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The neuronal K/Cl transporter KCC2 exports chloride ions and thereby influences the efficacy and polarity of GABA signaling in the brain.
KCC2 is also critical for dendritic spine morphogenesis and the maintenance of glutamatergic transmission in cortical neurons. Because
KCC2 plays a pivotal role in the function of central synapses, it is of particular importance to understand the cellular and molecular
mechanisms underlying its regulation. Here, we studied the impact of membrane diffusion and clustering on KCC2 function. KCC2 forms
clusters in the vicinity of both excitatory and inhibitory synapses. Using quantum-dot-based single-particle tracking on rat primary
hippocampal neurons, we show that KCC2 is slowed down and confined at excitatory and inhibitory synapses compared with extrasyn-
aptic regions. However, KCC2 escapes inhibitory synapses faster than excitatory synapses, reflecting stronger molecular constraints
at the latter. Interfering with KCC2-actin interactions or inhibiting F-actin polymerization releases diffusion constraints on KCC2 at
excitatory but not inhibitory synapses. Thus, F-actin constrains KCC2 diffusion at excitatory synapses, whereas KCC2 is confined at
inhibitory synapses by a distinct mechanism. Finally, increased neuronal activity rapidly increases the diffusion coefficient and decreases
the dwell time of KCC2 at excitatory synapses. This effect involves NMDAR activation, Ca>™ influx, KCC2 $940 dephosphorylation and
calpain protease cleavage of KCC2 and is accompanied by reduced KCC2 clustering and ion transport function. Thus, activity-dependent

regulation of KCC2 lateral diffusion and clustering allows for a rapid regulation of chloride homeostasis in neurons.

Introduction

Fast synaptic transmission mediated by GABA type A and glycine
receptors relies primarily on chloride (Cl ) ion fluxes through
ligand-gated ion channels. Thus, the maintenance of intraneuro-
nal chloride homeostasis is crucial to preserve inhibitory synaptic
efficacy. Synaptic responses mediated by GABA, and glycine re-
ceptors are principally depolarizing in immature neurons and
hyperpolarizing at mature stages. The progressive hyperpolariza-
tion of the reversal potential of glycine and GABA-activated cur-
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rents relies on the developmental upregulation of the neuronal
K*/Cl~ cotransporter KCC2, which extrudes intracellular chlo-
ride under resting conditions in many species (Rivera et al., 1999;
Vanhatalo et al., 2005) and brain regions (Li et al., 2002; Vinay
and Jean-Xavier, 2008). Although KCC2 primarily influences
GABAergic transmission in cortical neurons, its aggregation in
dendritic spines at excitatory synapses (Gulyas et al., 2001; Gau-
vain et al., 2011; Chamma et al., 2012) suggests a possible inter-
action with glutamate signaling. Recent studies indicate that
KCC2 is critical for dendritic spine formation (Li et al., 2007;
Fiumelli et al., 2013) and the function of excitatory synapses
(Gauvain etal., 2011). This regulation is independent from KCC2
transport function but instead involves its interaction with the
submembrane actin cytoskeleton, most probably via the adaptor
protein 4.1N (Li et al., 2007; Gauvain et al., 2011). Given the
pivotal role of KCC2 in both glycine/GABAergic and glutamater-
gic synaptic transmission, it is of critical importance to under-
stand the cellular and molecular mechanisms underlying its
regulation.

KCC2 expression and transport function are downregulated
by neuronal activity under both physiological (Kaila et al., 1997;
Woodin et al., 2003; Fiumelli et al., 2005; Wang et al., 2006a,b;
Kitamura et al., 2008; Lee et al., 2011) and pathological condi-
tions, such as excitotoxicity or seizures (Reid et al., 2001; Rivera et
al., 2002, 2004; Huberfeld et al., 2007; Pathak et al., 2007; Wake et
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al., 2007; Li et al., 2008; Shimizu-Okabe et al., 2011). These con-
ditions are associated with a depolarizing shift in the reversal
potential of GABA responses (Eg,,) that may enhance the gain
of recently active excitatory synapses in physiological conditions
or contribute to alter the excitation/inhibition balance under
pathological conditions. A loss of KCC2 expression and subse-
quent intracellular chloride accumulation has been associated
with interictal activities in the hippocampus of human patients
suffering mesial temporal lobe epilepsy (Huberfeld et al., 2007).
However, in some neurons, KCC2 expression does not correlate
with Eg,p,, suggesting that KCC2 transport function might be
altered independently of its expression level (Huberfeld et al.,
2007). Altered KCC2 oligomerization and clustering in hip-
pocampal neurons leads to loss of KCC2 activity with no change
in membrane expression (Watanabe et al., 2009), suggesting that
rapid regulation of KCC2 at the plasma membrane may be at play
to affect KCC2 function.

Here, we studied the membrane dynamics and clustering of
KCC2 in hippocampal neurons and examined how these pro-
cesses are modulated by normal and pathological excitatory ac-
tivities. Our results suggest activity-dependent modulation of the
membrane diffusion of KCC2 participates in rapid, activity-
dependent regulation of chloride homeostasis in neurons.

Materials and Methods

DNA constructs. The KCC2-Flag construct was generated by insertion of
three Flag sequences (DYKDHDGDYKDHHIDYKDDDD) between the
unique Nsil and Nhel restriction sites in the second predicted extracel-
lular loop of KCC2. An Nsil-Nhel DNA fragment containing three Flag
sequences was inserted in the proper reading frame between Nsil and
Nhel sites engineered by site-directed mutagenesis at position 631 of
the rat pEGFP-IRES-KCC2 full-length (GenBank accession number
U55816) construct (gift from Junichi Nabekura, Kyushu University, Fu-
kuoka, Japan). The EGFP-IRES sequence was deleted from the construct
for multiple transfection experiments with gephyrin-mRFP and
homerlc—GFP chimera. Rat KCC2—-C-terminal domain (CTD; amino
acids 637-1116) was cloned into the pEGFP-IRES vector between Xbal
and EcoRV restriction sites for bicistronic expression of KCC2-CTD and
EGFP. The CTD was generated using PCR with appropriate oligonucle-
otides from rat pEGFP-IRES-KCC2 construct as described previously
(Gauvain et al., 2011). KCC2-Flag constructs with $940 residue mutated
in aspartate (S940D) or alanine (S940A) were generated with Clontech
In-Fusion HD Cloning kit (Ozyme). Chicken NCAM-120 construct was
provided by René Marc Mege [Institut National de la Santé et de la
Recherche Médicale (INSERM), Paris, France]. To generate shRNA tar-
geting rat 4.1N, a previously described small hairpin oligonucleotide
sequence shown to reduce 4.1N expression by >80% (Lin et al., 2009)
was inserted in a pGeneClip hMGFP vector (Promega). Rat nontarget
and KCC2-specific shRNA sequences were obtained from SABiosciences
(Qiagen) as described previously (Gauvain et al., 2011). All constructs
were sequenced by Beckman Coulter Genomics.

