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An upregulation of the Na + -K + -2Cl -co-transporter NKCC1, the main chloride importer in mature neurons, can lead to depolarizing/excitatory responses mediated by GABAA receptors and thus to hyperactivity. Understanding the regulatory mechanisms of NKCC1 would help prevent intra-neuronal chloride accumulation that occurs in pathologies with defective inhibition. The cellular and molecular regulatory mechanisms of NKCC1 are poorly understood. Here, we report in mature hippocampal neurons that GABAergic activity controls the membrane diffusion and clustering of NKCC1 via the chloride-sensitive WNK1 kinase and the downstream SPAK kinase that directly phosphorylates NKCC1 on key threonine residues. At rest, this signaling pathway has little effect on intracellular Cl - concentration but it participates to the elevation of intraneuronal Cl -concentration in hyperactivity condition associated with an up-regulation of NKCC1. The fact that the chloride exporter KCC2 is also regulated in mature neurons by the WNK1 pathway indicates that this pathway will be a target of choice in the pathology.

Introduction:

Upon activation by GABA, GABA type A receptors (GABAARs) open a selective chloride/bicarbonate conductance. The direction of chloride (Cl -) flux through the channel depends on transmembrane Cl -gradients. Therefore, Cl -homeostasis critically determines the polarity and efficacy of GABAergic transmission in the brain. Pharmaco-resistant epilepsies are often associated with altered Cl -homeostasis [START_REF] Kwan | Definition of refractory epilepsy: defining the indefinable?[END_REF]. It is therefore crucial to discover novel mechanisms regulating neuronal Cl -homeostasis that may help develop new and efficient treatment for these forms of epilepsy and other diseases associated with impaired inhibition, such as neuropathies and neuropsychiatric disorders [START_REF] Kaila | Cation-chloride cotransporters in neuronal development, plasticity and disease[END_REF].

The increase in [Cl -]i and subsequent depolarized shift in the reversal potential of GABA (EGABA) observed in adult epilepsy models are often attributed to reduced expression/function of the neuronal K + -Cl -cotransporter KCC2, responsible for Cl -export [START_REF] Liu | Role of NKCC1 and KCC2 in Epilepsy: From Expression to Function[END_REF]. Furthermore, up-regulation of the Na + -K + -Cl -cotransporter NKCC1, which imports chloride into neurons, also contributes to the increase in [Cl -]i and depolarization of EGABA. This has been observed in the subiculum of patients with temporal lobe epilepsy (TLE) [START_REF] Huberfeld | Perturbed chloride homeostasis and GABAergic signaling in human temporal lobe epilepsy[END_REF][START_REF] Palma | Anomalous levels of Cl-transporters in the hippocampal subiculum from temporal lobe epilepsy patients make GABA excitatory[END_REF] as well as in several in vivo and in vitro rodent models of epilepsy such as the glioma-induced [START_REF] Robel | Reactive astrogliosis causes the development of spontaneous seizures[END_REF], the traumatic brain injury-induced [START_REF] Wang | NKCC1 up-regulation contributes to early posttraumatic seizures and increased post-traumatic seizure susceptibility[END_REF] models of epilepsy, and the kainic acid and pilocarpine epilepsy models in tissue slices [START_REF] Barmashenko | Positive shifts of the GABAA receptor reversal potential due to altered chloride homeostasis is widespread after status epilepticus[END_REF][START_REF] Kourdougli | Depolarizing γ-aminobutyric acid contributes to glutamatergic network rewiring in epilepsy[END_REF][START_REF] Sivakumaran | Bumetanide reduces seizure progression and the development of pharmacoresistant status epilepticus[END_REF]. Targeting NKCC1 in epilepsy with the inhibitor bumetanide is protective: it abolished glioma-induced seizures in rats [START_REF] Robel | Reactive astrogliosis causes the development of spontaneous seizures[END_REF], it reduced the frequency of interictal-like activities [START_REF] Huberfeld | Perturbed chloride homeostasis and GABAergic signaling in human temporal lobe epilepsy[END_REF], the duration of ictal activities [START_REF] Sivakumaran | Bumetanide reduces seizure progression and the development of pharmacoresistant status epilepticus[END_REF], and the sprouting of mossy fibers [START_REF] Kourdougli | Depolarizing γ-aminobutyric acid contributes to glutamatergic network rewiring in epilepsy[END_REF]. Key cellular and molecular mechanisms regulate the membrane turnover of KCC2. They involve activity-dependent regulation of the transporter membrane turnover and endocytosis [START_REF] Côme | Reciprocal Regulation of KCC2 Trafficking and Synaptic Activity[END_REF][START_REF] Côme | Special issue : Neuronal protein mobility KCC2 membrane diffusion tunes neuronal chloride homeostasis[END_REF]. KCC2 is rapidly down-regulated by enhanced neuronal activity and glutamatergic neurotransmission in mature neurons [START_REF] Chamma | Activity-dependent regulation of the K/Cl transporter KCC2 membrane diffusion, clustering, and function in hippocampal neurons[END_REF][START_REF] Lee | NMDA receptor activity downregulates KCC2 resulting in depolarizing GABAA receptor-mediated currents[END_REF][START_REF] Wang | Downregulation of KCC2 following LTP contributes to EPSP-spike potentiation in rat hippocampus[END_REF]. NMDA receptor-induced Ca 2+ -influx leads to protein phosphatase 1 (PP1)-dependent KCC2 Serine S940 (S940) dephosphorylation and C-terminal domain cleavage by Ca 2+ -activated protease calpain [START_REF] Lee | NMDA receptor activity downregulates KCC2 resulting in depolarizing GABAA receptor-mediated currents[END_REF][START_REF] Puskarjov | Activity-Dependent Cleavage of the K-Cl Cotransporter KCC2 Mediated by Calcium-Activated Protease Calpain[END_REF][START_REF] Zhou | N-methyl-D-aspartate receptor-and calpain-mediated proteolytic cleavage of K+-Cl-cotransporter-2 impairs spinal chloride homeostasis in neuropathic pain[END_REF]. This in turn leads to increased lateral diffusion, endocytosis and degradation of KCC2 [START_REF] Chamma | Activity-dependent regulation of the K/Cl transporter KCC2 membrane diffusion, clustering, and function in hippocampal neurons[END_REF][START_REF] Lee | NMDA receptor activity downregulates KCC2 resulting in depolarizing GABAA receptor-mediated currents[END_REF].

GABAergic signaling also tunes KCC2 at the neuronal membrane through GABAAR activity and Cl --dependent phosphorylation of KCC2 Threonine 906 and 1007 (T906/1007) residues [START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF]. Cl -acts as a second messenger in this regulation by tuning the activity of the Cl -sensing With No lysine (K) serine-threonine kinase WNK1 and its downstream effectors Ste20 Proline Asparagine Rich Kinase (SPAK) and Oxydative Stress Response kinase 1 (OSR1) [START_REF] Shekarabi | Kinase Signaling in Ion Homeostasis and Human Disease[END_REF].

Interestingly, this signaling not only promote KCC2 T906/T1007 but also NKCC1 T203/T207/T212 phosphorylation [START_REF] Kahle | Kinase-KCC2 coupling: Clrheostasis, disease susceptibility, therapeutic target[END_REF]. This results in a powerful modulation of Cl -transport by inhibiting KCC2 and activating NKCC1; both regulations leading to elevation in intracellular Cl -level in non-neuronal cells [START_REF] Mccormick | The WNKs: atypical protein kinases with pleiotropic actions[END_REF]. Therefore, inhibiting KCC2 and NKCC1 phosphorylation mediated by the WNK signaling might normalize the membrane expression/function of transporters, thereby preventing the intracellular Cl -buildup in epilepsy and the intensity or emergence of epileptic seizures.

