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Deep brain stimulation of the anterior nucleus of the thalamus has been proposed as novel therapy to treat intractable epilepsy. To optimize this approach, we proposed to study the involvement of this nucleus in a non-human primate model of mesial temporal lobe seizure.

Two macaques were implanted with one chronic electrode into the hippocampus allowing to monitor the ictal activity. Neurons of the anterior nucleus of the thalamus were recorded with a microelectrode inserted acutely. To induce seizures, penicillin was injected into the hippocampus and neuronal activities of the anterior nucleus were analyzed during ictal and interictal periods. The effects of the chemical neuromodulation of the anterior nucleus on the ictal hippocampal activities were studied and electron microscopy analysis was carried out to study morphological modifications induced in the anterior nucleus of the thalamus.

Our results demonstrate that the anterior nucleus of the thalamus is directly involved in the pathophysiology of induced seizures since: (1) Electrophysiological study showed an heterogenous excitation during seizure characterized by the appearance of 2 types of neuronal firing response; (2) chemical neuromodulation of the anterior nucleus of the thalamus changed the severity of seizures;

(3) morphological modification of the ultrastructure as well as a reduction of synapse density were observed within the ipsilateral anterior nucleus of the thalamus.

This study demonstrates that the anterior nucleus of the thalamus is part of the epileptic network activated during temporal lobe seizures and suggests that this nucleus would be valid target for seizure control using deep brain stimulation.

Highlights

Mesial temporal lobe epilepsy is the most common focal epilepsy, often associated with drug resistance.

The ANT is actively involved during interictal and ictal periods in a non-human primate model of mesial temporal lobe seizures. This implication is heterogeneous, since some neurons were activated by ictal events whereas others were inhibited, and associated to morphological reorganizations.

The implication of anterior nucleus of the thalamus in the pathophysiology of MTLE, supports that its electrical stimulation could therefore be an effective and safe treatment for MTLE.

Introduction

Mesial temporal lobe epilepsy (MTLE) is the most frequent surgically relevant form of focal epilepsy in adult characterized by recurrent spontaneous focal seizures originating from mesial temporal lobe structures often associated with hippocampal sclerosis [START_REF] Téllez-Zenteno | A review of the epidemiology of temporal lobe epilepsy[END_REF]. Some complex forms of MTLE are pharmaco-resistant and among them up to 30% are unsuitable for surgery due to adverse impacts on neurocognitive and memory functions [START_REF] Kwan | Definition of drug resistant epilepsy: Consensus proposal by the ad hoc Task Force of the ILAE Commission on Therapeutic Strategies[END_REF]. In those cases, deep brain stimulation (DBS) holds the prospect to control seizures without unwanted neurocognitive impact associated with tissue resection. An effective control of drug resistant MTLE by DBS requires the identification of key structures within the epileptic network sustaining the epileptic activity as well as some effective paradigms of stimulation. Indeed, MTLE is considered as a network-based disease in which electrical hyperexcitability associated with seizure reverberates within the neural structures of the network, which operate together to amplify the manifestation of seizures [START_REF] Spencer | Neural Networks in human epilepsy: evidence of and implications for treatment[END_REF] [START_REF] Bartolomei | Neural networks involving the medial temporal structures in temporal lobe epilepsy[END_REF]. Consequently, a modulation of specific nodes of the network is likely to alter seizure expression. In MTLE, the well-known network supporting the seizures includes the hippocampus (HPC), the amygdala, the entorhinal cortex, the temporo-polar cortex and eventually components of extratemporal cortex. This network could constitute an anatomical and functional substratum essential for the development, propagation and maintenance of seizures in epileptic disorder. Therefore, manipulating the activity of specific nodes within this network could be sufficient to alter seizure. The HPC is one of the main structures of the mesial temporal lobe projecting both directly and indirectly to the anterior thalamic nucleus (ANT). In the monkey, the overwhelming majority of direct hippocampal projections to the ANT requires the fornix (Aggleton et al., 1986[START_REF] Aggleton | Projections from the hippocampal region to the mammillary bodies in macaque monkeys[END_REF]. The ANT then connects the mesial frontal cingulate cortex and back to the entorhinal cortex and HPC, via the cingulum. In addition to be anatomically and functionally connected to the HPC, the role of ANT as part of the epileptic network was suggested by experiments in rodents in which epilepsy was induced by injections of proconvulsant drugs and electrical stimulation [START_REF] Yang A Chao | The ability of anterior thalamic signals to predict seizures in temporal lobe epilepsy in kainate-treated rats[END_REF] , [START_REF] Mirski | Anterior thalamic mediation of experimental seizures: Selective EEG spectral coherence[END_REF]. These studies showed that the ANT neuromodulation had a modulating effect on the temporal induced seizures [START_REF] Lado | Chronic bilateral stimulation of the anterior thalamus of kainate-treated rats increases seizure frequency[END_REF][START_REF] Lim | Electrical stimulation of the anterior nucleus of the thalamus for intractable epilepsy: a long-term follow-up study[END_REF][START_REF] Takebayashi | Anti-convulsant effect of electrical stimulation and lesioning of the anterior thalamic nucleus on kainic acidinduced focal limbic seizure in rats[END_REF][START_REF] Hamani | Deep brain stimulation of the anterior nucleus of the thalamus: Effects of electrical stimulation on pilocarpine-induced seizures and status epilepticus[END_REF][START_REF] Covolan | Effects of anterior thalamic nucleus deep brain stimulation in chronic epileptic rats[END_REF].