Neuronal culture. Primary cultures of hippocampal neurons were pre-
pared as described previously (Goslin et al., 1998) with some modifi-
cations of the protocol. Briefly, hippocampi were dissected from
embryonic day 18 or 19 Sprague Dawley rats of either sex. Tissue was then
trypsinized (0.25% v/v) and mechanically dissociated in 1X HBSS (In-
vitrogen) containing 10 mm HEPES (Invitrogen). Neurons were plated at
a density of 2.3 X 10* cells/cm* onto 18-mm-diameter glass coverslips
(Assistent) precoated with 80 wg/ml poly-p,L-ornithine (Sigma-Aldrich)
in plating medium composed of MEM (Sigma) supplemented with horse
serum (10% v/v; Invitrogen), L-glutamine (2 mm), and Na ™ pyruvate
(1 mmMm) (Invitrogen). After attachment for 2-3 h, cells were incubated in
maintenance medium that consists of Neurobasal medium supple-
mented with B27 (1X), L-glutamine (2 mm), and antibiotics (Invitrogen)
for up to 3 weeks at 37°C in a 5% CO, humidified incubator. Each week,
one-fifth of the culture medium volume was renewed.
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Transfection. Neuronal transfections with KCC2-IRES-GFP, KCC2-
Flag, KCC2-CTD (Gauvain et al., 2011), KCC2-Flag-$940D, KCC2—
Flag—S940A, the shRNA sequence against rat 4. 1N mRNA (4.1N shRNA)
and nontarget shRNA sequence (NT shRNA), the shRNA sequence
against rat KCC2 mRNA and nontarget shRNA sequence (Gauvain et al.,
2011), chicken NCAM-120, gephyrin-mRFP (Hanus et al., 2006; gift
from A. Triller, Ecole Normale Supérieure, INSERM, Paris, France), and
homerlc—GFP (Bats et al., 2007; gift from D. Choquet, Centre National
de la Recherche Scientifique, Bordeaux, France) were done at 13—14 d in
vitro (DIV) using Lipofectamine 2000 (Invitrogen) or Transfectin (Bio-
Rad), according to the instructions of the manufacturers (DNA/lipofec-
tant ratio of 1:3 pg/ul), with 1 ug of plasmid DNA per 20 mm well. The
following ratios of plasmid DNA were used in cotransfection experi-
ments: 0.5:0.25:0.25 ug for KCC2-Flag/KCC2-Flag-S940D/KCC2—
Flag-S940A/NCAM-120:homer1c—GFP:gephyrin-mRFP; 0.75:0.25 ug
for KCC2-Flag/eGFP:eGFP; 0.75:0.25 g for KCC2-Flag:KCC2-CTD:
eGFP; and 0.3:0.3:0.2:0.2 ug for 4.1N shRNA/NT shRNA:KCC2-Flag:
homer1c-GFP:gephyrin-mRFP. Experiments were performed 7-10 d
after transfection.

To test whether insertion of the Flag tag may compromise KCC2 func-
tion, COS cells were transfected with the cyan—yellow fluorescent protein
(CFP-YFP) chloride sensor (Markova et al., 2008; gift from P. Breges-
tovski, INSERM, Marseille, France) using nanofectin (PAA Laborato-
ries) according to the instructions of the manufacturer (DNA/nanofectin
ratio of 1:2 ug/ul), with 10 ug of plasmid DNA per 100 mm well. The
chloride sensor was transfected either alone (for calibration) or in com-
bination with recombinant KCC2-Flag or KCC2-WT with a ratio of
0.5:0.5 pg.

Chloride sensor calibration and imaging. To calibrate the CFP—YFP
chloride sensor in COS cells, extracellular and intracellular chloride were
equilibrated using the K*/H * ionophore nigericin and the Cl/OH anti-
porter tributyltin (Krapf et al., 1988; Trapp et al., 1996; Marandi et al.,
2002; Metzger et al., 2002) as described previously (Markova et al., 2008;
Waseem et al., 2010). Cells were superfused with a solution containing
nigericin (10 wMm; Sigma), tributyltin chloride (10 pwm; Sigma) and the
following (in mm): 2 CaCl,, 2 K-gluconate, 3 MgCl,, 10 HEPES, 20
glucose, and 0-140 NaCl/Na-gluconate, pH 7.4. Cells were imaged at
31°Cin a temperature-controlled open chamber (BadController V; Luigs
& Neumann) mounted onto an Olympus IX71 inverted microscope
equipped with a 60X objective [1.42 numerical aperture (NA); Olym-
pus]. CFP and YFP were detected using Lambda DG-4 monochromator
(Sutter Instruments) coupled to the microscope through an optic fiber
with appropriate filters (excitation, D436/10X and HQ485/15X; di-
chroic, 505DCXR; emission, HQ510lp; CFP and YFP filters from
Chroma Technology). Images were acquired with an ImagEM EMCCD
camera (Hamamatsu Photonics) and MetaFluor software (Roper Scien-
tific). Images were obtained with an integration time of 10 ms and a
frequency of 0.07 Hz. The mean fluorescence intensity of each region of
interest was measured on the last 10 images of the acquisition session.
Mean background fluorescence (measured from a nonfluorescent area)
was subtracted and the ratio F,/F,5, was determined.

Peptide treatment and pharmacology. The following peptides and drugs
were used: myristoylated dynamin inhibitory peptide (50 wm; Tocris
Bioscience), TTX (1 uwm; Latoxan), NBQX (10 um; Ascent Scientific),
NMDA (50 um; Ascent Scientific), p,.-AP-5 (100 uMm; Ascent Scientific),
4-aminopyridine (4-AP; 100 puMm; Sigma), [(RS)-a-Methyl-4-
carboxyphenylglycine] (R,S-MCPG) (500 um; Ascent Scientific),
EGTA (1.8 mwm; Sigma), and PD150606 [(Z)-3-(4-Iodophenyl)-2-
mercapto-2-propenoic acid] (30 um; Tocris Bioscience). EGTA was
prepared in NaOH (18 mm), TTX in 2% citric acid (v/v), PD150606 in
DMSO (0.03% v/v; Sigma), NBQX, p,L.-AP-5, and R,S-MCPG in
equimolar concentrations of NaOH, and NMDA, dynamin inhibitory
peptide, and 4-AP in H,O. Actin filaments were depolymerized with
latrunculin A (5 pm; Sigma) dissolved in DMSO (0.1% v/v). For single-
particle tracking (SPT) experiments, neurons were preincubated in the pres-
ence of appropriate drugs at 31°C for 10 min in imaging medium (see below
for composition) after quantum dot (QD) labeling. They were then used
within 40 min. For cluster imaging and electrophysiology, drugs were added
directly to the culture medium for the indicated duration in a CO, incubator
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set at 37°C. Cells were then transferred to a recording chamber in imaging
medium and used within 30 min. To test the reversibility of 4-AP, cells were
treated for 10 min with 4-AP, washed, and incubated for 10 or 30 min in
imaging medium in the absence of drugs before Flag immunostaining. The
imaging medium consisted of phenol red-free MEM supplemented with
glucose (33 mum; Sigma) and HEPES (20 mwm), glutamine (2 mm), Na-
pyruvate (1 mm), and B27 (1X) from Invitrogen.