Our team has shown the contribution of lateral diffusion in the rapid control of KCC2 membrane stability and Cl -neuronal homeostasis in response to changes in neuronal activity [START_REF] Chamma | Activity-dependent regulation of the K/Cl transporter KCC2 membrane diffusion, clustering, and function in hippocampal neurons[END_REF][START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF]. The transporter alternates between periods of confinement within clusters near synapses and periods of free movement outside the clusters. The free transporter can then be targeted to the endocytic wells where it is internalized and then degraded or recycled to the plasma membrane. These two pools of transporters are in dynamic equilibrium, allowing the fine-tuning of synapses in response to local fluctuations in synaptic activity [START_REF] Côme | Reciprocal Regulation of KCC2 Trafficking and Synaptic Activity[END_REF][START_REF] Côme | Special issue : Neuronal protein mobility KCC2 membrane diffusion tunes neuronal chloride homeostasis[END_REF]. Since changes in KCC2 mobility occur within tens of seconds [START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF], lateral diffusion is probably the primary cellular mechanism modulating KCC2 membrane stability.

Recently, we showed with confocal microscopy that NKCC1 is targeted to the axonal and somato-dendritic plasma membrane and that it forms clusters at the periphery of synapses of hippocampal neurons [START_REF] Côme | Special issue : Neuronal protein mobility KCC2 membrane diffusion tunes neuronal chloride homeostasis[END_REF]. Quantum Dot-based Single Particle Tracking (QD-SPT) in living cultured hippocampal neurons indicated that NKCC1 explore large areas of the somato-dendritic extrasynaptic membrane while others are confined near excitatory and inhibitory synapses [START_REF] Côme | Special issue : Neuronal protein mobility KCC2 membrane diffusion tunes neuronal chloride homeostasis[END_REF]. Transitions between NKCC1 confinement at/near synapses and less constrained diffusion in extrasynaptic areas is reminiscent of KCC2 diffusion [START_REF] Chamma | Activity-dependent regulation of the K/Cl transporter KCC2 membrane diffusion, clustering, and function in hippocampal neurons[END_REF][START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF]. Therefore, similar to KCC2, NKCC1 responds to the "diffusion-trap" mechanism [START_REF] Côme | Special issue : Neuronal protein mobility KCC2 membrane diffusion tunes neuronal chloride homeostasis[END_REF]. A rapid activity-dependent regulation of NKCC1 diffusion/clustering, may thus locally affect its function, and in turn GABA signaling.

Here we show that neuronal GABAergic activity rapidly regulates lateral diffusion and membrane clustering of NKCC1 in mature hippocampal neurons in culture. Blocking or activating GABAA receptors with muscimol or gabazine confines the transporters to the dendritic membrane. GABAergic activity would control diffusion and clustering of NKCC1 in the dendrite via the chloride-sensitive kinase WNK1 and the downstream kinases SPAK and OSR1 that would directly phosphorylate NKCC1 at key threonine phosphorylation sites T203/T207/T212. Our results indicate that this regulation would be particularly effective in regulating NKCC1 and chloride homeostasis in the somato-dendrtic compartment under hyperactive conditions, highlighting the value of targeting the WNK1/SPAK/OSR1 pathway in inhibition-defective pathologies.

Materials and Methods

For all experiments performed on primary cultures of hippocampal neurons, animal Neuronal culture. Primary cultures of hippocampal neurons were prepared as previously described [START_REF] Chamma | Activity-dependent regulation of the K/Cl transporter KCC2 membrane diffusion, clustering, and function in hippocampal neurons[END_REF] with some modifications in the protocol. Briefly, hippocampi were dissected from embryonic day 18 or 19 Sprague-Dawley rats of either sex. Tissue was then trypsinized (0.25% v/v), and mechanically dissociated in 1× HBSS (Invitrogen, Cergy Pontoise, France) containing 10mM HEPES (Invitrogen). Neurons were plated at a density of 120 × 103 cells/ml onto 18-mm diameter glass coverslips (Assistent, Winigor, Germany) pre-coated with 50 µg/ml poly-D,Lornithine (Sigma-Aldrich, Lyon, France) in plating medium composed of Minimum Essential Medium (MEM, Sigma) supplemented with horse serum (10% v/v, Invitrogen), L-glutamine (2 mM) and Na+ pyruvate (1 mM) (Invitrogen). After attachment for 3-4 h, cells were incubated in culture medium that consists of Neurobasal medium supplemented with B27 (1X), L-glutamine (2 mM), and antibiotics (penicillin 200 units/ml, streptomycin, 200 µg/ml) (Invitrogen) for up to 4 weeks at 37 °C in a 5% CO2 humidified incubator. Each week, one fifth of the culture medium volume was renewed.

DNA constructs. The pcDNA3.1 Flag YFP hNKCC1 HA-ECL2 (NT931) was a gift from Biff Forbush (Addgene plasmid # 49063 ; http://n2t.net/addgene:49063 ; RRID:Addgene_49063; [START_REF] Chamma | Activity-dependent regulation of the K/Cl transporter KCC2 membrane diffusion, clustering, and function in hippocampal neurons[END_REF]. From this NKCC1-HA-Flag-mVenus plasmid, the following constructs were raised: NKCC1-HA-Δflag-ΔmVenus by truncation of the tags located on NKCC1 NTD, NKCC1-TA3-Flag-mVenus and NKCC1-TA3-ΔFlag-ΔmVenus with mutation of T203/207/212 to Alanines, and NKCC1-TA5-Flag-mVenus and NKCC1-TA5-ΔFlag-ΔmVenus with mutation of T203/207/212/217/230 to alanines. Threonine nucleotide sequence was changed to GCA for alanine substitution. The following constructs were also used: pCAG_rat KCC2-3Flag-

ECL2

[13], pCAG_KCC2-3Flag-ECL2 T906/1007E [START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF], eGFP The Mathworks, Natick, MA) as described in [START_REF] Bannai | Imaging the lateral diffusion of membrane molecules with quantum dots[END_REF]. One to two sub-regions of dendrites were quantified per cell. In cases of QD crossing, the trajectories were discarded from analysis. Trajectories were considered synaptic when overlapping with the synaptic mask of gephyrin-mRFP or homer1c-GFP clusters, or extrasynaptic for spots four pixels (760 nm) away. The inclusion area was increased relatively to previous studies on KCC2 [START_REF] Chamma | Activity-dependent regulation of the K/Cl transporter KCC2 membrane diffusion, clustering, and function in hippocampal neurons[END_REF][START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF] due to the low numbers of NKCC1 trajectories recorded with a 380 nm distance. Expanding the radius did actually not change results for perisynaptic NKCC1 lateral diffusion, suggesting its clusters are located further away from synapses than KCC2 ones. Values of the mean square displacement (MSD) plot vs. time were calculated for each trajectory by applying the relation :

𝑀𝑆𝐷(𝑛𝜏) = 1 𝑁 -𝑛 ∑ [(𝑥 𝑖+𝑛 -𝑥 𝑖 )² + (𝑦 𝑖+𝑛 -𝑦 𝑖 )²] 𝑁-𝑛 𝑖=1
where τ is the acquisition time, N is the total number of frames, n and i are positive integers with n determining the time increment. Diffusion coefficients (D) were calculated by fitting the first four points without origin of the MSD vs. time curves with the equation: MSD(nτ) = 4Dnτ + σ ; where σ is the spot localization accuracy. Depending on the type of lamp used for imaging, the QD pointing accuracy is ~20-30 nm, a value well below the measured explored areas (at least 1 log difference). The explored area of each trajectory was defined as the MSD value of the trajectory at two different time intervals of 0.42 and 0.45 s [START_REF] Renner | Diffusion barriers constrain receptors at synapses[END_REF].