Due to its small size and its well defined boundaries, the ANT has a key position within the circuit which makes it an attractive target for DBS. The feasibility of ANT DBS has been demonstrated in a preliminary trial on 4 epileptic patients [START_REF] Osorio | High frequency thalamic stimulation for inoperable mesial temporal epilepsy[END_REF]. The surgical treatment was well tolerated by patients and the results showed encouraging short term clinical effect with 75.6% decrease of seizure frequency. An additional multicenter, double-blind, randomized clinical trial on a larger cohort of patients confirmed this therapeutical effect with a 54% seizure reduction for half of the ANT-DBS treated patients, with a long term persistence of 5 years [START_REF] Kerrigan | Electrical Stimulation of the Anterior Nucleus of the Thalamus for the Treatment of Intractable Epilepsy[END_REF] [START_REF] Fisher | Electrical stimulation of the anterior nucleus of thalamus for treatment of refractory epilepsy[END_REF]. However, despite these promising results in patients, there is a clear need for additional translational research to better understand the principle underlying the MTLE epileptic network and improve the beneficial effect of ANT DBS for patients. Despite the abundant on-going research in this field, the mechanisms that promote the effects of ANT-stimulation in the MTLE seizures remain largely unknown.

Therefore, the aim of this experiment was to investigate the functional and morphological involvement of the ANT in a MTLE model. For this purpose we used techniques of extracellular electrophysiology and local micro-injection of gabaergic drugs to study and modulate the activity of the ANT before analysing the morphological remodeling that takes place in this structure by electron microscopy. More precisely, by focusing on the analysis of the dynamic changes associated with the occurrence of seizure in this non-human primate (NHP) model [START_REF] Sherdil | An on demand macaque model of mesial temporal lobe seizures induced by unilateral intra hippocampal injection of penicillin[END_REF], we could record modifications of unit neuronal activities of the ANT during MTL seizures and our results show both morphological and physiological modifications in this nucleus, confirming its role in the pathophysiology of MTLE.

Experimental procedures

Animals

This study was performed on 2 females (M1-M2) Macaca fascicularis (CRP, Port Louis, Mauritius), weighing from 6.3 and 7.3 kg. All studies were carried out in accordance with European Communities Council Directive of 2010 (2010/63/UE) as well as the recommendations of the French National Committee (2013/113). The authorization (#00132.01) for conducting our experiments was approved by the Committee on the Ethics of Animal Experiments (#04). All experimenters received proper training and certification for animal experimentation. Every effort was made to minimize animal's suffering while maximizing the data obtained. Before surgery, in order to minimize stress, the NHPs were progressively trained to stay on a primate chair.

Surgery

Surgery was performed under aseptic conditions and general anaesthesia using ketamine hydrochloride (Imalgen®, Merial, Lyon, France) and xylazine (10mg/kg and 1mg/kg, im, respectively, loading dose) plus supplemental doses of both (5mg/kg and 0.5mg/kg, im, respectively, for maintenance). In addition, 1% lidocaine was used for local anaesthesia of the scalp and muscle.

