Etienne Côme 
  
Samy Merci À Donovan 
  
Rémi 
  
Sereina Battaglia 
  
Marianne Renner 
  
Marion Russeau 
  
Shiva K Tyagarajan 
email: tyagarajan@pharma.uzh.ch.
  
Sabine Lévi 
email: sabine.levi@inserm.fr
  
Enrica Maria Petrini 
  
Igor Medina 
  
Tarek Deeb 
  
Martin Heubl 
  
Eric J Schwartz 
  
Jean Christophe Poncer 
  
Xavier Marques 
  
  
  
  
  
  
  
  
  
  
Activity-Dependent Inhibitory Synapse Scaling Is Determined by Gephyrin Phosphorylation and Subsequent Regulation of GABA A Receptor Diffusion

Keywords: GABAA receptor, homeostatic plasticity, PALM, post-translation modification, single particle tracking GABA A R, chloride homeostasis, membrane turnover, lateral diffusion, clustering Lateral diffusion controls KCC2 membrane stability., Neuronal activity tunes KCC2 surface mobility, stability and function KCC2 NKCC1 GABAergic transmission Chloride homeostasis Epilepsy Lateral diffusion Clustering

HAL is

I demonstrated using quantum-based single particle tracking, immunofluorescence and STORM imaging approaches that the membrane stability of NKCC1 is rapidly regulated by lateral diffusion in an activity-dependent manner at the surface of mature hippocampal cultured neurons. Basal glutamatergic activity regulates the membrane dynamics of NKCC1 in the axon but not in the somato-dendritic compartment indicating a specific regulatory mechanism depending on the cell compartment. In the somatodendritic compartment, NKCC1 is tuned by GABAAR-mediated signaling. Blocking or activating GABAA receptors with muscimol or gabazine rapidly slow down and confine transporters in the membrane. Transporter confinement would be consecutive to the recruitment and storage of transporters within endocytic zones. I then identified the underlying molecular mechanism. GABAergic activity would control the diffusion/capture and clustering of NKCC1 via the chloride-sensitive WNK1 kinase and the downstream SPAK and OSR1 kinases that would directly phosphorylate NKCC1 on key threonine T203/T207/T212/T217/T230 phosphorylation sites. The fact that KCC2 is also regulated in mature neurons by the WNK1/SPAK/OSR1 pathway and that this regulation has an inverse effect on the membrane stability, clustering and function of KCC2 indicates that this pathway could be a target of interest in pathologies associated with an alteration of chloride homeostasis. 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. I thus assessed the relevance of inhibiting this kinase pathway in the context of ictogenesis. I used a PTZ-induced seizure assay in SPAK243A/243A mice, who express a non-active form of SPAK. Behavioral indicators (Racine scale) and electrocorticograms (EcoG) showed that the effects of the mutation on these variables were mild, with a reduced death rate and a non-significant decrease in the duration of seizures. The moderate effect could be due to the fact that other effector of the WNK1 pathway such as the OSR1 kinase remains active in these mice.

This work provides the first in-depth characterization of NKCC1 regulation in neurons and emphasize targeting the WNK1/SPAK/OSR1 pathway to regulate neuronal chloride homeostasis and thus neuronal hyperactivity in epilepsy.

Résumé

Dans le cerveau adulte, l'inhibition synaptique passe majoritairement par l'activité des récepteurs GABA de type A (RGABAA). Cette inhibition dépend du gradient électrochimique du chlorure, qui est principalement régulé par les co-transporteurs du chlore KCC2 et NKCC1. KCC2 transporte le chlore hors du neurone, tandis que NKCC1 est responsable de son influx. Ainsi au cours des premiers stades du développement l'activité de NKCC1 prédomine rendant l'activité des RGABAA excitatrice, cependant KCC2 voit son expression augmenter au cours du développement, résultant en une transmission GABAergique inhibitrice dans le cerveau adulte. Du fait de son importance fonctionnelle dans les neurones matures, les fonctions de KCC2, ainsi que sa régulation transcriptionnelle et post-traductionnelle sont nombreuses. En revanche peu de données existent sur les fonctions de NKCC1 dans le cerveau adulte, et sur sa régulation.

Néanmoins dans des cas pathologiques en lien avec une altération de la transmission GABAergique, NKCC1 revêt une importance fonctionnelle certaine qui tranche avec son rôle apparemment discret dans l'homéostasie du chlore. Ceci est notamment le cas dans le contexte de l'épilepsie, expérimentale ou clinique. Résultant du peu de connaissances sur les mécanismes moléculaires et cellulaires de la régulation de NKCC1 dans les neurones, la cause de ce "réveil" du co-transporteur est encore inconnue. J'ai démontré, à l'aide d'approches de suivi de particules uniques, d'immunofluorescence et d'imagerie STORM, que la stabilité membranaire de NKCC1 est rapidement régulée par diffusion latérale d'une manière dépendante de l'activité à la surface des neurones matures de l'hippocampe. L'activité glutamatergique basale régule la dynamique membranaire de NKCC1 dans l'axone mais pas dans le compartiment somato-dendritique, ce qui indique un mécanisme de régulation compartimentspécifique. Dans le compartiment somato-dendritique, NKCC1 est réglé par une signalisation médiée par le RGABAA. Le blocage ou l'activation des RGABAA par le muscimol ou la gabazine ralentit et confine les transporteurs dans la membrane. Le confinement des transporteurs serait consécutif à leur recrutement et stockage dans les zones endocytiques. J'ai ensuite identifié le mécanisme moléculaire sous-jacent.

L'activité GABAergique contrôlerait la diffusion/capture et le regroupement de NKCC1 via la kinase WNK1 sensible aux chlorures et les kinases SPAK et OSR1 en aval qui phosphoryleraient directement NKCC1 sur les sites de phosphorylation clés de la thréonine T203/T207/T212/T217/T230. Le fait que KCC2 est également régulé dans les neurones matures par la voie WNK1/SPAK/OSR1 et que cette régulation a un effet inverse sur la stabilité membranaire, l'agrégation et la fonction de KCC2 indique que cette voie pourrait être une cible d'intérêt dans les pathologies associées à une altération de l'homéostasie du chlorure. L'inhibition de cette voie permettrait d'éviter la perte de KCC2 et l'augmentation de NKCC1 à la surface du neurone, empêchant ainsi l'augmentation anormale de [Cl-]i dans la pathologie et les effets néfastes qui en résultent. J'ai donc évalué la pertinence de l'inhibition de cette voie dans le contexte de l'ictogenèse. J'ai utilisé un test d'ictogénese induite par PTZ dans des souris SPAK243A/243A, qui expriment une forme non active de SPAK. Les indicateurs comportementaux (échelle de Racine) et les électrocorticogrammes ont montré que les effets de la mutation sur ces variables étaient légers, avec un taux de mortalité réduit et une diminution non significative de la durée des crises. Cet effet modéré pourrait être dû au fait qu'un autre effecteur de la voie WNK1, comme la kinase OSR1, reste actif chez ces souris.

Ce travail fournit la première caractérisation approfondie de la régulation de NKCC1 dans les neurones et met l'accent sur le ciblage de la voie WNK1/SPAK/OSR1 pour réguler l'homéostasie du chlorure neuronal et donc l'hyperactivité neuronale dans l'épilepsie.

Introduction

Fast synaptic inhibition mediated by GABA A receptors (GABA A Rs) plays an essential role in information transfer between neurons. In recent years GABAergic inhibition has been shown to be dynamic, allowing flexible adaptations [START_REF] Chen | Clustered dynamics of inhibitory synapses and dendritic spines in the adult neocortex[END_REF]. Within the paradigm of in vitro synaptic scaling, wherein the neuronal activity is pharmacologically manipulated for several hours to days, the effects of chronic changes in activity are still poorly understood at inhibitory synapses.

Neuronal inhibition is dynamically regulated by the amount of network activity. GABA A R stability at synaptic sites and subsequent proteasomal degradation is an essential component of synaptic homeostasis that strongly influences amplitude and frequency of miniature inhibitory postsynaptic currents (mIPSCs; [START_REF] Saliba | Activity-dependent ubiquitination of GABA(A) receptors regulates their accumulation at synaptic sites[END_REF]. Similarly, lasting depolarization decreases GABA A R internalization on principal neurons and increases GAD65 cluster size at presynaptic GABAergic terminals [START_REF] Rannals | Homeostatic strengthening of inhibitory synapses is mediated by the accumulation of GABA(A) receptors[END_REF]. These observations highlight that multiple systems and pathways facilitate inhibitory synapse adjustments in response to chronic changes in activity.

At postsynaptic sites, lateral diffusion in and out of synapses can also rapidly alter receptor availability on acute activity elevation [START_REF] Bannai | Activity-dependent tuning of inhibitory neurotransmission based on GABAAR diffusion dynamics[END_REF][START_REF] Bannai | Bidirectional control of synaptic GABAAR clustering by glutamate and calcium[END_REF]. Chemicalinduced long-term potentiation (iLTP) enhances phosphorylation of the GABA A R ␤3 subunit at serine 383 (S383) by calcium/calmodulin-dependent protein kinase II␣ (CaMKII␣), resulting in reduced surface mobility of GABA A Rs, synaptic enrichment of receptors, and increased inhibitory neurotransmission (Petrini et al., 2014). Hence, apart from endocytosis and exocytosis, lateral diffusion of receptors could also be an effective mechanism of synaptic plasticity.

In recent years, it has become evident that the main scaffolding protein at the GABAergic synapse, gephyrin, is dynamically regulated, and this contributes to inputspecific adaptations at postsynaptic sites [START_REF] Chen | Clustered dynamics of inhibitory synapses and dendritic spines in the adult neocortex[END_REF][START_REF] Van Versendaal | Elimination of inhibitory synapses is a major component of adult ocular dominance plasticity[END_REF][START_REF] Villa | Inhibitory synapses are repeatedly assembled and removed at persistent sites in vivo[END_REF]. Identification of signaling pathways that converge onto gephyrin scaffolds by causing posttranslational modifications of specific residues has shed new light on the molecular mechanisms underlying GABAergic synaptic plasticity. It was revealed that gephyrin phosphorylation by extracellular signal-regulated kinase 1/2 (ERK1/2) at serine 268 (S268) reduces scaffold size and GABAergic mIPSC amplitude [START_REF] Tyagarajan | Extracellular signal-regulated kinase and glycogen synthase kinase 3␤ regulate gephyrin postsynaptic aggregation and GABAergic synaptic function in a calpaindependent mechanism[END_REF]. Similarly, blocking glycogen synthase kinase 3␤ (GSK3␤) phosphorylation of gephyrin at serine 270 via the transgenic expression of the phospho-null mutant (S270A) significantly increases mIPSC frequency and amplitude [START_REF] Tyagarajan | Regulation of GABAergic synapse formation and plasticity by GSK3beta-dependent phosphorylation of gephyrin[END_REF]. Theta burst stimulation (TBS) of CA3 Schaffer collaterals has been reported to induce gephyrinmediated remodeling of GABAergic synapses in CA1 py-ramidal cells [START_REF] Flores | Activity-dependent inhibitory synapse remodeling through gephyrin phosphorylation[END_REF]. Although gephyrin phosphorylation at CaMKII␣ sites is involved in this form of structural plasticity [START_REF] Flores | Activity-dependent inhibitory synapse remodeling through gephyrin phosphorylation[END_REF], the molecular basis for gephyrin phosphorylation-induced GABA A R synapse dynamics remains to be further explored.

To address this, we rendered gephyrin insensitive to ERK1/2 and GSK3␤ signaling pathways and studied their influence on GABA A R membrane diffusion properties. We report structural organization differences within gephyrin scaffolds based on phosphorylation status. Furthermore, cooperation between gephyrin and GABA A Rs is differentially regulated by gephyrin phosphorylation status and changes in activity.

Material and Methods

Neuronal culture

Primary cultures of hippocampal neurons were prepared from hippocampi dissected at embryonic day 18 or 19 from Sprague-Dawley rats of either sex. Tissue was trypsinized (0.25% vol/vol) and mechanically dissociated in 1ϫ HBSS (Invitrogen) containing 10 mM Hepes (Invitrogen). Neurons were plated at a density of 120 ϫ 10 3 cells/ml onto 18-mm-diameter glass coverslips (Assistent) precoated with 50 g/ml poly-D,L-ornithine (Sigma-Aldrich) in plating medium composed of minimum essential medium (MEM, Sigma-Aldrich) supplemented with horse serum (10% vol/vol, Invitrogen), L-glutamine (2 mM), and Na ϩ pyruvate (1 mM; Invitrogen). After attachment for 3-4 h, cells were incubated in culture medium that consists of Neurobasal medium supplemented with B27 (1ϫ), L-glutamine (2 mM), and antibiotics (penicillin 200 units/ml, streptomycin, 200 g/ml; Invitrogen) for up to 4 wk at 37°C in a 5% CO 2 humidified incubator. Each week, one-fifth of the culture medium volume was replaced.

DNA constructs

The following constructs were used: GEPHN 3=-UTR shRNA and control shRNA-3m [START_REF] Yu | Gephyrin clustering is required for the stability of GABAergic synapses[END_REF], DsRed-homer1c [START_REF] Bats | The interaction between Stargazin and PSD-95 regulates AMPA receptor surface trafficking[END_REF]provided by D. Choquet, IIN, Bordeaux, France), eGFP-gephyrin P1 variant (Lardi-Studler et al., 2007). eGFP-or pDendra2-WT, -S268E, -S270A, -DN, -S303A/S305A (SSA), and -SSA/S270A point mutants were generated using the eGFP-gephryin P1 variant as template for site-directed mutagenesis [START_REF] Tyagarajan | Regulation of GABAergic synapse formation and plasticity by GSK3beta-dependent phosphorylation of gephyrin[END_REF][START_REF] Tyagarajan | Extracellular signal-regulated kinase and glycogen synthase kinase 3␤ regulate gephyrin postsynaptic aggregation and GABAergic synaptic function in a calpaindependent mechanism[END_REF][START_REF] Flores | Activity-dependent inhibitory synapse remodeling through gephyrin phosphorylation[END_REF].

Neuronal transfection

Transfections were conducted at 14 -15 days in vitro (DIV) using Lipofectamine 2000 (Invitrogen) or Transfectin (Bio-Rad), according to the manufacturers' instructions (DNA:transfectin ratio 1 g:3 l), with 1-1.2 g of plasmid DNA per 20-mm well. The following ratio of plasmid DNA was used in cotransfection experiments: 0.5:0.5:0.3 gfor eGFP-S268E/eGFP-S270A/eGFP-DN/eGFP-SSA/eGFP-SSA/ S270A:GEPHN 3= UTR shRNA/GEPHN 3= UTR-3m shRNA:DsRed-homer1c. Experiments were performed 6 -9 d after transfection.

Pharmacology

4-Aminopyridine (4-AP, 100 mM, Sigma-Aldrich) was directly added to the culture medium, and the neurons were returned to a 5% CO 2 humidified incubator for 8 or 48 h before use. For SPT experiments, neurons were labeled at 37°C in imaging medium (see below for composition) in the presence of 4-AP, transferred to a recording chamber, and recorded within 45 min at 31°C in imaging medium in the presence of 4-AP. The imaging medium consisted of phenol red-free MEM supplemented with glucose (33 mM; Sigma-Aldrich) and Hepes (20 mM), glutamine (2 mM), Na ϩ -pyruvate (1 mM), and B27 (1ϫ) from Invitrogen.

Immunocytochemistry

Cells were fixed for 15 min at room temperature (RT) in paraformaldehyde (PFA, 4% wt/vol, Sigma-Aldrich) and sucrose (14% wt/vol, Sigma) solution prepared in PBS (1ϫ). After washes in PBS, cells were permeabilized with Triton (0.25% vol/vol, Sigma-Aldrich) diluted in PBS. Cells were washed again in PBS and incubated for1hatRTin Triton (0.1% vol/vol, Sigma-Aldrich) and goat serum (GS,10% vol/vol,Invitrogen) in PBS to block nonspecific staining. Subsequently, neurons were incubated for 1 h with a primary antibody mix consisting of guinea pig antibodies against GABA A R ␣2 subunit (1:2000, provided by J.M. Fritschy, University of Zurich) and rabbit anti-VGAT (1: 400, provided by B. Gasnier, University Paris Descartes, Paris) in PBS supplemented with GS (10% vol/vol, Invitrogen) and Triton (0.1% vol/vol, Sigma-Aldrich). After washes, cells were incubated for 60 min at RT with a secondary antibody mix containing biotinylated F(ab=)2 anti-guinea pig (1:300, Jackson Immunoresearch) and AMCA350-conjugated goat anti-rabbit (1:100, Jackson Laboratory) in PBS-GS-Triton blocking solution, washed, incubated for another 45 min with streptavidin-CY5 (1: 300, Thermo Fisher Scientific), and finally mounted on glass slides using Mowiol 4-88 (48 mg/ml, Sigma-Aldrich). Sets of neurons compared for quantification were labeled simultaneously.

Fluorescence image acquisition and analysis

Image acquisition was performed using a 63ϫ objective (NA 1.32) on a Leica DM6000 upright epifluorescence microscope with a 12-bit cooled CCD camera (Micromax, Roper Scientific) run by MetaMorph software (Roper Scientific). Quantification was performed using MetaMorph software. Image exposure time was determined on bright cells to obtain the best fluorescence-to-noise ratio and avoid pixel saturation. All images from a given culture were then acquired with the same exposure time and acquisition parameters. For each image, several dendritic regions of interest were manually chosen, and a userdefined intensity threshold was applied to select clusters and avoid their coalescence. For quantification of gephyrin or GABA A R ␣2 synaptic clusters, gephyrin or receptor clusters comprising at least 3 pixels and colocalized on at least 1 pixel with VGAT clusters were considered. The integrated fluorescence intensities of clusters were measured.

Live-cell staining for single-particle imaging

Neurons were incubated for 3-5 min at 37°C with primary antibodies against extracellular epitopes of GABA A R ␣2 subunit (guinea pig, 1:750/1:1000, provided by J.M. Fritschy), washed, and incubated for 3-5 min at 37°C with biotinylated Fab secondary antibodies (goat anti-guinea pig, 4 -12 g/ml; Jackson Immunoresearch) in imaging medium. After washes, cells were incubated for 1 min with streptavidin-coated quantum dots (QDs) emitting at 605 nm (1 nM; Invitrogen) in borate buffer (50 mM) supplemented with sucrose (200 mM) or in PBS (1 M; Invitrogen) supplemented with 10% casein (vol/vol; Sigma-Aldrich). Washing and incubation steps were all done in imaging medium. To assess the membrane dynamics of GABA A R ␣2 subunit at inhibitory synapses in neurons expressing the eGFP-DN mutant, inhibitory synapses were stained by incubating live neurons for 48 h at 37°C in a 5% CO 2 humidified incubator with a primary VGAT antibody directly coupled to Oyster550 (1:200, Synaptic Systems) diluted in conditioned maintenance medium.

Single-particle tracking and analysis

Cells were imaged using an Olympus IX71 inverted microscope equipped with a 60ϫ objective (NA 1.42; Olympus) and a Lambda DG-4 monochromator (Sutter Instrument). Individual images of gephyrin-eGFP and homer1c-GFP, and QD real time recordings (integration time of 75 ms over 600 consecutive frames) were acquired with Hamamatsu ImagEM EMCCD camera and MetaView software (Meta Imaging 7.7). Cells were imaged within 45 min after labeling.

QD tracking and trajectory reconstruction were performed with Matlab software (The Mathworks). One to two subregions 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-eGFP or VGAT-Oyster550 clusters, or extrasynaptic for spots 2 pixels (380 nm) away [START_REF] Lévi | Homeostatic regulation of synaptic GlyR numbers driven by lateral diffusion[END_REF]. Values of the mean square displacement (MSD) plot versus time were calculated for each trajectory by applying the relation [START_REF] Saxton | Single-particle tracking: applications to membrane dynamics[END_REF], where is the acquisition time, N is the total number of frames, and 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 versus time curves with the equation:MSD͑n͒ ϭ 4Dn ϩ b, where b is a constant reflecting the spot localization accuracy. 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] Ehrensperger | Multiple association states between glycine receptors and gephyrin identified by SPT analysis[END_REF][START_REF] Charrier | A crosstalk between ␤1 and ␤3 integrins controls glycine receptor and gephyrin trafficking at synapses[END_REF]. Dwell times Յ5 frames were not retained. 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 (Renner et al., 2012).

MSD͑n͒ ϭ 1 N Ϫ n ͚ iϭ1 NϪn ͕͑x͓͑i ϭ n͒ Ϫ x͑i͔͒ 2 ͖ ϩ ͕y͓͑i ϩ n͔͒ Ϫ y͑i͖͒ 2 ͒ ,

PALM imaging

Photoactivatable localization microscopy (PALM) imaging on fixed samples was conducted on an inverted N-STORM Nikon Eclipse Ti microscope with a 100ϫ oilimmersion objective (NA 1.49) and an Andor iXon Ultra EMCCD camera (image pixel size, 160 nm), using specific lasers for PALM imaging of Dendra2 (405 and 561 nm). Videos of 10,000 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 molecules 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 molecules and receptor binding sites[END_REF]. PALM images were rendered by superimposing the coordinates of singlemolecule detections, which were represented with 2D Gaussian curves of unitary intensity and SDs representing the localization accuracy ( ϭ 20 nm). To correct multiple detections coming from the same pDendra2 molecule [START_REF] Specht | Quantitative nanoscopy of inhibitory synapses: counting gephyrin molecules and receptor binding sites[END_REF], we identified detections occurring in the vicinity of space (2ϫ ) and time (15 s) as belonging to the same molecule. The surface of gephyrin clusters and the densities of gephyrin molecules per square micrometer were measured in reconstructed 2D images through cluster segmentation based on detection densities. The threshold to define the border was set to 1000 detections/ m 2 , taking into account the reported gephyrin densities in synapses [START_REF] Specht | Quantitative nanoscopy of inhibitory synapses: counting gephyrin molecules and receptor binding sites[END_REF]Fig. 3B). Briefly, all pixels (PALM pixel size ϭ 20 nm) containing Ͻ2 detections were considered empty, and their intensity value was set to 0. The intensity of pixels with Ն2 detections was set to 1. 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 belonging to a given cluster, divided by the area of the cluster.

Statistics

Sampling corresponds to the number of quantum dots for SPT, the number of cells for ICC, and the number of synapses for PALM. Sample size selection for experiments was based on published experiments, pilot studies, and in-house expertise. All results were used for analysis except in a few cases. Cells with signs of suffering (apparition of blobs, fragmented neurites) were discarded from the analysis. Means Ϯ SEM are shown, and median values are indicated with their interquartile range (IQR, 25%-75%). Means were compared using the nonparametric Mann-Whitney test (immunocytochemistry, dwell time comparison, PALM quantifications) using SigmaPlot 12.5 (Systat Software). For diffusion coefficient and explored area values having nonnormal distributions, a nonparametric Kolmogorov-Smirnov test was run in Matlab. Differences were considered significant for p-values Ͻ5%.

Results

eGFP-gephyrin mutants exhibit different clustering properties in culture

Signaling pathways that converge onto gephyrin scaffolding properties influence GABA A R synaptic transmission. Hence, mimicking phosphorylation/dephosphorylation events that influence gephyrin clustering can help gain critical insights into nanoscale regulation of GABA A Rs at synaptic sites. ERK1/2 phosphorylation at the S268 residue results in smaller gephyrin clusters [START_REF] Tyagarajan | Extracellular signal-regulated kinase and glycogen synthase kinase 3␤ regulate gephyrin postsynaptic aggregation and GABAergic synaptic function in a calpaindependent mechanism[END_REF]; hence, we selected phosphomimetic eGFP-gephyrin-S268E mutant to study the impact of smaller clusters on receptor diffusion. Similarly, pharmacological blockade of the GSK3␤ pathway or eGFP-gephyrin-S270A mutant expression increases gephyrin cluster number and size [START_REF] Tyagarajan | Regulation of GABAergic synapse formation and plasticity by GSK3beta-dependent phosphorylation of gephyrin[END_REF]. We selected the eGFP-S270A mutant to understand how larger clusters would impact receptor diffusion. eGFP-gephyrin dominant negative (DN) mutant in primary neurons not only abolishes gephyrin clustering and reduces surface expression of GABA A Rs, but also significantly decreases GABAergic mIPSC amplitude and frequency [START_REF] Ghosh | Several posttranslational modifications act in concert to regulate gephyrin scaffolding and GABAergic transmission[END_REF]. Hence, we selected eGFP-DN mutant to evaluate how cluster disruption would impact synaptic anchoring and surface diffusion of GABA A Rs.