Synaptic dwell time was defined as the duration of detection of QDs at synapses on a recording divided by the number of exits as detailed previously [START_REF] Bannai | Imaging the lateral diffusion of membrane molecules with quantum dots[END_REF]. Dwell times  5 frames were not retained. The number of QD vary from one cell to another and from one condition to another in a given experiment. MetaMorph software (Roper Scientific). To assess NKCC1-HA clusters, exposure time was fixed at a non-saturating level and kept unchanged between cells and conditions. For the dendritic intensity and clustering analysis, the ROI was precisely traced around focused dendrites, and global ROI pixel intensity was measured. For the clustering images were flatten background filtered (kernel size, 3 × 3 × 2) to enhance cluster outlines, and a user defined intensity threshold was applied to select clusters and avoid their coalescence.

Chloride

Clusters were outlined and the corresponding regions were transferred onto raw images to determine the mean NKCC1-HA cluster number, area and fluorescence intensity. For wholedendrite intensity measurements to estimate the membrane pool fraction of NKCC1, mean pixel intensity of Venus emission and mean pixel intensity of Cy3-tagged membrane NKCC1

were computed, and then the ratio was calculated before the background flattening. The dendritic surface area of the region of interest was measured to determine the number of clusters per pixel. For each culture, we analyzed ~10 cells per experimental condition. between a condition and its control only using cultures where both conditions were tested.

Differences were considered significant for p-values less than 5% (*p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant).

Results

Opposite effects of GABAergic activity on NKCC1 mobility in the axon vs. the dendrite We questioned whether inhibitory GABAergic transmission influences NKCC1 lateral diffusion in mature (21-23 days in vitro, DIV) hippocampal cultured neurons using quantumdot based single particle tracking (QD-SPT). We explored the impact of a pharmacological activation or blockade of GABAARs in the presence of TTX + KYN + MCPG to block glutamatergic activity and compared to the TTX + KYN + MCPG "control" condition. First, we report that in control conditions, NKCC1 diffuses along the axon (Figure S1A) and in the somato-dendritic compartment (Fig. 1A). Neurons were then acutely exposed to the GABAAR agonist muscimol (10 μM) or competitive antagonist gabazine (10 μM), two drugs that were shown using electrophysiological recordings to increase or block GABAARmediated inhibition in mature hippocampal cultured neurons [START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF]. We observed that, when exposed to gabazine or muscimol, exploration of individual QDs in the axon was increased to bigger areas, compared to QDs in control conditions (Figure S1A). The slope of the mean square displacement (MSD) as a function of time was increased for trajectories recorded in the presence of gabazine and muscimol compared to controls (Figure S1B), indicating reduced confinement of NKCC1 in the axon. This was accompanied by an increase in the diffusion coefficient (Figure S1C) and the explored area (Figure S1D). Therefore, NKCC1 confinement is reduced in the axon under conditions of GABAergic activity blockade.

Moreover, we found that GABAergic signaling oppositely regulated the mobility of NKCC1 in the axon vs. the dendrite. In contrast to what we found in the axon, we showed that QDs explored smaller areas of the dendritic membrane following exposure to gabazine or muscimol, compared to the control condition (Fig. 1A). Analysis performed on the bulk population (extrasynaptic + synaptic) of dendritic trajectories revealed that the MSD function displayed a less steep slope for trajectories recorded in the presence of muscimol or gabazine as compared with control (Fig. 1B), indicative of increased confinement upon GABAAR activation or blockade. Consistent with this observation, the median diffusion coefficient and explored area values of dendritic NKCC1 were also significantly decreased upon muscimol and gabazine application (Fig. 1 C, D respectively). Thus, the lateral diffusion of NKCC1 on the dendrite is regulated by inhibitory GABAergic transmission: the transporters being slowed down and confined in response to an increase or decrease in GABAergic activity.

We then analyzed the effects of gabazine and muscimol on the diffusive behavior of NKCC1 in extrasynaptic and synaptic domains. Muscimol and gabazine reduced the transporter mobility and surface exploration of individual QDs (Fig. 1E). Quantitative analysis on populations of QDs revealed an impact of the treatments on diffusion coefficient and explored area both in the extrasynaptic membrane and at excitatory and inhibitory synapses (Fig. 1 F-G). The effect was greater on the diffusion coefficient than on the explored area for NKCC1 trajectories in the vicinity of excitatory synapses and vice versa for trajectories near inhibitory synapses (Fig. 1 F-G). Thus, NKCC1 exhibits increased diffusion constraints at extrasynaptic sites and at the periphery of synapses upon GABAAR activation or blockade.

NKCC1 is targeted to endocytic zones where they are stored upon GABAergic activity changes.

The increased confinement of NKCC1 induced by changes in GABAAR activity would result in its recruitment to membrane clusters or targeting to endocytic zones where the transporter would be stored there until later use or internalized and recycled back to the membrane or sent for degradation. We observed that acute exposure to muscimol or gabazine increased the confinement of NKCC1 in endocytic zones as observed in neurons transfected with clathrin-YFP for individual trajectories (Fig. 1H) or for hundreds of molecules (Fig. 1 I-J).

Moreover, blocking clathrin-mediated endocytosis with an inhibitory peptide prevented the slow down and increased confinement of the whole NKCC1 population upon gabazine or muscimol treatment (Fig. 1 K-L). We therefore concluded that the treatment of neurons with muscimol or gabazine increased the confinement of NKCC1 transporters in endocytic zones in the dendrites.

To investigate whether the increased confinement of the transporter to endocytic zones induced by GABAAR agonists and antagonists is accompanied by an increase in its internalization, we analyzed the surface pool of NKCC1 (by calculating the ratio of the mean fluorescence intensity of the surface / surface + intracellular pool of NKCC1 (Fig. 2 A-B).

The ratio remained unchanged (Fig. 2B) after exposure to muscimol or gabazine for 30 minutes, indicating that changes in GABAAR activity do not affect the membrane stability of NKCC1. This is consistent with the regulation of KCC2 lateral diffusion by GABAergic inhibition, which allows for rapid regulation of clustering and thus transporter membrane function without requiring transporter internalization [START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF]. We therefore examined whether changes in GABAAR-dependent inhibition resulted in alteration in NKCC1 clustering in hippocampal neurons. Using conventional epifluorescene, we reported that muscimol significantly reduced by 1.28-fold the density of NKCC1 clusters at the surface of transfected neurons (Fig. 2C). Furthermore, a 30 min exposure to muscimol reduced by 1.1-fold the mean size of NKCC1 clusters (Fig. 2D), as compared with untreated cells. In contrast, muscimol did not affect the mean fluorescence intensity of the clusters (Fig. 2E). These results indicate that the increased confinement of NKCC1 in endocytic zones induced upon muscimol treatment is accompanied by a rapid reduction in its membrane clustering. Unlike muscimol, gabazine did not noticeably alter the density of NKCC1 clusters (Fig. 2C). However, it significantly reduced the size (Fig. 2D) and intensity (Fig. 2E) of these clusters, suggesting transporter loss within clusters.

Since NKCC1 cluster size is at the limit of the resolution of a standard epifluorescence microscope, we further analyzed the effect of the treatments on NKCC1 clustering using super-resolution STORM. NKCC1 form round-shaped clusters along the dendrites (Fig. 2F).