Immunocytochemistry. The total (membrane plus intracellular) pools of
KCC2-Flag (Fig. 1 B,C) or endogenous KCC2 (Fig. 1D) were revealed with
immunocytochemistry in fixed and permeabilized cells, whereas the mem-
brane pool of KCC2—Flag (all other experiments) was assessed with live cell
staining. Cells were fixed for 15 min at room temperature (RT) in parafor-
maldehyde (PFA; 4% w/v; Sigma) and sucrose (20% w/v; Sigma) solution in
1X PBS. Cells were then washed in PBS and incubated for 30 min at RT in
bovine serum albumin (BSA; 3% w/v; Sigma) and goat serum (GS; 20% v/v;
Invitrogen) in PBS to block nonspecific staining. Neurons were then incu-
bated for 1 h with mouse primary antibody against Flag (1:400; Sigma) or
rabbit antibody against KCC2 (1:400; Sigma) in PBS supplemented with GS
(3% v/v). After washes, cells were incubated for 45 min at RT with Cy3- or
Cy5- conjugated goat anti-mouse antibody (1.9 ug/ml; Jackson ImmunoRe-
search) or Cy3-conjugated goat anti-rabbit antibody (1.9 ug/ml; Jackson
ImmunoResearch) in PBS-BSA-GS blocking solution, washed, and
mounted on slides with mowiol 4-88 (48 mg/ml; Sigma). For live cell stain-
ing, neurons were washed in imaging medium and incubated for 20 min at
4°C with mouse primary antibody against Flag (1:400—1:500; Sigma) in im-
aging medium in the absence or presence of the appropriate drugs. After
washes with imaging medium, cells were fixed for 15 min with PFA and
processed for immunodetection of Flag as above. Sets of neurons compared
for quantification were labeled and imaged simultaneously.

Fluorescence image acquisition and analyses. Images of Figure 1 were
scanned on a Leica SP5 confocal microscope using the LAS-AF program
(Leica). Images were acquired using either a 40X/1.25 NA objective
(stacks of 16—35 images acquired with an interval of 0.4 um, voxel size of
273 nm, and optical zoom of 1.4) or a 100X/1.44 NA objective (stacks of
26—48 images acquired with an interval of 0.1 wm, voxel size of 38 nm,
and optical zoom of 4). The other images of this study were acquired
using a 63X objective (1.3 NA) on a Leica DM6000 upright epifluores-
cence microscope with a 12-bit cooled CCD camera (Micromax; Roper
Scientific) run by MetaMorph software (Roper Scientific). Exposure
time was determined on bright control cells to avoid pixel saturation. All
images from a given culture were then acquired with the same exposure
time and acquisition parameters. Quantifications were performed on
images acquired with standard light microscopy using MetaMorph soft-
ware (Roper Scientific). For each image, a region of interest was chosen.
For KCC2-Flag cluster analyses, images were first flatten background
filtered (kernel size, 3 X 3 X 2) to enhance cluster outlines, and a user-
defined intensity threshold was applied to select clusters and avoid their
coalescence. Thresholded KCC2 cluster images were binarized, and bi-
narized regions were outlined and transferred onto raw data to deter-
mine the mean KCC2-Flag cluster number, area, fluorescence intensity,
and the mean fluorescence intensity per pixel within clusters. The den-
dritic surface area of the region of interest was measured to determine the
number of clusters per 10 um 2. For quantifications of KCC2-Flag clus-
ters at excitatory or inhibitory synapses, only KCC2 clusters comprising
at least three pixels and apposed on at least one pixel with homer1c—GFP
or gephyrin—-mRFP clusters were considered. For quantifications of the
proportion of KCC2-Flag clusters at synapses versus extrasynaptic sites
(Fig. 1F), binarized regions of excitatory or inhibitory synapses were
merged to identify both types of synapses. Excitatory and inhibitory synapses
are not equally distributed along dendrites, with excitatory synapses ac-
counting for the vast majority of the total synaptic population. To take this
bias into account, the relative abundance of KCC2 at each synapse subtype
(Fig. 1G) was calculated by plotting the ratio of the total surface of synaptic
KCC2 clusters at a given type of synapses (excitatory or inhibitory) over the
total surface area occupied by either type of synapses.

Electrophysiology. Neurons were superfused with a solution containing
(in mm) 125 NaCl, 20 p-glucose, 10 HEPES, 4 MgCl,, 2 KCl, and 1 CaCl,,
pH 7.4, in a recording chamber (BadController V; Luigs & Neumann)
maintained at 31°C on an upright microscope (BX51WI; Olympus).
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Neurons were whole-cell patch clamped with a borosilicate glass pipette
containing (in mm) 104 K-gluconate, 25.4 KCI, 10 HEPES, 10 EGTA, 2
MgATP, 0.4 Na;GTP, and 1.8 MgCL,, pH 7.4, and maintained at a hold-
ing potential of —60 mV. Photolysis of caged GABA was used to elicit
GABA currents at somatic or dendritic locations. Rubi-GABA (15 um;
Ascent Scientific) was added to the extracellular solution, with 2 mm
kynurenate (Sigma), 3 um CGP52432 (3-[[(3,4-dichlorophenyl)-methyl]
amino|propyl] (diethoxymethyl)phosphinicacid) (Tocris Bioscience),and 1
M TTX. Rubi-GABA was photolyzed using a digitally modulated, diode
laser beam set at 405 nm (Omicron Deepstar; Photon Lines) delivered
through a single-path photolysis head (Prairie Technologies). The diameter
of the laser beam was set to 3-5 wm and directed to the soma or distal
dendrites of the recorded neurons. Photolysis was induced by a 5 ms pulse at
5-10 mW on the soma or 10 ms at 30—40 mW on distal dendrites (100 wm
from the soma). Voltage steps of 10 mV for 3.5 s each ranging from —75 to
—25 mV were applied to the cell at least 5 min after break in. Laser pulses
were delivered at 2.2 s after the onset of the voltage step to allow for stabili-
zation of the holding current. Current—voltage (I-V) relationships were
computed from peak amplitudes of a series of GABA-evoked currents re-
corded at increasing holding potentials and repeated twice for each location
(soma and dendrite). Voltages were corrected for liquid junction potential
(—14.1 mV) and voltage drop across the series resistance of the pipette.
Under these experimental conditions, the expected Eg 555 predicted by the
Nernst equation was —40 mV.