Primary hippocampal neurons were cotransfected at 14 DIV with eGFP-gephyrin WT (eGFP-WT), eGFP-S268E, eGFP-S270A, or eGFP-DN along with shRNA targeting the gephyrin 3= UTR (to minimize the influence of endogenous gephyrin expression on mutant phenotypes). Before studying the influence of altered gephyrin clustering on GABA A R diffusion properties, we confirmed the respective gephyrin mutant morphology 6 -9 d after transfection. Representative images of neurons expressing either eGFP-WT or eGFP-S268E, eGFP-S270A, eGFP-DN variants are shown (Fig. 1A). We stained for the ␣2 GABA A R subunit to study the relation of eGFP-gephyrin with receptors. Quantification for eGFP-gephyrin cluster density (Nb), cluster size (area), and intensity (Int) showed a tendency for reduced clustering for the S268E mutant and increased clustering for the S270A mutant (Fig 1B). The impact of the gephyrin S270A mutation on gephyrin cluster area and intensity was more pronounced, in comparison to the S268E mutant. As expected, eGFP-DN failed to cluster (data not shown). Similar to the observed changes in eGFP-gephyrin morphology, quantification of cluster intensity for ␣2 GABA A R showed a significant increase in neurons expressing eGFP-S270A, whereas eGFP-S268E expressing neurons showed only a modest reduction in ␣2( Fig. 1C). The neurons expressing eGFP-DN showed very little ␣2 GABA A R staining (data not shown).

Influence of eGFP-gephyrin mutants on GABA A R surface diffusion

GABA A Rs are known to exhibit faster mobility at extrasynaptic sites compared with synaptic sites. Because of their interaction with the main scaffolding molecule gephyrin, GABA A Rs are slowed down and confined at synapses. This diffusion-capture of GABA A Rs is modu- lated by neuronal activity and constitutes an important basis for synaptic plasticity (Petrini and Barberis, 2014). The expression of specific eGFP-gephyrin mutations allows us to lock the scaffold into different conformations and study its influence on GABA A R surface diffusion. To achieve this, we assessed the lateral mobility of ␣2 GABA A R using quantum dot-based single-particle tracking (QD-SPT). Live imaging over 600 constitutive frames at 75 Hz was used to record individual trajectories, and the trajectories were later analyzed using custom software (Fig. 2A; see Methods). As a proof of concept, we first tested the effect of total gephyrin cluster removal on ␣2 GABA A R surface dynamics by expressing the eGFP-DN mutant. However, given that eGFP-DN has a diffuse expression, to distinguish synaptic and extrasynaptic ␣2 clusters we preloaded presynaptic GABAergic terminals using VGAT-Oyster550 antibody. The expression of the eGFP-DN mutant increased the surface exploration of QDs at both extrasynaptic and synaptic sites compared with control eGFP-WT. Quantification of the ␣2 GABA A R diffusion coefficient showed a 1.4-fold increase for extrasynaptic receptors and a 1.2-fold increase for synaptic receptors in eGFP-DN-expressing neurons (Fig. 2B). Areas explored by ␣2 GABA A Rs also showed a 1.6-fold increase at extrasynaptic sites and a 1.3-fold increase at synaptic sites in eGFP-DN-expressing neurons (Fig. 2C). These observations support the notion that gephyrin slows down and confines GABA A Rs not only at synapses but also at extrasynaptic sites [START_REF] Ehrensperger | Multiple association states between glycine receptors and gephyrin identified by SPT analysis[END_REF].

Synaptic dwell time values can be discriminated from "trapped" receptors (dwell time Ͼ5.9 s) and "passing" receptors (dwell time Յ5.9 s; Renner et al., 2012). Quantification of ␣2 GABA A R dwell time confirmed a 1.3-fold faster escape time of receptors in neurons expressing the eGFP-DN mutant (Fig. 2D). We did not observe any difference in this rate for passing receptors. This is an indication that the observed reduction of trapped receptors is not due to increased membrane viscosity, but rather to gephyrin scaffold's influence on GABA A R surface mobility. Thus, we concluded that the diffuse DN gephyrin relieved GABA A R ␣2 diffusion constraints, leading to synaptic escape of receptors.

If gephyrin clustering can indeed influence receptor diffusion, then S268E and S270A modifications must have an influence on ␣2 GABA A R surface mobility. To test this, we transfected the eGFP-S268E or eGFP-S270A mutants and measured surface mobility at extrasynaptic and synaptic locations. Superimposition of trajectories with fluorescent images of eGFP-gephyrin allowed us to distinguish synaptic versus extrasynaptic ␣2 GABA A Rs. Neurons transfected with eGFP-S268E exhibited an increase in surface exploration of individual trajectories (Fig. 2A). This was consistent with the observed increase in diffusion coefficients at both extrasynaptic and synaptic sites (Fig. 2E). Similarly, quantification of explored areas at both extrasynaptic and synaptic sites showed significant increases (Fig. 2F). If reducing gephyrin cluster size facilitates ␣2 diffusion, then we would expect shorter dwell time at synaptic sites. Indeed, we report reduced dwell time for trapped ␣2 GABA A Rs in eGFP-S268E-trans-fected neurons (Fig. 2G). Therefore the use of eGFP-S268E gephyrin mutant shows that the reduction in gephyrin cluster size causes an increase in GABA A R diffusion, while reducing synaptic dwell time.

On the other hand, in eGFP-S270A-transfected neurons, the ␣2 GABA A Rs showed increased surface exploration of individual trajectories at synapses (Fig. 2A). Unexpectedly, diffusion coefficients and surface exploration of ␣2 extrasynaptic and synaptic GABA A Rs were significantly increased in eGFP-S270A-transfected neurons (Fig. 2E,F). However, analysis showed no reduction in ␣2 GABA A R dwell time at synaptic sites (Fig. 2G). We thus concluded that the increase in receptor mobility at synapses in S270A-transfected neurons does not correlate with what we may expect from a larger scaffold, suggesting additional regulations are at play.

Superresolution PALM microscopy reveals differential packing of gephyrin scaffold

We turned to quantitative nanoscopic imaging to understand the influence of phosphorylation on gephyrin scaffold organization. Using photoactivated localization microscopy (PALM), we estimated localization accuracy from several detections of the same fluorophore from subsequent image frames [START_REF] Specht | Quantitative nanoscopy of inhibitory synapses: counting gephyrin molecules and receptor binding sites[END_REF]. The spatial resolution of PALM is within the range of ϳ25-30 nm; hence, image segmentation of the rendered PALM images can resolve substructure organization within a gephyrin cluster that are not discernable using diffraction-limited imaging [START_REF] Specht | Quantitative nanoscopy of inhibitory synapses: counting gephyrin molecules and receptor binding sites[END_REF].

Employing fluorescence imaging on primary hippocampal neurons cotransfected with photoconvertible pDendra2-WT, pDendra2-S268E, or pDendra2-S270A and shRNA 3= UTR showed a clustering phenotype consistent with eGFPgephyrin and its mutant variants (Fig. 3A). PALM image cluster segmentation was established based on local density of detections using a threshold of 1000 detections/ m 2 (Fig. 3B). Image segmentation allows us to estimate the mean surface area of a given pDendra2-WT cluster. In this case, quantification showed pDendra2-WT clusters to be 0.054 Ϯ 0.003 m 2 , corresponding to the mean diameter of 262 nm as has been reported earlier [START_REF] Specht | Quantitative nanoscopy of inhibitory synapses: counting gephyrin molecules and receptor binding sites[END_REF]. pDendra2-S268E quantifications showed a significant reduction in mean surface area to 0.035 Ϯ 0.002 m 2 , and consistent with our expectations, pDendra2-S270A showed an increase in cluster area of 0.078 Ϯ 0.005 m 2 (Fig. 3C).

We next tried to correlate the estimated size of gephyrin clusters to their respective densities. Our analysis showed 3919.7 Ϯ 227.9 molecules/m 2 of pDendra2-WT within a cluster (Fig. 3D). pDendra2-S268E showed a significantly increased molecular density (4457.5 Ϯ 221.6) despite having a smaller cluster area. In contrast, pDendra2-S270A mutant shows a significantly reduced molecular density (2819.8 Ϯ 117.6), despite having a larger surface area (Fig. 3D).

Our data indicate that there is no correlation between the diffusion properties of GABA A Rs despite the relative size difference between S268E and S270A gephyrin clusters. However, there is a strong correlation between Quantification of all QDs (total), trapped (DT Ͻ 5.9 s), and passing (DT Ͼ 5.9 s) QDs at inhibitory synapses. Significant decrease in synaptic dwell time for total and trapped QDs was observed but not for gephyrin phosphorylation and cluster microdomain compaction. The compaction of the scaffold or the increased spacing between gephyrin molecules may perturb the organization of the gephyrin microdomain, thereby altering gephyrin-receptor binding properties. We cannot exclude the possibility that the mutations directly affect 

Prolonged neuronal activity influences gephyrin and GABA A R clustering as well as GABA A R diffusion

Activity-dependent regulation of receptor lateral diffusion is an essential contributor to synapse adaptation [START_REF] Lüscher | GABAA receptor traffickingmediated plasticity of inhibitory synapses[END_REF]. This phenomenon has been explored within the experimental paradigm of short-term (1to 60-min) drug applications [START_REF] Bannai | Activity-dependent tuning of inhibitory neurotransmission based on GABAAR diffusion dynamics[END_REF][START_REF] Bannai | Bidirectional control of synaptic GABAAR clustering by glutamate and calcium[END_REF][START_REF] Muir | NMDA receptors regulate GABAA receptor lateral mobility and clustering at inhibitory synapses through serine 327 on the ␥2 subunit[END_REF][START_REF] Niwa | Gephyrin-independent GABA(A)R mobility and clustering during plasticity[END_REF]Petrini et al., 2014). There is accumulating evidence that synaptic adaptations at GABAergic synapses also occur in response to prolonged changes in activity [START_REF] Rannals | Homeostatic strengthening of inhibitory synapses is mediated by the accumulation of GABA(A) receptors[END_REF][START_REF] Vlachos | Homeostatic regulation of gephyrin scaffolds and synaptic strength at mature hippocampal GABAergic postsynapses[END_REF][START_REF] Flores | Activity-dependent inhibitory synapse remodeling through gephyrin phosphorylation[END_REF]. Hence, we examined whether gephyrin phosphorylation regulates activity-dependent membrane diffusion and synaptic recruitment of ␣2 GABA A Rs. To test this hypothesis, we chronically elevated synaptic activity by treating our primary hippocampal neurons with the potassium channel blocker 4-aminopyridine (4-AP; 100 M; Chamma et al., 2013) for 8 or 48 h. We used immunocytochemistry to determine the impact of a prolonged activity increase on gephyrin and ␣2 GABA A R clustering (Fig. 4A). Quantification across independent experiments showed that fluorescence intensity of eGFP-WT gephyrin clusters increased by 1.95-fold after 8 h and 2.3-fold after 48 h of 4-AP treatment (Fig. 4B). Quantification for ␣2 GABA A R cluster intensity after8ho f4-AP-induced neuronal activity did not show an increase in receptor accumulation at synapses; however, after 48 h of 4-AP treatment, we found a 1.7-fold increase in receptor density at synaptic sites (Fig. 4C). Thus, gephyrin recruitment at synapses precedes that of the receptor in response to chronic changes in activity. In contrast to synaptic clusters, extrasynaptic ␣2 clusters decreased in size and intensity after8ho f4-AP application (Fig. 4D). This transient decrease in extrasynaptic ␣2 clusters intensity is reversed after 48 h of 4-AP, similar to synaptic receptor clusters (Fig. 4C,D). Therefore, a chronic increase in activity regulates both extrasynaptic and synaptic receptor clustering.

It has been reported that acute 4-AP treatment increases GABA A R mobility between synaptic and extrasynaptic sites [START_REF] Bannai | Activity-dependent tuning of inhibitory neurotransmission based on GABAAR diffusion dynamics[END_REF]. Hence, we analyzed ␣2 GABA A R surface diffusion at extrasynaptic and synaptic sites after either 8 or 48 h of 4-AP treatment using QD-SPT (Fig. 4E). Quantification of the receptor diffusion coefficient showed a 1.3-fold reduction for extrasynaptic receptors; however, the synaptic receptors were not influenced by8ho f4-AP treatment (Fig. 4F). Consistently, 8 h of 4-AP treatment reduced the explored area for only the extrasynaptic receptors by 1.2-fold (Fig. 4G). The receptor dwell time at synaptic sites was also unchanged after8ho factivity change (Fig. 4H). This is consistent with a lack of receptor accumulation at synapses after 8 h of 4-AP treatment.

Contrary to the 8-h 4-AP treatment, 48-h treatment significantly reduced the diffusion coefficients of synaptic ␣2 receptors by 1.3-fold, while having no effect on the extrasynaptic receptors (Fig. 4I). We also observed a 1.3-fold reduction in explored area for synaptic ␣2 GABA A Rs, with only a modest reduction for extrasynaptic receptors (Fig. 4J). Unexpectedly, the reduction in the diffusion rate and explored area of synaptic ␣2 receptors had no influence on the dwell time at synaptic sites (Fig. 4K). Therefore, pools of extrasynaptic and synaptic receptor are regulated independently of each other over prolonged activity change.

Altogether, our data show that GABA A R lateral diffusion can be regulated on a time scale of days. We observe a decrease in synaptic GABA A R diffusion at the 48-h time point and not at 8 h, which is in direct correlation to cluster intensity change observed after 48 h. Therefore, regulation of GABA A R diffusion capture accounts for the change continued application; VGAT (blue), GABA A R ␣2 (red) at 21 DIV. Scale bar, 10 m. B, Quantification of eGFP-WT clusters after 8 and 48 h of 4-AP application. t0 n ϭ 55 cells, 8 h n ϭ 46 cells, 48 h n ϭ 55 cells, 3 cultures. Cluster Nb: 0 -8 h: p ϭ 0.13, 0 -48 h: p ϭ 0.002; Area: 0-8 h: p ϭ 0.5, 0 -48 h: p ϭ 0.001; Intensity: 0 -8 h: p Ͻ 0.001, 0 -48 h: p Ͻ 0.001. C, Quantification of synaptic ␣2 GABA A R clusters after 8 and 48 h of 4-AP compared with mock treated control. t0 n ϭ 52 cells, 8 h n ϭ 43 cells, 48 h n ϭ 53 cells, 3 cultures. Cluster Nb: 0 -8 h: p ϭ 0.4, 0 -48 h: p ϭ 0.3; Area: 0 -8 h: p ϭ 0.8, 0 -48 h: p ϭ 0.8; Intensity: 0 -8 h: p ϭ 0.5, 0 -48 h: p ϭ 0.03. D, Quantification of extrasynaptic ␣2 GABA A R clusters after 8 and 48 h of 4-AP compared with mock treated control. t0 n ϭ 52 cells, 8hn ϭ 43 cells, 48 h n ϭ 53 cells, 3 cultures. Cluster Nb: 0 -8 h: p ϭ 0.2, 0 -48 h: p ϭ 0.9; Area: 0 -8 h: p ϭ 0.02, 0 -48 h: p ϭ 0. 

PKA and CaMKII␣ pathways regulate synaptic scaling at GABAergic postsynaptic sites through gephyrin phosphorylation

To identify signaling cascades that couple the gephyrin scaffold to GABA A Rs for activity-dependent synaptic recruitment, we focused on the protein kinase A (PKA) and CaMKII␣ pathways. NMDA receptor-dependent compensatory adaptations at the GABAergic postsynaptic sites have been reported to be facilitated by gephyrin phosphorylation at PKA and CaMKII␣ locations [START_REF] Flores | Activity-dependent inhibitory synapse remodeling through gephyrin phosphorylation[END_REF]. We thus transfected the eGFP-S303A/S305A (SSA) mutant (insensitive to PKA-and CaMKII␣-dependent phosphorylation) into our primary hippocampal neurons and treated the neurons for 8 or 48 h with 4-AP. We did not observe differences between eGFP-WT and eGFP-SSA cluster number, cluster size, and fluorescence intensity in control conditions (Fig. 5A,B). Similarly, the SSA mutant did not significantly influence the synaptic or extrasynaptic clustering of ␣2 GABA A Rs (Fig. 5B). In contrast, the SSA mutation increased the diffusion coefficient and explored area of ␣2 GABA A Rs at both extrasynaptic and synaptic sites (Fig. 5C,D). This increase in receptor mobility did not correlate with what we expected from a normal-size scaffold. However, the ␣2 GABA A Rs dwell time at inhibitory synapses did not differ between eGFP-SSA-and eGFP-WT-transfected neurons (Fig. 5E), indicating that the increase in receptor mobility was not accompanied by a faster synaptic escape of receptors. This is consistent with a lack of effect of the SSA mutant on ␣2 GABA A Rs clustering at synapses.

The expression of the eGFP-SSA mutant was sufficient to prevent the 4-AP (8-or 48-h) induced gephyrin and ␣2 GABA A Rs cluster growth at synapses (Fig. 5A,F,G). Interestingly, 8 and 48 h after 4-AP application, extrasynaptic ␣2 cluster intensity increased in eGFP-SSA-transfected neurons (Fig. 5H). This indicated that receptor clustering at extrasynaptic sites at the 8-h treatment time point is dependent on PKA and CaMKII␣ phosphorylation. However, at 48 h, receptor accumulation is independent of these two pathways. Hence, an additional pathway permits GABA A R recruitment, in particular at extrasynaptic sites, after chronic changes in activity.

We also analyzed the effect of the SSA mutant on ␣2 GABA A Rs surface diffusion. Similar to wild-type gephyrin, SSA reduced diffusion coefficient and surface exploration of ␣2 GABA A Rs at extrasynaptic sites after 8 h of 4-AP (Fig. 5I,J). This effect was maintained also after 48-h treatment (Fig. 5K,L). In contrast to wild-type gephyrin, SSA mutant increased ␣2 GABA A R confinement and decreased dwell time of GABA A Rs at synapses after 48 h of 4-AP (Fig. 5K-M). The passing ␣2 GABA A Rs remained unchanged at synapses after 8 or 48 h of 4-AP (Fig. 5M). Hence, our results indicate that gephyrin scaffold reorga- nization via PKA-and CaMKII␣-dependent phosphorylation at S303 and S305 is essential for GABA A R diffusion at synapses but not at extrasynaptic sites in response to chronic changes in activity.

Synapse scaling is independent of the ERK1/2 pathway

It has been reported that gephyrin clustering is also influenced by the ERK1/2 pathway. We thus assessed whether ERK1/2 signaling influences gephyrin cluster size during chronic changes in network activity. Transgenic expression of eGFP-S268E gephyrin mutant renders gephyrin scaffold insensitive to the ERK1/2 signaling pathway [START_REF] Tyagarajan | Extracellular signal-regulated kinase and glycogen synthase kinase 3␤ regulate gephyrin postsynaptic aggregation and GABAergic synaptic function in a calpaindependent mechanism[END_REF]. We therefore transfected cultured neurons with eGFP-S268E mutant and treated them with 4-AP for 8 or 48 h. Immunocytochemical analysis showed an increase in eGFP-S268E mutant cluster size after 4-AP treatment (Fig. 6A). Quantification of changes in eGFP-S268E cluster intensity confirmed an increase of 1.6-and 2.2-fold after 8 and 48 h of 4-AP treatment, respectively (Fig. 6B). This was associated with increases of 1.2-and 1.3-fold in eGFP-S268E cluster size after 8 and 48 h of 4-AP treatment (Fig. 6B). Analysis for ␣2 GABA A R cluster intensity at synapses and at extrasynaptic sites showed a respective 2.2-and 1.8-fold increase after 48 h of 4-AP treatment, but not after8h(Fig. 6C,D). We conclude that the eGFP-S268E mutant is not required for the activity-dependent recruitment of gephyrin and GABA A R within synaptic and extrasynaptic clusters. We wondered whether 4-AP induced chronic activity would impact the surface diffusion of GABA A Rs. We checked ␣2 GABA A R diffusion coefficients after 8 or 48 h of 4-AP. Individual receptor trajectories for extrasynaptic and synaptic ␣2 GABA A R suggested increased confinement after 48 h of enhanced activity (Fig. 6E). The ␣2 diffusion coefficients and explored area were increased by 1.2-and 1.4-fold for extrasynaptic receptors after8hof4-AP (Fig. 6F,G). However, 48 h after 4-AP application, extrasynaptic receptors diffusion coefficients were unchanged (Fig 6H), whereas QDs were more confined at extrasynaptic sites (Fig. 6I). Interestingly, 48 h of 4-AP treatment reduced synaptic ␣2 GABA A R diffusion coefficients and explored areas at eGFP-S268E synapses (Fig. 6H,I), as observed at synapses containing eGFP-WT (Fig. 4I,J). In agreement with an increased number of ␣2 GABA A Rs at synapses, ␣2 dwell time increased at eGFP-S268E synapses (Fig. 6J).

Therefore, we conclude that although ERK1/2 signaling is not necessary for the activity-dependent regulation of the diffusive behavior of synaptic GABA A Rs, it controls the mobility of receptors at extrasynaptic sites. These observations further confirm that synaptic and extrasynaptic receptor pools are independently regulated, and that adaptations observed at GABAergic postsynapses are independent of the ERK1/2 pathway.

GSK3␤ phosphorylation of gephyrin facilitates GABA A R diffusion after activity change

It has been reported that the GSK3␤ signaling pathway postsynaptically regulates the density and size of GABAergic synapses via gephyrin phosphorylation. Pharmacological blockade of the GSK3␤ pathway or expression of the S270A gephyrin mutant is sufficient to increase gephyrin cluster size [START_REF] Tyagarajan | Regulation of GABAergic synapse formation and plasticity by GSK3beta-dependent phosphorylation of gephyrin[END_REF]. Hence, it is plausible that the GSK3␤ pathway acts in addition to PKA and CaMKII␣ signaling to regulate homeostatic adaptations at GABAergic synapses. To address this question, we treated neurons transfected with eGFP-S270A gephyrin mutant with 4-AP for 8 and 48 h. Morphologic characterization showed that the GSK3␤ signaling is not essential for gephyrin accumulation at synapses on chronic changes in activity (Fig. 7A,B). In contrast, the eGFP-S270A mutant fully abolished the synaptic and extrasynaptic increase in ␣2 GABA A R clustering after 48 h of 4-AP application (Fig. 7C,D). After 8 h of 4-AP treatment, extrasynaptic ␣2 GABA A R cluster density, size, and intensity were respectively reduced by 1.4-, 1.2-, and 1.4-fold in eGFP-S270Aexpressing cells (Fig. 7D). These results implicate the GSK3␤ pathway in the regulation of activity-induced GABA A R clustering at both synaptic and extrasynaptic sites.

If the GSK3␤ signaling is important for GABA A Rs accumulation at synapses in response to chronic changes in activity, then eGFP-S270A mutant expression should have no impact on ␣2 diffusion rates. However, 8 h after 4-AP application, ␣2 diffusion coefficients and explored areas were reduced by 1.3-and 1.1-fold at synaptic sites (Fig. 7E-G). This increased confinement was counterbalanced by a decrease in the time trapped receptors spent at synapses (Fig. 7J), explaining why ␣2 clustering was continued traces of ␣2 GABA A R trajectories at extrasynaptic (extra) and synaptic (syn) sites under control condition (t0) or after 8 or 48 h of 4-AP application. Scale bar, 0.25 m. F, Quantification of ␣2 GABA A R diffusion coefficients after8hof4-AP exposure. Extra: t0 n ϭ 1230 QDs, 4AP 8 h n ϭ 1855 QDs, p ϭ 3.4 ϫ 10 Ϫ6 . Syn: t0 n ϭ 281 QDs, 8 h n ϭ 378 QDs, p ϭ 0.2; 3 cultures. G, Quantification of explored area EA of ␣2 GABA A R after8ho f4-AP application. Extra: t0 n ϭ 3402 QDs, 8 h n ϭ 2454 QDs, p ϭ 3.2 ϫ 10 Ϫ23 . Syn: t0 n ϭ 843 QDs, 8 h n ϭ 984 QDs, p ϭ 0.02. H, Quantification of ␣2 GABA A R diffusion coefficients after 48 h of 4-AP exposure. Extra: t0 n ϭ 687 QDs,4AP 48 h n ϭ 1611 QDs,p ϭ 0.4. Syn: t0 n ϭ 73 QDs,48 h n ϭ 46 QDs,p ϭ 1.6 ϫ 10 Ϫ4 . I, Quantification of explored area EA of ␣2 GABA A R after 48 h of 4-AP application. Extra: t0 n ϭ 2061 QDs, 48 h n ϭ 546 QDs, p ϭ 2.9 ϫ 10 Ϫ6 . Syn; t0 n ϭ 219 QDs, 48 h n ϭ 74 QDs, p ϭ 6.6 ϫ 10 Ϫ7 . J, Quantification of ␣2 GABA A R dwell time DT after 8 or 48 h of 4-AP application. Calculations were done for trapped or passing QDs at inhibitory synapses. Trapped: t0: n ϭ 130 QDs,8 h: n ϭ 194 QDs,p ϭ 0.007;t0: n ϭ 85 QDs,48 h: n ϭ 51 QDs,p ϭ 0.02;Passing: t0: n ϭ 91 QDs,8 h: n ϭ 161 QDs,p Ͻ 0.001;t0: n ϭ 91 QDs,48 h: n ϭ 31 QDs,p ϭ 0.6 unchanged at synapses after8ho f4-AP application. On the other hand, 48 h of 4-AP application increased ␣2 diffusion coefficients by 1.3-fold as well as explored areas at synaptic sites (Fig. 7E,H,I). This was, however, not accompanied by a change in synaptic receptor dwell time (Fig. 7J). The reduction of extrasynaptic ␣2 clustering coincided with a 1.3-fold reduced explored area in eGFP-S270A-expressing cells after8ho f4-AP (Fig. 7E-G). Nevertheless, 48 h after 4-AP application, ␣2 diffusion coefficients and explored areas returned to baseline levels at extrasynaptic sites (Fig. 7H,I). These observations are consistent with the receptor clustering returning to control levels at extrasynaptic sites after 48 h of 4-AP (Fig. 7D). Altogether, these results show that GSK3␤ signaling in addition to PKA and CaMKII␣ pathways tune GABA A Rs at synapses in response to chronic changes in activity.