We report that neuronal exposure to gabazine or muscimol altered the nanoscopic organization of NKCC1 (Fig. 2F). The muscimol treatment significantly decreased by 1.16

fold the average size of NKCC1 nanoclusters (Fig. 2G). This effect was not accompanied by a decrease in the number of molecules detected per cluster (Fig. 2H). In fact, the density of particles detected per cluster was significantly increased by 1.43 fold after muscimol exposure (Fig. 2I), indicating molecular compaction. This effect coupled with the loss of NKCC1 clusters observed with standard epifluorescence and the increased confinement of the transporter in endocytic zones is consistent with a muscimol-induced escape of NKCC1 transporters from membrane clusters followed by their recruitment and storage in endocytic zones.

STORM microscopy revealed that gabazine treatment induced a significant decrease in the size of NKCC1 clusters (by 0.62-fold, Fig. 2G), accompanied by a 1.5-fold reduction in the number of molecules per cluster (Fig. 2H), in agreement with the notion that transporters escaped clusters. This effect was not associated with a change in the density of molecules per cluster (Fig. 2I), reporting no change in the compaction of molecules within the cluster.

Although the effects of muscimol and gabazine differ on the nanoscale organization of NKCC1, both treatments lead to the escape of transporters from clusters, which are then rapidly captured in the endocytic zones where they are stored.

Intracellular chloride levels tune NKCC1 surface diffusion and clustering

We then investigated whether changes in [Cl -]i could explain the effects of manipulations of GABAAR activity on the diffusion of NKCC1, as shown for KCC2 [START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF]. We lowered [Cl -]i by substituting extracellular Cl -with methane sulfonate in the imaging medium and tested its effect on NKCC1 diffusion. The decrease in [Cl -]i increased NKCC1 surface exploration for individual trajectories located at the periphery of synapses and at distance (Fig. 3A).

Quantification revealed that this treatment had no significant effect on the diffusion coefficient of NKCC1 on dendrites either for extrasynaptic or synaptic trajectories (Fig. 3B).

On the other hand, lowering [Cl -]i decreased the confinement of extrasynaptic transporters (Fig. 3C), while the confinement of synaptic transporters was unchanged (Fig. 3C). We then asked if the reduced confinement observed at extrasynaptic sites concerned transporters stored in endocytic zones. We found that the diffusion coefficient and surface exploration of NKCC1 were significantly increased for transporters located at distance of clathrin-coated pits (Fig. 3 D-F) while the mobility of transporters in endocytic zones was not modified upon lowering [Cl -]I (Fig. 3 E-F). Therefore, reducing [Cl -]i does not increase the confinement of NKCC1 in endocytic zones. Altogether, our results provide evidence that lowering intracellular chloride levels removes diffusion constraints onto NKCC1, which move faster in the membrane, probably by being relieved from endocytic zones.

We then determined whether this relief in diffusion constraints of the transporter was associated with its membrane redistribution. Quantification of the ratio of the surface pool of NKCC1 over the total pool of NKCC1 revealed that lowering [Cl -]i by extracellular Clsubstitution increased NKCC1 immunoreactivity on the dendrites (Fig. 3G). This was accompanied by a 1.25 fold increase in the amount of NKCC1 detected at the cell surface (Fig. 3H). This increase in the membrane stability of NKCC1 was accompanied by an increase in its clustering. The treatment did not alter the number of clusters detected at the cell surface (Fig. 3I). However, lowering [Cl -]i level led to a 1.12 fold increase in the median size of NKCC1 clusters (Fig. 3J) and a 1.4 fold increase in their median fluorescence intensity (Fig. 3K). These results indicate a chloride-dependent regulation of NKCC1 diffusion-capture, consistent with a homeostatic regulation of the transporter.

The WNK signaling pathway regulates NKCC1

The chloride-sensitive WNK signaling pathway regulates NKCC1 activity [START_REF] Mccormick | The WNKs: atypical protein kinases with pleiotropic actions[END_REF]. We assessed the role of this pathway in NKCC1 clustering using overexpression of constitutively active (WNK-CA) or kinase-dead (WNK-KD) WNK1 [START_REF] Friedel | WNK1-regulated inhibitory phosphorylation of the KCC2 cotransporter maintains the depolarizing action of GABA in immature neurons[END_REF] and using WNK1 (WNK463) inhibitor. The overexpression of WNK-CA had no effect on NKCC1 surface exploration and mobility for individual trajectories (Fig. 4A) and population of QDs (Fig. 4 B-C). Similarly, overexpressing WNK-CA did not alter the surface expression level of NKCC1 (Fig. 4 D-E) nor the number of NKCC1 clusters (Fig. 4F) nor the size and intensity of these clusters (Fig. 4 G-H). Based on these results, we concluded that, under basal activity conditions, activation of the WNK1 pathway does not affect the diffusion, expression and distribution of NKCC1 at the dendritic surface in mature hippocampal neurons.

Conversely, we studied the effects of an inhibition of the WNK1 signaling pathway on NKCC1 surface expression and clustering following overexpression of WNK-KD or after acute exposure to a pan-WNK antagonist (WNK-463). An acute blockade for 30 min of WNK1 with WNK463 had no effect on the membrane stability of NKCC1 (Fig. 4 I-J) while blocking WNK1 activity for 7 DIV by overexpressing WNK-KD significantly reduced the membrane stability of NKCC1 (Fig. 4 I-J). On the other hand, WNK inhibition using genetic or pharmacological approaches significantly altered the clustering of NKCC1 by decreasing respectively to 2 fold and 1.6 fold the number of NKCC1 clusters (Fig. 4K). This was not accompanied by a reduction in the size of the clusters upon WNK463 treatment or WNK-KD overexpression (Fig. 4L). However, WNK-KD overexpression decreased to 2-fold NKCC1 cluster intensity (Fig. 4M). Therefore, inhibiting the WNK1 signaling pathway in basal activity conditions reduces NKCC1 membrane stability and clustering.

We then studied the contribution of the WNK1 effectors SPAK and OSR1 in the regulation of NKCC1 membrane diffusion, stability and clustering using the SPAK/OSR1 inhibitor closantel [START_REF] Kikuchi | Discovery of Novel SPAK Inhibitors That Block WNK Kinase Signaling to Cation Chloride Transporters[END_REF]. An acute exposure of neurons to closantel rapidly reduced the surface explored by individual QDs (Fig. 5A). This was accompanied by a 1.14-fold reduction in NKCC1 diffusion coefficients (Fig. 5B) and by a 1.28-fold decrease in its explored area (Fig. 5C), revealing increased NKCC1 diffusion constraints as compared with control. This effect on diffusion was however not accompanied by a change in the surface expression of NKCC1 (Fig. 5 D-E), nor by a change in its clustering as determined by standard epifluorescence on the number of NKCC1 clusters (Fig. 5F), as well as on the size and intensity of these clusters (Fig. 5 G-H). However, the analysis of NKCC1 clusters using super-resolution imaging (Fig. 5I) revealed that a 30 min exposure to closantel reduced by 1.3-fold the cluster size (Fig. 5J). This effect was not accompanied by a significant change in the number of particles detected per cluster (Fig. 5K). However, closantel increased by The WNK signaling pathway targets key threonine residues on NKCC1 WNK kinases promote NKCC1 T203/T207/T212 phosphorylation [START_REF] Friedel | WNK1-regulated inhibitory phosphorylation of the KCC2 cotransporter maintains the depolarizing action of GABA in immature neurons[END_REF], which in turn results in NKCC1 activation [START_REF] Mccormick | The WNKs: atypical protein kinases with pleiotropic actions[END_REF]. In order to test the involvement of NKCC1-T203/207/212/217/230 phosphorylation in the regulation of NKCC1 diffusion, we expressed NKCC1 constructs harboring mutations of T203/T207/T212 or T203/T207/T212/T217/T230 to alanine (TA3 and TA5, respectively) that mimic dephosphorylated states. The mobility and exploration of individual NKCC1 T203/207/212/217/230A was decreased relative to WT especially for extrasynaptic QDs (Fig. 6A). This was reflected by a 1.2 fold lower speed (Fig. 6B) and a 1.48 fold increased confinement (Fig. 6C) of QDs in the extrasynaptic membrane without changing the diffusion coefficient or the surface area explored at the inhibitory and excitatory synapses (Fig. 6 B-C). Therefore, the dephosphorylation of NKCC1 on key threonine residues confines the transporter in the extrasynaptic membrane. In agreement with a regulation of NKCC1 by the WNK1 signaling pathway, these results indicate that a proportion of NKCC1 is phosphorylated on T203/207/212 in mature neurons. This differs from the KCC2 transporter for which regulation by the WNK1 signaling was only observed when GABAAR activity was challenged [START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF].