Live cell staining for single-particle imaging. Neurons were stained as
described previously (Bannai et al., 2006). Briefly, cells were incubated
for 5 min at 37°C with primary antibodies against Flag (mouse, 1:300;
Sigma) or extracellular epitopes of NCAM-120 (rabbit, 1:40,000; gift
from R. M. Mége), washed, and incubated for 5 min at 37°C with biotin-
ylated Fab secondary antibodies (goat anti-mouse, 1:1000; goat anti-
chicken, 1:2000; Jackson ImmunoResearch) in imaging medium. After
washes, cells were incubated for 1-2 min with streptavidin-coated QDs
emitting at 605 nm (0.5-1 num; Invitrogen) in borate buffer (50 mm)
supplemented with sucrose (200 mm).

QD imaging. Cells were imaged at 31°C in a temperature-controlled
open chamber mounted onto an Olympus IX71 inverted microscope
equipped with a 60X objective (1.42 NA; Olympus). GFP, mRFP, and
QDs were detected using Lambda DG-4 monochromator coupled to the
microscope through an optic fiber with appropriate filters (excitation,
HQA470/40, D540/25, and D455/70; dichroic, Q495LP, 565DCLP, and
500DCXR; emission, HQ525/50, D605/55, and HQ605/20; GFP and mRFP
filters from Chroma Technology; QD filters from Omega Optical). gephy-
rin—-mRFP, homer1c—GFP images, and QD real-time recordings were ac-
quired with ImagEM EMCCD camera and MetaView software (Roper
Scientific). Real-time fluorescence images were obtained with an integration
time of 30 ms with 1200 consecutive frames. Cells were imaged within 40
min after appropriate drug preincubation.

SPT and analyses. Single QDs were identified by their blinking prop-
erty, i.e., their random alternation between emitting and non-emitting
states (Alivisatos et al., 2005). Single QD tracking and reconstruction of
trajectories over the recording were performed with homemade software
(MATLAB; MathWorks) as described previously (Bonneau et al., 2005).
The center of the fluorescence spots was determined with a spatial accu-
racy of ~10 nm by cross-correlating the image with a Gaussian fit of the
point-spread function (for details, see Triller and Choquet, 2008). Spots
were classified as synaptic when they overlapped with gephyrin—-mRFP or
homer1c—GFP clusters. mRFP and GFP images were first median filtered
(kernel size, 3 X 3 X 1) to enhance cluster outlines. Then, a user-defined
intensity threshold was applied to select clusters and avoid their coales-
cence, and a binary mask was generated. Trajectories were considered
synaptic when overlapping with the mask or extrasynaptic for spots two
pixels (440 nm) away from the border of the mask (Dahan et al., 2003).
Values of the mean square displacement (MSD) plot versus time were
calculated for each trajectory by applying the following relationship:

N—n

MSD(nt) = m}‘, [(x((i + n)7) — x(i7))?

i=1

+ (G + m)1) = y(in)’]
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Figure1. Recombinant, Flag-tagged KCC2 transporter is targeted to the somatodendritic neuron cell surface and preferentially accumulates at synapses. A, Scheme showing the site of insertion
of the three Flag sequence in the second extracellular loop between transmembrane segments 3 and 4. B, Flag-tag staining (red) in permeabilized hippocampal neurons (22 DIV) transfected with
KCC2—Flag and eGFP (green). Insets, Higher magnification of the regions of interest in B. Scale bars, 10 wm. KCC2—Flag immunoreactivity is somatodendritic (arrow) and absent from axons
(arrowhead). €, D, Flag (red, €) or KCC2 (red, D) staining in neurons transfected with KCC2—Flag plus eGFP (C) or eGFP alone (D). Scale bar, T wm. Flag-tagged KCC2 forms numerous clusters in
dendritic shafts (arrow) and spines (arrowheads) as the endogenous KCC2 protein. E-G, KCC2—Flag clusters at synapses. E, KCC2—Flag surface staining (blue) in neurons cotransfected with
homer1c—GFP (green) and gephyrin—mRFP (red), two markers of excitatory (ES) and inhibitory (IS) synapses. Note that some KC(C2—Flag clusters partially overlaid homer1c—GFP clusters (crossed
arrow) or gephyrin—mRFP clusters (double crossed arrow), whereas others are associated with the extrasynaptic membrane (arrowhead). Scale bar, 2 m. F, Quantification of the proportion of
KCC2—Flag membrane clusters at synapses (syn) compared with extrasynaptic membrane (extra), showing a preferential localization of KCC2 in the vicinity of synapses (n = 40; 3 cultures; ***p <
10 7%).6, Comparable proportion of KCC2 at excitatory (ES) and inhibitory (IS) synapses (n = 40; 3 cultures).
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Recombinant KCC2—Flag is functional, and its expression does not perturb chloride extrusion in neurons. A, Calibration of the CFP—YFP chloride sensor (n = 12 for each chloride

concentration, 3 cultures). B, C, Live cell ratiometric chloride imaging in COS cells transfected with the CFP-YFP chloride sensor (Cl ~ sensor) alone or in combination with WT (KCC2-WT) or
Flag-tagged KCC2 (KCC2—Flag). B, Images show the F,,/F 4, fluorescence ratio. Scale bar, 20 um. €, Quantifications showing significant (***p << 10 ~3) decrease in the CFP/YFP ratio in cells
expressing the (I~ sensor in combination with KCC2—WT or KCC2—Flag versus cells expressing the chloride sensor alone. (I~ sensor, r = 1.0 = 0.02, n = 51; KC(2-WT, r = 0.86 = 0.03,n =
53;KCC2—Flag, r = 0.83 = 0.02, n = 53, four cultures. No significant difference between cells expressing WT or Flag-tagged KCC2 (p = 7 X 10 ~2) demonstrating that Flag-tag insertion in the
second predicted extracellular loop does not compromise KCC2 function. D-F, No effect of KCC2—Flag expression on chloride export estimated from the somatodendritic £g, gradient. D, E,
Representative currents at voltage steps ranging from —75 to —25 mV during Rubi-GABA uncaging at somatic and dendritic sites (D) and normalized /-V/ relationships (E). Note the leftward shift
in I-V relationships of dendritic versus somatic GABA currents. F, Mean somatodendritic £, gradient from seven (eGFP) and nine (KCC2—Flag) cells.