Impairment of PKA, CAMKII␣, and GSK3␤ phosphorylation of gephyrin abolishes the activitydependent regulation of GABA A Rs mobility

The analysis of the SSA and S270A mutants indicated that PKA, CAMKII␣, and GSK3␤ phosphorylation of gephyrin have complementary effects on gephyrin and ␣2 GABA A Rs clustering in conditions of synaptic plasticity. To show it more directly, we generated eGFP-SSA/S270A mutant, expressed it in hippocampal neurons, and treated the neurons for 8 or 48 h with 4-AP.

We found that overexpressing eGFP-SSA/S270A increased eGFP cluster size and intensity (Fig. 8A). The gephyrin cluster growth was, however, not accompanied by synaptic recruitment of ␣2 GABA A Rs (Fig. 8A). Although the density of ␣2 GABA A Rs clusters was reduced in eGFP-SSA/S270A-transfected cells, there was no major impact of the mutant on ␣2 GABA A Rs cluster size and intensity at synaptic and extrasynaptic sites (Fig. 8A).

We then characterized ␣2 GABA A R diffusion in SSA/ S270A-transfected neurons. Diffusion coefficients showed a 1.4-fold increase for extrasynaptic receptors and no significant change for synaptic receptors (Fig. 8B). This effect was consistent with the observation that ␣2 GABA A R spent the same time at eGFP-SSA/S270A and eGFP-WT synapses (Fig. 8C). Therefore the eGFP-SSA/S270A mutant can recapitulate many of the observed phenotypes seen with SSA or S270A individual mutations.

We then characterized how chronic activity affects eGFP-SSA/S270A mutant behavior. Although the extrasynaptic GABA A Rs cluster density increased after 48 h of 4-AP in eGFP-SSA/S270A transfected cells, the triple mutant prevented the synaptic increase in gephyrin and GABA A Rs cluster size and intensity in response to 4-AP treatment (Fig. 8D-F). The diffusion coefficient and explored area of ␣2 GABA A Rs showed no change after 8 or 48 h of 4-AP application (Fig. 8G-J). There was also no impact on receptor dwell time at synapses after chronic changes in activity (Fig. 8K).

Our results uncover a role for several signaling pathways in chronic activity-dependent modulation of gephyrin clustering and GABA A Rs surface diffusion at synapses. Our data also show that distinct signaling pathways regulate synaptic and extrasynaptic receptor clustering. Together, these results identify a novel role of GSK3␤ signaling in the regulation of extrasynaptic receptor surface trafficking and GSK3␤, PKA, and CaMKII␣ pathways in facilitating adaptations of synaptic receptors.

Discussion

In the current study, we investigate the molecular basis for gephyrin scaffold-induced GABA A R membrane dynamics. We identify a novel role for gephyrin posttranslational modification involving phosphorylation and dephosphorylation in regulating GABA A R lateral diffusion. By tracking ␣2 GABA A Rs within and outside synaptic sites using QD-SPT, we demonstrate that gephyrin phosphorylation by ERK1/2 at S268, and inhibition of GSK3␤ phosphorylation on gephyrin at S270, while exhibiting opposite effects on synaptic morphology, similarly influence GABA A R diffusion properties. We analyze gephyrin scaffold organization at the nanoscale level using PALM and uncover that phosphorylation also controls gephyrin molecule packing.

Over the past decade, several independent studies have documented changes in lateral diffusion of GABA A Rs after pharmacological alteration of neuronal function within a time scale of minutes to a few hours [START_REF] Lévi | Homeostatic regulation of synaptic GlyR numbers driven by lateral diffusion[END_REF][START_REF] Bannai | Activity-dependent tuning of inhibitory neurotransmission based on GABAAR diffusion dynamics[END_REF][START_REF] Niwa | Gephyrin-independent GABA(A)R mobility and clustering during plasticity[END_REF]Petrini et al., 2014). 4-AP application within minutes induces NMDA receptormediated calcium influx and calcineurin activation, leading to dephosphorylation of the GABA A R ␥2 subunit S327 residue [START_REF] Wang | Interaction of calcineurin and type-A GABA receptor gamma 2 subunits produces long-term depression at CA1 inhibitory synapses[END_REF]. In this context, an increase in GABA A R diffusion constraint results from receptor dephosphorylation, whereas gephyrin scaffold loss is a secondary effect in response to receptor dispersal [START_REF] Niwa | Gephyrin-independent GABA(A)R mobility and clustering during plasticity[END_REF]. We identify gephyrin phosphorylation as an essential facilitator of GABA A R diffusion dynamics in response to chronic changes in activity. More specifically, we identify a central role for PKA and CaMKII␣ pathways along with GSK3␤ signaling in phosphorylating gephyrin to regulate activity-dependent inhibitory synapse remodeling. 

Structure of the gephyrin scaffold requires phosphoregulation of gephyrin molecules

At GABAergic synapses, the role of phosphorylation for gephyrin scaffold compaction has yet to be reported. The fluorescence microscopy data (Fig. 1B) inform us about average area and intensity per cluster. PALM microscopy informs us about the actual density of molecules per surface area (Fig. 3). The number of molecules per synapse using PALM imaging can be roughly estimated by multiplying the mean surface area of the cluster by the density of gephyrin molecules per surface unit. Values of ϳ212, 156, and 220 were found for the gephyrin WT, S268E, and S270A respectively. Interestingly, these estimations are consistent with the measurements of the mean cluster fluorescence intensity for the S268E and S270A mutants.

The hexameric gephyrin lattice model was proposed based on G and E domain crystal structures available at the time. However, in recent years, atomic force microscopy (AFM) and small-angle X-ray scattering (SAXS) structure of full-length gephyrin has shown that gephyrin only exists as trimers, as individual E domains are in an open extended confirmation [START_REF] Sander | Structural characterization of gephyrin by AFM and SAXS reveals a mixture of compact and extended states[END_REF]. [START_REF] Pennacchietti | Nanoscale molecular reorganization of the inhibitory postsynaptic density is a determinant of GABAergic synaptic potentiation[END_REF] have shown that after iLTP, gephyrin reorganizes itself into distinct subsynaptic nanodomains. Fulllength gephyrin can exist in open or closed confirmations based on the linker domain folding [START_REF] Sander | Structural characterization of gephyrin by AFM and SAXS reveals a mixture of compact and extended states[END_REF]. All the gephyrin phosphorylation sites have been mapped to the linker domain, suggesting that phosphorylation is a strong candidate for determining open and closed states within gephyrin nanodomains. This could in turn determine the distance between two nanodomains and/or total number of nanodomains within a given synapse.

Gephyrin-independent GABA A R adaptations at synaptic sites

It has long been assumed that alterations in GABA A R and/or gephyrin cluster intensity are indicative of the number of molecules found at the synapse, and thereby a direct correlate for changes in synapse structure and function. Here we report that disrupting gephyrin scaffold via the expression of the eGFP-DN mutant does not increase the diffusion properties of GABA A Rs at synaptic sites. This observation was unexpected, as loss of the scaffolding apparatus should have increased receptor diffusion also at synaptic sites. It has been reported that eGFP-DN expression significantly reduces mIPSC amplitude and frequency, without leading to a complete loss of GABAergic synaptic transmission [START_REF] Ghosh | Several posttranslational modifications act in concert to regulate gephyrin scaffolding and GABAergic transmission[END_REF]. Our observation suggests that a pool of gephyrin-independent GABA A Rs are present in neurons. Recently, the GIT1/␤PIX/Rac1/PAK signaling pathway was shown to contribute to GABAergic transmission. ␤PIX is a guanine nucleotide exchange factor (GEF) for Rac1 activating PAK and contributes to GABA A R stability [START_REF] Smith | GIT1 and ␤PIX are essential for GABA(A) receptor synaptic stability and inhibitory neurotransmission[END_REF]. Similar signaling mechanisms could be operational even in the absence of gephyrin scaffold to maintain the membrane pool of GABA A Rs.

Independent behavior of GABA A Rs at synaptic and extrasynaptic sites

Postsynaptic receptor trapping is adaptable depending on phosphorylation events that impinge on scaffold-scaffold or receptor-scaffold interactions (Choquet and Triller, 2013). It became clear with the development of SPT approaches that receptors are also hindered in their diffusion outside synapses via molecular crowding but also through specific protein-protein interactions. A receptor- gephyrin interaction outside inhibitory synapses has been reported earlier [START_REF] Ehrensperger | Multiple association states between glycine receptors and gephyrin identified by SPT analysis[END_REF]. GABA A Rs also colocalize and interact with clathrin-enriched endocytic zones (EZs) that are mostly localized extrasynaptically [START_REF] Smith | Stabilization of GABA(A) receptors at endocytic zones is mediated by an AP2 binding motif within the GABA(A) receptor ␤3 subunit[END_REF]. Receptors in EZs do not necessarily undergo internalization. They can be part of a reserve pool of receptors rapidly available upon increase in synaptic activity (Petrini et al., 2014). Conversely, the GABA A R-AP2 interaction within EZs has been shown to indirectly control receptor mobility and number at synapses [START_REF] Smith | Stabilization of GABA(A) receptors at endocytic zones is mediated by an AP2 binding motif within the GABA(A) receptor ␤3 subunit[END_REF].

However, our data show independent behavior of GABA A Rs at synaptic and extrasynaptic sites. After8hof 4-AP treatment, ␣2 GABA A Rs were confined at extrasynaptic sites without influencing the diffusion property of synaptic receptors. In contrast, after 48 h of 4-AP treatment, ␣2 GABA A R confinement at extrasynaptic sites was ceased, and this was followed by an increase in receptor confinement at synapses, suggesting that GABA A R retention at extrasynaptic sites prevents their synaptic capture/ accumulation. However, after8ho f4-AP treatment, neurons expressing eGFP-S268E mutant show a reduction in receptor confinement at extrasynaptic locations, without affecting synaptic receptor diffusion. Therefore, removing diffusion constraints onto extrasynaptic GABA A Rs does not facilitate receptor recruitment at synapses. In addition, after8ho f4-AP treatment, neurons expressing eGFP-S270A mutant show increased confinement of GABA A Rs at both extrasynaptic and synaptic locations, indicating that confining GABA A Rs at extrasynaptic locations does not prevent diffusion-capture of receptors.

Synaptic adaptation is facilitated by gephyrin phosphorylation

We present evidence for a biphasic model for activitydependent plasticity at GABAergic postsynapse. Acute 4-AP treatment increases and chronic 4-AP treatment decreases ␣2 GABA A R lateral diffusion. The observed increase in GABA A R diffusion after acute 4-AP treatment can be explained by an increase in synaptic escape of receptors, leading to reduced postsynaptic clustering and dispersal of gephyrin molecules away from the synapse [START_REF] Bannai | Activity-dependent tuning of inhibitory neurotransmission based on GABAAR diffusion dynamics[END_REF]. On the contrary, we show here that chronic 4-AP treatment leads to synaptic immobilization and recruitment of GABA A R ␣2 and gephyrin. These discrepancies are probably due to the distinct signaling pathways activated by the acute and chronic changes in activity. Short-term 4-AP application induces NMDARmediated calcium influx and calcineurin activation, leading to dephosphorylation of GABA A R ␥2 subunit S327 residue [START_REF] Bannai | Activity-dependent tuning of inhibitory neurotransmission based on GABAAR diffusion dynamics[END_REF]. In this context, the relief in GABA A R diffusion constraints arises from receptor dephosphorylation, whereas gephyrin loss is a consequence of receptor dispersal [START_REF] Niwa | Gephyrin-independent GABA(A)R mobility and clustering during plasticity[END_REF]. In contrast, we show that chronic changes in activity affect first the recruitment of gephyrin at synapses, and then allow the recruitment of GABA A Rs. PKA and CaMKII␣ signaling act downstream of NMDA receptor to facilitate compensatory postsynaptic adaptations at GABAergic synapses [START_REF] Flores | Activity-dependent inhibitory synapse remodeling through gephyrin phosphorylation[END_REF]. Our data extends this understanding by demonstrating a role for the GSK3␤ pathway in addition to PKA and CaMKII␣ pathways in facilitating gephyrin scaffold organization of individual GABA A Rs after prolonged changes in activity.

INTRODUCTION

Excitatory and inhibitory neurotransmission depend on the electrochemical ion gradients across the plasma membrane. The activation of postsynaptic ionotropic glutamate receptors leads to an influx of positively charged ions and thereby generates a depolarizing, excitatory postsynaptic potential (EPSP). In contrast, the net effect of activation of ionotropic anion permeable channels, such as type A γ-aminobutyric acid receptors (GABA A Rs) or glycine receptors (GlyRs), depends on the gradient of anions across the plasma membrane, predominantly chloride (Cl -) and bicarbonate (HCO 3 -; [START_REF] Bormann | Mechanism of anion permeation through channels gated by glycine and gamma-aminobutyric acid in mouse cultured spinal neurones[END_REF][START_REF] Kaila | Postsynaptic fall in intracellular pH induced by GABA-activated bicarbonate conductance[END_REF]. The chloride gradient is mainly established by two secondary active transporters: the K + -Cl -cotransporter KCC2 that extrudes chloride out of the neuron using the potassium gradient (generated by the Na + /K + ATPase), and the Na + -K + -Cl -cotransporter NKCC1 which usually transports chloride into the neuron based on transmembrane sodium and potassium gradients also generated by the Na + /K + ATPase (Figure 1). Hence, the balance of expression and activity of these transporters influence intracellular chloride concentration ([Cl -] i ) and the efficacy and polarity of GABAergic and glycinergic transmission. In immature neurons, where NKCC1 expression predominates, high [Cl -] i is associated with depolarizing responses to GABA and glycine reflecting Cl -efflux. In contrast, an increased expression of KCC2 in mature neurons lowers [Cl -] i leading to an influx of Cl -ions and hyperpolarizing responses upon GABA A R/GlyR activation.

In addition to its role in maintaining low [Cl -] i , KCC2 regulates the formation (Li et al., 2007), functional maintenance and plasticity (Gauvain et al., 2011;[START_REF] Fiumelli | An ion transport-independent role for the cation-chloride cotransporter kcc2 in dendritic spinogenesis in vivo[END_REF]Chevy et al., 2015;Llano et al., 2015) of glutamatergic synapses. Consistent with its key role in regulating inhibitory and excitatory neurotransmission, alterations in KCC2 expression and function have emerged as a common mechanism underlying pathological activity in a variety of neurological and psychiatric disorders [START_REF] Medina | Current view on the functional regulation of the neuronal K + -Clcotransporter KCC2[END_REF][START_REF] Kahle | Kinase-KCC2 coupling: Clrheostasis, disease susceptibility, therapeutic target[END_REF][START_REF] Moore | Seizing control of KCC2: a new therapeutic target for epilepsy[END_REF][START_REF] Wang | Double-edged GABAergic synaptic transmission in seizures: the importance of chloride plasticity[END_REF]. Understanding the mechanisms regulating KCC2 expression and function is therefore crucial to develop novel and efficient therapeutic strategies. Here, we will review the cellular and molecular mechanisms controlling KCC2 turnover and describe how these mechanisms are rapidly tuned when neuronal activity is challenged.

KCC2 STRUCTURE AND REGULATORY SEQUENCES

KCC2 is one of nine members of the cation-chloride co-transporter (CCC) family encoded by the genes Slc12a1-9. KCC2 is a glycoprotein of 120 kDa with a predicted structure of 12 transmembrane segments (TMs), six extracellular loops flanked by a short intracellular amino terminal domain (NTD; amino acids 1-103) and a long intracellular carboxy-terminal domain (CTD; last 500 amino acids; Hartmann and Nothwang, 2015; Figure 2).

Two different KCC2 isoforms, KCC2a and KCC2b, are produced by use of alternative promoters of the Slc12a5 gene encoding KCC2 [START_REF] Uvarov | A novel N-terminal isoform of the neuron-specific K-Cl cotransporter KCC2[END_REF]. The NTD of KCC2a is 23 amino acids longer than the KCC2b one [START_REF] Uvarov | A novel N-terminal isoform of the neuron-specific K-Cl cotransporter KCC2[END_REF] and contains a putative SPAK (STE20/SPS1-related, proline alanine-rich kinase) and OSR1 kinase (Oxydative stress response 1) interaction site (de Los Heros et al., 2014; Table 1). Both isoforms show similar ion transport properties when expressed in human embryonic kidney (HEK) 293 cells and cultured hippocampal and cortical neurons [START_REF] Uvarov | A novel N-terminal isoform of the neuron-specific K-Cl cotransporter KCC2[END_REF][START_REF] Markkanen | Implications of the N-terminal heterogeneity for the neuronal K-Cl cotransporter KCC2 function[END_REF], but have different subcellular localization in vivo (in neurons of the deep cerebellar nucleus, the pons and the medulla) and in vitro (cultured hippocampal neurons; [START_REF] Markkanen | Distribution of neuronal KCC2a and KCC2b isoforms in mouse CNS[END_REF][START_REF] Markkanen | Implications of the N-terminal heterogeneity for the neuronal K-Cl cotransporter KCC2 function[END_REF], suggesting a contribution of the NTD to the subcellular targeting of the transporter in given cells, probably via the binding to selective partners.

Based on a study of KCC1 (Casula et al., 2001), the KCC2 NTD has been suggested to be mandatory for KCC2 function (Li et al., 2007). Several groups have therefore used KCC2 lacking the NTD (KCC2-∆NTD) to study ion-transport independent roles of KCC2 (Li et al., 2007;[START_REF] Horn | Premature expression of KCC2 in embryonic mice perturbs neural development by an ion transport-independent mechanism[END_REF][START_REF] Fiumelli | An ion transport-independent role for the cation-chloride cotransporter kcc2 in dendritic spinogenesis in vivo[END_REF]. The group of Igor Medina recently described altered exocytosis by truncation of the NTD in N2a cells, HEK 293 cells and cultured hippocampal neurons [START_REF] Friedel | A novel view on the role of intracellular tails in surface delivery of the potassium-chloride cotransporter KCC2[END_REF].

In addition to five short extracellular loops, KCC2 contains a long extracellular loop (LEL) between TM5 and TM6 of around 100 amino acids (Williams et al., 1999). Based on FIGURE 2 | KCC2 structure, key phosphorylation residues and regulatory domains. The KCC2 co-transporter is a ∼140 kDa protein with a predicted topology of 12 membrane spanning segments, an extracellular domain between transmembrane domains 5 and 6 containing N-glycosylation sites (green) and key Cysteine residues for ion transport (orange), and is flanked by two cytoplasmic carboxy-and amino-terminal domains. All residues (besides Threonine T6 which is only present in KCC2a) are numbered according to human KCC2b. Note that the mouse sequence lacks amino acid 1,000 and thus beyond this residue the numbering is shifted (e.g., T1007 in human corresponds to T1006 in mice). KCC2a and KCC2b isoforms differ from their intracellular amino-terminal domain with KCC2a having a 23 amino acids longer sequence bearing a SPAK-binding domain (blue). Other regulatory sequences of KCC2 are located within the large intracellular carboxy-terminal domain (CTD), such as protein kinase C (PKC) phosphorylation sites (Serine S728, T787, S940 and S1034), Src family kinase phosphorylation sites (Tyrosine Y903, Y1087) and WNK-SPAK-OSR1 kinases (T906, T1007). Other regulatory sequences are present on this region: the ISO domain (pink) allowing for KCC2 activity under isotonic conditions, and protein associated with Myc (PAM; yellow), Proline/E/S/T (PEST; purple), SPAK (blue) and adaptor protein-2 (AP2; orange) binding sequences. Note that KCC2 activators staurosporine and N-ethylmaleimide (NEM) act by controlling (de)phosphorylation of series of residues (brown). KCC4 studies, N-linked glycosylation in the KCC2 LEL was proposed to be crucial for the membrane targeting of KCC2 (Hartmann and Nothwang, 2015). Six glycosylation sites on KCC2 were subsequently identified [START_REF] Agez | Molecular architecture of potassium chloride co-transporter KCC2[END_REF]. Three human KCC2 mutations associated with severe early-onset epileptic encephalopathy showed reduced protein glycosylation and cell surface KCC2 [START_REF] Stödberg | Mutations in SLC12A5 in epilepsy of infancy with migrating focal seizures[END_REF], implicating KCC2 glycosylation in the control of its membrane expression. In addition, four highly conserved cysteine residues within the LEL were shown to be important for KCC2 activity but not membrane expression in HEK 293 cells probably due to their implication in inter-or intra-molecular di-sulfide bonds and correct protein folding [START_REF] Hartmann | Differences in the large extracellular loop between the K + -Clcotransporters KCC2 and KCC4[END_REF]. The KCC2 CTD contains most of the KCC2 regulatory sequences. Complete truncation of the CTD reduces membrane expression of KCC1, 2 and 3 in Xenopus laevis oocytes and HEK 293 cells [START_REF] Payne | Functional characterization of the neuronal-specific K-Cl cotransporter: implications for [K + ] o regulation[END_REF]Casula et al., 2001;[START_REF] Howard | The K-Cl cotransporter KCC3 is mutant in a severe peripheral neuropathy associated with agenesis of the corpus callosum[END_REF]. Using live-cell surface labeling, [START_REF] Friedel | A novel view on the role of intracellular tails in surface delivery of the potassium-chloride cotransporter KCC2[END_REF] recently showed in cultured hippocampal neurons that KCC2 CTD is dispensable for membrane delivery of the transporter but is required for its membrane stabilization. Consistent with these observations, truncation of the KCC2 CTD by the Ca 2+ -dependent protease calpain at an unknown site leads to the internalization and lysosomal degradation of KCC2 in rat brain slices (Puskarjov et al., 2012). Moreover, the interaction of KCC2 CTD with the clathrin-binding adaptor protein-2 (AP-2) via a di-leucine motif induces a constitutive, dynamin-dependent and clathrin-mediated endocytosis of KCC2 in HEK 293 cells (Zhao et al., 2008). The CTD also hosts the majority of KCC2 phosphorylation residues (Figure 2) which influence KCC2 membrane stability and thereby function through regulation of the transporter's lateral diffusion, oligomerization, clustering, and endocytosis (see below).

In contrast to other KCCs, KCC2 is constitutively active under isotonic conditions [START_REF] Payne | Functional characterization of the neuronal-specific K-Cl cotransporter: implications for [K + ] o regulation[END_REF]. A short sequence called ISO domain (1,022-1,037) located in the CTD has been shown to be responsible for this specific feature in Xenopus oocytes and hippocampal neurons (Mercado et al., 2006;Acton et al., 2012). Thus, replacement of this sequence by the corresponding KCC4 amino acids abolished constitutive KCC2 activity (Acton et al., 2012). Interestingly, KCC2 transporters lacking the ISO domain can still be activated under hypotonic conditions, indicating that two distinct domains are involved in KCC2 activation under isotonic vs. hypotonic conditions.

TEMPORAL AND SPATIAL EXPRESSION PATTERN OF KCC2

KCC2 expression can be observed throughout the central nervous system (CNS) including spinal cord (Hübner et al., 2001), thalamus (Barthó et al., 2004), cerebellum (Williams et al., 1999), hippocampus (Rivera et al., 1999), cortical structures (Gulyás et al., 2001) and the auditory brainstem (Blaesse et al., 2006). Although KCC2 expression is very broad in the CNS, the reversal potential of GABA A R-mediated currents (E GABA ) varies among neuronal populations and brain structures [START_REF] Chavas | Coexistence of excitatory and inhibitory GABA synapses in the cerebellar interneuron network[END_REF]Watanabe and Fukuda, 2015). These differences are thought to reflect changes in CCC expression and function.