We have previously shown in similar experimental preparations that an acute application of muscimol induces an increase in [Cl-]i [START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF]. This is corroborated by the inhibition of WNK1 and dephosphorylation of NKCC1 [START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF]. Knowing that the phosphorylation of NKCC1 by WNK1 regulates its activity in non-neuronal cells [START_REF] Gagnon | Multiple pathways for protein phosphatase 1 (PP1) regulation of Na-K-2Cl cotransporter (NKCC1) function: The N-terminal tail of the Na-K-2Cl cotransporter serves as a regulatory scaffold for Ste20-related proline/alanine-rich kinase (SPAK) and PP1[END_REF], we wanted to know if the membrane stability and clustering of the mutated transporter was altered compared to that of the WT.

Our results show that the surface pool of NKCC1 T203/T207/T212A is decreased (by 1.1 fold) compared to that of the WT transporter (Fig. 6 D-E). This decrease in the membrane stability of the transporter was accompanied by a 1.6 fold and a 1.7 fold decrease in the cluster density of NKCC1 T203/T207/T212A and NKCC1 T203/T207/T212/T217/T230A (Fig. 6F), compared to the WT. The remaining NKCC1 T203/T207/T212A and NKCC1 T203/T207/T212/T217/T230A clusters were not changed in size or fluorescence intensity compared to WT (Fig. 6 G-H). This effect is reminiscent of that observed upon muscimol treatment (Fig. 2) or WNK1 inhibition (Fig. 4).

Importantly, NKCC1

T203/T207/T212/T217/T230A prevented the muscimol-induced decrease in NKCC1 clustering (Fig. 6 I-K). We conclude that GABAAR-dependent regulation of NKCC1 membrane stability, diffusion and clustering involves phosphorylation of its T203/T207/T212/T217/T230 residues.

Functional impact of NKCC1 regulation by the WNK signaling pathway in mature hippocampal neurons

Our work describes a regulation of NKCC1 membrane stability and clustering through GABAergic activity. This regulation involves the phosphorylation of the transporter by the WNK/SPAK/OSR1 signaling pathway. To assess the functional relevance of this regulation, we looked at the impact of NKCC1 phosphorylation on [Cl -]i. We used SuperClomeleon [START_REF] Grimley | Visualization of Synaptic Inhibition with an Optogenetic Sensor Developed by Cell-Free Protein Engineering Automation[END_REF] to quantify potential changes in intracellular chloride concentration. Changes of concentration were inferred from changes in YFP/CFP ratios (Fig. 7A). As a control condition, we compared the YFP/CFP ratio of cells transfected with KCC2-WT vs KCC2-T906/T1007E

i.e. a construction mimicking the phosphorylated state of the transporter with a reduced capacity to extrude chloride ions, notably by modifying its membrane stability and clustering [START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF][START_REF] Friedel | WNK1-regulated inhibitory phosphorylation of the KCC2 cotransporter maintains the depolarizing action of GABA in immature neurons[END_REF]. An important decrease in the ratio was observed in cells transfected with KCC2-TE as compared to KCC2-WT, reflecting a higher [Cl -]i (Fig. 7B). Thus, this approach allows the measurement of [Cl -]i elevation resulting from manipulations of chloride co-transporter membrane expression and thereby function. We then tested whether the expression of endogenous or recombinant NKCC1 significantly impacted [Cl -]i in our neuronal preparation.

First, we determined the impact of an acute blockade of NKCC1 activity with the NKCC1 inhibitor bumetanide (5 µM) on the YFP/CFP ratio in neurons transfected with SuperClomeleon alone. The YFP/CFP ratio was comparable in both bumetanide-exposed and non-bumetanide-exposed neurons (Fig. 7C). These results are in agreement with data suggesting that at rest, endogenous NKCC1 do not significantly influence [Cl -]i in mature hippocampal neurons [START_REF] Khirug | GABAergic Depolarization of the Axon Initial Segment in Cortical Principal Neurons Is Caused by the Na-K-2Cl Cotransporter NKCC1[END_REF][START_REF] Otsu | Cation-chloride cotransporters and the polarity of GABA signaling in mouse hippocampal parvalbumin interneurons[END_REF]. Similarly, expression of the recombinant NKCC1-WT in mature neurons did not increase [Cl -]i compared to neurons expressing the chloride probe alone, nor did it increase their sensitivity to bumetanide (Fig. 7C). This suggests that the neuron tightly regulates the level of recombinant NKCC1 present at the cell membrane.

If the expression of NKCC1-WT does not influence [Cl -]i, then it is not surprising that a loss of function of the transporter cannot be detected. Indeed, we found that NKCC1-T203/T207/T212/T217/T230A, which shows a defect in membrane clustering compared to WT, has no effect on either the YFP/CFP ratio or the response to bumetanide (Fig. 7C).

However, since NKCC1 plays an important role on [Cl -]i in mature neurons under conditions where KCC2 is down-regulated [START_REF] Huberfeld | Perturbed chloride homeostasis and GABAergic signaling in human temporal lobe epilepsy[END_REF][START_REF] Kourdougli | Depolarizing γ-aminobutyric acid contributes to glutamatergic network rewiring in epilepsy[END_REF][START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF][START_REF] Otsu | Cation-chloride cotransporters and the polarity of GABA signaling in mouse hippocampal parvalbumin interneurons[END_REF], we performed additional analyses on neurons co-transfected with the mutant transporter KCC2-T906/1007E, which has a reduced chloride extrusion capacity [START_REF] Friedel | WNK1-regulated inhibitory phosphorylation of the KCC2 cotransporter maintains the depolarizing action of GABA in immature neurons[END_REF] and Fig. 7A). Over-expression of KCC2-T906/1007E was preferred to the expression of a shRNA against KCC2 because this strategy led to neuronal death when NKCC1 was expressed in concert. Interestingly, neuronal death was not observed when the shRNA against KCC2 was expressed alone but only when its expression was combined with that of NKCC1 (data not shown). This indicates that the recombinant NKCC1 transporter is functional in neurons and that the influx of chloride through NKCC1 in neurons in the absence of chloride ion extrusion capacity is toxic. In agreement with previous works [START_REF] Khirug | GABAergic Depolarization of the Axon Initial Segment in Cortical Principal Neurons Is Caused by the Na-K-2Cl Cotransporter NKCC1[END_REF][START_REF] Otsu | Cation-chloride cotransporters and the polarity of GABA signaling in mouse hippocampal parvalbumin interneurons[END_REF], this result also means that in mature neurons KCC2 is the major regulator of [Cl -]i.