(Saxton and Jacobson, 1997), where 7 is the acquisition time, N is the
total number of frames, and n and i are positive integers, with n deter-
mining the time increment. For simple, two-dimensional Brownian
mobility, the MSD as a function of time is linear with a slope of 4D,
where D is the diffusion constant. If the MSD as a function of time
tends to a constant value L, the diffusion is confined in a domain of
size L. Diffusion coefficients (D) were calculated by fitting the first
four points without origin of the MSD versus time curves with the
following equation: MSD(n71) = 4Dnt + b, where b is a constant
reflecting the spot localization accuracy. The area in which diffusion
is confined can be estimated by fitting the MSD as a function of time

with the following formula:
12Dndt
———| | + 4D, ndt,

LZ
MSD(ndt) = ?(1 - exp( -

where L? is the confined area in which diffusion is restricted, and D,,_is
the diffusion coefficient on a long timescale (Kusumi et al., 1993). The
size of the confinement domain was defined as the side of a square in
which diffusion is confined (Kusumi et al., 1993). For details, see Ehren-

sperger et al. (2007)). Synaptic dwell time (DT) was defined as the dura-

tion of detection of QDs at synapses on a recording divided by the
number of exits as detailed previously (Charrier et al., 2006; Ehren-
sperger et al., 2007). DTs =5 frames (150 ms) were not retained.

Statistics. Means are shown *=SEM, and median D values are indi-
cated with their interquartile range (IQR, 25-75%). Means were com-
pared using the nonparametric, Mann—Whitney rank-sum test unless
stated otherwise using SigmaStat software (SPSS). Cumulative distribu-
tions and median D values were compared using the Kolmogorov—Smir-
nov test under StatView (SAS). Differences were considered significant
for p values <5%.

Results

Normal membrane traffic and function of Flag-tagged KCC2
in neurons

QD-based SPT experiments require that antibodies coupled to
fluorescent probes bind to the membrane protein of interest. In
the absence of a reliable antibody targeting an extracellular
epitope of KCC2, we designed a recombinant KCC2 transporter
Flag-tagged (KCC2-Flag) within its second predicted extracellu-
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Figure3. Membrane dynamics of the KCC2 transporter studied with QD-based SPT. 4, Rep-

resentative trajectories (white) of QD-bound Flag-tagged recombinant KCC2 in extrasynaptic
membrane (1014frames, D =3 X 10 ~2 um s ), atexcitatory synapses (1002 frames, D =
210 72 um? ~"), and atinhibitory synapses (773 frames, D = 4 X 10 ~2 um? ~").QD
trajectories (white) were overlaid with fluorescent clusters of recombinant homer1c—GFP
(green) and gephyrin—mRFP (red) to identify excitatory (ES) and inhibitory (IS) synapses, re-
spectively. Scale bars, 1 wum. B, Time-averaged MSD functions of extrasynaptic QDs (black), QDs
at excitatory synapses (green), and QDs at inhibitory synapses (red). The MSD versus time
relationship for extrasynaptic trajectories shows a steeper initial slope, suggesting that trajec-
tories were less confined. €, Decreased size of the confinement domain L for synaptic QDs
showing increased confinement (***p << 10 —*). D, E, Cumulative probabilities (D) and median
values = 25-75%IQR (E) of QD diffusion coefficients Din extrasynaptic membrane (black) or at
excitatory (green) or inhibitory (red) synapses. Note the reduced diffusion at synapses (**p =
210 3, ***p <10 ~3). F, Cumulative probability plots of KCC2—Flag DTs are shifted toward
higher values at excitatory synapses (p = 6 X 10 ~%). G, Mean DTs at excitatory synapses
(green) and at inhibitory synapses (red) showing increased DT of KCC2—Flag at excitatory syn-
apses (*p <5 X 10 7).
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Table 1. Diffusion properties of KCC2-Flag at excitatory and inhibitory synapses

Median
Location D10 2 um%s ") Mean [ (nm) Mean DT (s)
ES 2.7 (281) 237.39 = 12.66 (212) 11.9 * 0.8 (380)
IS 2.5(202) 221.03 = 8.90 (142) 9.4 + 0.8 (288)
Extra 3.3(367) 299.62 + 18.27 (279) n.d.

Quantifications from 49 cells and five independent experiments. Numbers in parentheses indicate the numbers of
QDs analyzed. ES, QDs at excitatory synapses; IS, QDs at inhibitory synapses; Extra, QDs at extrasynaptic sites; n.d.,
not determined. Mean L and DT values are shown == SEM.

lar loop between transmembrane domains 3 and 4 (see Materials
and Methods; Fig. 1A). We first examined whether the insertion
of the Flag tag may alter membrane targeting and cellular distri-
bution of KCC2. Primary cultures of hippocampal neurons were
transfected at 14 DIV with the recombinant KCC2-Flag trans-
porter and eGFP and processed at 22 DIV for immunolabeling on
fixed and permeabilized cells using an anti-Flag antibody. KCC2—
Flag was targeted to the somatodendritic domain (Fig. 1B) and
excluded from axons (Fig. 1B), as observed for the endogenous
transporter (data not shown; Williams et al., 1999; Gulyas et al.,
2001; Hiibner et al., 2001; Vale et al., 2005; Blaesse et al., 2006;
Szabadics et al., 2006; Takayama and Inoue, 2006; Belenky et al.,
2008; Bartho et al., 2009; Baldi et al., 2010). At the subcellular
level, KCC2-Flag formed numerous clusters in dendritic shafts
and spines (Fig. 1C), similar to the endogenous transporter (Fig.
1D; Lee et al., 2007; Watanabe et al., 2009; Gauvain et al., 2011).
Live cell Flag immunolabeling to selectively stain KCC2-Flag at
the surface revealed that the recombinant transporter was tar-
geted to the plasma membrane (Fig. 1E). These results indicate
that the Flag-tagged transporter traffics normally to the somato-
dendritic membrane and that the recombinant protein is present
in large amounts at the cell surface.