Developmental Expression

Developmental upregulation of KCC2 expression has been described in different systems including human [START_REF] Dzhala | NKCC1 transporter facilitates seizures in the developing brain[END_REF][START_REF] Sedmak | Developmental expression patterns of KCC2 and functionally associated molecules in the human brain[END_REF], mouse (Hübner et al., 2001), rat (Gulyás et al., 2001), zebrafish [START_REF] Zhang | Development of light response and GABAergic excitation-to-inhibition switch in zebrafish retinal ganglion cells[END_REF], C. elegans [START_REF] Tanis | The potassium chloride cotransporter KCC-2 coordinates development of inhibitory neurotransmission and synapse structure in Caenorhabditis elegans[END_REF] and other species (for review [START_REF] Blaesse | Cation-chloride cotransporters and neuronal function[END_REF]Kaila et al., 2014). The KCC2 expression profile is well correlated with the sequential maturation of different brain regions (Watanabe and Fukuda, 2015), and follows the rostrocaudal axis of neuronal maturation [START_REF] Li | Patterns of cation-chloride cotransporter expression during embryonic rodent CNS development[END_REF][START_REF] Stein | Expression of the KCl cotransporter KCC2 parallels neuronal maturation and the emergence of low intracellular chloride[END_REF]. Interestingly only the KCC2b isoform is developmentally upregulated, while KCC2a expression remains constant over brain maturation [START_REF] Yeo | Novel repression of Kcc2 transcription by REST-RE-1 controls developmental switch in neuronal chloride[END_REF]. In the neonatal mouse brainstem KCC2a therefore contributes to about 20%-50% of the total KCC2 mRNA expression, while in the mature cortex its contribution decreases down to 5%-10% (Uvarov et al., 2009). KCC2a is expressed in the basal forebrain, hypothalamus and spinal cord, but is absent from the hippocampus [START_REF] Markkanen | Distribution of neuronal KCC2a and KCC2b isoforms in mouse CNS[END_REF]. In contrast to full KCC2 knockout mice, which die at birth due to respiratory failure (Hübner et al., 2001), KCC2b knockout mice are viable until postnatal age 15 (P15; [START_REF] Woo | Hyperexcitability and epilepsy associated with disruption of the mouse neuronal-specific K-Cl cotransporter gene[END_REF]. This suggests that both KCC2a and KCC2b isoforms are essential but contribute differentially to brain development and the establishment of inhibitory neurotransmission. Indeed, [START_REF] Dubois | Role of the K + -Clcotransporter KCC2a isoform in Mammalian respiration at birth[END_REF] recently showed a transient role of KCC2a at birth controlling the pontine neuromodulation of the respiratory motor circuits.

Subcellular Expression

At the cellular level, KCC2 expression can be found in the somatodendritic plasma membrane in most brain regions, such as cerebellum (Williams et al., 1999), hippocampus (Rivera et al., 1999;Gulyás et al., 2001) or cortex [START_REF] Szabadics | Excitatory effect of GABAergic axo-axonic cells in cortical microcircuits[END_REF]. KCC2 membrane expression is enriched near inhibitory and excitatory synapses and in spine heads of hippocampal neurons (Gulyás et al., 2001;Hübner et al., 2001;Blaesse et al., 2006;Gauvain et al., 2011;Chamma et al., 2012). At the presynaptic level, only developing photoreceptor cells [START_REF] Zhang | Regulation of KCC2 and NKCC during development: membrane insertion and differences between cell types[END_REF] and retinal bipolar cells [START_REF] Vardi | Evidence that different cation chloride cotransporters in retinal neurons allow opposite responses to GABA[END_REF] exhibit KCC2 expression. Axonal exclusion of KCC2 from CNS axons, including axon initial segment (Williams et al., 1999;Hübner et al., 2001;Chamma et al., 2012), leads to higher [Cl -] i in axons than in the somatodendritic compartment (Price and Trussell, 2006). As a consequence, activation of GABA A R by GABA spillover or axo-axonic GABAergic synapses leads to increased axonal excitability [START_REF] Stell | Activation of presynaptic GABA A Receptors Induces glutamate release from parallel fiber synapses[END_REF][START_REF] Ruiz | Presynaptic GABA A receptors enhance transmission and LTP induction at hippocampal mossy fiber synapses[END_REF]Pugh andJahr, 2011, 2013;[START_REF] Stell | Biphasic action of axonal GABA-A receptors on presynaptic calcium influx[END_REF].

Association of KCC2 with the plasma membrane increases during neuronal maturation. Hence, immature neurons show brighter intracellular labeling than mature neurons (Gulyás et al., 2001;[START_REF] Szabadics | Excitatory effect of GABAergic axo-axonic cells in cortical microcircuits[END_REF] and KCC2 forms clusters at the surface of mature neurons (Gulyás et al., 2001;Hübner et al., 2001;Barthó et al., 2004;Watanabe et al., 2009;Chamma et al., 2012Chamma et al., , 2013;;Heubl et al., 2017). In primary cultures of hippocampal neurons, KCC2 protein expression can be observed already at 3 days in vitro (div) in the soma, while the somatodendritic labeling peaks only at div 15 [START_REF] Ludwig | Developmental up-regulation of KCC2 in the absence of GABAergic and glutamatergic transmission[END_REF].

Markkanen and colleagues were the first to compare the subcellular distribution of the two KCC2 isoforms, KCC2a and KCC2b, in the deep cerebellar nucleus, the pons and the medulla, in hippocampal cultured neurons [START_REF] Markkanen | Distribution of neuronal KCC2a and KCC2b isoforms in mouse CNS[END_REF][START_REF] Markkanen | Implications of the N-terminal heterogeneity for the neuronal K-Cl cotransporter KCC2 function[END_REF]. The authors showed that in these neurons, KCC2a and KCC2b only partly colocalize and that the two isoforms are not localized in the same subcellular compartments in mature neurons (with stronger labeling of KCC2b on the soma and plasma membrane in general). The functional consequence of this distinct isoform localization however remains unclear.

MOLECULAR AND CELLULAR MECHANISMS OF REGULATION OF KCC2

KCC2 is regulated at the transcriptional and post-transcriptional level (e.g., through phosphorylation/dephosphorylation of key residues) which in turn influence its cellular trafficking (cell surface delivery, membrane diffusion-trapping, clustering, surface removal and intracellular degradation).

Transcriptional Regulation of KCC2

The neuron-specific KCC2 expression pattern is tightly regulated by transcription factors and neuron-restrictive silencing elements (NRSE) in the KCC2 gene Slc12a5 [START_REF] Karadsheh | Neuronal restrictive silencing element is found in the KCC2 gene: molecular basis for KCC2-specific expression in neurons[END_REF][START_REF] Uvarov | Neuronal K + /Clco-transporter (KCC2) transgenes lacking neurone restrictive silencer element recapitulate CNS neurone-specific expression and developmental up-regulation of endogenous KCC2 gene[END_REF][START_REF] Uvarov | Upregulation of the neuron-specific K + /Clcotransporter expression by transcription factor early growth response 4[END_REF][START_REF] Yeo | Novel repression of Kcc2 transcription by REST-RE-1 controls developmental switch in neuronal chloride[END_REF]. Two NRSE sequences were found in intron 1 of the Slc12a5 gene [START_REF] Karadsheh | Neuronal restrictive silencing element is found in the KCC2 gene: molecular basis for KCC2-specific expression in neurons[END_REF] and in the upstream regulatory region [START_REF] Yeo | Novel repression of Kcc2 transcription by REST-RE-1 controls developmental switch in neuronal chloride[END_REF]. Binding of each of the restrictive elements to a neuron-restrictive silencing factor/repressorelement transcription factor (NRSF/REST) is sufficient to repress gene transcription [START_REF] Yeo | Novel repression of Kcc2 transcription by REST-RE-1 controls developmental switch in neuronal chloride[END_REF]. In addition to these negative regulatory elements, two positive regulatory regions in the Slc12a5 gene have been reported. Binding of the neuron specific transcription factor Egr4 (early growth response 4) to the Egr (early growth response) binding site activates KCC2 transcription [START_REF] Uvarov | Upregulation of the neuron-specific K + /Clcotransporter expression by transcription factor early growth response 4[END_REF]. Similarly, [START_REF] Markkanen | Role of upstream stimulating factors in the transcriptional regulation of the neuron-specific K-Cl cotransporter KCC2[END_REF] found that binding of upstream stimulation factors, USF1 and 2, to an enhancer box (E-box) activates KCC2 expression.

The brain-derived neurotrophic factor (BDNF) has been shown to modulate KCC2 expression [START_REF] Poo | Neurotrophins as synaptic modulators[END_REF][START_REF] Rivera | BDNF-induced TrkB activation down-regulates the K + -Clcotransporter KCC2 and impairs neuronal Clextrusion[END_REF][START_REF] Aguado | BDNF regulates spontaneous correlated activity at early developmental stages by increasing synaptogenesis and expression of the K + /Clco-transporter KCC2[END_REF][START_REF] Gottmann | BDNF signaling in the formation, maturation and plasticity of glutamatergic and GABAergic synapses[END_REF]Watanabe and Fukuda, 2015). While BDNF promotes KCC2 expression in immature neurons, exposure of mature CA1 pyramidal neurons to BDNF leads to decreased chloride extrusion (Rivera et al., 2004). Conversely, GABA increases BDNF expression in immature hippocampal and cerebrocortical neurons but not in mature hippocampal neurons, indicating a synergistic effect of GABAergic maturation and BDNF [START_REF] Berninger | GABAergic stimulation switches from enhancing to repressing BDNF expression in rat hippocampal neurons during maturation in vitro[END_REF][START_REF] Kuczewski | Mechanism of GABA B receptor-induced BDNF secretion and promotion of GABA A receptor membrane expression[END_REF][START_REF] Porcher | Positive feedback regulation between gamma-aminobutyric acid type A (GABA A ) receptor signaling and brain-derived neurotrophic factor (BDNF) release in developing neurons[END_REF]. However, BDNF depletion (as shown in BDNF knockout mice) does not affect the developmental upregulation of KCC2 expression and function [START_REF] Puskarjov | BDNF is required for seizure-induced but not developmental up-regulation of KCC2 in the neonatal hippocampus[END_REF]. These results contrast with the reduced hippocampal KCC2 expression observed in TrkB knockout mice [START_REF] Carmona | Age-dependent spontaneous hyperexcitability and impairment of GABAergic function in the hippocampus of mice lacking trkB[END_REF] and the BDNF-induced increase in KCC2 mRNA expression in immature hippocampal neurons [START_REF] Aguado | BDNF regulates spontaneous correlated activity at early developmental stages by increasing synaptogenesis and expression of the K + /Clco-transporter KCC2[END_REF]Rivera et al., 2004;[START_REF] Ludwig | Neurturin evokes MAPK-dependent upregulation of Egr4 and KCC2 in developing neurons[END_REF]. Altogether, these results support a role of BDNF and TrkB in the developmental upregulation of KCC2.

Other trophic factors such as insulin-like growth factor 1 [START_REF] Kelsch | Insulin-like growth factor 1 and a cytosolic tyrosine kinase activate chloride outward transport during maturation of hippocampal neurons[END_REF] and neurturin [START_REF] Ludwig | Neurturin evokes MAPK-dependent upregulation of Egr4 and KCC2 in developing neurons[END_REF] have been implicated in the regulation of KCC2 expression. These data indicate that several signals control KCC2 expression and interact to increase KCC2 expression during neuronal development. The correlation of synaptic maturation with KCC2 upregulation therefore suggests their reciprocal influence.

Posttranslational Regulatory Mechanisms

Ion-transport activity of KCC2 does not only depend on KCC2 expression levels but also on the abundance and activity of numerous other proteins such as scaffolding proteins, cytoskeleton interactors/regulators, kinases and phosphatases that regulate its cellular trafficking.

Exocytosis

Consistent with the developmental switch of GABA/glycine neurotransmission, translocation of KCC2 from the cytoplasm to the plasma membrane indicates that exocytosis contributes to the control of KCC2-mediated chloride extrusion. Dynamic visualization of membrane insertion or internalization using recombinant proteins linked to pH-sensitive fluorophores helped to determine exocytosis-endocytosis trafficking of several neurotransmitter receptors (Petrini et al., 2014;[START_REF] Zhang | Visualization of NMDA receptor-dependent AMPA receptor synaptic plasticity in vivo[END_REF]. Since the NTD and CTD of KCC2 are both cytosolic, a pH-sensitive pHluorin tag was inserted in the second or third extracellular loop of the transporter [START_REF] Friedel | WNK1-regulated inhibitory phosphorylation of the KCC2 cotransporter maintains the depolarizing action of GABA in immature neurons[END_REF][START_REF] Friedel | A novel view on the role of intracellular tails in surface delivery of the potassium-chloride cotransporter KCC2[END_REF]. Insertion of the tag loop of the transporter did not perturb the function of the protein and therefore this construct constitutes a useful tool to study KCC2 trafficking [START_REF] Friedel | A novel view on the role of intracellular tails in surface delivery of the potassium-chloride cotransporter KCC2[END_REF]. The expression of pHluorin-tagged KCC2 mutants with deletions of the N terminal (∆NTD) or C terminal (∆CTD) domain and the use of live-cell surface immunolabeling of heterologous cells or cultured hippocampal neurons revealed that the NTD is essential for KCC2 plasma membrane delivery whereas the CTD is critical to its membrane stability [START_REF] Friedel | A novel view on the role of intracellular tails in surface delivery of the potassium-chloride cotransporter KCC2[END_REF].

Recently, insights into the regulatory mechanisms of KCC2 exocytosis were obtained as transforming growth factor β2 (TGF-β2) was shown to mediate translocation of KCC2 from intracellular pools to the plasma membrane in developing and mature hippocampal neurons [START_REF] Roussa | The membrane trafficking and functionality of the K + -Clco-transporter KCC2 is regulated by TGF-β2[END_REF]. The mechanism for TGF-β2-mediated KCC2 membrane translocation involves the Ras-associated binding protein 11b (Rab11b). KCC2-Rab11b interaction was recently confirmed in a native KCC2 interactome study (Mahadevan et al., 2017).

Oligomerization

Multimeric assembly has been demonstrated for a large number of members of the CCC family [START_REF] Moore-Hoon | The structural unit of the secretory Na + -K + -2Clcotransporter (NKCC1) is a homodimer[END_REF]Casula et al., 2001Casula et al., , 2009;;[START_REF] Starremans | Dimeric architecture of the human bumetanide-sensitive Na-K-Cl co-transporter[END_REF]Blaesse et al., 2006;Simard et al., 2007;Warmuth et al., 2009). KCC2 was shown to form KCC2a and KCC2b homo-dimers, as well as KCC2a-KCC2b, KCC2-KCC4 and KCC2-NKCC1 hetero-dimers, in biochemical assays from neuronal and heterologous cell lysates (Blaesse et al., 2006;Simard et al., 2007;Uvarov et al., 2009).

There are discrepancies in the literature regarding the proportions of KCC2 monomers, dimers and higher-order oligomers in neurons. Blaesse et al. (2006) showed that an increase of KCC2 oligomers parallels transporter activation in the developing brainstem (between P2 and P30) whereas Uvarov et al. (2009) found oligomerization already at P2 in various brain regions. Mahadevan et al. (2014Mahadevan et al. ( , 2017) ) using native PAGE reported that KCC2 form monomers, dimers as well as higher molecular mass complexes. However, using similar approaches, [START_REF] Agez | Molecular architecture of potassium chloride co-transporter KCC2[END_REF] detected KCC2 monomers and dimers but not higher-order oligomers. These discrepancies may arise from differences in both experimental assays (native perfluorooctanoate-PAGE vs. 3%-8% Tris-acetate NuPAGE; Blaesse et al., 2006;Uvarov et al., 2009) as well as detergents used for sample preparation (CALX-R3 vs. C12E9; [START_REF] Agez | Molecular architecture of potassium chloride co-transporter KCC2[END_REF]Mahadevan et al., 2017). These limitations also apply to SDS-PAGE studies, as differences in sample preparation influence the proportion of KCC2 dimer-like complexes [START_REF] Medina | Current view on the functional regulation of the neuronal K + -Clcotransporter KCC2[END_REF]. In conclusion, it is not possible to compare the relative abundance of KCC2 monomers, dimers and higherorder oligomers between studies.

The oligomerization domain has not been identified to date. However, several studies showed self-assembling capability for the CTD of NKCC1 and an Archean CCC (Simard et al., 2004;Warmuth et al., 2009) and decreased oligomerization of KCCs truncated on the C-terminus, or mutated on tyrosine residue 1087 (Simard et al., 2007;Watanabe et al., 2009). This observation suggests that KCC2 CTD might be involved in the assembly of the transporters as observed in Xenopus oocytes and hippocampal cultures (Simard et al., 2007;Watanabe et al., 2009). Whether the monomeric KCC2 is active remains unclear. Several studies reported a correlation between decreased KCC2 oligomerization and reduced transport activity (Watanabe et al., 2009;Mahadevan et al., 2014). For instance, neuropilin and tolloid like-2 (Neto-2) assemble with the oligomeric forms of KCC2 and this interaction increases KCC2-mediated Cl -extrusion in cultured hippocampal neurons (Ivakine et al., 2013). Similarly, the kainate receptor GluK2 subunit interacts with KCC2 and is critical to KCC2 oligomerization, surface expression and ion-transport function in hippocampal neurons (Mahadevan et al., 2014;Pressey et al., 2017). However, since changes in KCC2 oligomerization and surface expression occur in parallel, these observations do not demonstrate a causal link between KCC2 oligomerization and Cl -transport.

Clustering

KCC2 forms clusters in the neuronal plasma membrane (Gulyás et al., 2001;Hübner et al., 2001;Barthó et al., 2004;Watanabe et al., 2009;Chamma et al., 2012Chamma et al., , 2013;;Heubl et al., 2017). Interestingly the majority of KCC2 clusters are found at excitatory and inhibitory synapses in hippocampal cultures, without preferential accumulation at one type of synapses (Chamma et al., 2013). Ultrastructural studies indicate that KCC2 accumulates at the periphery of synapses in dendritic spines as well as on the dendritic shaft (Gulyás et al., 2001;Báldi et al., 2010).

KCC2 clustering could help to localize and/or stabilize transporters in sub-membrane compartments (e.g., near excitatory and inhibitory synapses), and to form a barrier in dendritic spines surrounding glutamatergic postsynaptic densities. Moreover, KCC2 clustering has been proposed to regulate the cotransporter function. Watanabe et al. (2009) showed that inhibition of tyrosine phosphorylation or deletion of a nearby region (∆1089-1116) both lead to disruption of KCC2 clustering and transport activity without any change in the neuronal membrane pool. This suggests that the KCC2 CTD is involved in cluster formation and that clustering and function of the transporter are tightly correlated. Overexpression of the CTD on the other hand causes a decrease in KCC2 cluster size with no alteration of cluster density or chloride transport in hippocampal neurons (Chamma et al., 2013), suggesting KCC2 clustering does not rely exclusively on its CTD binding to the cytoskeleton. Association of KCC2 with lipid rafts was proposed to influence KCC2 clustering. Watanabe et al. (2009) observed that association with lipid rafts increases KCC2 clustering and function in neuronal cultures, while Hartmann et al. (2009) found larger clusters and enhanced transport activity after disruption of lipid rafts. The later study, however, was performed in HEK 293 cells and showed an overall increase in KCC2 surface expression. It therefore remains unclear how clustering of KCC2 in lipid rafts modifies its transport activity in neurons.

Lateral Diffusion

Lateral diffusion is a key mechanism controlling rapid activitydependent changes in neurotransmitter receptor number (and therefore clustering) at synapses, a phenomenon underlying the tuning of synaptic transmission and plasticity (Choquet and Triller, 2013). Receptors constantly alternate between periods of free Brownian-type motion outside synapses and constrained diffusion at synapses. They are captured and confined at synapses by transient interactions with postsynaptic scaffolding molecules that anchor them to the underlying cytoskeleton. A reduced density of scaffolding proteins at synapses and/or a weakening of receptor-scaffold interactions increases the escape of receptors from synapses and thereby clustering and synapse efficacy. Since KCC2 is similarly clustered near excitatory and inhibitory synapses, we addressed the role of lateral diffusion on KCC2 subcellular distribution and function. This was analyzed using Quantum-based Single Particle Tracking (QD-SPT) in hippocampal cultures (Chamma et al., 2012(Chamma et al., , 2013;;Heubl et al., 2017).

These experiments showed that KCC2 displays free Brownian-type motion outside clusters while it is slowed down and confined within clusters located near excitatory and inhibitory synapses (Chamma et al., 2012(Chamma et al., , 2013)). However, KCC2 escapes clusters faster near inhibitory synapses than excitatory synapses, reflecting stronger molecular constraints at excitatory synapses. Further investigations suggested specific tethering of KCC2 near excitatory synapses through actin-binding of the CTD of KCC2 via the actin binding protein 4.1 N, whereas KCC2 is confined at inhibitory synapses by a distinct mechanism (Chamma et al., 2013). Therefore, KCC2 undergoes a diffusion-trap mechanism similar to neurotransmitter receptors. KCC2 lateral diffusion is rapidly tuned by activity. Enhancing glutamatergic excitation or reducing GABAergic inhibition both increased KCC2 membrane diffusion (Chamma et al., 2013;Heubl et al., 2017) through reduced phosphorylation of S940 and increased phosphorylation of T906/1007, respectively. Changes in transporter diffusion were accompanied by cluster dispersion and increased membrane turnover of the transporter. Therefore, we propose that different subpopulations of transporters exist in the plasma membrane: freely moving KCC2 outside clusters and transporters confined in clusters in the vicinity of synapses. These two pools of transporters are in a dynamic equilibrium that can vary in response to changes in synaptic activity. The extracluster pool of transporters can be considered as a reserve pool in equilibrium with the perisynaptic pool. Transitions between these compartments by lateral diffusion may then participate in the fine tuning of synapses in response to local fluctuations of synaptic activity (Figure 3). Since changes in KCC2 mobility occur within tens of seconds (Heubl et al., 2017), lateral diffusion is probably the first cellular mechanism modulating the transporter membrane stability. This may represent a rapid mechanism for adapting Cl-homeostasis to changes in synaptic activity.

Endocytosis

While activity-dependent KCC2 endocytosis was shown to rapidly decrease its neuronal membrane pool (Lee et al., 2011;Chamma et al., 2013;Heubl et al., 2017), KCC2 turn-over rate under basal conditions is controversial. Two studies showed a high turn-over rate (of about 20 min) of the transporter in neuronal cultures (Lee et al., 2010) and rat hippocampal slices (Rivera et al., 2004). In contrast, Puskarjov et al. (2012) observed no change in KCC2 membrane pool in hippocampal slices after 4 h inhibition of protein synthesis (by cycloheximide) or degradation (by leupeptin). Although the authors concluded that KCC2 has a rather low turnover, what they were testing in this study was the lifetime of the transporter. Once KCC2 is synthesized and inserted in the membrane, it undergoes several cycles of endocytosis and exocytosis until final degradation. The lifetime of the transporter therefore seems to be >4 h whereas KCC2 turn-over rate at the membrane is in the range of 20-30 min. Lee et al. (2010) reported increased surface expression of endogenous KCC2 in hippocampal cultured neurons after a 45 min exposure to dynasore, a cell-permeable inhibitor of dynamin. Using co-immunoprecipitation experiments, Zhao et al. (2008) showed that endogenous KCC2 interacts with the clathrin-binding AP2, suggesting that KCC2 internalization may be controlled by the clathrin-mediated endocytic pathway. Then, they identified in HEK293 cells a constitutive, non-canonical endocytic 657LLRLEE662 motif in the KCC2 CTD. Both di-leucine residues are required to mediate efficient transporter endocytosis but the L658 residue is the most important. The two glutamic acid residues downstream regulate the function of the di-leucine endocytic motif. This motif is highly conserved among KCC family members but not in NKCC1, NKCC2 or NCC proteins (Zhao et al., 2008). Furthermore, protein kinase C (PKC) and casein kinase substrate in neurons protein 1 (PACSIN1), which are involved in clathrin-mediated endocytosis and vesicle transport in neurons [START_REF] Schael | Casein kinase 2 phosphorylation of protein kinase C and casein kinase 2 substrate in neurons (PACSIN) 1 protein regulates neuronal spine formation[END_REF], were recently identified in a KCC2 interactome study (Mahadevan et al., 2017). Altogether these results suggest that KCC2 membrane retrieval may require AP2 and PACSIN1. PACSIN1 has been shown to regulate the activity-dependent AMPAR surface recycling in cerebellar neurons [START_REF] Anggono | PICK1 interacts with PACSIN to regulate AMPA receptor internalization and cerebellar long-term depression[END_REF][START_REF] Widagdo | PACSIN1 regulates the dynamics of AMPA receptor trafficking[END_REF]. More work is now needed to test whether PACSIN1 plays a similar role in activity-dependent membrane recycling of KCC2.

However, regarding clathrin-dependence of KCC2 endocytosis, it is important to mention that the motif identified by Zhao et al. (2008) in an artificial overexpression system is non-canonical. Whether this motif plays a role in neurons and whether other regions on KCC2 are critical for internalization remains to be tested. Endocytosis of most transmembrane molecules involves post-translational modifications favoring interaction with the clathrin pathway that have not been clearly demonstrated for KCC2.

Degradation

Constitutively internalized transporters are not targeted for lysosomal degradation in HEK 293 cells (Zhao et al., 2008). Only upon increased glutamatergic activity does KCC2 undergo lysosomal degradation. This has been shown in spinal cord neurons following peripheral nerve injury (Zhou et al., 2012), in cultured hippocampal neurons and hippocampal slices upon application of the glutamate receptor agonist NMDA (Lee et al., 2011;Puskarjov et al., 2012) or interictal-like activity induced by Mg 2+ depletion (Puskarjov et al., 2012). This process has been shown to require Ca 2+ -activated calpain cleavage of the KCC2 CTD (Puskarjov et al., 2012;Zhou et al., 2012). The exact location of the proteolytic cleavage site remains unknown. However, since it was proposed that KCC2 S940 dephosphorylation is a pre-requisite for calpain cleavage (Chamma et al., 2013), the calpain cleavage site may be positioned near the S940 residue.