However, no effect of the endogenous NKCC1 or of the recombinant NKCC1-WT or NKCC1-T203/T207/T212/T217/T230A was observed on the YFP/CFP ratio, nor on bumetanide sensitivity in conditions of low KCC2 activity (Fig. 7D). We concluded that at rest, in conditions of normal or reduced KCC2 expression, endogenous or exogenous NKCC1 transporters are not significantly contributing to [Cl -]i in mature hippocampal cultured neurons.

Since NKCC1 is overexpressed in the adult epileptic brain and that this overexpression contributes to increase seizure susceptibility [START_REF] Liu | Role of NKCC1 and KCC2 in Epilepsy: From Expression to Function[END_REF][START_REF] Wang | NKCC1 up-regulation contributes to early posttraumatic seizures and increased post-traumatic seizure susceptibility[END_REF], we tested the contribution of the WNK1 signaling in the regulation of the membrane stability and function of NKCC1 in pathological conditions. For this purpose, neurons were acutely exposed to the convulsing agent 4-Amminopyridine (4-AP), a blocker of the voltage-dependent K + channels responsible for membrane repolarization. This experiment was performed in absence of TTX + KYN + MCPG. The "4-AP condition" was compared to the control condition in the absence of any drug. We previously showed that an acute exposure of hippocampal neurons to 4-AP induces KCC2 endocytosis [START_REF] Chamma | Activity-dependent regulation of the K/Cl transporter KCC2 membrane diffusion, clustering, and function in hippocampal neurons[END_REF]. Conversely, we show here that this treatment rapidly increases the membrane expression of NKCC1 (Fig. 7E). Pre-treatment of neurons with the inhibitor WNK-463 prevented the increase in surface expression of NKCC1 induced by 4-AP (Fig. 7E), implicating WNK1 in the upregulation of NKCC1 at the neuronal surface.

Although we have shown that NKCC1 does not participate in the regulation of intracellular chloride levels under basal activity conditions in mature hippocampal neurons (Fig. 7 C-D),

we show here the contribution of NKCC1 to neuronal chloride homeostasis under pathological conditions. Indeed, chloride imaging revealed that an acute exposure to 4-AP induced a significant increase in intracellular chloride levels in neurons (Fig. 7 F-G). This effect was blocked by pre-incubating the neurons with the WNK antagonist or by blocking NKCC1 activity with bumetanide (Fig. 7 

Discussion

We have studied, in mature hippocampal neurons, the cellular and molecular mechanisms regulating the co-transporter NKCC1, which transports chloride ions inside neurons. We showed that the transporter displays a heterogeneous distribution at the plasma membrane:

it is either diffusely distributed and freely mobile in the membrane or it is organized in membrane clusters where it is slowed down and confined. Here, we show that this distribution and behavior can be rapidly tuned by GABAergic activity changes. In particular, acute GABAAR activation or inhibition with muscimol or gabazine respectively causes the escape of transporters from membrane clusters and its translocation to endocytic zones where it is confined. GABAAR-mediated regulation of NKCC1 membrane distribution uses chloride as a secondary messenger and the Cl --sensitive WNK/SPAK pathway, which in turn affects the phosphorylation of a series of threonine residues on NKCC1. At rest, these modifications have little effect on [Cl -]i but they could participate to the accumulation of Cl - in neurons in pathological conditions associated with an up-regulation of NKCC1.

An increase in clustering generally correlates with a slowing down and confinement of the molecule in a sub-cellular compartment e.g. synapses for neurotransmitter receptors.

Conversely, a dispersion of molecules from clusters implies a lifting of the diffusion brakes.

Usually, the molecule is confined thanks to its binding to scaffolding proteins that anchors it to the cytoskeleton. However, the membrane molecule can escape from this confined region by lateral diffusion. This is the case of excitatory glutamate receptors and inhibitory GABAARs [START_REF] Choquet | The dynamic synapse[END_REF][START_REF] Triller | New concepts in synaptic biology derived from single-molecule imaging[END_REF], as well as of ion transporters such as the chloride co-transporter KCC2 [START_REF] Côme | Reciprocal Regulation of KCC2 Trafficking and Synaptic Activity[END_REF][START_REF] Côme | Special issue : Neuronal protein mobility KCC2 membrane diffusion tunes neuronal chloride homeostasis[END_REF]. However, NKCC1 has a different diffusion behavior. The transporter was restricted in its movement when its membrane clustering was decreased (gabazine and muscimol conditions) while its diffusion was not significantly changed when its clustering increased (low chloride condition). This could be explained by the fact that a low proportion of NKCC1 transporters is clustered in the membrane while a more significant proportion of them is present in endocytic zones where they are confined and stored (in particular upon GABAAR activity changes).

Acute blockade of glutamatergic activity by the TTX+KYN+MCPG drug cocktail confines NKCC1 to the axon [START_REF] Côme | The fast diffusion of NKCC1 along the axon is driven by glutamatergic activity[END_REF]. This suggests that spontaneous glutamatergic activity in contrast makes NKCC1 mobile along the axon. Here we investigated the role of GABAergic transmission on NKCC1 diffusion in the axon. We show that blocking GABAAR-mediated inhibition by adding gabazine to the bath in the presence of TTX+KYN+MCPG to prevent the indirect effects of gabazine on excitation, removes the constraints on NKCC1 diffusion in the axon. Conversely, activation of GABAAR by muscimol in the presence of TTX+KYN+MCPG slows NKCC1 in the axon. Thus, GABAergic and glutamatergic activity have opposite effects on NKCC1 diffusion in the axon. We propose that an increase in spontaneous glutamatergic activity homeostatically regulates NKCC1 diffusion in the axon to compensate for the treatment-induced increase in activity by decreasing the depolarizing/excitatory effect of GABAAR in the axon. Here, in contrast, muscimol-mediated GABAAR solicitation confines NKCC1 in the axon to enhance depolarizing GABA to counteract the increased inhibition. The effects of inhibition can also be attributed to homeostatic regulation of excitatory GABAergic transmission in the axon with potential effects on neurotransmitter release [START_REF] Jang | Presynaptic GABAA receptors facilitate spontaneous glutamate release from presynaptic terminals on mechanically dissociated rat CA3 pyramidal neurons[END_REF] and action potential firing [START_REF] Khirug | GABAergic Depolarization of the Axon Initial Segment in Cortical Principal Neurons Is Caused by the Na-K-2Cl Cotransporter NKCC1[END_REF].

Of note, the effects of gabazine on NKCC1 diffusion in the dendrite and axon are opposite highlighting distinct regulatory mechanisms. In the case of regulation by glutamatergic transmission, different effects were also observed in the dendrite vs. the axon. Future experiments will tell whether this difference is due to variations in intracellular chloride concentration (with a higher concentration in the axon than in the dendrite) and activation of the WNK pathway or to different molecular mechanisms.

In the dendrites of mature neurons, we observed a similar effect of GABAAR activation or inhibition on the diffusion and clustering of dendritic NKCC1. In both cases, the transporter was sent to endocytic zones and confined there. The fact that there was no change in the global pool (surface + intracellular) of the transporter indicates that it is stored in the endocytic zones without being internalized and degraded. These endocytic zones have been shown to constitute reserve pools of neurotransmitter receptors, which can, depending on the synaptic demand, be released and reintegrated into the diffusing pool of receptors [START_REF] Petrini | Endocytic trafficking and recycling maintain a pool of mobile surface AMPA receptors required for synaptic potentiation[END_REF].