Saline solution (NaCl 0.9%, Sigma-Aldrich, Lyon, France) was continuously infused intravenously during the operation for drug access and hydration. Prophylactic antibiotics, analgesics and antiinflammatory drugs were delivered during per operative period. Teleradiographic Xrays allowed the identification of ventriculographic landmarks (Midline, anterior and posterior commissures, high of the thalamus) and were obtained using a cannula stereotactically placed on the right lateral ventricular through which 2ml of ventricular contrast (Iopamiron 200, iodine 200mg/ml, Bracc, Italy) was injected (Figure 1). Two cannula-guides were screwed into the skull, parallel to a trajectory allowing to reach the most extended part of the dentate gyrus (DG) within the HPC, to enable further injections of penicillin (PNC) (between -5 and -6 mm posterior to the anterior commissure and 10 to 11 mm lateral to midline, 28 mm below the dura). To monitor the ictal activity, a five-contact electrode (semi rigid, diameter of 0.8 mm, contact length of 2 mm, inter-contact isolator length of 1.5 mm, DIXI Medical, France) was implanted within the HPC close to the injection site with the lower contact located at -5 mm from anterior commissure, at 10 mm from the midline and 27 mm depth from dura. A computer socket was connected to the external part of this electrode and affixed to the skull with dental acrylic cap. A 16 mm stainless steel recording chamber (Crist instrument, Hagerstown, USA) was cemented to the skull over a trephine hole to allow access to the ANT. The recording chamber was tilted 28.5° laterally in the coronal plane for M1, and 19.1° for M2. The coordinates of the chamber were verified using ventriculographic landmarks. In addition, a stainless-steel head holder (Crist instrument, Hagerstown, USA) was placed on the back of the skull to maintain monkey's head fixed in a restraining chair (Figure 1A,B).

Experimental design

Animals were allowed to recover from surgery for 1 month. The induction of MTLE seizures was performed by intra-hippocampal PNC injections at least once a week. The NHPs were positioned on a primate chair (Crist Instruments, USA), with the head fixed to a head holder. This allowed free movements of limbs and permitted oral feeding of animals during the course of the experiments.

HPC activity was recorded for 10 minutes prior to seizure induction. PNC-G sodium salt (3032, Sigma-Aldrich) was diluted with sterile water for injection to achieve a strength of 1000 IU/µl. Using sterile technique, a range from 3000 to 13000 IU of PNC was injected at a rate of 1µl/min with Hamilton syringe and pump through the canula, within the right HPC, at a depth of 30 mm from the dura. After the end of injection of PNC, the injecting needle was kept in situ for 5 min before withdrawal. The characterization of MTLE activity was performed from the analysis of 4 experiments following the PNC injection for each animal. For each experiment, while the MTLE status was well engaged (the seizure occurrence was more than 5 per 20 min during the first hour after the injection [START_REF] Sherdil | An on demand macaque model of mesial temporal lobe seizures induced by unilateral intra hippocampal injection of penicillin[END_REF]), the neuronal activity of the ANT was explored by micro-recordings on 1 to 3 trajectories. The chemical neuromodulation of ANT was performed in 3 experiments, spontaneous activity was recorded during 1 h in order to have values to compare with those acquired after the injection of muscimol or bicuculline.

Single-unit and local field potential recordings

An epoxylite tungsten microelectrodes (impedance 0.5-1 MΩ, FHC, Frederick Haer Co., Bowdoinham, ME) was advanced into the ANT for recordings. The ANT electrical signal was amplified and bandpass filtered at 300-10,000Hz and digitally sampled at 24 kHz to record single-unit activity and at 0.4-300 Hz and sampled at 1375 Hz to record local field potentials (LFPs) (AlphaMap, Alpha Omega, Jerusalem, Israel). Simultaneously, signal collected from the HPC electrode, were amplified, filtered (0.4-300Hz) and sampled at 1375 Hz (AlphaMap, Alpha Omega, Jerusalem, Israel). Monopolar LFPs of ANT and HPC were simultaneously recorded with a referential montage (reference located on the occipital skull). At the HPC level, LFPs were further analyzed from a bipolar derivation covering the HPC.

Data analysis

Isolation of the ANT single-unit activity was performed using a template-matching algorithm (Spike 2; CED Software) to evaluate the firing rate (FR). Semiautomatic isolation of interictal HPC event was was performed using a template-matching algorithm and systematically verified and corrected on the basis of the quality of the event waveforms and by principal components analysis. A peristimulus histogram (PSTH) was performed for every neuron in order to evaluate the change of the ANT FR in correlation with the interictal events in the HPC (Spike 2; CED Software).