Phospho-Regulation of KCC2

Phosphorylation or dephosphorylation of KCC2 key tyrosine, serine or threonine residues tune KCC2 activity mainly by controlling its membrane stability. KCC2 stability and clustering at the plasma membrane is directly regulated via its CTD and notably Y1087 and Y903 residues in HEK 293 cells, GT1-7 cells and hippocampal neurons (Watanabe et al., 2009;Lee et al., 2010). Other pathways have also been identified, and their consequences on KCC2 membrane stability and function characterized (Lee et al., 2007;Rinehart et al., 2009;Heubl et al., 2017). Thus, PKC-dependent phosphorylation of KCC2 S940 was shown to increase the transporter membrane stabilization in HEK 293 cells and in hippocampal neurons (Lee et al., 2007). Interestingly, S940 phosphorylation and calpainmediated cleavage have been negatively correlated in cultured hippocampal neurons (Chamma et al., 2013). Studies in HEK 293 cells reported that T1007 phosphorylation is mediated by the serine/threonine kinase WNK1 [With No lysine (K) serinethreonine kinase 1] and its downstream effectors SPAK and OSR1 (Rinehart et al., 2009;de Los Heros et al., 2014). In contrast, T906 is not the target of WNK, SPAK or OSR1 in HEK 293 cells (de Los Heros et al., 2014;[START_REF] Zhang | Functional kinomics establishes a critical node of volume-sensitive cation-Clcotransporter regulation in the mammalian brain[END_REF]. The nature of the kinase phosphorylating T906 is still unknown [START_REF] Zhang | Functional kinomics establishes a critical node of volume-sensitive cation-Clcotransporter regulation in the mammalian brain[END_REF]. The phosphorylation of T906 and T1007 keeps E GABA depolarized by decreasing the membrane pool of KCC2 both in immature neurons [START_REF] Friedel | WNK1-regulated inhibitory phosphorylation of the KCC2 cotransporter maintains the depolarizing action of GABA in immature neurons[END_REF] as well as in mature neurons in response to reduced GABA A R activation (Heubl et al., 2017).

Other KCC2 phospho-sites have been identified in largescale phospho-proteomics studies: S31, T34, S913, S932, S988, T999, T1009 (according to human sequence; [START_REF] Cordshagen | Phosphoregulation of the intracellular termini of K + -Clcotransporter 2 (KCC2) enables flexible control of its activity[END_REF], and S25, S26, T34, S937, T1009, S1022, S1025 and S1026 [START_REF] Weber | A novel regulatory locus of phosphorylation in the C-terminus of the potassium chloride cotransporter KCC2 that interferes with N-ethylmaleimide or staurosporine mediated activation[END_REF]. Several of these sites tune KCC2 transport activity but unlike Y1087, S940, T906 and T1007, this regulation does not involve changes in total or surface expression levels of the transporter. Phosphorylation of S932, T934, S937 and dephosphorylation of T1009 enhance KCC2 transport function in HEK 293 cells [START_REF] Weber | A novel regulatory locus of phosphorylation in the C-terminus of the potassium chloride cotransporter KCC2 that interferes with N-ethylmaleimide or staurosporine mediated activation[END_REF][START_REF] Cordshagen | Phosphoregulation of the intracellular termini of K + -Clcotransporter 2 (KCC2) enables flexible control of its activity[END_REF]. Moreover, two potent KCC2 activators, N-Ethylmaleimide (NEM) and staurosporine, differentially impact KCC2 transport activity through a complex mechanism of (de)phosphorylation of several of these phospho-sites [START_REF] Weber | A novel regulatory locus of phosphorylation in the C-terminus of the potassium chloride cotransporter KCC2 that interferes with N-ethylmaleimide or staurosporine mediated activation[END_REF][START_REF] Conway | N-Ethylmaleimide increases KCC2 cotrans-porter activity by modulating transporter phosphorylation[END_REF][START_REF] Cordshagen | Phosphoregulation of the intracellular termini of K + -Clcotransporter 2 (KCC2) enables flexible control of its activity[END_REF]. Staurosporine triggers phosphorylation of S932 and dephosphorylation of T1009. The action of staurosporine on T1009 occurs indirectly by inhibiting a kinase while its effect on S932 would be due to an indirect inhibition of a phosphatase [START_REF] Cordshagen | Phosphoregulation of the intracellular termini of K + -Clcotransporter 2 (KCC2) enables flexible control of its activity[END_REF]. NEM increases the phosphorylation of S940 while it decreases the phosphorylation of T1007 [START_REF] Conway | N-Ethylmaleimide increases KCC2 cotrans-porter activity by modulating transporter phosphorylation[END_REF]. NEM is thought to dephosphorylate T1007 through the control of SPAK phosphorylation/activity [START_REF] Conway | N-Ethylmaleimide increases KCC2 cotrans-porter activity by modulating transporter phosphorylation[END_REF]. Furthermore, a complex regulatory mechanism of KCC2 activity by staurosporine and NEM likely involves a change in the transporter conformational state through the (de)phosphorylation of several, partly overlapping phospho-sites that include S31, T34 and T999 for staurosporine and S31, T34 and S932 for NEM [START_REF] Cordshagen | Phosphoregulation of the intracellular termini of K + -Clcotransporter 2 (KCC2) enables flexible control of its activity[END_REF]. The function of other phosphorylation sites (e.g., S25, S26, S1022, S1025 and S1026), however, remains unclear.

REGULATION OF KCC2 CELLULAR TRAFFICKING BY NEURONAL ACTIVITY

KCC2 mRNA, protein, and surface expression are known to be down-regulated under pathological conditions such as epilepsy or in experimental paradigms leading to enhanced excitatory activity, including long term potentiation (LTP; Wang et al., 2006a), rebound burst activity (Wang et al., 2006b), repetitive postsynaptic spiking activity (Fiumelli et al., 2005), coincident pre-and post-synaptic spiking (Woodin et al., 2003), NMDAR activation (Kitamura et al., 2008;Lee et al., 2011), and epileptiform activity (Reid et al., 2001;Rivera et al., 2004;Pathak et al., 2007;Li et al., 2008;Shimizu-Okabe et al., 2011). Most of these paradigms result in a depolarizing shift in E GABA due to a reduced KCC2 function and/or expression. Recently, KCC2 down-regulation was also observed in conditions of reduced GABAergic inhibition in mature neurons (Heubl et al., 2017). This raises questions about the cellular and molecular mechanisms controlling KCC2 activity. A mechanism has emerged that involves phospho-regulation of key KCC2 serine and threonine residues that in turn influence the membrane dynamics, clustering, endocytosis, recycling and/or degradation of the transporter (Lee et al., 2011;Puskarjov et al., 2012;Zhou et al., 2012;Chamma et al., 2013;Heubl et al., 2017).

KCC2 Downregulation by Neuronal Excitation

Under conditions of increased neuronal activity, KCC2 diffusion is rapidly increased leading to the dispersal of KCC2 clusters, transporter internalization, degradation and ultimately deficits in chloride transport (Lee et al., 2011;Puskarjov et al., 2012;Zhou et al., 2012;Chamma et al., 2013). These effects are mediated by NMDAR-dependent Ca 2+ influx, Ca 2+induced protein phosphatase 1 (PP1) dephosphorylation of KCC2 S940 and Ca 2+ -activated calpain protease cleavage of KCC2 CTD. These data suggest that deficits in KCC2 activity induced by dephosphorylation of S940 may contribute to the development of status epilepticus in vivo. However, the importance of KCC2 S940 phospho-regulation in vivo remains unclear. KCC2 dephospho-mimetic S940 (S940A) knock-in mice display normal basal KCC2 expression levels and activity in the hippocampus and do not exhibit any overt behavioral abnormality. Only in conditions of hyperactivity, S940 mice showed increased lethality to kainate-induced seizures [START_REF] Silayeva | KCC2 activity is critical in limiting the onset and severity of status epilepticus[END_REF]. It remains to be determined whether increased lethality reflects enhanced seizure severity due to altered chloride transport or a brainstem-mediated respiratory arrest. On the other hand, phosphorylation of T906/1007 inhibits KCC2 function (Rinehart et al., 2009). Mice in which T906/1007 phospho-dependent inactivation was prevented by mutation into alanine showed increased KCC2 transport function in basal conditions [START_REF] Moore | Potentiating KCC2 activity is sufficient to limit the onset and severity of seizures[END_REF]. This effect was not associated with increased KCC2 surface expression but seems to involve changes in the intrinsic properties of the transporter. Importantly, increased KCC2 function attenuates chemically-induced epileptiform activity in T906A/1007A mice, both in acute hippocampal slices and in vivo [START_REF] Moore | Potentiating KCC2 activity is sufficient to limit the onset and severity of seizures[END_REF], suggesting that enhancing KCC2 activity through T906/1007 dephosphorylation may be an effective approach in epilepsy treatment.

Implication in Glutamatergic Long-Term Potentiation

LTP of glutamatergic synapses in cortical neurons relies mainly on NMDAR activation and Ca 2+ -dependent activation of intracellular kinases such as Ca 2+ /calmodulin-dependent protein kinase II (CaMKII; [START_REF] Poncer | Hippocampal long term potentiation: silent synapses and beyond[END_REF]. Consistent with the Ca 2+dependent regulation of the transporter, persistent (>1 h) KCC2 downregulation has been reported during hippocampal LTP (Wang et al., 2006a). Reduced KCC2 function was then hypothesized to dampen GABAergic transmission and to promote LTP at excitatory synapses (e.g., [START_REF] Ferando | Diminished KCC2 confounds synapse specificity of LTP during senescence[END_REF], although this hypothesis has not been tested experimentally. Instead, chronic KCC2 knockdown by RNA interference was shown to preclude LTP expression in hippocampal neurons (Chevy et al., 2015). This effect was independent of Ca 2+ and CaMKII activation but instead involved the direct interaction of KCC2 with the Rac1-specific guanilyl exchange factor betaPIX. Loss of this interaction upon KCC2 suppression led to enhanced activation of Rac1 and its downstream effectors PAK1 and LIM kinase, which inhibit the actin-severing protein cofilin (Chevy et al., 2015;Llano et al., 2015). Thus, KCC2 suppression prevented actin depolymerization required for activity-driven AMPAR exocytosis during LTP [START_REF] Gu | ADF/cofilin-mediated actin dynamics regulate AMPA receptor trafficking during synapticplasticity[END_REF]. This effect however was observed upon chronic KCC2 knockdown. How acute downregulation of KCC2 upon physiologically induced LTP influences subsequent plasticity therefore remains to be tested.

Regulation of KCC2 by GABAergic Inhibition

Several studies have shown that KCC2 can be rapidly downregulated by enhanced neuronal activity and glutamatergic neurotransmission (see above). However, little was known until recently about the regulation of KCC2 by synaptic inhibition. A study by Woodin et al. (2003) reported that increased GABAergic transmission also leads to KCC2 downregulation. However, this study was carried out in immature neurons displaying mainly depolarizing excitatory GABA A R-mediating synaptic responses associated with activation of voltage-dependent Ca 2+ channels (VDCCs) and intracellular Ca 2+ signaling pathways (Woodin et al., 2003). Therefore, this study did not reveal regulation of KCC2 by synaptic inhibition per se but instead by excitatory GABAergic transmission.

A recent study from our group investigated the direct contribution of GABAergic inhibition in the regulation of KCC2 and chloride homeostasis in mature neurons (Heubl et al., 2017). In order to isolate the effect of GABAergic inhibition on KCC2 diffusion and membrane stability, we FIGURE 4 | Regulation of KCC2 diffusion and membrane stability by GABAergic inhibition. The impact of inhibitory activity on KCC2 diffusion was explored while blocking neuronal activity and glutamate receptors activity with the Na + channel blocker tetrodotoxin, the ionotropic glutamate receptor antagonist kynurenic acid, and the group I/group II mGluR antagonist R, S-MCPG. Chloride influx through GABA A Rs inhibits WNK1, leading to KCC2 dephosphorylation on threonines 906/1007 and membrane stabilization. Upon GABA A R blockade, reduced intracellular chloride activates WNK1 leading to KCC2 phosphorylation on threonines 906/1007 and increased KCC2 diffusion and subsequent internalization. From Heubl et al. (2017).

adjusted neuronal inhibition while blocking action potentials and glutamate receptors. In these conditions, increasing neuronal GABA A R-mediated synaptic inhibition with muscimol enhanced KCC2 diffusion constraints and membrane stability. On the other hand, GABA A R activity blockade with gabazine increased KCC2 diffusion while reducing its membrane clustering and stability (Figure 4). Although these observations reflect the influence of bath application of GABA A R agonists and antagonists on KCC2 membrane diffusion and stability, one could imagine that such regulation may also take place locally near GABAergic synapses.

The search for the signaling pathway underlying the GABA A R-dependent regulation of KCC2 demonstrated for the first time that Cl -acts as a genuine second intracellular messenger to rapidly tune inhibitory synaptic transmission (Heubl et al., 2017). Thus, lowering intracellular Cl -levels activates the Cl --sensing WNK1 kinase which in turn phosphorylates and activates the SPAK and OSR1 kinases. Activated SPAK and OSR1 phosphorylate KCC2 T1007, leading to decreased KCC2 activity (Heubl et al., 2017). Conversely, increasing [Cl -] i via photostimulation of halorhodopsin eNpHR, the light-activated microbial chloride pump, significantly reduced diffusion coefficients and increased the confinement of KCC2 transporters. This mechanism would therefore allow neurons to locally increase or decrease their KCC2 pools to match GABAergic synaptic activity and subsequent need to extrude Cl -(Figure 5). We concluded that GABAergic inhibition in mature neurons tunes itself via rapid regulation of KCC2-mediated changes in intracellular Cl -levels. Since the effect of eNpHR was observed 10 s after light exposure, diffusion-trap of KCC2 appears to be a very rapid mechanism to control Cl -homeostasis in neurons.

However, the published values of the Cl -sensitivity of WNK1 measured in an in vitro kinase assay (Piala et al.,FIGURE 5 | Homeostatic regulation of intracellular chloride via WNK1-dependent KCC2 phosphorylation. GABA A R-dependent chloride influx inhibits WNK1 kinase activity and stabilizes KCC2 in the membrane. Increased KCC2-dependent chloride extrusion can therefore counteract efficiently chloride influx due to activation of GABAergic synapses. In conditions of decreased GABA A R activation, a decrease in the intracellular chloride level activates WNK1. Subsequent increase in KCC2 diffusion (D) and loss of KCC2 in the membrane contribute to restore intracellular chloride concentration. From Heubl et al. (2017). 2014) cannot account for the activation of this signaling pathway upon GABA A R activity changes in neurons (Heubl et al., 2017). Indeed, intracellular chloride levels in these cells are expected to be in the range of 5-10 mM under control conditions, down to 4-6 mM after GABA A R blockade and up to 10-15 mM upon GABA A R activation. The IC50 of chloride was about 20 mM for WNK1 autophosphorylation [START_REF] Piala | Chloride sensing by WNK1 involves inhibition of autophosphorylation[END_REF] and 100 mM for phosphorylation of its target SPAK in an in vitro kinase assay [START_REF] Terker | Unique chloride-sensing properties of WNK4 permit the distal nephron to modulate potassium homeostasis[END_REF]. If transposable in situ, these values would suggest WNK1 would be constantly activated in neurons. Instead, we showed modulation of WNK1 activity even upon subtle intracellular chloride changes (Heubl et al., 2017). The chloride sensitivity of WNK1 in neurons remains to be determined. Additional mechanisms such as membrane translocation [START_REF] Zagórska | Regulation of activity and localization of the WNK1 protein kinase by hyperosmotic stress[END_REF] or interaction with other ion-sensitive molecules could modulate the chloride sensitivity of WNK1 upon GABA A R blockade. Further characterization of WNK1 localization and activity in neurons would therefore provide invaluable insights into how changes in osmolarity and ion concentration can tune its kinase activity.

This signaling pathway may also participate in the onset of pathological conditions. Indeed, a single subcutaneous injection of the GABA A R antagonist pentylenetetrazole (PTZ) to elicit epileptic seizures in vivo increased WNK1, SPAK and OSR1 phosphorylation/activities and promoted KCC2 T906/1007 phosphorylation, which resulted in KCC2 inhibition in neuronal cells (Heubl et al., 2017). Interestingly, PTZ injection also increased NKCC1 T203/T207/T212 phosphorylation. Considering threonine phosphorylation was shown to have opposite effects on KCC2 vs. NKCC1 activity [START_REF] Mccormick | The WNKs: atypical protein kinases with pleiotropic actions[END_REF], the downregulation of the WNK/SPAK/OSR1 pathway could be a very efficient mechanism to adjust neuronal Cl -homeostasis in disorders associated with altered inhibition like epilepsy, schizophrenia, autism and neuropathic pain.

Since KCC2 S940 residue is crucial for the regulation of KCC2 transport activity (see above), one may wonder about the interplay between KCC2 T906/1007 and S940. KCC2 diffusion was increased upon gabazine application even when S940 was mutated to aspartate, indicating that threonine phosphorylation can destabilize KCC2 in the membrane independently of its S940 phospho-status (Heubl et al., 2017). On the other hand, NMDAR-dependent S940 dephosphorylation in neurons in which KCC2 T906/1007 were mutated into alanine also destabilizes KCC2 independently of the threonine phosphorylation status. Hence, the kinase pathways involved in KCC2 regulation by GABAergic inhibition and neuronal excitation appear to be largely independent.

Impact at Glutamatergic Synapses

Several studies showed that, in addition to its role in setting [Cl -] i in mature neurons, KCC2 also influences spine head volume as well as the efficacy of glutamatergic neurotransmission (e.g., Gauvain et al., 2011;Chevy et al., 2015). KCC2-mediated spine head volume regulation may rely on water fluxes associated with ion transport, as demonstrated for KCC- (Zeuthen, 1991a,b) and NKCC-mediated transport in epithelial cells [START_REF] Hamann | Water permeability of Na + -K + -2Clcotransporters in mammalian epithelial cells[END_REF]. Instead, the effect of KCC2 on glutamatergic transmission was shown to depend on its interaction with actin-related proteins (Gauvain et al., 2011). Thirty minutes of GABA A R blockade with gabazine also induced dendritic spine swelling while GABA A R activation with muscimol had no effect on dendritic spines (Heubl et al., 2017). The effect of gabazine is reminiscent of what was observed upon chronic KCC2 knockdown or pharmacological blockade. Spine swelling upon KCC2 blockade may thus result from ion and water influx associated with ionotropic receptor activation. Under basal activity, the number of opened receptors is low in hippocampal cultures, with spontaneous EPSP frequency ranging 20-50 Hz. However, gabazine-induced spine swelling occurred on a much faster time scale than with ionotropic glutamate receptors blockade (Gauvain et al., 2011;Heubl et al., 2017). Another mechanism could therefore be at play in the gabazine effect. WNK kinases regulate KCC2 and NKCC1 in opposite directions. Activation of WNK1 in conditions of reduced neuronal inhibition possibly leads to KCC2 removal from the plasma membrane while in the meantime NKCC1 is stabilized at the membrane [START_REF] Vitari | Functional interactions of the SPAK/OSR1 kinases with their upstream activator WNK1 and downstream substrate NKCC1[END_REF][START_REF] Mccormick | The WNKs: atypical protein kinases with pleiotropic actions[END_REF]. Therefore, spine head swelling observed upon gabazine application may primarily involve increased NKCC1 membrane stabilization and water influx [START_REF] Zeuthen | Cotransport of water by Na + -K + -2Clcotransporters expressed in Xenopus oocytes: NKCC1 versus NKCC2[END_REF]. NKCC1 being very efficient in mediating water influx, this might explain the rapidity of the gabazine effect on dendritic spines as compared to that observed upon KCC2 blockade only (Figure 6). It would be interesting to directly test NKCC1 involvement in spine swelling upon gabazine application, for instance using the NKCC1 blocker bumetanide.

KCC2 knockdown leads to actin reorganization in spine heads (Chevy et al., 2015). Thus, reduced KCC2 content at the plasma membrane potentially weakens the molecular barrier formed by KCC2 in dendritic spines. This could in turn increase AMPAR escape from spines and reduce the efficacy of glutamatergic synapses as shown upon KCC2 knockdown (Gauvain et al., 2011). Therefore, we predict that KCC2 membrane removal upon reduced GABA A R activity may act to homeostatically adjust GABAergic and glutamatergic synaptic transmission.

Implication in Energy Loss

The regulation of KCC2 may not only permit a rapid reaction to changes in [Cl -] i but also preserve energy consumption. Thus, the loss of KCC2 in conditions of decreased GABA A Rdependent Cl -influx would maintain membrane KCC2 at minimal levels required to keep E GABA hyperpolarized. Indeed, for every Cl -ion extruded by KCC2, the transporter uses the energy of the electrochemical gradient of one potassium ion. The Na + /K + ATPase that generates the potassium transmembrane gradient is the main energy consumer in the brain [START_REF] Buzsáki | Inhibition and brain work[END_REF][START_REF] Harris | Synaptic energy use and supply[END_REF][START_REF] De Lores Arnaiz | Brain Na + , K + -ATPase activity in aging and disease[END_REF]. Even though the highest energetic cost of the Na + /K + -ATPase is used to restore transmembrane potential upon action potential discharge [START_REF] Harris | Synaptic energy use and supply[END_REF][START_REF] Howarth | Updated energy budgets for neural computation in the neocortex and cerebellum[END_REF], maintaining low [Cl -] i is associated with high metabolic cost (Kaila et al., 2014). Kaila et al. (2014) raising the hypothesis that ''the downregulation of KCC2 following neuronal trauma may be part of a general adaptive cellular response that facilitates neuronal survival by reducing the energetic costs that are needed to preserve low [Cl -] i ''. Under physiological conditions, rapid redistribution of KCC2 in the membrane could allow neurons to save energy by keeping surface KCC2 molecules at the minimum required density.

In conclusion, normal and pathological excitatory and inhibitory activities rapidly tune KCC2 function at both inhibitory and excitatory synapses. This regulation occurs through phosphorylation-induced changes in KCC2 membrane diffusion, clustering, endocytosis, recycling or degradation. Although alterations in excitatory and inhibitory signaling might have similar effects on KCC2 cellular trafficking and function, the underlying molecular mechanisms are distinct and involve Ca 2+ vs. Cl -signaling cascades and key serine and threonine KCC2 residues. The recent discovery of activity-dependent regulation of KCC2 by the Cl --dependent WNK/SPAK/OSR1 signaling pathway is of particular interest in the pathology since it controls simultaneously KCC2 and NKCC1 in opposite directions. Further investigation will tell whether targeting this signaling pathway efficiently restores chloride homeostasis and synaptic inhibition in epilepsy, neuropathic pain and various neuropsychiatric disorders.

Introduction

The main inhibitory neurotransmitter receptors in the central nervous system (CNS) are type A γ-aminobutyric acid receptors (GABA A R) and glycine receptors (GlyR). Upon activation, GABA A R and GlyR selectively conduct Cl --and, to a lesser extent, bicarbonate -through their pore. The direction of Cl -flux through the channels depends on the transmembrane electrochemical chloride gradient. Two members of the cation-chloride co-transporter (CCC) family (which is composed of nine members encoded by the genes Slc12a1-9) play a prominent role in controlling intra-neuronal chloride concentration ([Cl -] i ): the Na + / K + /2Cl -co-transporter 1 (NKCC1) and the K + /Cl -co-transporter 2 (KCC2). NKCC1 and KCC2 are secondary active transporters, using the electrochemical gradients generated by the Na + /K + ATPase (Fig. 1). Therefore, the net ion flux they carry primarily depends on transmembrane Na + , K + and Cl -gradients and should be expected to be reversible. However, whereas KCC2 functions near thermodynamic equilibrium and may extrude or import chloride depending on extracellular K + and intracellular Cl -concentration, NKCC1 mediates ion influx in most cell types and under most physiological conditions [START_REF] Russell | Sodium-potassium-chloride cotransport[END_REF]. Therefore, it is generally assumed that NKCC1 and KCC2 are primarily a chloride importer and extruder, respectively, at least under resting conditions.