In the case of NKCC1, this reserve pool would allow a rapid increase in the transporter availability in the plasma membrane, for example in pathological situations in which an upregulation of NKCC1 has been observed [START_REF] Kourdougli | Depolarizing γ-aminobutyric acid contributes to glutamatergic network rewiring in epilepsy[END_REF].

Muscimol by activating the GABAAR raises [Cl -]i [START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF]. An increase in [Cl -]i inhibits the activity of WNK1 and SPAK, OSR1 kinases [START_REF] Bazúa-Valenti | Revisiting the NaCl cotransporter regulation by with-nolysine kinases[END_REF][START_REF] Piala | Chloride sensing by WNK1 involves inhibition of autophosphorylation[END_REF], leading to the dephosphorylation of NKCC1-T203/207/212/217/230 [START_REF] Rinehart | WNK3 kinase is a positive regulator of NKCC2 and NCC, renal cation-Cl -cotransporters required for normal blood pressure homeostasis[END_REF][START_REF] Kahle | WNK3 modulates transport of Cl-in and out of cells: Implications for control of cell volume and neuronal excitability[END_REF][START_REF] Ponce-Coria | Regulation of NKCC2 by a chloride-sensing mechanism involving the WNK3 and SPAK kinases[END_REF], and reduced transporter activity [START_REF] Darman | A regulatory locus of phosphorylation in the N terminus of the Na-K-Cl cotransporter, NKCC1[END_REF][START_REF] Darman | Modulation of Ion Transport by Direct Targeting of Protein Phosphatase Type 1 to the Na-K-Cl Cotransporter[END_REF]. We have shown that following exposure to muscimol, NKCC1 escaped from membrane clusters and was confined in endocytic zones. Thus, transition of the transporter between membrane clusters and endocytic zones by lateral diffusion would allow modulating rapidly its availability in the In contrast, treatment of neurons with gabazine, by blocking the activity of GABAARs, decreases dendritic [Cl -]i. In non-neuronal cells, low chloride activates WNK1/SPAK [START_REF] Bazúa-Valenti | Revisiting the NaCl cotransporter regulation by with-nolysine kinases[END_REF][START_REF] Piala | Chloride sensing by WNK1 involves inhibition of autophosphorylation[END_REF] by auto-phosphorylation of WNK1 S382 residue. Then, WNK phosphorylates in cascade SPAK on S373 and OSR1 on S325 [START_REF] De Los Heros | The WNK-regulated SPAK/OSR1 kinases directly phosphorylate and inhibit the K+ -Cl-co-transporters[END_REF], that in turn phosphorylate NKCC1 on T203/207/212/217/230 and increase the surface expression and activity of the transporter [START_REF] Darman | Modulation of Ion Transport by Direct Targeting of Protein Phosphatase Type 1 to the Na-K-Cl Cotransporter[END_REF][START_REF] Vitari | Functional interactions of the SPAK/OSR1 kinases with their upstream activator WNK1 and downstream substrate NKCC1[END_REF]. We have shown that this signaling cascade is operant in mature hippocampal neurons: gabazine activates the WNK1/SPAK/OSR1 pathway by phosphorylation thus inducing the phosphorylation of KCC2-T906/1007 as well as NKCC1-T203/207/212/217/230 [START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF]. If muscimol decreases NKCC1 clustering and confines it to endocytic zones, gabazine treatment should conversely induce the escape of the transporter from endocytic zones thereby increasing its clustering and function in the membrane. Although we observed that a decrease in [Cl -]i by substituting chloride with methane sulfonate decreases the confinement of NKCC1 and increases its membrane stability and clustering, treatment of neurons with gabazine did not reproduce this effect. On the contrary, gabazine confined the transporter and induced the loss of its clustering just as muscimol did. However, we have shown that antagonizing inhibition with gabazine reduces surface expression of KCC2 by increasing lateral diffusion and endocytosis of the transporter [START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF]. This results in reduced intracellular chloride extrusion capacity of the neuron leading to a significant increase in [Cl -]i as monitored by SuperClomeleon imaging [START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF]. KCC2 is more effective in regulating [Cl-]i than NKCC1 in dendrites of mature neurons [START_REF] Glykys | Local impermeant anions establish the neuronal chloride concentration[END_REF][START_REF] Schmidt | Differential regulation of chloride homeostasis and GABAergic transmission in the thalamus[END_REF]. We therefore hypothesize that the regulation of NKCC1 by gabazine is not due to a decrease in [Cl -]i but instead to an increase in [Cl -]i following the regulation of KCC2 by the WNK1/SPAK/OSR1 pathway. Thus, changes in the membrane expression of KCC2 (under control of the WNK1/SPAK/OSR1 pathway) would condition that of NKCC1, thus allowing [Cl -]i to be maintained at a low level in mature neurons. This would explain why expressing recombinant NKCC1-WT in mature neurons does not significantly increase its expression at the membrane nor does it increase [Cl -]i.

This suggests that the level of expression of NKCC1 at the plasma membrane is under the control of KCC2 and its tuning of [Cl -]i.

Nevertheless, we show that the membrane stability and clustering of NKCC1 can be rapidly regulated by lateral diffusion and that this mechanism is rapidly controlled by GABAergic inhibition and the WN1K/SPAK/OSR1 pathway on the dendrites of mature neurons.

Although this pathway has little influence on the amount/function of NKCC1 at the neuronal surface under basal activity conditions, we propose that it may play a role in pathological situations associated with increased expression levels of NKCC1 based on our 4-AP data.

Interestingly, in the pathology, upregulation of NKCC1 is often accompanied by a downregulation of KCC2 at the neuronal surface [START_REF] Liu | Role of NKCC1 and KCC2 in Epilepsy: From Expression to Function[END_REF][START_REF] Puskarjov | Activity-Dependent Cleavage of the K-Cl Cotransporter KCC2 Mediated by Calcium-Activated Protease Calpain[END_REF]. KCC2 is also regulated by diffusioncapture. We have shown that a short exposure of neurons to the convulsive agent 4-AP increases the lateral diffusion of KCC2, which escapes from the clusters, is internalized and degraded [START_REF] Chamma | Activity-dependent regulation of the K/Cl transporter KCC2 membrane diffusion, clustering, and function in hippocampal neurons[END_REF]. Thus, lateral diffusion would be a general mechanism to control the membrane stability of chloride co-transporters. Moreover, the fact that KCC2 is also regulated in mature neurons by the WNK1/SPAK/OSR1 pathway [START_REF] Heubl | GABAA receptor dependent synaptic inhibition rapidly tunes KCC2 activity via the Cl--sensitive WNK1 kinase[END_REF] and that this regulation has an inverse effect on membrane stability, clustering and function of KCC2 indicates that this pathway is a target of interest in the pathology. Inhibition of the pathway would prevent the loss of KCC2 and the increase of NKCC1 at the surface of the neuron, thus preventing the abnormal rise of [Cl -]i in the pathology and the resulting adverse effects. wide field microscopy and analyzed the data. EC performed STORM and analyzed the data.

EC and JG conducted chloride imaging and analyzed the data. MR prepared the hippocampal cultures.

Institutional Review Board Statement:

For all experiments performed on primary cultures of hippocampal neurons, animal 

Informed Consent Statement:

Not applicable

  procedures were carried out according to the European Community Council directive of 24 November 1986 (86/609/EEC), the guidelines of the French Ministry of Agriculture and the Direction Départementale de la Protection des Populations de Paris (Institut du Fer à Moulin, Animalerie des Rongeurs, license C 72-05-22). All efforts were made to minimize animal suffering and to reduce the number of animals used. Timed pregnant Sprague-Dawley rats were supplied by Janvier Lab and embryos were used at embryonic day 18 or 19 as described below.