Time-frequency analysis of LFPs was performed from collection of seizures recorded in each NHP (49 seizures from 7 experiments for M1, 33 seizures from 5 experiments for M2). Seizures were selected so that they contained no artifact throughout their duration, which was comprised between 6 s and 135 s (average duration: 35.82 ± 13.71 s). The first and last spikes of each discharge were used to define its onset and termination, respectively. Time window of analysis started 20 s before the seizure onset and finished 10 s after seizure termination. The amplitude (square-root of power spectral density) of oscillatory activity between 0.4 and 90 Hz was obtained using standard timefrequency analysis based on the Morlet wavelet transform computed using the ImaGIN toolbox (https://f-tract.eu/software/imagin/) based on Matlab software (The Mathworks, USA) and SPM toolbox (http://www.fil.ion.ucl.ac.uk/spm). For each frequency, the amplitude was computed on 40 periods length sliding time-window. Time-frequency sampling of the time frequency plane was 49 ms / 1Hz. Time-frequency data were normalized using the standard procedure: for each frequency, the mean of the baseline (periods of at least 10 s without interictal spikes chosen prior to each seizure) was subtracted to the data and then demeaned data were divided by the standard deviation of the baseline. Baseline was defined for every seizure as a period of at least 10 s without interictal spikes chosen just before seizure onset. Finally, the typical time-frequency pattern of recorded seizure was defined as the median value over seizures of the normalized time-frequency charts computed as such. Before median averaging, time-frequency charts were resampled linearly on a time scale to normalize seizure duration. The coherence between simultaneously recorded LFP in ANT and HPC was computed with the same software (ImaGIN), which used the cohere.m function of Matlab. For this analysis, the parameters were: frequency resolution of 0.39 Hz, frequency range from 0.39 to 90 Hz, time window duration of 5.12 s (512 time samples), time window step of 0.1 s. The coherence value varies between 0 and 1, where 0 indicates that the two signals are not related and 1 indicates a perfect relationship

Chemical neuromodulation

Chemical manipulation of the ANT was performed using a 30 gauge metal injector needle, filled with either muscimol (1mg/mL in distilled water; Sigma-Aldrich, Poole, UK) or bicuculline methiodide (10mg/mL in 0,9% saline; Sigma-Aldrich, Poole, UK), was coupled to the epoxylite tungsten microelectrode. Lateral separation between the electrode and the injector was 0.2-0.5 mm. Intrathalamic injections (2µL; 1µL/min) were made with a 10 µL Hamilton syringe (Scientific Laboratory Supplies Ltd., Nottingham, UK) mounted on an infusion pump, connected to the needle by a length of plastic tubing. Muscimol, a gabaergic agonist, was then injected in the ANT and unit activity was recorded until the activity returned to its normal pattern for at least 1 h. The muscimol has a short half-life, with the peak of concentration at 10 min after the injection and it rapidly decreases between 40 and 60 min [START_REF] Ferrero | Increase in the Bmax of y-aminobutyric acid-A recognition sites in brain regions of mice receiving diazepam[END_REF]. Then the same locus was injected with bicuculline, a glutamatergic agonist, in the same conditions, and recorded until the shutdown of the model. The bicuculline is unstable at physiological conditions and as a half-life < 45 min (Sigma, n.d.).

Post-mortem studies

On completion of the experiment, the end of the best recording track (-3.5 from anterior commissure; 0.5 from midline) and the end of 2 tracks (1 median and another one lateral) surrounding the interest region were marked with one electrolytic lesion made with a direct current, during 2 minutes at 2-4 mA (DS8000, WPI, Stevenage, UK) (Figure 1). Animals were killed by an overdose of pentobarbital (100mg/kg) and the brains were quickly removed from the skull and frozen in isopentane at -40°C. For verification of the recording locations, the brain was cut on a freezing microtome into 40µm sections mounted onto gelatinized slides and prepared for cresyl violet staining. Recording sites were reconstructed on the basis of the electrolytic lesion and of the linear gliosis associated with microelectrode tracks. Parts of recorded tracts were replaced on stereotactic planes themselves repositioned on the ventriculographic pictures. Some brain sections were prepared for electron microscopy studies. Sections were fixed with 2.5% glutaraldehyde in 0.1M phosphate buffer pH 7.4 during 2 hours at room temperature. Sections were then washed with buffer and post fixed with 1% osmium tetroxyde and 0.1 M phosphate buffer pH 7.2 during 1 hour at 4°C. After extensive washing with water, sections were further stained with 1% uranile acetate pH 4 in water during 1 hour at 4°C before being dehydrated through graded alcohol (30%-60%-90%-100%-100%-100%) and infiltrate with a mix of 1/1 epon/alcohol 100% during 1 hour and several baths of fresh epon (Flukka) during 3 hours. Finally, samples were embedded in epoxy resin between two microscopy slides protected with silicone and were let to polymerise during 72h at 60°C. The area of interest was dissected under the binocular and the small sample was fixed on a resin stub. Ultrathin sections of the samples were cut with an ultramicrotome (Leica), sections were post-stained with 5% uranile acetate and 0.4% lead citrate before observation in an electron microscope at 80 kV (JEOL 1200EX). Thirty fields of view of both ANTs of 2 animals were acquired at a magnification of 15 000 x with a digital camera (Veleta, SIS, Olympus) and quantification analysis was performed with iTEM software (Olympus).