The structural organization of KCC2 and NKCC1 is similar and comprises 12 transmembrane domains (TMs), six extracellular loops (ECL), as well as intracellular N-and C-termini (Hartmann and Nothwang, 2015) (Fig. 1). TMs are required for ion translocation and are therefore highly conserved in KCC2 and NKCC1 [START_REF] Gamba | Molecular physiology and pathophysiology of electroneutral cationchloride cotransporters[END_REF][START_REF] Payne | Primary structure, functional expression and chromosomal localization of the bumetanide-sensitive Na-K-Cl cotransporter in human colon[END_REF][START_REF] Payne | Molecular characterization of putative K -Cl cotransporter in rat brain[END_REF][START_REF] Somasekharan | Loop diuretic and ion-binding residues revealed by scanning mutagenesis of transmembrane helix 3 (TM3) of Na-K-Cl cotransporter (NKCC1)[END_REF]. In contrast, KCC2 and NKCC1 differ by the position of a long extracellular loop (LEL) https://doi.org/10.1016/j.neuropharm.2019.03.014 Received 5 October 2018;Received in revised form 26 February 2019;Accepted 10 March 2019 between TM5 andTM6 in KCC2, andbetween TM7 andTM8 in NKCC1 (Gamba, 2005;[START_REF] Payne | Primary structure, functional expression and chromosomal localization of the bumetanide-sensitive Na-K-Cl cotransporter in human colon[END_REF][START_REF] Payne | Molecular characterization of putative K -Cl cotransporter in rat brain[END_REF]. The intracellular N-and Ctermini of KCC2 and NKCC1 carry regulatory sequences and phosphorylation sites. In addition, the C-terminus of KCC2 contains a motif responsible for the isotonic activity of the transporter (Acton et al., 2012;[START_REF] Bergeron | Identification of key functional domains in the C terminus of the K+-Cl-cotransporters[END_REF]Mercado et al., 2006). KCC2 and NKCC1 Nand C-termini also participate in the regulation of membrane trafficking (Lee et al., 2010(Lee et al., , 2007;;Zhao et al., 2008), basolateral and apical sorting in polarized cells [START_REF] Carmosino | Exon loss accounts for differential sorting of Na-K-Cl cotransporters in polarized epithelial cells[END_REF] and oligomerization (Casula et al., 2009(Casula et al., , 2001;;[START_REF] Parvin | Regions in the cytosolic C-terminus of the secretory Na+-K +-2Cl-cotransporter NKCC1 are required for its homodimerization[END_REF]Simard et al., 2004;Warmuth et al., 2009). Furthermore, two KCC2 and NKCC1 (a and b) isoforms have been identified, which differ by the presence of additional amino acid sequences in KCC2a and NKCC1a on their N-and Ctermini respectively (Fig. 1).

While other CCCs such as NKCC2 and NCC are mostly expressed in the kidney where they regulate salt re-absorption [START_REF] Kahle | Phosphoregulation of the Na-K-2Cl and K-Cl cotransporters by the WNK kinases[END_REF][START_REF] Russell | Sodium-potassium-chloride cotransport[END_REF], NKCC1 is ubiquitously expressed [START_REF] Plotkin | Expression of the Na(+)-K(+)-2Cl-cotransporter BSC2 in the nervous system[END_REF]. In the CNS, NKCC1 is highly expressed in immature neurons and its expression level decreases during neuronal maturation in some but not all brain regions including the hippocampus (reviewed in Watanabe and Fukuda, 2015). In fact, the relatively high level of NKCC1 detected at adult stage is contentious with the global idea of a downregulation of NKCC1 during development [START_REF] Yamada | Cl-uptake promoting depolarizing GABA actions in immature rat neocortical neurones is mediated by NKCC1[END_REF], reviewed by Kaila et al., 2014). In contrast to other KCCs, KCC2 is almost exclusively restricted to the CNS and is constitutively active under isotonic conditions (Acton et al., 2012;Mercado et al., 2006;[START_REF] Strange | Dependence of KCC2 K-Cl cotransporter activity on a conserved carboxy terminus tyrosine residue[END_REF]. The developmental upregulation of KCC2 expression is responsible for the early postnatal depolarizing shift in the polarity of GABAergic and glycinergic transmission in the CNS (Rivera et al., 1999). In addition to its function in inhibitory neurotransmission, KCC2 has been shown to play a role in dendritic spine formation and maturation (Li et al., 2007a;Fiumelli et al., 2005;[START_REF] Awad | KCC2 regulates dendritic spineformation in a brain-region specific and BDNF dependent manner[END_REF] as well as in excitatory glutamatergic synaptic transmission and plasticity (Gauvain et al., 2011;Chevy et al., 2015).

In the adult CNS, pathological alterations of KCC2 and NKCC1 expression and/or function lead to a depolarizing shift in GABA signaling, which may underlie anomalous network activities. Several studies have reported a down-regulation of KCC2 and an up-regulation of NKCC1, resulting in increased [Cl -] i that promote depolarization/excitation in several neurological disorders such as neuropathic pain, spinal cord injury and epileptic disorders (reviewed in [START_REF] Di Cristo | KCC2, epileptiform synchronization, and epileptic disorders[END_REF]). Drugs aimed at reducing neuronal [Cl -] i therefore represent a promising therapeutic strategy. Although the expression of CCCs is regulated both at the transcriptional and posttranslational levels, mechanisms controlling their membrane stability also rapidly influence their net function and therefore offer novel opportunities for pharmacological intervention. Here we will review experimental evidence supporting the role of lateral diffusion and clustering in the functional regulation of the KCC2 transporter and discuss how similar mechanisms may apply to other CCCs such as NKCC1.

KCC2 clustering

KCC2 is clustered in the somato-dendritic plasma membrane of cortical neurons (Gauvain et al., 2011;Barthó et al., 2004;Chamma et al., 2013Chamma et al., , 2012;;Gulyás et al., 2001;Heubl et al., 2017;Hübner et al., 2001;Watanabe et al., 2009). In these cells, most clusters are found near both excitatory and inhibitory synapses, with no preferential enrichment at one vs. the other (Chamma et al., 2013). Ultrastructural studies reported transporter accumulation at the periphery of excitatory synapses within dendritic spines as well as along the dendritic shaft (Báldi et al., 2010;Gulyás et al., 2001). However, these studies lacked a quantitative analysis. The use of quantitative electron microscopy or super-resolution microscopy is thus required to more precisely evaluate the subcellular localization of KCC2 in the neuronal membrane.

Clustering mechanisms

Oligomerization and actin-binding

Several mechanisms may account for KCC2 aggregation. Oligomerization-induced trapping was proposed to be involved in -or result from -protein activation (for review see [START_REF] Kusumi | Paradigm shift of the plasma membrane concept from the two-dimensional continuum fluid to the partitioned fluid: high-speed singlemolecule tracking of membrane molecules[END_REF]). KCC2 is known to form homo-and hetero-oligomers with other CCC family members (Blaesse et al., 2006;Simard et al., 2007;Uvarov et al., 2009). The expression of KCC2 Tyrosine 1087 phosphorylation mutants induced a loss of transporter oligomerization and function without a change in its membrane expression (Watanabe et al., 2009), suggesting a link between oligomerization, clustering and function. Multimeric assembly of KCC2 with other membrane proteins via low-energy interactions could also regulate KCC2 function in neuronal plasma membrane [START_REF] Goldman | Size and composition of membrane protein clusters predicted by Monte Carlo analysis[END_REF][START_REF] Marguet | Dynamics in the plasma membrane: how to combine fluidity and order[END_REF]. For instance, KCC2 assembly with the kainate-sensitive glutamate receptor GluK2 subunit or with Neuropilin and tolloid like-2 (Neto-2), the auxiliary subunit of the kainate receptor, increases its oligomerization and Cl - transport function in hippocampal neurons (Ivakine et al., 2013;Mahadevan et al., 2014;Pressey et al., 2017). However, it is difficult to conclude that the formation of a multimeric complex increases KCC2 function since it is always associated with an increase of its surface expression.

KCC2 binds to the actin cytoskeleton in neurons through interaction of its carboxy-terminal domain (CTD) with protein 4.1N (Li et al., 2007a). The relief of KCC2 diffusion constraints observed upon either 4.1N knockdown by RNA interference, overexpression of the KCC2-CTD, or actin depolymerisation with Latrunculin A suggests that a subpopulation of transporters may be anchored near excitatory synapses via KCC2-4.1N-actin interaction (Chamma et al., 2013). However, cytoskeleton tethering to the membrane does not appear to be responsible for KCC2 cluster formation per se, and might instead influence the specific localization of a sub-population of KCC2 clusters (Chamma et al., 2013).

Lipid rafts

What molecular mechanism other than actin anchoring may be responsible for KCC2 clustering? KCC2 has been shown to associate with lipid rafts (Hartmann et al., 2009;Watanabe et al., 2009), as do numerous synaptic transmembrane proteins such as GABA A Rs (Li et al., 2007b) or AMPARs [START_REF] Hou | Regulation of AMPA receptor localization in lipid rafts[END_REF]. Lipid raft-dependent segregation is thought to provide mobile signaling platforms that influence clustering and function of plasma membrane molecules [START_REF] Pike | The challenge of lipid rafts[END_REF][START_REF] Tillman | Effects of membrane lipids on ion channel structure and function[END_REF]. A study on the modulation of the serotonin reuptake transporter (SERT) by lipid raft association and cytoskeleton tethering showed increased transport activity when SERT was localized into lipid rafts. Interestingly, actin filament disruption increased the lateral diffusion of the transporter that however remained localized in lipid rafts [START_REF] Chang | Single molecule analysis of serotonin transporter regulation using antagonist-conjugated quantum dots reveals restricted, p38 MAPK-dependent mobilization underlying uptake activation[END_REF]. The cytoskeleton anchoring of SERTcontaining lipid rafts was shown to rely on SERT interaction with intracellular partners, which can be modulated by phosphorylation. Hence, a complex interplay between phosphorylation, cytoskeleton tethering and lipid raft association seems to regulate the localization, diffusion and function of the transporter. Regarding KCC2, two studies focused on the interplay between KCC2 clustering and lipid raft association (Watanabe et al., 2009;Hartmann et al., 2009). Both groups found the transporter within lipid rafts but reached opposing conclusions regarding its functional impact. Thus, Watanabe et al. showed that KCC2 distribution in neurons switched from punctate to diffuse upon lipid raft disruption while KCC2 activity decreased, suggesting that localization in lipid rafts increases KCC2 transport activity (Watanabe et al., 2009). Hartmann et al. on the other hand observed increased KCC2 transport and aggregation upon lipid raft disruption in HEK-293 cells (Hartmann et al., 2009). In these cells, however, lipid raft disruption also increased KCC2 surface expression, which complicates the interpretation of these observations. Therefore, how KCC2 clustering in lipid rafts influences its transport function remains unclear.

Collectively, these data suggest that distinct KCC2 subpopulations may differentially associate with lipid rafts. In addition, interaction between KCC2 and actin cytoskeleton may tether KCC2-containing lipid-raft platforms to specific plasma membrane domains where local molecular partners form functional complexes. Phosphorylation of the transporter may then regulate KCC2 binding to intracellular partners and targeting to lipid rafts. It would be interesting to characterize in more detail how and under which conditions KCC2 accumulates in lipid rafts and whether KCC2-containing lipid rafts are associated with synaptic or extrasynaptic markers, as shown for GABA A Rs (Li et al., 2007b).

Clustering function

Clustering may help to localize and/or stabilize transporters in submembrane compartments e.g. near excitatory synapses or to form a barrier in dendritic spines surrounding glutamatergic PSDs. The enrichment of KCC2 near excitatory synapses raises the question of whether the transporter is active in dendritic spines? Addressing the function of an electroneutral transporter at the subcellular level is extremely challenging. However, we have obtained indirect evidence that KCC2 is functional in dendritic spines. In experiments where KCC2 function was blocked using a specific KCC2 antagonist, we observed spine head swelling with no change in spine length or density (Gauvain et al., 2011). This effect is consistent with local changes in osmotic pressure due to the loss of solute export in spine heads. Importantly, this effect was independent of the structural role of KCC2 on spine actin cytoskeleton, as this effect was not observed by preventing KCC2 interaction with actin. Whether and to which extent dendritic shaft chloride concentration is influenced by KCC2 function in spines remains unknown. However, it is remarkable that modeling data suggest that the presence of dendritic spines impacts chloride diffusion in dendritic compartments [START_REF] Mohapatra | Spines slow down dendritic chloride diffusion and affect shortterm ionic plasticity of GABAergic inhibition[END_REF]. How KCC2 further contributes to this effect remains unknown.

Could KCC2 clustering modulation account for local changes in intra-neuronal chloride concentrations? Chloride is not uniformly distributed along neurites [START_REF] Doyon | Efficacy of synaptic inhibition depends on multiple, dynamically interacting mechanisms implicated in chloride homeostasis[END_REF]Price and Trussell, 2006;[START_REF] Waseem | Genetically encoded Cl-Sensor as a tool for monitoring of Cl-dependent processes in small neuronal compartments[END_REF]. Using computational models and N-(ethoxycarbonylmethyl)-6-methoxy-quinolinium bromide (MQAE) -based fluorescence life time imaging microscopy (FLIM) in mature neurons, Doyon et al. showed that [Cl -] i increased proportionally to the distance from the soma. They suggested that the specific geometry of the dendrites may hinder chloride diffusion, while chloride concentration at the soma remains clamped. This somato-dendritic chloride gradient was abolished by inhibition of KCC2 or blockade of GABAergic neurotransmission [START_REF] Doyon | Efficacy of synaptic inhibition depends on multiple, dynamically interacting mechanisms implicated in chloride homeostasis[END_REF], suggesting that KCC2 function is necessary to establish the gradient.

Simulation of intra-neuronal chloride concentrations suggested that the activation of a single GABAergic synapse can lead to a local change in [Cl -] i of about 5 mM [START_REF] Doyon | Efficacy of synaptic inhibition depends on multiple, dynamically interacting mechanisms implicated in chloride homeostasis[END_REF]. A single focal synapse activation at 50 Hz could therefore influence the response of neighbouring GABAergic synapses within a distance of 50 μm [START_REF] Doyon | Efficacy of synaptic inhibition depends on multiple, dynamically interacting mechanisms implicated in chloride homeostasis[END_REF][START_REF] Jedlicka | Computational modeling of GABAA receptor-mediated Paired-pulse inhibition in the dentate gyrus[END_REF]. In these simulations however chloride diffusion was assumed to be similar to that measured in water (2.03 μm 2 /ms). In addition, the influence of intracellular or extracellular matrix proteins on [Cl -] i via the Gibbs-Donan effect [START_REF] Glykys | Local impermeant anions establish the neuronal chloride concentration[END_REF] as well as local chloride attraction by positive charges such as polyamines were ignored. Estimated diffusion may then be overestimated in these models, suggesting that even stronger local chloride accumulation may occur near activated inhibitory synapses. Therefore, increasing or decreasing CCC clustering near synapses may rapidly and efficiently modulate [Cl -] i .

Lateral diffusion regulates membrane protein trafficking

Protein diffusion in the neuronal plasma membrane was first evidenced for neurotransmitter receptors and this mechanism was shown to be of particular interest in the context of synaptic transmission and plasticity (Choquet and Triller, 2013;[START_REF] Triller | New concepts in synaptic biology derived from singlemolecule imaging[END_REF]. In brief, receptors are randomly exocytosed in the plasma membrane where they diffuse until they get trapped by the postsynaptic scaffold that anchors them to the sub-membrane cytoskeleton. Pools of synaptic and extrasynaptic receptors undergo a continuous and reciprocal exchange that can be rapidly regulated by neuronal activity, thereby modulating the density of synaptic receptors. Here, we will discuss the relevance of lateral diffusion as a novel mechanism to regulate KCC2 activity, and the importance of cluster formation and maintenance in this context.

Brownian-type motion and confinement

KCC2 membrane diffusion was studied using quantum-dot-based single particle tracking (QD-SPT) (Chamma et al., 2013). SPT is an immunocytochemistry-based method which allows following the movements of individual molecules at the surface of living cells, and to detect heterogeneities in the diffusion behaviors of independent molecules. This technique therefore provides accurate information about the influence of microstructures that restrict diffusion, and of local interactions that retain proteins and confines them to a given space [START_REF] Triller | New concepts in synaptic biology derived from singlemolecule imaging[END_REF]. SPT consists in following fluorescent markers that are bound to the protein of interest in a specific manner through a linker, usually an antibody recognizing an extracellular epitope of the endogenous protein or a tag (e.g. HA, Flag, GFP) inserted in the extracellular region of the recombinant protein. Several criteria are required for efficient protein-linker coupling: nanomolar affinity between the protein, the linker, and the marker to ensure the stability of the protein-linker-marker complex, and a stoichiometry that enables oneto-one interaction between the protein of interest and the marker [START_REF] Triller | New concepts in synaptic biology derived from singlemolecule imaging[END_REF][START_REF] Pinaud | Probing cellular events, one quantum dot at a time[END_REF]. Moreover, the photostability of the fluorescent marker determines the maximal time of acquisition (due to photobleaching). The high photostability and signalto-noise-ratio of QDs allow to follow single molecules for long duration with a QD localization accuracy of 5-10 nm [START_REF] Dahan | Diffusion dynamics of glycine receptors revealed by single-quantum dot tracking[END_REF]. Following QD labeling, real time movies are acquired and QD tracking and trajectory reconstructions are performed with homemade software (MATLAB; MathWorks) as described previously [START_REF] Bonneau | Single quantum dot tracking based on perceptual grouping using minimal paths in a spatiotemporal volume[END_REF]. Then, the center of the fluorescence spots is determined with a spatial accuracy of 5-10 nm by cross-correlating the image with a Gaussian fit of the point spread function (for details, see [START_REF] Triller | New concepts in synaptic biology derived from singlemolecule imaging[END_REF]. Trajectories are classified as synaptic when they overlapped with the synaptic mask of gephyrin or homer1c fluorescent clusters to identify excitatory and inhibitory synapses, respectively, or extrasynaptic for spots two pixels (∼380 nm) away. Analysis of reconstructed trajectories gives access to diffusion speed, confinement index and dwell time of tracked molecules in a given sub-cellular compartment.

Analysis of hundreds of KCC2 trajectories at the surface of hippocampal cultured neurons revealed a reduced diffusion coefficient and an increased confinement of the transporter near both excitatory glutamatergic and inhibitory GABAergic synapses as compared to extrasynaptic areas where transporters display Brownian-type motion (Chamma et al., 2013(Chamma et al., , 2012;;Heubl et al., 2017) (Fig. 2). Transporters are temporarily immobilized near synapses and can escape the perisynaptic zone by lateral diffusion to explore neighbouring membrane areas. This is reminiscent of the neurotransmitter receptors diffusive behaviour (Choquet and Triller, 2013;[START_REF] Triller | New concepts in synaptic biology derived from singlemolecule imaging[END_REF]. KCC2, however, diffused faster at excitatory and inhibitory synapses (∼1.9 fold and 1.6 fold, respectively) as compared to AMPARs and GABA A Rs (Table 1).

Increased confinement near excitatory and inhibitory synapses may lead to local KCC2 accumulation. Interestingly, the vast majority of KCC2 clusters are detected near synapses, where KCC2 confinement is also the highest (Chamma et al., 2013). Furthermore, most experimental paradigms (see below) known to increase KCC2 diffusion also induce cluster dispersion and loss. Therefore, KCC2 clustering requires a constant exchange between pools of mobile transporters in the extrasynaptic membrane and pools of less mobile transporters near synapses. A dynamic equilibrium between these pools of transporters may be rapidly modified to locally increase or decrease transporter clustering and thereby influence local, intra-neuronal chloride levels.

Molecular crowding and anchoring to cytoskeleton

Several factors are hindering the diffusion of trans-membrane proteins in biological membranes. These include transient interactions with proteins present in the membrane [START_REF] Marguet | Dynamics in the plasma membrane: how to combine fluidity and order[END_REF], direct immobilization through stable molecular interactions [START_REF] Gerrow | Synaptic stability and plasticity in a floating world[END_REF], and/or corralling of membrane proteins by matrix-bound or aggregating proteins [START_REF] Lippincott-Schwartz | Studying protein dynamics in living cells[END_REF]. Lateral diffusion of a protein also depends on its size [START_REF] Ramadurai | Lateral diffusion of membrane proteins[END_REF]. Thus, the diffusion of a protein within an oligomeric complex will be reduced compared to that of a freely-moving molecule. Furthermore, lateral diffusion is limited by the concentration of obstacles in the plasma membrane [START_REF] Saxton | Single-particle tracking: applications to membrane dynamics[END_REF]. In a very crowded environment, such as the postsynaptic membrane, most particles are slowed down and confined (Renner et al., 2009a;Renner et al., 2012;Renner et al., 2009b). Some proteins may also undergo specific interaction with scaffolding molecules that anchor them to the sub-membrane cytoskeleton. In this case, diffusion speed is also reduced, and confinement increased (Choquet and Triller, 2013).

To gain insight into the influence of obstacles and interactions with scaffolding molecules on KCC2 diffusion, the diffusion properties of KCC2 were compared to that of NCAM120, a glycosylphosphatidyl inositol (GPI)-anchored neural cell adhesion protein, that lacks intracellular domain [START_REF] Rønn | The neural cell adhesion molecule (NCAM) in development and plasticity of the nervous system[END_REF] and displays no preferential synaptic accumulation. Compared to KCC2, NCAM120 diffusion coefficient was increased by ∼2 fold near glutamatergic and GA-BAergic synapses, but NCAM120 still showed reduced diffusion and increased confinement at inhibitory and excitatory synapses as compared to extrasynaptic zone, indicative of molecular crowding (Renner et al. 2009a(Renner et al. , 2012) ) (Table 1). The synaptic dwell time which informs on protein-scaffold tethering (Renner et al., 2012) revealed that KCC2 spends more time near excitatory synapses than near inhibitory synapses, suggesting higher tethering near glutamatergic synapses. Compared to NCAM120, which is not specifically enriched at excitatory synapses, KCC2 dwell time was drastically increased (∼5 fold), indicating KCC2 tethering near glutamatergic synapses. Although the diffusion coefficient of KCC2 was significantly (∼2 fold) higher than that of AMPARs, KCC2 dwell time was only slightly lower (∼1.6 fold) than that of AMPARs. There is no correlation between the diffusion coefficient and the dwell time (Renner et al., 2012). The lateral diffusion of a protein is hindered by the presence of diffusion barriers such as pickets and fences. The explored area and dwell time, but not diffusion coefficient, are correlated with the synaptic trapping and concentration of molecules. This means that although KCC2 moves rapidly in the membrane (faster than AMPARs), transporters are captured by the scaffold enriched at/near excitatory synapses (almost as efficiently as AMPARs which are known to interact with actin scaffold). In contrast, the dwell times of KCC2 and of NCAM120 did not significantly differ near inhibitory synapses (Table 1). Collectively, these results show that KCC2 specifically interacts with scaffolding molecules at excitatory glutamatergic synapses. Therefore, KCC2 undergoes a diffusion-trapping mechanism at/near excitatory synapses but not at/ near inhibitory synapses. This is consistent with the recent characterization of the KCC2 interactome showing that KCC2 interacts with more proteins located at excitatory synapses than at inhibitory synapses (Mahadevan et al., 2017).

Excitatory and inhibitory synapses differ in the composition of their associated cytoskeleton, with filamentous actin highly enriched in dendritic spines, which harbour most excitatory synapses [START_REF] Korobova | Molecular architecture of synaptic actin cytoskeleton in hippocampal neurons reveals a mechanism of dendritic spine morphogenesis[END_REF]. Interactions with sub-membrane actin cytoskeleton likely contributes to hinder KCC2 diffusion near excitatory synapses. An initial study by Li et al. showed that the CTD of KCC2 interacts with actin via protein 4.1N and that this interaction is involved in spine morphogenesis (Li et al., 2007a). Overexpression of KCC2-CTD as a dominant negative inhibitor of KCC2-4.1N interaction, knockdown of 4.1N by RNA interference or inhibition of actin polymerization using Latrunculin A increased KCC2 diffusion and decreased its dwell time near excitatory (∼2-5 fold) but not inhibitory synapses (Chamma et al., 2013). This indicates that KCC2 is tethered near excitatory synapses and in dendritic spines, but not near inhibitory synapses, via interaction of its CTD with 4.1N and the actin cytoskeleton. Since the discovery of the KCC2-4.1N interaction, several actin-related proteins have been shown to interact with KCC2 (Chevy et al., 2015;Llano et al., 2015;Mahadevan et al., 2017), suggesting that additional KCC2 interactors may participate in KCC2 recruitment at excitatory synapses at rest and upon synaptic activity.

What is the implication of a dynamic regulation of KCC2 tethering at the periphery of glutamatergic synapses? This may contribute to both dendritic spine morphology and excitatory synaptic function and plasticity. Direct KCC2 interaction with actin-associated proteins (such as 4.1N) contributes to form a molecular barrier hindering the lateral diffusion of transmembrane proteins within dendritic spines (Gauvain et al., 2011). Disrupting this barrier by knocking down KCC2 expression or preventing its interaction with intracellular partners promotes AMPA receptor lateral diffusion and disperses the perisynaptic reserve pool of receptors and, subsequently, the synaptic pool, leading to reduced efficacy of glutamatergic synapses. On the other hand, KCC2 binding to proteins controlling actin polymerization (such as the guanine exchange factor βPIX) controls spine actin cytoskeleton (Chevy et al., 2015;Llano et al., 2015). Changes in KCC2 diffusion and clustering near excitatory synapses are then likely to further influence synaptic plasticity at active synapses (Chevy et al., 2015). Therefore, the dynamic regulation of KCC2 may be particularly relevant for the physiological regulation of excitatory glutamatergic transmission.