We showed previously with confocal microscopy that endog-
enous KCC2 clusters are detected in the vicinity of excitatory and
inhibitory synapses (Chamma et al., 2012), and electron micros-
copy studies indicate that its localization might be perisynaptic
and/or postsynaptic (Gulyés et al., 2001; Bartho et al., 2004;
Blaesse et al., 2006; Takayama and Inoue, 2006). Therefore, we
evaluated the abundance of surface KCC2-Flag clusters at syn-
apses in neurons cotransfected with GFP-coupled homerlc and
mRFP-coupled gephyrin to label excitatory and inhibitory syn-
apses, respectively (Hanus et al., 2006; Ehrensperger et al., 2007).
KCC2 clusters were considered synaptically located when over-
lapping with homer1c—GFP or gephyrin—-mRFP clusters and ex-
trasynaptic when localized at least two pixels (286 nm) away from
synaptic markers. Surface KCC2-Flag clusters showed partial co-
localization with synaptic markers and were also detected in ex-
trasynaptic regions (Fig. 1E). Quantifications revealed that
66.4 £ 2.5% surface KCC2-Flag clusters were localized at syn-
apses (i.e., independent of their localization at excitatory or in-
hibitory synapses; see Materials and Methods; Fig. 1 F), showinga
preferential association of the transporter with synaptic compart-
ments. The apparent preferential synaptic localization of KCC2—
Flag was not attributable to a sampling bias because synapses
occupy only 11.5 % 1.0% (n = 14) of total dendritic surface.
Furthermore, a similar proportion of surface KCC2—-Flag clusters
localized at glutamatergic and GABAergic synapses (see Materials
and Methods; Fig. 1G). Thus, KCC2-Flag accumulates at both
excitatory and inhibitory synapses.

To test whether insertion of the Flag tag may compromise
KCC2 function, we measured chloride extrusion in COS cells
using ratiometric fluorescence imaging of a CFP-YFP chloride
sensor (Markova et al., 2008; Waseem et al., 2010). We first cali-
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Figure 4.

F-actin depolymerization and K(C2—actin binding interference increase the lateral diffusion of KCC2. A-C, Cumulative probability plots of diffusion coefficients (for bulk population of

(QDs) of KCC2—Flag in control conditions (gray in A) or during application of latrunculin A (black in A), in neurons transfected with eGFP (gray in B), KCC2—CTD (black in B), nontarget shRNA (gray in
0),and shRNA against 4.1N (black in €). Note the increase (***p < 10 ~*) in KCC2—Flag diffusion coefficients during actin depolymerization, KCC2—CTD overexpression, or 4.1N suppression. D—F,
Examples of KCC2—Flag trajectories in control (D; 827 frames, D = 4 X 10 ~% um s ") versus latrunculin A application (D; 944 frames, D = 9 > 10 ~* wms ~"), orin neurons transfected with
eGFP (E; 974 frames, D = 4 X 10 ~% um?s ~ ") versus KCC2—CTD (E; 554 frames, D = 9 X 10 ~2 um s ), orin nontarget shRNA (F; 494 frames, D = 4 X 10 ~2 um s ~ ") versus 4.1N shRNA
(F; 380 frames, D = 13 X 10 2 um s ") expressing neurons. QD trajectories were overlaid with fluorescent clusters of recombinant homer1c—GFP (green) to identify excitatory synapses. Scale
bars, 0.5 um. Note the increase in surface exploration and faster escape of KCC2 from excitatory synapses (green). G-/, Significant reduction in KCC2—Flag DT at excitatory synapses (ES) but not at
inhibitory synapses (IS) after actin depolymerization with latrunculin (IS, p = 0.9), reduced KCC2 actin binding with KCC2—CTD overexpression or 4. 1N suppression (G, **p = 3 X 10 ~3; H, ***p <

10 ™% 1,%*p = 1.2 X 10 ). Ctrl, Control; lat, latrunculin.

Table 2. Effects of F-actin depolymerization and interference with actin binding on

KCC2 mobility at excitatory and inhibitory synapses

Condition
Location Control Latrunculin A eGFP (D NT shRNA 41N shRNA
Bulk median 43(258,24,3) 6.5(302,35,3) 3.4(312,24,3) 5.0(369,35,3) 4.2(93,19,2) 8.3(111,25,2)
D10 2 um% ™)
ES mean DT 10.4 = 1.5(83,24,3) 4.6 +0.9(111,35,3) 14.2 = 1.0 (262,18, 5) 7.3+ 0.6 (407,28,5) 142 +=2.2(53,19,2) 3.9+ 1.2(56,25,2)
IS mean DT 8.0 = 1.5(68,24,3) 6.7 = 1.2(103,24,3) 11.0 = 1.1 (159, 18, 5) 9.7 £ 0.8(278,28,5) 8.1+ 18(54,19,2) 8.7 +2.1(45,25,2)

Numbers in parentheses indicate the numbers of QDs, cells, and cultures analyzed. ES, QDs at excitatory synapses;

brated the probe in our system using a nigericin—tributyltin par-
adigm (see Materials end Methods; Krapfetal., 1988; Trapp etal.,
1996; Marandi et al., 2002; Metzger et al., 2002). In agreement
with previous work (Markova et al., 2008; Waseem et al., 2010),
the CFP/YFP fluorescence ratio was tightly correlated with chlo-

IS, QDs at inhibitory synapses. Mean values are shown == SEM.

ride concentration with maximal sensitivity in the physiological
(10-100 mm) range (Fig. 2A). COS cells were then transfected
with the CFP-YFP probe alone or together with either wild-type
(WT) or Flag-tagged KCC2 constructs (Fig. 2 B,C). We observed
a significant decrease in the CFP/YFP ratio in cells expressing
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Figure 5.  Effects of overexpression of the CTD of KCC2 on its clustering. A, KCC2—Flag re-
mains clustered at the surface of hippocampal neurons after KCC2—CTD overexpression. Scale
bar, 10 wm. B, Summary plots of the effect of KCC2—CTD overexpression on the number of
KCC2-Flag clusters per 10 um 2, cluster size, mean fluorescence intensity per cluster, and mean
fluorescence intensity per pixel within clusters. Values were normalized to the corresponding
control values. eGFP, n = 36; KCC2—CTD, n = 34; three cultures; ***p < 10 3.

either forms of KCC2 compared with cells transfected with the
chloride probe alone (~15%; Fig. 2B, C). However, no signifi-
cant difference was detected between cells expressing WT or Flag-
tagged KCC2 (Mann-Whitney test, p = 7 X 10 % Fig. 2B,C).
These results demonstrate that Flag-tag insertion in the second
predicted extracellular loop does not compromise KCC2 func-
tion, in agreement with previous work (Zhao et al., 2008; Acton et
al,, 2012).