Statistical analysis

For each experiment, the beginning and the end of each seizure were marked and quantified online and, at the same time, a complete clinical description of changes of behavior was performed.

Afterwards, another independent observer quantified the ictal events offline. The online and offline measures, obtained by the two independent observers, were then compared, and no differences were detected. Statistical tests were performed using software GraphPad InStat3 (GraphPad Software Inc., California, USA). A difference was considered statistically significant for a p value < 0.05.

Characterization of the model: For 4 experiments by animal, the mean duration of a seizure, the mean total time spent in seizure and the mean number of seizures were quantified and expressed in mean ± standard deviation. To check the reproducibility effect of PNC injections between the animals, a Mann Whitney t test was performed to evaluate the p value between the two animals.

The kinetic of seizures was evaluated (expressed in number of seizures) all along the experiments divided in successive time windows of 20 min duration for the two animals pooled together.

Single unit recording: All values were expressed in mean ± SD. The baseline (BL) FR of single ANT neurons (N = 156), obtained during inter-ictal periods, outside the seizures, was compared to the FR during seizures using a Wilcoxon matched-pairs signed rank test. A difference was considered statistically significant for a p-value <0.05. To study the effect of the chemical neuromodulation, the number of interictal events per minute, the average duration of each seizure and the FR was compared during BL period to post muscimol injection period and to post bicuculline injection period). The change of neuronal firing during seizure was considered significant if lower or higher than the mean ± 2 x standard deviation (SD).

The density of synapses and the astrocyte reaction were expressed as mean ± sem, a Student's t-test was used to evaluate the difference in the morphology between the ANT of both side.

Results

Recording sites

Based on the ventriculography and before any PNC injection, an electrophysiological mapping of the ANT was performed to delineate the structure within the recording chamber (Figure 1A andB). From histological study, the 4 sites of electrocoagulation confirmed that 24 tracks went through the ANT (M1 N=13; M2 N=11) with a total of 82 neurons for M1 and 74 neurons for M2 recorded during both interictal and ictal MTLE status (Figure 1C).

Clinico-electrical characteristics of MTLE NHP model

Following a single intra HPC PNC injection, three distinct electrical patterns were observed; 2 types of interictal events and the seizures (Figure 2A,B). Briefly, the beginning of seizure was marked by LFP spikes, similar to interictal ones. The end of seizure was marked by an abrupt return of LFP to baseline. The clinical picture of a typical seizure demonstrated in more than 80% of seizures a loss of awareness of surroundings, repeated swallowing or chewing and a head turning contra-laterally.

From the control experiments, the MTLE transitory status, induced by PNC injection, exhibited some ictal features which did not significantly differ between the 2 NHPs. Per experiment lasting 4h30, the NHPs presented 36.0 ± 18.4 and 51.0 ± 13.5 seizures (p = 0.342), with an average duration of seizures of 30.1 ± 10.5 and 32.2 ± 16.4 s (p = 0.709) and an average total time spent in seizure of 993.0 ± 110.3 s and 1331 ± 54.2 s (p = 0.100) for M1 and M2 respectively (Figure 2C). The pattern of the timecourse of seizure remained the same for all NHPs. The average number of seizures was 2.3 ± 2.0 in the first time window of 20 min and gradually increased to reach a "plateau", corresponding to a subintrant seizure period occurring during the second and third hour (from the 3rd 20min epoch, with 3.7 ± 1.7 s to the 9th with 2.7 ± 1.2 s; p=0.77, Figure 2C) and then decreased, as already described.

LFP analysis

The time-frequency charts of the rescaled normalized amplitude of HPC activity during seizures (Figure 3) showed significant beta (β) oscillations (10-25 Hz) that started at the seizure onset and remained steady until seizure termination. Simultaneously a significant broad-band oscillatory activity from 5 to 20 Hz occurred along the seizure in the ANT, less marked for the M2 as compared to M1. For both NHPs, coherence between HPC and ANT was strong during the time course of the seizure mainly in the 10-35 Hz band.

