pattern and restoring physiological activity) and alleviate the neuropsychiatric comorbidities associated with TLE.

Unfortunately, only limited effort was made in general to determine if those strategies could be efficient on the multiple facets of the disease. 
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