  , pCAG_GPHN.FingR-eGFP-CCR5TC[START_REF] Gross | Recombinant probes for visualizing endogenous synaptic proteins in living neurons[END_REF] (gift from Don Arnold, Addgene plasmid # 46296 ; http://n2t.net/addgene:46296 ; RRID:Addgene_46296), homer1c-DsRed (kindly provided by D. Choquet, IIN, Bordeaux, France), WNK1 with "kinase-dead, dominant-negative domain" (WNK1-KD, D368A), "constitutively active" WNK1 (WNK1-CA, S382E)[START_REF] Friedel | WNK1-regulated inhibitory phosphorylation of the KCC2 cotransporter maintains the depolarizing action of GABA in immature neurons[END_REF] (kindly provided by I. Medina, INMED, Marseille), and SuperClomeleon[START_REF] Grimley | Visualization of Synaptic Inhibition with an Optogenetic Sensor Developed by Cell-Free Protein Engineering Automation[END_REF] (kindly provided by G.J.Augustine, NTU, Singapore). All constructs were sequenced by Beckman Coulter Genomics (Hope End, Takeley, U.K).Neuronaltransfection. Neuronal transfections were carried out at DIV 13-14 using Transfectin (BioRad, Hercules, USA), according to the manufacturers' instructions (DNA:transfectin ratio 1 µg:3 µl), with 1-2 µg of plasmid DNA per 20 mm well. Simple transfections of NKCC1-HA-Flag-mVenus plasmid concentration: 1 µg. The following ratios of plasmid DNA were used in co-transfection experiments : 1:0.4:0.4 µg for NKCC1 constructs together with GPHN.FingR-eGFP and homer1c-DsRed ; 1:0.2 µg for NKCC1 constructs with eGFP ; 0.7:0.7 µg for NKCC1 constructs with WNK1-KD or WNK1-CA, NKCC1 constructs with SuperClomeleon ; 0.7:0.7 µg KCC2 constructs with SuperClomeleon ; 0.5:0.5:0.5 µg SCLM + KCC2 + NKCC1. Experiments were performed 7-10 days post-transfection. SPT, STORM and chloride imaging experiments were performed with Δflag-ΔmVenus NKCC1 constructs. Standard epifluorescence microscopy with Flag-mVenus NKCC1 constructs.

STORM microscopy.

  Stochastic Optical Reconstruction Microscopy (STORM) imaging on fixed samples was conducted on an inverted N-STORM Nikon Eclipse Ti microscope with a 100× oil immersion objective (NA 1.49) and an Andor iXon Ultra EMCCD camera (image pixel size, 160 nm), using specific lasers for STORM imaging of Alexa 647 (640 nm). Videos of 30,000 frames were acquired at frame rates of 50 ms. The z position was maintained during acquisition by a Nikon perfect focus system. Single-molecule localization and 2D image reconstruction was conducted as described in[START_REF] Specht | Quantitative nanoscopy of inhibitory synapses: counting gephyrin olecules and receptor binding sites[END_REF] by fitting the PSF of spatially separated fluorophores to a 2D Gaussian distribution. The position of fluorophore were corrected by the relative movement of the synaptic cluster by calculating the center of mass of the cluster throughout the acquisition using a partial reconstruction of 2000 frames with a sliding window[START_REF] Specht | Quantitative nanoscopy of inhibitory synapses: counting gephyrin olecules and receptor binding sites[END_REF]. STORM images were rendered by superimposing the coordinates of single molecule detections, which were represented with 2D Gaussian curves of unitary intensity. To correct multiple detections coming from the same Alexa 647 molecule, we identified detections occurring in the vicinity of space (2σ) and time (15 s) as belonging to the same molecule. The surface of NKCC1 clusters and the densities of NKCC1 molecules per square nanometer were measured in reconstructed 2D images through cluster segmentation based on detection densities. The minimal thresholds to determine clusters were 1% intensity, 0.1 per nm² minimum detection density and 10 detections. The resulting binary image was analyzed with the function "regionprops" of Matlab to extract the surface area of each cluster identified by this function. Density was calculated as the total number of detections in the pixels (STORM pixel size = 20 nm) belonging to a given cluster, divided by the area of the cluster.Statistics.Sampling corresponds to the number of quantum dots for SPT, number of cultures or animals for biochemistry, cells for ICC and chloride imaging. Sample size selection for experiments was based on published experiments, pilot studies, as well as inhouse expertise. All results were used for analysis except in few cases. For imaging experiments (chloride and calcium imaging, SPT, immunofluorescence), cells with signs of suffering (apparition of blobs, fragmented neurites) were discarded from the analysis. Data representation was usually done with boxplots or cumulative frequency plots. The statistical test to compare two groups was either Welch t-test when normality assumption was met (Q-Q plots and cumulative frequency fit), otherwise Mann-Whitney test was performed to assess the presence of a dominance or no between the two distributions. For variables following a log-normal distribution, such as variables obtained from SPT and STORM assays, we applied the log(.) function after division by the control group's median. For superresolution experiments, as an important variability could be observed between different cells in a same coverslip, a balanced random selection of clusters across neurons, conditions and cultures was performed, then variables from each culture were divided by the median of the control group. Results from different cultures were pooled and log(.) was applied, then the Mann-Whitney U value was computed. The process was repeated 1000 times and the p-value was determined from U distribution using the basic definition of the p-value. For SPT analysis, note that each QD is associated with 3 EA values, thus the sample size is 3 times greater. Statistical analysis were performed with R version 3.6.1 (R Core Team (2019). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. Package used: ggplot2, matrixStats). Statistical tests were performed
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 1 75-fold the density of molecules per cluster (Fig. 5L) as compared with untreated cells, indicative of molecular compaction. Therefore, the closantel-induced confinement of NKCC1 is accompanied by a rapid alteration in the nanoscale organization of the transporter. Taken together these results show that the WNK1/SPAK/OSR1 pathway regulates the membrane dynamics, stability and clustering of NKCC1 in mature neurons. The fact that an activation of the WNK1 pathway (by overexpressing WNK-CA) has no effect on NKCC1 membrane dynamics, expression and clustering suggests that this pathway is active in mature neurons and regulates NKCC1 diffusion-capture.

  F-G), thus directly implicating the WNK signaling and NKCC1 in this regulation. Thus, we propose that 4-AP-induced hyperactivity activates the WNK pathway, which by phosphorylating NKCC1 on key threonine residues, increases its membrane expression and clustering leading to intracellular chloride influx and decreased efficacy of GABAergic transmission.

  membrane and its activity. The effects of muscimol are compatible with NKCC1-T203/207/212/217/230 dephosphorylation. Pharmacological (WNK-463 or closantel) or genetic (WNK-KD) blockade of the WNK/SPAK pathway or the expression of NKCC1 TA3 or NKCC1 TA5 mutants that mimic NKCC1 dephosphorylation have the same effects as muscimol: they restrict NKCC1 in their movement and reduced the membrane clustering of the transporter. The demonstration that the effect of muscimol directly involve dephosphorylation of NKCC1-T203/207/212/217/230 was provided by the fact that the effect of muscimol on NKCC1 clustering can be prevented when the mutant NKCC1-TA5 was exposed to the drug, compared to WT.
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  procedures were carried out according to the European Community Council directive of 24 November 1986 (86/609/EEC), the guidelines of the French Ministry of Agriculture and the Direction Départementale de la Protection des Populations de Paris (Institut du Fer à Moulin, Animalerie des Rongeurs, license C 72-05-22).
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