Extra cellular activities of the ANT during MTLE status

The single unit analyses allowed us to identify three types of neurons. The "ON" neurons were characterized by a significant increase of FR during seizure versus interictal period (N = 92, 8.28 ± 6.75 Hz vs 13.80 ± 9.96 Hz, p = 0.0015), and by a significant increase of firing time locked with interictal spikes (Figure 4A,C,E). The OFF neurons showed a significant decrease of FR during seizure versus interictal period, and a significant decrease of firing time locked with interictal spikes (N = 27, 10.77 ± 8.65 Hz vs 5.51 ± 8.14 Hz, p < 0.0001) (Figure 4B,D,F). NON responder neurons were also recorded, showing no significant difference in FR during interictal events and ictal status. We found 18.9 % and 28.1 % of NON responder neurons, 63.5 % and 54.9 % of ON neurons, 17.6 % and 17.1 % of OFF neurons respectively in M1 and M2 (Figure 4G). ON neurons were predominantly represented within the ANTs. For both NHPs, ON neurons were spared within the ANT and OFF neurons were mainly observed in the bottom third (Figure 4H,I).

Chemical neuromodulation of the ANT

Muscimol injection into the ANT induced a significant decrease of FR (3.76 ± 2.46 Hz vs 1.85 ± 1.38 Hz, p = 0.0398) of ANT recorded neurons, and simultaneously the interictal HPC spikes significantly decreased (5.34 ± 0.60 Hz vs 4.57 ± 0.25 Hz, p = 0.0357). No significant effect was observed on the duration of seizure. Bicuculline injection significantly increased the FR (3.76 ± 2.46 Hz vs 76.54 ± 90.64 Hz, p = 0.0096) of ANT recorded neurons and the number of interictal events (5.34 ± 0.60 vs 6.22 ± 0.25, p = 0.0491) within HPC, whereas the duration of seizure tended to increase (37.19 ± 6.54 s vs 57.69 ± 45.67 s) (Figure 5 A,B,C). For both molecules, the duration of effects lasted about 20 min.

At the clinical level, during muscimol exposure, both NHPs presented less severe seizures characterized by the disappearance of chewing for example, whereas bicuculline exposure led to an aggravation of the seizures characterized by strong vocalization time-locked with the interictal spikes and intense teeth-grinding, in addition to the usual symptoms (oral and gestural automatisms, loss of contact, contralateral dystonic posture and rare secondary generalization) (Figure 5D,E,F).

Under the effect of muscimol, a significant decrease of the power of oscillations occurred within the large β band (5 -30Hz) (Figure 5E), whereas the bicuculline induced a generalization of significant oscillations from 5 to 80 Hz (Figure 5F).

Ultrastructural changes of the ANT following the repetitive inductions of the MTL seizures

To confirm that the ANT is part of the epileptic network, morphological studies of the ANT was performed by transmission electron microscopy (Figure 6). In the ANT of the ipsilateral side (same side as the PNC injection) of M2, the density of synapses did not significantly differ from the contralateral side (5.1 ± 1.4 vs 3.5 ± 0.3 synapses/10 µm 2 ) but a significant increase of the proportion of the tissue was occupied by glial fibers if compared to the contralateral side (13.4 ± 2.5 vs 2.2 ± 0.5 % of the tissue, p<0.0001). In M1, this phenotype was even more pronounced since the ipsilateral tissue was filled with reactive astrocytic processes whereas the contralateral ANT was normal (74.5 ±6 % vs 2.5 ± 0.6 % of the tissue, p<0.0001). In this animal (M1) a massive reduction of synapse density was observed in ANT of the ipsilateral side when compared to the contralateral side (0 vs 5.1± 0.7 synapses/10 µm 2 , p<0.0001).

Discussion

The primary aim of this study was to examine the involvement of ANT in MTLE by investigating, from the neuronal population to the single unit activity analysis, the implication of the ANT in ictal events in an attempt to better understand how to neuromodulate the ANT for the purpose to treat MTLE.