Activity-dependent regulation of KCC2

KCC2 expression and function are regulated by both excitatory and inhibitory synaptic activity. In most cases, enhanced physiological (Lee et al., 2011;Kitamura et al., 2008;Wang et al., 2006;Fiumelli et al., 2005;Woodin et al., 2003) or pathological (Shimizu-Okabe et al., 2011;Li et al., 2008;Pathak et al., 2007;Rivera et al., 2004;Reid et al., 2001) neuronal activity have been shown to down-regulate KCC2 expression and activity, further altering the excitation/inhibition balance and promoting pathological activities. Recently, KCC2 down-regulation was also observed in conditions of reduced GABAergic inhibition in mature neurons (Heubl et al., 2017). Several cellular and molecular mechanisms underlying activity-dependent KCC2 down-regulation have been identified and lateral diffusion was shown to represent a rapid mechanism for adapting cell surface KCC2 function to changes in activity (Chamma et al., 2013;Heubl et al., 2017).

Regulation by glutamatergic activity

KCC2 is rapidly down-regulated by enhanced neuronal activity and glutamatergic neurotransmission in mature hippocampal neurons (Chamma et al., 2013;Lee et al., 2011;Wang et al., 2006). NMDARinduced Ca 2+ -influx leads to PP1-dependent KCC2 Serine 940 (S940) dephosphorylation and KCC2-CTD cleavage by Ca 2+ -activated protease calpain (Lee et al., 2011;Puskarjov et al., 2012;Zhou et al., 2012). This in turn increases endocytosis and degradation of KCC2 and intra-neuronal chloride concentration. In this context, lateral diffusion contributes to the regulation of KCC2 membrane stability and neuronal Cl - homeostasis (Chamma et al., 2013) (Fig. 3). Increasing glutamatergic synaptic activity enhanced KCC2 mobility within minutes while reducing its confinement. This effect was blocked by preventing S940 dephosphorylation or calpain-dependent cleavage of the transporter, suggesting S940 dephosphorylation and dispersion of KCC2 clusters may be a prerequisite for Ca 2+ -activated calpain cleavage. Interestingly, even in the presence of a membrane-permeable dynamin inhibitory peptide which blocked KCC2 endocytosis, KCC2 diffusion still increased upon enhanced glutamatergic synaptic activity, indicating that altered transporter diffusion precedes its removal from the membrane. ). Adapted from (Chamma et al., 2013). Quantifications from 2 to 5 independent experiments. Numbers between brackets indicate the numbers of QDs and experiments analyzed. Data for KCC2 and GABA A R are from (Chamma et al., 2013;[START_REF] Lévi | Benzodiazepine ligands rapidly influence GABAA receptor diffusion and clustering at hippocampal inhibitory synapses[END_REF]; those for NCAM120 and AMPAR (unpublished data from our laboratory). N.D. not determined; N.A. not applicable.

Regulation by GABAergic inhibition

A rapid regulation of KCC2 membrane trafficking and function by GABA A R-dependent inhibition was also recently demonstrated in hippocampal neurons (Heubl et al., 2017). GABA A R activation decreases KCC2 diffusion coefficient thereby increasing its membrane confinement and stability. Conversely, GABA A R blockade increases KCC2 mobility while reducing its surface clustering, stability and activity (Heubl et al., 2017). This mechanism may serve for "self-tuning" GABAergic signaling via rapid regulation of KCC2-mediated Cl -export (Fig. 3). The underlying molecular mechanism was shown to be independent of Ca 2+ signaling and KCC2 S940 phosphorylation but instead involved Cl -itself acting as a second intracellular messenger in this regulation. Thus, increasing [Cl] i using the selective KCC2 inhibitor VU0463271 or local photo-stimulation of the chloride pump halorhodopsin confined KCC2 in the neuronal membrane. Reciprocally, lowering [Cl] i by substituting extracellular Cl -with methanesulfonate relieved KCC2 diffusion constraints. Since KCC2 confinement increased within tens of seconds after halorhodopsin photo-stimulation (Heubl et al., 2017), lateral diffusion is probably among the first cellular mechanisms modulating chloride homeostasis. GABA A R-dependent modulation of KCC2 diffusion involved the Cl --sensing serine/threonine kinase WNK1 (With No lysine (K) serine-threonine kinase 1) and its effectors, the kinases SPAK (STE20/SPS1-related, proline alanine-rich kinase) and OSR1 (Oxydative stress response 1). The GABA A R-mediated activation of the WNK1/SPAK/OSR1 signaling pathway in turn promoted the phosphorylation of KCC2 at positions T906 and T1007 (Heubl et al., 2017), which is known to result in KCC2 inhibition (Rinehart et al., 2009;[START_REF] Inoue | Taurine inhibits K+Cl-cotransporter KCC2 to regulate embryonic Cl-homeostasis via with-no-lysine (WNK) protein kinase signaling pathway[END_REF], de Los Heros et al., 2014).

Therefore, enhanced NMDAR-mediated excitation or reduced GABA A R-mediated inhibition both act to increase KCC2 lateral diffusion through altered phosphorylation of specific residues (S940 dephosphorylation upon increased excitation; T906/1007 phosphorylation upon GABA A R blockade). KCC2 phosphorylation/dephosphorylation may then induce conformational changes [START_REF] Groban | Conformational changes in protein loops and helices induced by post-translational phosphorylation[END_REF], thereby altering transporter-scaffold interactions and promoting cluster dispersion. This may in turn facilitate KCC2 interaction with the endocytic machinery, a process that occurs at distance from the postsynaptic zone [START_REF] Blanpied | Dynamics and regulation of clathrin coats at specialized endocytic zones of dendrites and spines[END_REF]. Endocytosed transporters may then be recycled back to the membrane or sent to lysosomes for degradation. Inversely, KCC2 confinement in the plasma membrane may protect transporters from endocytosis. Interfering with transporter diffusion/endocytosis could then help to restore KCC2 membrane expression and function under pathological conditions (Fig. 3).

Putative contribution of NKCC1 lateral diffusion to chloride homeostasis

The increase in [Cl -] i and subsequent depolarizing shift in the reversal potential of GABA A R-mediated currents (E GABA ) observed in the epileptic brain is most often attributed to a reduction in KCC2-dependent Cl -export (reviewed in [START_REF] Di Cristo | KCC2, epileptiform synchronization, and epileptic disorders[END_REF]). However, an upregulation of NKCC1 may also contribute to increased [Cl -] i and depolarized E GABA [START_REF] Kourdougli | Depolarizing γ-aminobutyric acid contributes to glutamatergic network rewiring in epilepsy[END_REF][START_REF] Wang | NKCC1 up-regulation contributes to early post-traumatic seizures and increased post-traumatic seizure susceptibility[END_REF]. Although the mechanisms regulating KCC2 membrane expression and function have been extensively studied, the cellular and molecular mechanisms controlling NKCC1 membrane turnover are less well understood. Phosphorylation-dependent alteration of NKCC1 diffusion may regulate its membrane turnover and function. QD-SPT experiments in mature hippocampal neurons support a contribution of lateral diffusion to NKCC1 regulation at the plasma membrane (unpublished work from our laboratory). SPT experiments require labeling live neurons with an antibody targeting an extracellular epitope of NKCC1. In the absence of such antibody, we expressed a recombinant human NKCC1a transporter bearing a 2xHA tag at position Histidine 398 in its second extracellular loop (i.e. the NT931 construct in [START_REF] Somasekharan | Functional expression of human NKCC1 from a synthetic cassette-based cDNA: introduction of extracellular epitope tags and removal of cysteines[END_REF]. The recombinant transporter also carries a 3xFlag tag and a monomeric Venus tag inserted at the N-terminus after the initiation codon [START_REF] Somasekharan | Functional expression of human NKCC1 from a synthetic cassette-based cDNA: introduction of extracellular epitope tags and removal of cysteines[END_REF]. The insertion of these tags did not alter the membrane expression and transport function of the NKCC1 protein as checked by HA surface labeling and 86 Rb influx studies in HEK 293 cells [START_REF] Somasekharan | Functional expression of human NKCC1 from a synthetic cassette-based cDNA: introduction of extracellular epitope tags and removal of cysteines[END_REF]. In agreement with these results, we reported using surface labeling that the recombinant transporter is well expressed in mature hippocampal cultured neurons and is targeted to both the axonal and somato-dendritic plasma membrane (Fig. 4), in a similar way than the endogenous protein (not shown). Confocal microscopy further indicated that the recombinant NKCC1a transporter formed clusters near both excitatory and inhibitory synapses (Fig. 4). The cellular and sub-cellular distributions of NKCC1b were indistinguishable from that of NKCC1a (data not shown). We thus focused on NKCC1a. We explored the membrane dynamics of NKCC1a by QD-SPT. As shown in Fig. 4, NKCC1a transporters explored large areas of the axonal and somato-dendritic extrasynaptic plasma membrane while others were confined near excitatory and inhibitory synapses. The A, KCC2 is mobile outside of clusters and confined within clusters. KCC2 clustering probably involves a multiple step process including transporter oligomerization, accumulation in lipid-rafts, and cytoskeleton interaction. Freely moving transporters are more susceptible to interact with molecules implicated in endocytosis. B, Activity-dependent tuning of KCC2 membrane trafficking: the balance between "freely moving" and "clustered" KCC2 pools can be rapidly modified by neuronal activity. Changes in the phosphorylation state of the transporter then influence its clustering and internalization rate, and in turn affect intracellular chloride concentration. C, clustered; D, diffusing; E, endocytosed transporters.

transporter mobility was significantly higher at the surface of the axon as compared to the dendrites, suggestive of lower diffusion constraints in the axon. Transitions between significant NKCC1 confinement at/ near synapses and less constrained diffusion in extrasynaptic areas is reminiscent of KCC2 diffusion behaviour (Chamma et al., 2013(Chamma et al., , 2012;;Heubl et al., 2017). Therefore, we concluded that NKCC1 also responds to the diffusion-trapping mechanism. Unlike KCC2, we found that NKCC1 diffused along the axon (Fig. 4) suggesting functional differences between the two transporters. This is in agreement with the fact that E GABA is depolarized at the axon initial segment (AIS) due to NKCC1 expression [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] and KCC2 exclusion from CNS axons (Hübner et al., 2001;Williams et al., 1999). Clearly, more work is needed to examine whether NKCC1a and NKCC1b membrane dynamics and clustering are modulated by normal and pathological activities in the axonal and somato-dendritic compartments. An activity-dependent regulation of NKCC1 diffusion/clustering, similar to that described for KCC2, may then locally affect its function, and in turn chloride homeostasis and GABA signaling.

In conclusion, different subpopulations of CCCs exist in the plasma membrane: freely moving transporters outside of clusters and confined transporters in clusters near synapses. KCC2 and NKCC1 clustering probably results from accumulation in lipid-rafts, interaction with the cytoskeleton via scaffolding proteins and oligomerization. Freely moving transporters are probably more susceptible to interaction with molecules involved in clathrin-dependent endocytosis. The balance between "freely moving" and "clustered" pools of KCC2 and NKCC1 might be rapidly changed by activity through phosphoregulation and impact the overall density of transporters at the plasma membrane. Since activity-induced changes in KCC2 mobility occurs within seconds -i.e. well before transporter internalization, which occurs within tens of minutes -lateral diffusion is probably among the first cellular mechanism modulating chloride transporter membrane stability. 
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 1 Figure 1. Morphologic characterization of eGFP-gephyrin and its mutant variants. A, Representative images of primary hippocampal neurons cotransfected with eGFP-WT, eGFP-S268E, eGFP-S270A, or eGFP-DN and shRNA-3=UTR. eGFP-gephyrin clusters (green), ␣2 GABA A Rs (red), and VGAT (blue) are shown. Scale bar, 10 m. B, Quantification of eGFP-gephyrin cluster density, cluster area, and intensity shows larger eGFP-S270A clusters compared with eGFP-WT at synapses. S268E: WT n ϭ 66 cells, S268E n ϭ 60 cells, 4 cultures. Syn: Cluster Number (Nb) p ϭ 0.42, area p ϭ 0.22, intensity p ϭ 0.05. Extra: Nb p ϭ 0.99, Area p ϭ 0.66, Intensity p ϭ 0.44. S270A: WT n ϭ 86 cells, S270A: n ϭ 74 cells, 6 cultures. Syn: Nb p ϭ 0.77, Area p ϭ 0.02, Intensity p ϭ 0.02. Extra: Nb p ϭ 0.39, Area p ϭ 0.42, Intensity p ϭ 0.15. C, Quantification for ␣2 GABA A R clusters shows significantly more receptors in eGFP-S270A mutant clusters. S268E: WT n ϭ 52 cells, S268E n ϭ 47 cells, 3 cultures. Syn: Nb p ϭ 0.48, Area p ϭ 0.46, Intensity p ϭ 0.6. Extra: Nb p ϭ 0.46, area p ϭ 0.63, intensity p ϭ 0.22. S270A: WT n ϭ 52 cells, S270A n ϭ 39 cells, 3 cultures. Syn: Nb p ϭ 0.56, Area p ϭ 0.08, Intensity p ϭ 0.008. Extra: Nb p ϭ 0.008, Area p ϭ 0.81, Intensity p ϭ 0.29. Data shown as mean Ϯ SEM. Values were normalized to the corresponding control values. Statistics ,ء p Յ 0.05, ,ءء p Յ 0.01 (Mann-Whitney rank sum test).

Figure 2 .

 2 Figure 2. Membrane dynamics of ␣2 GABA A R is influenced by gephyrin phosphorylation. A, Example traces of QD trajectories (red) overlaid with fluorescent synaptic clusters (white) of VGAT-Oyster550 for eGFP-DN transfected neurons or with eGFP-gephyrin clusters for eGFP-WT, eGFP-S268E, or eGFP-S270A expressing cells. Scale bar, 0.5 m. B, Median diffusion coefficients D of ␣2 GABA A R in neurons transfected with either eGFP-WT or eGFP-DN. Extra: WT n ϭ 975 QDs, DN n ϭ 491 QDs, p ϭ 4.5 ϫ 10 Ϫ34 ; Syn: WT n ϭ 306 QDs, DN n ϭ 173 QDs, p ϭ 0.36. C, Quantification of explored area EA of ␣2 GABA A R, Extra: WT n ϭ 2925 QDs, DN n ϭ 1473 QDs, p ϭ 3.8 ϫ 10 Ϫ23 ; Syn: WT n ϭ 918 QDs, DN n ϭ 519 QDs, p ϭ 4.4 ϫ 10 Ϫ4 . D, Dwell time DT of ␣2 GABA A R at synapses in neurons transfected with either eGFP-WT or eGFP-DN.Quantification of all QDs (total), trapped (DT Ͻ 5.9 s), and passing (DT Ͼ 5.9 s) QDs at inhibitory synapses. Significant decrease in synaptic dwell time for total and trapped QDs was observed but not for

  continued passing ones. Total: WT n ϭ 436 QDs, DN n ϭ 262 QDs, p ϭ 0.001; Trapped: WT n ϭ 235 QDs, DN n ϭ 108 QDs, p ϭ 8.0 ϫ 10 Ϫ3 ; Passing: WT n ϭ 201 QDs, DN n ϭ 154 QDs, p ϭ 0.19. E, Quantification of diffusion coefficients of ␣2 GABA A R showing increased receptor mobility at extrasynaptic (extra) and synaptic (syn) sites in neurons transfected with eGFP-S268E or eGFP-S270A, compared with eGFP-WT expressing cells. Extra: WT n ϭ 1820 QDs, S268E n ϭ 1273 QDs, p ϭ 1.1 ϫ 10 Ϫ22 , S270A n ϭ 1658, p ϭ 2.9 ϫ 10 Ϫ27 . Syn: WT n ϭ 461 QDs, S268E n ϭ 326 QDs, p ϭ 2.4 ϫ 10 Ϫ8 , S270A n ϭ 340, p ϭ 1.8 ϫ 10 Ϫ8 . F, Quantification of ␣2 GABA A R explored area EA, Extra: WT n ϭ 5460 QDs, S268E n ϭ 3807 QDs, p ϭ 6.8 ϫ 10 Ϫ52 , S270A n ϭ 5355, p ϭ 2.2 ϫ 10 Ϫ101 . Syn: WT n ϭ 1383 QDs, S268E n ϭ 978 QDs, p ϭ 7.4 ϫ 10 Ϫ23 , S270A n ϭ 2208, p ϭ 1.2 ϫ 10 Ϫ33 . G, Quantification of ␣2 GABA A R dwell time DT in neurons expressing eGFP-WT, eGFP-S268E, or eGFP-S270A. Calculations were done for all QDs (total), (trapped), or (passing) QDs at inhibitory synapses. Decrease in dwell time for the whole or trapped population of QDs was seen in synapses expressing eGFP-S268E but not in synapses containing eGFP-S270A. Total: WT n ϭ 251 QDs, S268E n ϭ 176 QDs, p ϭ 0.013, S270A n ϭ 216 QDs, p ϭ 0.31; Trapped: WT n ϭ 135 QDs, S268E n ϭ 85 QDs, p ϭ 0.002, S270A n ϭ 109 QDs, p ϭ 0.28; Passing: WT n ϭ 116 QDs, S268E n ϭ 91 QDs, p ϭ 0.24, S270A n ϭ 107 QDs, p ϭ 0.98. All data are from six independent experiments. In B, C, E, and F, data are presented as median values Ϯ 25%-75% IQR, ,ءءء p Յ 0.001 (Kolmogorov-Smirnov test). In D and G, data are presented as mean Ϯ SEM. ,ء p Յ 0.05, ,ءء p Յ 0.01 (Mann-Whitney rank sum test). D in m 2 /s, EA in m 2 ,D Ti ns .

Figure 3 .

 3 Figure 3. PALM imaging showing gephyrin phosphorylation influences scaffold packing. A, Epifluorescence (top) and PALM (bottom) imaging of the same dendritic regions in neurons expressing pDendra2-WT, -S268E, or -S270A mutant. Scale bar, 1 m. B, Representative image of cluster segmentation (red) based on local density of molecules detected (white dots) using a threshold of 1000 detections/m 2 (blue). Scale bar, 200 nm. C, Quantification of eGFP cluster area using PALM shows reduction in cluster size for eGFP-S268E and increase in cluster size for eGFP-S270A compared with eGFP-WT. WT n ϭ 313 synapses, S268E n ϭ 277 synapses, S270A n ϭ 290 synapses, p Ͻ 0.001, 4 cultures. D, Quantification of density of gephyrin molecules per square micrometer using PALM in transfected neurons. Neurons expressing eGFP-S268E exhibit denser gephyrin packing, and neurons expressing eGFP-S270A exhibit less dense packing of gephyrin compared with eGFP-WT. Data are presented as mean Ϯ SEM. ,ءء p ϭ 0.006; ,ءءء p Յ 0.001 (Mann-Whitney rank sum test).

Figure 4 .

 4 Figure 4. Gephyrin clustering influences GABA A R lateral diffusion. A, Morphology of eGFP-WT (green) after 8 and 48 h of 4-AP

  3; Intensity: 0 -8 h: p ϭ 0.05, 0 -48 h: p ϭ 0.022. E, Example trace of ␣2 GABA A R trajectories showing surface exploration of extrasynaptic and synaptic receptors after 8 and 48 h of 4-AP exposure. Scale bar, 0.5 m. F, Quantification of diffusion coefficients of ␣2 GABA A R after8ho f4-AP exposure. Extra; t0 n ϭ 450 QDs, WT 4AP 8 h n ϭ 961 QDs, p ϭ 1.96 10 Ϫ7 . Syn; t0 n ϭ 103 QDs, 8hn ϭ 138 QDs, p ϭ 0.22; 2 cultures. G, Quantification of explored area EA of ␣2 GABA A R after 8 h of 4-AP application. Extra; t0 n ϭ 1347 QDs, 8 h n ϭ 5265 QDs, p ϭ 6.4 ϫ 10 Ϫ9 . Syn; t0 n ϭ 308 QDs, 8 h n ϭ 708 QDs, p ϭ 0.63. H, Quantification of synaptic dwell time DT of ␣2 GABA A R showing no impact after8hof4-AP for total, trapped, or passing receptor population. Total: t0 n ϭ 151 QDs, 8 h n ϭ 206 QDs, p ϭ 0.073; Trapped: t0 n ϭ 80 QDs, 8 h n ϭ 116 QDs, p ϭ 0.36; Passing: t0 n ϭ 78 QDs, 8 h n ϭ 90 QDs, p ϭ 0.02. I, Quantification of diffusion coefficients of ␣2 GABA A R after 48 h of 4-AP application. Extra: t0 n ϭ 777 QDs, 48 h n ϭ 174 QDs, p ϭ 0.69. Syn: t0 n ϭ 126 QDs, 48 h n ϭ 213 QDs, p ϭ 1.4 ϫ 10 Ϫ4 . J, Quantification of explored area EA of ␣2 GABA A R after 48 h of 4-AP application. Extra: t0 n ϭ 2331 QDs, 48 h n ϭ 5508 QDs, p ϭ 0.045. Syn: t0 n ϭ 378 QDs, 48 h n ϭ 717 QDs, p ϭ 2.2 ϫ 10 Ϫ20 . K, Quantification of ␣2 GABA A R dwell time after 48 h of 4-AP application. Total: t0 n ϭ 201 QDs, 48 h n ϭ 254 QDs, p ϭ 0.74. Trapped: t0 n ϭ 91 QDs, 48 h n ϭ 110 QDs, p ϭ 0.99. Passing: t0 n ϭ 110 QDs, 48 h n ϭ 144 QDs, p ϭ 0.81. In B-D, H, and K, data are presented as mean Ϯ SEM, ,ء p Յ 0.05; ,ءءء p Յ 0.001 (Mann-Whitney rank sum test). In F, G, I, and J, data are presented as median values Ϯ 25%-75% IQR, ,ء p Յ 0.05; ,ءءء p Յ 0.001 (Kolmogorov-Smirnov test). In B-G, I, and J, values were normalized to the corresponding control values. In H and K,D Ti ns .

Figure 5 .