We next asked whether expression of exogenous KCC2-Flag
may increase KCC2 expression level and alter chloride extrusion
properties in transfected neurons. We found that KCC2-Flag
expression did not significantly increase the mean KCC2 fluores-
cence intensity (eGFP, 1.0 = 9.2 X 10 ~2, n = 22; KCC2—-Flag plus
eGFP, 1.3 + 14.0 X 10 7%, n = 25; two cultures; p = 9.4 X 10 ™%
data not shown). To compare KCC2 function in neurons ex-
pressing KCC2-Flag with cells expressing endogenous KCC2,
we measured the somatodendritic gradient of Eg .5, using lo-
cal photolysis of caged GABA (Khirug et al., 2005; Gauvain et
al.,, 2011). In neurons expressing KCC2-Flag and eGFP, we
measured a gradient of 14.4 * 3.0 mV/100 um between so-
matic and dendritic Eg,g, (Fig. 2D—F). This gradient was not
significantly different in neurons transfected with eGFP alone
(14.1 = 1.6 mV/100 uM; Fig. 2D—F). We conclude that exog-
enous expression of KCC2-Flag does not significantly increase
expression and function of KCC2. Altogether, our data report
that recombinant KCC2-Flag is a suitable tool to study cell
and membrane trafficking of the transporter in neurons with-
out perturbing neuronal chloride homeostasis.

J. Neurosci., September 25, 2013 -+ 33(39):15488 —15503 * 15495

Constrained diffusion of KCC2 at glutamatergic and
GABAergic synapses

Neurons were cotransfected at 14 DIV with KCC2-Flag,
homer1c—GFP, and gephyrin—-mRFP, surface labeled at 22-25
DIV with Flag antibodies, and subsequently labeled with specific
intermediate biotinylated Fab fragments and streptavidin-coated
QDs (see Materials and Methods). The cell surface exploration of
KCC2-Flag was analyzed from 36 s recording sequences. As
shown in Figure 3A, surface exploration of QDs was restricted to
smaller areas at synapses compared with extrasynaptic mem-
branes. In some cases, QDs rapidly exchanged between extrasyn-
aptic and synaptic compartments or escaped synaptic areas and
further explored neighboring synapses (data not shown). Quan-
titative analysis performed on whole populations of trajectories
confirmed reduced surface exploration of KCC2-Flag at excit-
atory and inhibitory synapses. MSD versus time plots showed a
steeper slope for extrasynaptic trajectories (Fig. 3B), indicative of
lower confinement. Accordingly, the mean size of the confine-
ment domain (L) was increased by ~1.3-fold in extrasynaptic
membranes compared with synaptic membranes (Fig. 3C). Fur-
thermore, synaptic QDs were significantly (0.8-fold) less mobile
than extrasynaptic QDs, as detected from cumulative probability
plots of diffusion coefficients and median diffusion coefficient D
values (Fig. 3D, E). Thus, KCC2-Flag shows reduced lateral mo-
bility and increased diffusion constraints at excitatory and inhib-
itory synapses compared with extrasynaptic regions. However,
diffusion coefficients and the size of confinement domains of
KCC2-Flag were similar at both types of synapses (Fig. 3C,E). In
contrast, the DT of KCC2-Flag was 1.3-fold longer at excitatory
compared with inhibitory synapses (Fig. 3F, G), suggestive of a
faster escape from inhibitory synapses. The median D values,
mean L, and DT values of KCC2 in the extrasynaptic membrane
at excitatory or inhibitory synapses are summarized in Table 1.
We conclude that KCC2-Flag undergoes stronger diffusion
constraints at excitatory synapses compared with inhibitory
synapses.

Effects of altered KCC2-actin interactions on lateral
diffusion, clustering, and transport function of KCC2-Flag
The intracellular CTD of KCC2 interacts with the actin cytoskel-
eton through the neuronal actin-linker protein 4.1N (Li et al,,
2007). Such interaction may then hinder the lateral diffusion of
KCC2 in the plasma membrane. Therefore, we examined the
impact of KCC2-actin interactions on the lateral diffusion and
clustering of KCC2. For this purpose, we induced F-actin depo-
lymerization using latrunculin A (10 min at 5 uMm; Allison et al.,
2000), prevented KCC2 interaction with cytosolic partners by
overexpressing its CTD (KCC2-CTD; Li et al., 2007; Gauvain et
al., 2011), or specifically disrupted KCC2 interaction with 4.1N
using RNA interference against 4.1N (Lin et al., 2009). We then
examined the impact of these manipulations on KCC2 mem-
brane dynamics. Bulk diffusion of KCC2-Flag (i.e., independent
of synaptic vs extrasynaptic localization) was increased by ~1.5-
fold during actin depolymerization, KCC2—CTD overexpression,
or 4.IN suppression (Fig. 4A—C). In all three conditions, in-
creased exploratory behavior of both extrasynaptic and synaptic
trajectories was observed. However, facilitated synaptic escape of
KCC2-Flag was specific of excitatory synapses (Fig. 4D—F). Con-
sequently, KCC2—-Flag DT at excitatory synapses was reduced by
a 2.3-, 2.0-, and 3.6-fold during latrunculin treatment, KCC2-
CTD overexpression, or 4.1N suppression (Fig. 4G-I). In con-
trast, none of these experimental conditions significantly altered
KCC2 DT atinhibitory synapses (Fig. 4G-I ). Median D values for
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Figure 6.

Elevated neuronal activity increases the membrane dynamics of KCC2 at excitatory synapses. A, Examples of trajectories of QD-coupled KCC2—Flag and NCAM-120 in the absence (1049

and 708 frames) or presence of 4-AP (1155 and 825 frames). Scale bar, 0.5 m. B, Cumulative probabilities of diffusion coefficients (for bulk population of QDs) associated with KCC2—Flag (control,
n=507;4-AP, n = 430, 4 cultures) or NCAM-120 (inset; control, n = 241; 4-AP,n = 228, 2 cultures) in the absence (gray) or presence (black) of 4-AP. Note the selective increase in KCC2 diffusion
after 4-AP treatment (***p << 10 —3). C, Median QD diffusion coefficient D values = 25-75% IQR (for bulk population of QDs) measured in the absence (left) or presence (right) of the
membrane-permeant dynamin inhibitory peptide (dynamin inh) in control (gray) or 4-AP (black) conditions. Slowing down of KCC2 (***p << 10 ~*) in the presence of endocytosis blocker in basal
activity conditions. In the same culture, 4-AP increased KCC2 mobility in the absence (*p = 3 X 10 2 or presence (***p << 10 ~*) of the dynamin inhibitory peptide. D~F, Median diffusion
coefficients == 25-75%IQR (D), mean confinement domain L (E), and mean DT (F) of KCC2—Flag in the extrasynaptic region (extra), at excitatory (ES) orinhibitory (IS) synapses, in the absence (gray)
or presence (black) of 4-AP. Acute 4-AP treatment increased KCC2 diffusion coefficients in all membrane compartments (*p = 2 X 10 % ***p = 5 X 10 ~*), whereas it selectively reduced

confinement and DT at excitatory synapses (***p << 10 ~3). Ctrl, Control.