Due to its key position in the Papez and limbic circuits, the ANT appears to be a node within the MTL epileptic network and has been suggested to be a potential target for seizure modulation in animal models and patients. Foremost, in line with our previous publication [START_REF] Sherdil | An on demand macaque model of mesial temporal lobe seizures induced by unilateral intra hippocampal injection of penicillin[END_REF], we observed that intrahippocampal injection of PNC induces a mesial temporal lobe seizures exhibiting some reproducible electro-clinical features such as a stable rate of ictal activity for about 4 hours that is characterized by the occurrence of stereotyped seizures with stable duration, an activity that could represent the activation of specific epileptogenic networks. This protocol could thus be considered as an ondemand mesial temporal lobe seizures model, a model that offers the advantage of having a clear delineation of the epileptogenic zone [START_REF] Sherdil | An on demand macaque model of mesial temporal lobe seizures induced by unilateral intra hippocampal injection of penicillin[END_REF] , [START_REF] Prabhu | Effect of subthalamic nucleus stimulation on penicillin induced focal motor seizures in primate[END_REF] and that allows to reproduce both the symptomatogenic and the irritative zone usually observed in human MTLE. The seizures analyzed in this study are similar to those usually obtained with this type of model developed in larger mammals as sheep and NHP [START_REF] Kato | Local cerebral glucose utilization in newborn and pubescent monkeys during focal motor seizures[END_REF][START_REF] Hosokawa | Topographical distribution of propagation of seizure activity in the basal ganglia during focal motor seizures in the monkey[END_REF][START_REF] Opdam | A sheep model for the study of focal epilepsy with concurrent intracranial EEG and functional MRI[END_REF]. However, one could argue that this experimental model, even in NHP, does not mimic perfectly epilepsy syndromes seen in patients, because there are neither cortical malformations, nor cortical scares, tumor or genetics factors as usually observed in patients with focal seizures.

Nevertheless, this model shows an hippocampal sclerosis which is one of the key features of MTLE [START_REF] Téllez-Zenteno | A review of the epidemiology of temporal lobe epilepsy[END_REF]. Even if this experimental model does not share the same causes of the disease than those encountered in humans, it exhibits a very good isomorphism of symptoms. In addition, a good predictability of responses to diazepam, which is commonly used as treatment in humans, has been previously described [START_REF] Sherdil | An on demand macaque model of mesial temporal lobe seizures induced by unilateral intra hippocampal injection of penicillin[END_REF].

Altogether, these data indicate that this model can be considered as a model of choice to better understand seizure generation and spreading within subcortical structures such as the basal ganglia [START_REF] Devergnas | The subcortical hidden side of focal motor seizures: Evidence from micro-recordings and local field potentials[END_REF] and the thalamus, a knowledge important to acquire in order to elaborate new therapeutic strategies.

First, we confirm here the involvement of ANT within MTLE using LFP analysis. Strong coherence between the HPC and the ANT observed during seizures confirm the involvement of ANT in MTLE. This coherence provides evidence that focal seizures are not so focal since they spread to other sub cortical regions of the network [START_REF] Elshoff | Dynamic Imaging of Coherent Sources Reveals Different Network Connectivity Underlying the Generation and Perpetuation of Epileptic Seizures[END_REF][START_REF] Bartolomei | Defining epileptogenic networks : Contribution of SEEG and signal analysis[END_REF][START_REF] Jirsa | The Virtual Epileptic Patient: Individualized whole-brain models of epilepsy spread[END_REF]. It is likely that this strong interaction between the two structures during seizures underlines the pivotal role of the ANT in the maintenance of ictal oscillations and that the ANT could be a target to break down the outflow of the seizure. This finding is in line with others studies in rats [START_REF] Bertram | The midline thalamus: Alterations and a potential role in limbic epilepsy[END_REF][START_REF] Mirski | Anterior thalamic mediation of experimental seizures: Selective EEG spectral coherence[END_REF] and in humans during SEEG recorded seizures showing that thalamus plays a role in MTLE seizures by facilitating seizure propagation and synchronization with the neocortex [START_REF] Guye | The role of corticothalamic coupling in human temporal lobe epilepsy[END_REF].