 5 Figure 5. PKA and CaMKII␣ signaling pathways regulate gephyrin clustering and ␣2 GABA A R membrane dynamics in conditions of

  continued chronic changes of activity. A, Morphologic analysis of neurons transfected with eGFP-S303A/S305A (eGFP-SSA) gephyrin double mutant insensitive to PKA and CaMKII␣ signaling pathways. Double staining of VGAT (blue) and ␣2 GABA A R (red) at 21 DIV under control condition (t0) or in the presence of 4-AP for 48 h. Scale bar, 10 m. B, Quantifications of synaptic eGFP-SSA clusters and synaptic (␣2 syn) and extrasynaptic (␣2 extra) ␣2 GABA A R clusters in relation to eGFP-WT show minor impact of eGFP-SSA under control condition. eGFP-WT: n ϭ 89 cells, eGFP-SSA n ϭ 95 cells, 6 cultures. eGFP-SSA: Cluster Nb: p ϭ 0.3; Area: p ϭ 0.9; Intensity: p ϭ 0.5. ␣2 syn: Cluster Nb: p ϭ 0.4; Area: p ϭ 0.5; Intensity: p ϭ 0.8. ␣2 extra: Cluster Nb: p ϭ 0.2; Area: p ϭ 0.4; Intensity: p ϭ 0.2. C, Quantification of median diffusion coefficient D of ␣2 GABA A R in neurons expressing eGFP-WT or eGFP-SSA under control condition. Extra: WT n ϭ 1166 QDs, SSA n ϭ 989 QDs, p ϭ 1.5 ϫ 10 Ϫ12 ; Syn: WT n ϭ 312 QDs, SSA n ϭ 245 QDs, p ϭ 0.08; 4 cultures. D, Quantification of median explored area EA of ␣2 GABA A R in neurons expressing eGFP-WT or eGFP-SSA under control condition. Extra: WT n ϭ 3510 QDs, SSA n ϭ 2778 QDs, p ϭ 3.9 ϫ 10 Ϫ18 ; Syn: WT n ϭ 932 QDs, SSA n ϭ 735 QDs, p ϭ 3.1 ϫ 10 Ϫ4 . E, Quantification of ␣2 GABA A R dwell time DT at synaptic sites in neurons expressing either eGFP-WT or eGFP-SSA. Calculations were done for all QDs (total), (trapped), or (passing) QDs at inhibitory synapses. No significant differences were found between eGFP-WT and eGFP-SSA. Total: WT n ϭ 390 QDs, SSA n ϭ 335 QDs, p ϭ 0.2; Trapped: WT n ϭ 229 QDs, SSA n ϭ 173 QDs, p ϭ 0.4; Passing: WT n ϭ 161 QDs, SSA n ϭ 162 QDs, p ϭ 0.9. F, Quantification of eGFP-SSA clusters after 8 and 48 h of 4-AP application. t0 n ϭ 61 cells, 8 h n ϭ 52 cells, 48 h n ϭ 93 cells, 3-6 cultures. Cluster Nb: 0 -8 h: p ϭ 0.2, 0 -48 h: p Ͻ 0.001; Area: 0-8 h: p ϭ 0.8, 0 -48 h: p ϭ 0.3; intensity: 0 -8 h: p ϭ 0.8, 0 -48 h: p ϭ 0.2. G, Quantification of synaptic ␣2 GABA A R clusters after 8 and 48 h of 4-AP compared with mock treated control. t0 n ϭ 53 cells, 8 h n ϭ 50 cells, 48 h n ϭ 69 cells, 3-6 cultures. Cluster Nb: 0 -8 h: p Ͻ 0.001, 0 -48 h: p Ͻ 0.001; Area: 0 -8 h: p ϭ 0.002, 0 -48 h: p ϭ 0.09; Intensity: 0 -8 h: p ϭ 0.5, 0 -48 h: p ϭ 0.5. H, Quantification of extrasynaptic ␣2 GABA A R clusters after 8 and 48 h of 4-AP compared with mock treated control. Cluster Nb: 0 -8 h: p ϭ 0.2, 0 -48 h: p ϭ 0.1; Area: 0 -8 h: p ϭ 0.01, 0 -48 h: p ϭ 0.9; Intensity: 0 -8 h: p ϭ 0.002, 0 -48 h: p Ͻ 0.001. I, Quantification of ␣2 GABA A R diffusion coefficients in eGFP-SSA expressing cells after 8 h of 4-AP exposure. Extra: t0 n ϭ 787 QDs, 4AP 8 h n ϭ 365 QDs, p ϭ 3.6 ϫ 10 Ϫ4 . Syn: t0 n ϭ 212 QDs, 8 h n ϭ 187 QDs, p ϭ 0.4; 5 cultures. J, Quantification of explored area EA of ␣2 GABA A R after8hof4-AP application. Extra: t0 n ϭ 1869 QDs, 8 h n ϭ 1092 QDs, p ϭ 0.002. Syn: t0 n ϭ 753 QDs, 8 h n ϭ 558 QDs, p ϭ 0.09. K, Quantification of ␣2 GABA A R diffusion coefficients in eGFP-SSA expressing cells after 48 h of 4-AP exposure. Extra: t0 n ϭ 1098 QDs, 4AP 48 h n ϭ 734 QDs, p ϭ 0.002. Syn: t0 n ϭ 287 QDs, 48 h n ϭ 198 QDs, p ϭ 0.2; 5 cultures. L, Quantification of explored area EA of ␣2 GABA A R after 48 h of 4-AP application. Extra: t0 n ϭ 2169 QDs, 48 h n ϭ 1500 QDs, p ϭ 0.04. Syn; t0 n ϭ 633 QDs, 48 h n ϭ 510 QDs, p ϭ 0.002. M, Quantification of ␣2 GABA A R dwell time DT in neurons expressing eGFP-SSA after 8 or 48 h of 4-AP application. Calculations were done for trapped or passing QDs at inhibitory synapses. Trapped: 8 h: n ϭ 189 QDs, p ϭ 0.3; 48 h: n ϭ 166 QDs, p ϭ 0.1; Passing: 8 h: n ϭ 76 QDs, p ϭ 0.3; 48 h: n ϭ 132 QDs, p ϭ 0.9. In B, E, F-H, and M, data are presented as mean Ϯ SEM. ,ءء p Ͻ 0.01; ,ءءء p Յ 0.001 (Mann-Whitney rank sum test). In C, D, I, and L, data are presented as median values Ϯ 25%-75% IQR; ,ءءء p Յ 0.001 (Kolmogorov-Smirnov test). In all graphs except E, values were normalized to the corresponding control values.

Figure 6 .

 6 Figure 6. The ERK1/2 pathway does not influence structural synaptic adaptation. A, Morphologic analysis of eGFP-S268E in control (t0) or after 4-AP application for 8 or 48 h. Scale bar, 10 m. B, Quantification of eGFP-S268E clusters after 8 or 48 h of 4-AP application. t0 n ϭ 50 cells, 8 h n ϭ 54 cells, 48 h n ϭ 55 cells, 3 cultures. Cluster Nb: 0 -8 h: p ϭ 0.2, 0 -48 h: p ϭ 0.004; Area: 0 -8 h: p ϭ 0.02, 0 -48 h: p Ͻ 0.001; Intensity: 0 -8 h: p ϭ 0.003, 0 -48 h: p Ͻ 0.001. 3 cultures. C, Quantification of synaptic ␣2 GABA A R clusters after 8 h and 48 h of 4-AP compared with mock treated control. t0 n ϭ 47 cells, 8 h n ϭ 50 cells, 48 h n ϭ 62 cells, 3-4 cultures. Cluster Nb: 0 -8 h: p ϭ 0.08, 0 -48 h: p ϭ 0.5; Area: 0 -8 h: p ϭ 0.8, 0 -48 h: p ϭ 0.03; Intensity: 0 -8 h: p ϭ 0.5, 0 -48 h: p Ͻ 0.001. D, Quantification of extrasynaptic ␣2 GABA A R clusters after 8 and 48 h of 4-AP compared with mock treated control. Cluster Nb: 0 -8 h: p ϭ 0.006, 0 -48 h: p ϭ 0.007; Area: 0 -8 h: p ϭ 0.02, 0 -48 h: p Ͻ 0.001; Intensity: 0 -8 h: p ϭ 0.04, 0 -48 h: p Ͻ 0.001. E, Example

  . In B-D and J, data are presented as mean Ϯ SEM. ,ء p Յ 0.05; ,ءء p Յ 0.01; ,ءءء p Յ 0.001 (Mann-Whitney rank sum test). In F-I, data are presented as median values Ϯ 25%-75% IQR. ,ء p Յ 0.05; ,ءءء p Յ 0.001 (Kolmogorov-Smirnov test). In all graphs, values were normalized to the corresponding control values.

Figure 7 .

 7 Figure 7. GSK3␤ pathway influences gephyrin scaffold and GABA A Rs after changes in chronic activity. A, Morphology of neuron transfected with eGFP-S270A under control condition (t0) or in the presence of 4-AP after 8 or 48 h. Scale bar, 10 m. B, Quantification of eGFP-S270A clusters after 8 or 48 h of 4-AP application. t0 n ϭ 43 cells, 8 h n ϭ 50 cells; 48 h n ϭ 50 cells, 3 cultures. Cluster Nb: 0 -8 h: p ϭ 0.8, 0 -48 h: p ϭ 0.14; Area: 0 -8 h: Mann-Whitney test p ϭ 0.7, 0 -48 h: p ϭ 0.04; Intensity: 0 -8 h: p ϭ 0.12, 0-48 h: p Ͻ 0.001. C, Quantification of synaptic ␣2 GABA A R clusters after 8 and 48 h of 4-AP compared with mock treated control. t0 n ϭ 40 cells, 8 h n ϭ 47 cells; t0: n ϭ 59 cells, 48 h n ϭ 52 cells, 3-5 cultures. Cluster Nb: 0 -8 h: p ϭ 0.8, 0 -48 h: p ϭ 0.7; Area: 0-8 h: p ϭ 0.14, 0 -48 h: p ϭ 0.6; Intensity: 0 -8 h: p ϭ 0.03, 0 -48 h: p ϭ 0.4. D, Quantification of extrasynaptic ␣2 GABA A R clusters after 8 and 48 h of 4-AP compared with mock treated control. Cluster Nb: 0 -8 h: p Ͻ 0.001, 0 -48 h: p ϭ 0.7; Area: 0 -8 h: p Ͻ 0.001, 0-48 h: p ϭ 0.7; Intensity: 0 -8 h: p Ͻ 0.001, 0 -48 h: p ϭ 0.3. E, Example traces of ␣2 GABA A R trajectories at extrasynaptic (extra) and synaptic (syn) sites under control conditions (t0) or after 8 or 48 h of 4-AP application. Scale bar, 0.25 m. F, Quantification of ␣2 GABA A R diffusion coefficients after8hof4-AP exposure. Extra: t0 n ϭ 1580 QDs, 4AP 8 h n ϭ 1892 QDs, p ϭ 1.4 ϫ 10 Ϫ13 . Syn: t0 n ϭ 229 QDs, 8 h n ϭ 307 QDs, p ϭ 8.8 ϫ 10 Ϫ3 ; 3 cultures. G, Quantification of explored area EA of ␣2 GABA A R after8hof4-AP

  continued application. Extra: t0 n ϭ 4575 QDs, 8 h n ϭ 4041 QDs, p ϭ 0.02. Syn: t0 n ϭ 687 QDs, 8 h n ϭ 663 QDs, p ϭ 0.04. H, Quantification of ␣2 GABA A R diffusion coefficients after 48 h of 4-AP exposure. Extra: t0 n ϭ 314 QDs, 4AP 48 h n ϭ 338 QDs, p ϭ 0.05. Syn: t0 n ϭ 46 QDs, 48 h n ϭ 51 QDs, p ϭ 0.04. 3 cultures. I, Quantification of explored area EA of ␣2 GABA A R after 48 h of 4-AP application. Extra: t0 n ϭ 939 QDs, 48 h n ϭ 771 QDs, p ϭ 0.02. Syn; t0 n ϭ 138 QDs, 48 h n ϭ 153 QDs, p ϭ 0.04. J, Quantification of ␣2 GABA A R dwell time DT after 8 or 48 h of 4-AP application. Calculations were done for trapped or passing QDs at inhibitory synapses. Trapped: t0: n ϭ 82 QDs, 8 h: n ϭ 97 QDs, p ϭ 0.04; t0: n ϭ 191 QDs, 48 h: n ϭ 45 QDs, p ϭ 0.5; Passing: t0: n ϭ 104 QDs, 8 h: n ϭ 131 QDs, p ϭ 0.5; t0: n ϭ 211 QDs, 48 h: n ϭ 23 QDs, p ϭ 0.1. In B-D and J, data are presented as mean Ϯ SEM. ,ء p Յ 0.05; ,ءءء p Յ 0.001 (Mann-Whitney rank sum test). In F-I, data are presented as median values Ϯ 25%-75% IQR. ,ء p Յ 0.05; ,ءء p Յ 0.01; ,ءءء p Յ 0.001 (Kolmogorov-Smirnov test). In all graphs, values were normalized to the corresponding control values.

Figure 8 .

 8 Figure 8. PKA, CAMKII␣, and GSK3␤ pathways are required to tune the inhibitory synapse. A, Quantifications of synaptic eGFP-SSA/S270 clusters and synaptic (␣2 syn) and extrasynaptic (␣2 extra) ␣2 GABA A R clusters in relation to eGFP-WT show minor

  continued impact of the mutant under control condition. eGFP-WT n ϭ 58 cells, eGFP-SSA/S270A n ϭ 62 cells, 3 cultures. eGFP-SSA: Cluster Nb: p ϭ 0.6; Area: p ϭ 0.1; Intensity: p ϭ 0.7. ␣2 syn: Cluster Nb: p ϭ 0.001; Area: p ϭ 0.1; Intensity: p ϭ 0.02. ␣2 extra: Cluster Nb: p ϭ 0.03; Area: p ϭ 0.5; Intensity: p ϭ 0.2. B, Quantification of median diffusion coefficient D of ␣2 GABA A R in neurons expressing eGFP-WT or eGFP-SSA/S270A under control condition. Extra: WT n ϭ 823 QDs, SSA/S270A n ϭ 786 QDs, p ϭ 0.004; Syn: WT n ϭ 261 QDs, SSA/S270A n ϭ 211 QDs, p ϭ 0.3, 2 cultures. C, Quantification of ␣2 GABA A R dwell time DT at synaptic sites in neurons expressing either eGFP-WT or eGFP-SSA/S270A. Calculations were done for all QDs (total), (trapped), or (passing) QDs at inhibitory synapses. No significant differences were found between eGFP-WT and eGFP-SSA/S270A. Total: WT n ϭ 165 QDs, SSA/S270A n ϭ 183 QDs, p ϭ 0.1; Trapped: WT n ϭ 95 QDs, SSA/S270A n ϭ 116 QDs, p ϭ 0.5; Passing: WT n ϭ 70 QDs, SSA/S270A n ϭ 67 QDs, p ϭ 0.2. D, Quantification of eGFP-SSA/S270A clusters after 8 or 48 h of 4-AP application. t0 n ϭ 53 cells, 8 h n ϭ 45 cells, 48 h n ϭ 51 cells, 3 cultures. Cluster Nb: 0 -8 h: p ϭ 0.3, 0 -48 h: p Ͻ 0.001; Area: 0 -8 h: p ϭ 0.03, 0 -48 h: p ϭ 0.2; Intensity: 0 -8 h: p ϭ 0.3, 0 -48 h: p ϭ 0.9. E, Quantification of synaptic ␣2 GABA A R clusters after 8 and 48 h of 4-AP compared with mock treated control. t0 n ϭ 49 cells, 8 h n ϭ 49 cells, 48 h n ϭ 39 cells, 3 cultures. Cluster Nb: 0 -8 h: p ϭ 0.2, 0 -48 h: p Ͻ 0.001; Area: 0 -8 h: p ϭ 0.8, 0 -48 h: p ϭ 0.6; Intensity: 0 -8 h: p ϭ 0.2, 0 -48 h: p ϭ 0.9. F, Quantification of extrasynaptic ␣2 GABA A R clusters after 8 and 48 h of 4-AP compared with mock treated control. Cluster Nb: 0 -8 h: p ϭ 0.8, 0 -48 h: p ϭ 0.001; Area: 0 -8 h: p Ͻ 0.001, 0-48 h: p ϭ 0.7; Intensity: 0 -8 h: p ϭ 0.8, 0 -48 h: p ϭ 0.8. G, Quantification of ␣2 GABA A R diffusion coefficients after8hof4-AP exposure. Extra: t0 n ϭ 624 QDs, 4AP 8 h n ϭ 421 QDs, p ϭ 5.4 ϫ 10 Ϫ7 . Syn: t0 n ϭ 252 QDs, 8 h n ϭ 173 QDs, p ϭ 0.2, 2 cultures. H, Quantification of explored area EA of ␣2 GABA A R after8ho f4-AP application. Extra: t0 n ϭ 1869 QDs, 8 h n ϭ 1092 QDs, p ϭ 7.8 ϫ 10 Ϫ14 . Syn: t0 n ϭ 753 QDs, 8 h n ϭ 516 QDs, p ϭ 0.07. I, Quantification of ␣2 GABA A R diffusion coefficients after 48 h of 4-AP exposure. Extra: t0 n ϭ 624 QDs, 4AP 48 h n ϭ 631 QDs, p ϭ 0.04. Syn: t0 n ϭ 252 QDs, 48 h n ϭ 251 QDs, p ϭ 0.8. 2 cultures. J, Quantification of explored area EA of ␣2 GABA A R after 48 h of 4-AP application. Extra: t0 n ϭ 1092 QDs, 48 h n ϭ 1890 QDs, p ϭ 1.5 ϫ 10 Ϫ6 . Syn; t0 n ϭ 558 QDs, 48 h n ϭ 750 QDs, p ϭ 0.3. K, Quantification of ␣2 GABA A R dwell time DT after 8 or 48 h of 4-AP application. Calculations were done for trapped or passing QDs at inhibitory synapses. Trapped: t0: n ϭ 116 QDs, 8 h: n ϭ 84 QDs, 48 h: n ϭ 43 QDs, 0 -8 h: p ϭ 0.2; 0 -48 h: p ϭ 0.02; Passing: t0: n ϭ 67 QDs, 8 h: n ϭ 46 QDs, 48 h: n ϭ 43 QDs, 0 -8 h: p ϭ 0.2; 0 -48 h: p ϭ 0.1. In A, C-F, and K, data are presented as mean Ϯ SEM. ,ء p Յ 0.05; ,ءءء p Յ 0.001 (Mann-Whitney rank sum test). In G-J, data are presented as median values Ϯ 25%-75% IQR. ,ء p Յ 0.05; ,ءءء p Յ 0.001 (Kolmogorov-Smirnov test). In all graphs except C, values were normalized to the corresponding control values.

FIGURE 1 |

 1 FIGURE 1 | Pivotal role of KCC2 and NKCC1 in the regulation of [Cl] i . (A) KCC2 and NKCC1 transport chloride across the plasma membrane according to the Na + and K + gradients imposed by the Na + K + ATPase. γ-aminobutyric acid receptor (GABA A R) are primarily permeable to chloride ions and thus GABAergic transmission depends on KCC2 and NKCC1 regulation. (B) Depending on pathological conditions or developmental stages, GABAergic transmission may be depolarizing, correlated with an increased NKCC1/KCC2 functional ratio.

FIGURE 3 |

 3 FIGURE 3 | Regulation of KCC2 membrane trafficking by lateral diffusion, clustering and endocytosis. Different subpopulations of KCC2 exist in the plasma membrane: freely moving KCC2 outside of clusters and confined KCC2 in membrane clusters. KCC2 clustering probably results from its accumulation in lipid-rafts, interaction with the cytoskeleton via protein 4.1N and oligomerization of the transporter. Freely moving molecules are more susceptible to interact with molecules involved in clathrin-dependent endocytosis such as AP-2. Confinement of KCC2 in membrane clusters may therefore prevent transporter endocytosis, a mechanism favoring chloride extrusion. The balance between "freely moving" and "clustered" pools of KCC2 can be rapidly changed by activity through phosphoregulations, which regulate the overall density of transporters localized at the membrane.

FIGURE 6 |

 6 FIGURE 6 | Regulation of dendritic spine head volume upon changes in KCC2 membrane expression. Arrows indicate water fluxes associated with the activity of secondary active transporters and ionotropic receptors. (A) Suppression of KCC2 expression leads to increased spine head volume due to the loss of KCC2-associated water extrusion. (B) Activation of WNK1 upon GABA A R blockade leads to KCC2 and NKCC1 phosphorylation and subsequent decrease and increase in the membrane stability of KCC2 and NKCC1, respectively. Increased water influx associated with NKCC1 activity cannot be counteracted by KCC2, leading to spine head swelling.

Fig. 1 .

 1 Fig. 1. CCC activity influences the direction of chloride flux through GABA A Rs.A, KCC2 extrudes chloride out of the cell using the electrochemical potassium gradient generated by the Na + /K + ATPase. NKCC1, in contrast, transports chloride into neurons using the electrochemical gradient of sodium ions. In mature neurons, KCC2 transport dominates over NKCC1 function, leading to low intra-neuronal chloride concentration. Hence, under resting conditions in most neurons, GABA A R activation usually induces a hyperpolarizing influx of chloride ions. B, KCC2 (left) and NKCC1 (right) structure, key phosphorylation residues and domains. KCC2 and NKCC1 a and b isoforms differ by the presence of additional amino acid sequences in KCC2a and NKCC1a (exon 21). Note that most regulatory domains and phosphorylation sites of KCC2 are present in the large intracellular C-terminal domain while those of NKCC1 are located in the N-terminus. The ISO-domain, calpain and AP-2 binding domains in KCC2 are highlighted in orange, pink and salmon respectively. Key KCC2 and NKCC1 Serine (S), Tyrosine (Y) and Threonine (T) phosphorylation residues are shown. They are targeted by PKC and PP1 (green), Src family kinase (dark blue) and WNK-SPAK-OSR1 kinases (yellow). SPAK-binding domains in KCC2 and NKCC1 are also highlighted (blue).

Fig. 2 .

 2 Fig. 2. KCC2 membrane dynamics studied with QDbased SPT.A, Representative trajectory (red) of QD-bound Flagtagged recombinant KCC2 overlaid with fluorescent clusters of recombinant gephyrin-mRFP (green) to identify inhibitory (IS) synapses. The white spot indicates the starting point of the trajectory. Scale bar, 0.5 μm. B, Median QD diffusion coefficients D values ± 25-75% IQR in the extrasynaptic membrane (black) or near excitatory (green) or inhibitory (red) synapses identified by homer1c-GFP and gephyrin-mRFP clusters, respectively. Note the reduced diffusion near synapses (**p = 2 × 10 -3 , ***p < 10 -3 ). C, Decreased size of the confinement domain L for synaptic versus extrasynaptic QDs (***p < 10 -3 ). D, Mean KCC2 dwell times near excitatory synapses (green) and inhibitory synapses (red) showing increased time spent near excitatory synapses (*p < 5 × 10 -2 ). Adapted from(Chamma et al., 2013).

Fig. 3 .

 3 Fig. 3. Regulation of KCC2 membrane trafficking.

Fig. 4 .

 4 Fig. 4. NKCC1 also undergoes diffusion-trapping at the plasma membrane. A, Total (Venus) and surface (HA tag) labeling of recombinant HA-Venus-NKCC1 transporter in 21 DIV hippocampal neurons showing that a large amount of the recombinant transporter traffics to the somatodendritic and axonal plasma membrane. Scale bar, 10 μm. B, NKCC1 surface staining (red) in neurons cotransfected with HA-NKCC1 transporter, gephyrin-FingerGFP (green) and homer1c-mRFP (blue), two markers of inhibitory (IS) and excitatory (ES) synapses. Scale bar, 2 μm. Note that some NKCC1 clusters are surrounding inhibitory (open arrows) and excitatory (closed arrows) synapses, whereas others are associated with the extrasynaptic membrane (crossed arrows). C, Representative trajectories (white) of QD-bound HA-tagged recombinant NKCC1 overlaid with either cytoplasmic eGFP (red) to identify axons, or with recombinant homer1c-GFP (green) and gephyrin-mRFP (red) to identify ES and IS, respectively. Scale bars, 0.5 μm. D, Instantaneous diffusion coefficients of the trajectories shown in (C). E, Median diffusion coefficient D values ± 25-75% IQR in axons (white), dendrites (grey), extrasynaptic (extra, black), at/near excitatory synapses (red), and at/near inhibitory synapses (green). Axon, n = 94 QDs, dendrite, n = 234 QDs, extra, n = 153 QDs, ES, n = 47 QDs, IS, n = 36 QDs, 2 cultures. axon vs. dendrite KS test p < 0.001, extra vs. ES KS test p = 0.05, extra vs. IS KS test p = 0.4. F, Time-averaged MSD functions of axonal QDs (dashed), extrasynaptic QDs (black), QDs at ES (red), and QDs at IS (green). The MSD versus time relationships show a steeper initial slope for axonal vs extrasynaptic trajectories and for extrasynaptic vs synaptic trajectories, suggesting that trajectories are less confined. G, Median explored area EA ± 25-75% IQR in axons (white), dendrites (grey), extrasynaptic (black), at/ near ES (red), and at/near IS (green). Axon, n = 276 QDs, dendrite, n = 408 QDs, extra, n = 488 QDs, ES, n = 89 QDs, IS, n = 95 QDs, 2 cultures. axon vs. dendrite KS test p < 0.001, extra vs. ES KS test p = 0.001, extra vs. IS KS test p = 0.001. Note that NKCC1 moved faster and explored a larger surface of the axonal membrane compared to the extrasynaptic dendritic membrane. NKCC1 is also slower and more confined near synapses as compared to extrasynaptic sites.

  

  

TABLE 1 |

 1 Key regulatory sites and sequences on KCC2.Positions are shown relative to the human KCC2b protein.

	Site	Localization	References
	Protein Associated with Myc (PAM)	1069-1088	Garbarini and Delpire (2008)
	LVLLNMPGPPRNRNGDENYM		
	PEST sequence	PEST-1: 949-966	Mercado et al. (2006)
		PEST-2: 974-1002	
	ISO domain	1021-1035	Mercado et al. (2006)
	PSPVSSEGIKDFFSM		
	AP-2 interaction domain	657-662	Zhao et al. (2008)
	LLRLEE		
	SPAK-OSR1 interaction domain		
	RFTV	4-7	Piechotta et al. (2002)
	Cysteines	287-302-322-331	Hartmann et al. (2010)
	N-Glycosylation sites	283-291-310-328-338-339	Agez et al. (2017)
	Tyrosines	34-787-906-1007	Rinehart et al. (2009), de Los Heros et al. (2014), Weber
			et al. (2014) and Cordshagen et al. (2018)
		34, 999, 1009	
		34, 1009	
	Serines	728-940-1,034	Lee et al. (2007), Weber et al. (2014) and Cordshagen
			et al. (2018)
		31, 913, 932, 988	
		25, 26, 937, 1022, 1025, 1026	
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Table 1

 1 KCC2 diffusion properties compared to that of AMPAR, GABA A R and NCAM120.

	Molecules	Location	Median D (10 -2 μm 2 s -1 )	Mean DT (s)
	KCC2	ES.	2.7 (281, 5)	11.9 ± 0.8
		IS.	2.5 (202, 5)	9.4 ± 0.8
		Extra.	3.3 (367, 5)	N.A.
	AMPAR GluA1	ES.	1.4 (40, 2)	19.5 ± 2.6
		IS.	1.6 (39, 2)	14.5 ± 2.6
		Extra.	2.1 (126, 2)	N.A.
	GABA A R γ2	ES.	N.D.	N.D.
		IS.	1.6 (171, 4)	15.5 ± 0.9
		Extra.	3.1 (546, 4)	N.A.
	NCAM120	ES.	5.9 (76, 2)	2.8 ± 0.6 (380)
		IS.	5.8 (68, 2)	6.2 ± 1.2 (288)
		Extra.	8.1 (183, 2)	N.A.
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