Next, single unit firing are modified during ictal activity confirming the implication of the ANT in MTLE. More precisely, among the recorded responding neurons, five sixth exhibited an increase of their FR during seizure and one sixth a decrease, the other recorded neurons did not exhibit any response. This diversity of neuronal responses reflects the involvement of different neuronal types in MTLE; since the population of neurons within the ANT is heterogeneous, the involvement of this nucleus in MTLE is certainly complex. Interestingly, these different neuronal populations are anatomically segregated within the ANT: the OFF neurons were mostly found within the inferior part of the ANT whereas others were located in specific spots within the nucleus. This spatial distribution of different type of neurons supports the idea of the existence of a functional topography within the ANT. This could mean that different groups of neurons enter and dwell in the different states owing to the local network dynamic properties [START_REF] Truccolo | Single-neuron dynamics in human focal epilepsy[END_REF]. Besides, these heterogeneous firing patterns have also been observed in the HPC in a pilocarpine rat study of MTLE [START_REF] Bower | Changes in granule cell firing rates precede locally recorded spontaneous seizures by minutes in an animal model of temporal lobe epilepsy[END_REF], illustrating a complex epileptic network property. Altogether, these data might explain the variability of efficiency of ANT-DBS if such an heterogeneity neurons is also present in the human ANT. Indeed, the existence of different types of responding neurons concentrated in a specific part of ANT can support the idea that the parameters of the stimulation may have a differential efficiency according to the specific region of the ANT stimulated. This hypothesis highlights the interest to perform a preliminary analysis of neuronal activities, global and unitary, as developed in several centers [START_REF] Weiss | Ictal onset patterns of local field potentials, high frequency oscillations, and unit activity in human mesial temporal lobe epilepsy[END_REF][START_REF] Lambrecq | Single-unit activities during the transition to seizures in deep mesial structures[END_REF], to adjust the parameter of the stimulation and optimize the use of the ANT-DBS in MTLE. Indeed, unit recordings can detect epileptic activity before it is detected by depth macroelectrodes with high spatial accuracy. The high spatio-temporal definition of this technique can help to refine stimulation parameters and develop closed-loop stimulation techniques.

In addition, neurochemical modulation also confirmed the implication of the ANT in MTL events and their propagation. Indeed, muscimol injections decreased MTLE severity whereas bicuculline injections increased their severity, both clinical effects that were likely due to changes in the significant oscillations recorded within the HPC during seizures. Muscimol led to the decrease of the power of the ictal oscillations and the disappearance of the significant oscillations in the 30 Hz band if compared to the baseline. This result suggests that the muscimol acted as modulator of epileptic activity but that its action was not powerful enough to completely interrupt it. The very local injection of muscimol and its specifific action as GABA-A agonist may explain this partial inhibitory effect. Al contrary, bicuculline resulted in the spreading of significant oscillations between 5 and 90 Hz.

This finding suggests that the chemical modification of the neuronal ANT activity may influence the severity of the MTLE by acting on the HPC. In the same way, previous data in other experimental models (Mirski and Ferrendelli, 1986;Mirski et al., 1986;[START_REF] Kuramoto | Injection of muscimol, a GABAa agonist into the anterior thalamic nucleus, suppresses hippocampal neurogenesis in amygdala-kindled rats[END_REF][START_REF] Bittencourt | Microinjection of GABAergic agents into the anterior nucleus of the thalamus modulates pilocarpine-induced seizures and status epilepticus[END_REF] suggested that ANT inhibition by muscimol injection might affect the propagation network via the ANT, thus decreasing epileptic seizure severity. This effect is dependent on drugs affinity, since they act only on certain neurons expressing specific receptors that, in our case, likely participate in the propagation network. Altogether, these findings indicate that the anticonvulsant effects of muscimol and proconvulsant effects of bicuculine were due to a local effect of the drugs within the ANT and so highlight the key role of this nucleus in MTLE network. We therefore propose that the ANT, with its neuronal heterogeneity, plays a role in the primary epileptic network as well as in the propagation circuit.

Finally, as already observed in this model, after several injections of PNC, a cellular reorganization occurs within the HPC (focus), characterized inter alia by the correlative appearance of sclerosis of the HPC and the onset of spontaneous ictal events. Here, electron microscopy study of the ANT also shows a significant increase of gliosis together with a synaptic loss within the ipsilateral ANT. This phenomenon thus highlights the cellular reorganization that takes place within the epileptic circuit and confirming the hypothesis of the functional implication of ANT in MTLE. Such ultrastructural modification of ANT may reflect the fact that repetitive seizures triggered within the HPC could induce some remote, dose dependent, morphological rearrangements. This synaptic reorganization within the ANT emphasizes its role as a node within the neuronal map involved in seizure activity.

All these results encourage the exploration of the effects of electrical ANT neuromodulation which, by modifying the neuronal activity of the entire ANT, would alter the ictal activity. Aggleton JP, Desimone R, Mishkin M (1986) The origin, course, and termination of the hippocampothalamic projections in the macaque. J Comp Neurol 243:409-421.
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