Table 3. Effects of 4-AP on KCC2 lateral diffusion parameters
Median

Location D10 2um? ") Meanl (nm) Mean DT (s)

Control
ES 2.2(193) 2374 +127(212) 14.2 = 1.0 (262)
N 2.1(157) 221.1 = 8.90 (142) 11.0 == 1.1 (159)
Extra 2.8 (157) n.d. nd.

4-AP (100 v, 10 min)
ES 3.0 (160) 315.3 = 20.80 (144) 7.2 + 0.6 (141)
IS 2.6 (133) 274.8 = 20.5 (117) 9.4 + 1.1(163)
Extra 4.5(137) n.d. n.d.

Quantifications from 49 (control) and 36 (4-AP) cells and four independent experiments. Numbers in parentheses
indicate the numbers of QDs analyzed. ES, QDs at excitatory synapses; IS, QDs at inhibitory synapses; Extra, QDs at
extrasynaptic sites; n.d., not determined. Mean values are shown == SEM.

bulk population of QDs and mean synaptic DT values in control
versus altered KCC2—actin interaction are reported in Table 2.
These results highlight specific KCC2—actin binding properties at
excitatory synapses.

Increased lateral mobility of transmembrane proteins is often
correlated with decreased clustering (Triller and Choquet, 2008).
Therefore, we examined whether preventing KCC2 interactions
with intracellular partners using KCC2—-CTD overexpression ac-
tually reduced KCC2 clustering in hippocampal neurons. In con-
trol conditions, KCC2-Flag formed numerous clusters along the
dendrites of transfected neurons (Fig. 5A). Overexpression of
KCC2-CTD did not affect the density of clusters on dendritic

membranes (Fig. 5B). However, the size of the clusters was re-
duced by 1.6-fold (Fig. 5B) with no reduction in either the mean
fluorescence intensity of KCC2-Flag clusters (Fig. 5B) or the
mean fluorescence intensity per pixel within clusters (Fig. 5B),
showing only moderate effect of KCC2-CTD overexpression on
KCC2 clustering. Consistent with this conclusion, overexpres-
sion of KCC2-CTD did not affect Cl~ transport function, as
observed previously (Gauvain et al., 2011). The somatodendritic
E;apa gradient was not significantly different in neurons cotrans-
fected with KCC2—CTD and KCC2-Flag (14.8 = 2.0 mV/100 M,
n = 12) compared with KCC2-Flag alone (14.7 = 2.8 mV/100
uM, n =7, p = 0.6; data not shown). Thus, altering KCC2 inter-
action with intracellular partners releases diffusion constraints to
KCC2 without compromising its clustering or function.

Increased diffusion and reduced clustering and transport
function of KCC2 upon enhanced neuronal activity

KCC2 function is downregulated by neuronal activity (Kaila et
al., 1997; Reid et al., 2001; Rivera et al., 2002, 2004; Woodin et al.,
2003; Fiumelli et al., 2005; Wang et al., 2006b,c; Pathak et al.,
2007; Wake et al., 2007; Kitamura et al., 2008; Li et al., 2008; Lee
et al., 2011; Shimizu-Okabe et al., 2011). Whether this reflects
reduced intrinsic transport function or reduced membrane ex-
pression of the transporter remains unclear. Therefore, we asked
whether increased neuronal activity may induce an alteration of
KCC2 membrane diffusion. We examined this issue by compar-
ing the membrane dynamics of recombinant KCC2-Flag in the
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Figure 7.  Increased neuronal activity disperses KCC2 clusters and reduces chloride export. A, Flag surface staining in hippocampal neurons (23 DIV) expressing recombinant KCC2—Flag in the
absence (Control) or presence of 4-AP for 10 min and after a 30 min washout (Wash). Scale bar, 10 pum. Note the loss of KCC2 clusters after 10 min exposure to 4-AP and the recovery of clusters 30
min after drug washout. B, Quantifications showing significant reduction in the number of KCC2—Flag clusters per 10 wum * (left), cluster size (middle), and cluster intensity (right) after 10 min of
4-AP. Values were normalized to the corresponding control values. Control, n = 26; 4-AP at 10 min, n = 31; three cultures; *p = 3 X 10 -2 *p=2X10 -3 **¥p <10 ~3.C The mean
fluorescence intensity of KCC2—Flag clusters was reduced by 30% in neurons exposed for 10 min to 4-AP (black) compared with untreated cells (gray). The mean cluster intensity started to increase
10 min (fine hatched) after drug removal to return to control values 30 min (large hatched) later. Values were normalized to the corresponding control values. Control, n = 22;4-AP at 10 min,n =
26; 4-AP washout at 10 min, n = 25; 4-AP washout at 30 min, n = 22; two cultures; *p = 3 X 10 ~2_D, Effect of 4-AP on the mean fluorescence intensity of KCC2 aggregates at excitatory (ES) and
inhibitory (IS) synapses showing dispersion of KCC2 clusters at either type of synapses after 10 min (black) or 1h (black dots) exposure to 4-AP compared with control conditions (gray). Values were
normalized to the corresponding control. Excitatory synapses: control, n = 38; 4-AP at 10 min, n = 31;4-AP at 1 h, n = 31; inhibitory synapses: control, n = 39; 4-AP at 10 min, n = 31; 4-AP at
1h,n = 32; four cultures; ***p < 10 3 E, 4-AP reduces the chloride ion transport capacity of treated neurons. Reduced somatodendritic £, gradient in neurons exposed to 4-AP (black) versus
neurons maintained in control (gray) conditions (control, 14.0 + 1.2,n = 12;4-AP, 9.5 = 0.9, n = 16; t test, **p = 5.0 X 10 —>). In comparison, KCC2 shRNA (white) reduced by 98% the

somatodendritic £¢q, gradient (0.3 = 0.9, n = 5; ttest, ***p < 10 ). Ctrl, Control.

absence or presence of the potassium channel blocker 4-AP (100
uM). 4-AP treatment leads to a rapid and robust increase in syn-
aptic activity that persists during the application of the drug with
no major depolarization (Bouthour et al., 2011). We found that
4-AP increased the exploratory behavior (Fig. 6A) and diffu-
sion coefficients of bulk KCC2-Flag populations (Fig. 6B).
This effect was specific to KCC2 and did not reflect a reduced
membrane viscosity because it was not associated with a sig-
nificant change in the exploratory behavior (Fig. 6A) or lateral
diffusion of the membrane-associated, cell adhesion molecule
NCAM-120 (Fig. 6B).

KCC2 internalization and degradation participate in the rapid
downregulation of chloride homeostasis by excitation (Lee et al.,
2010, 2011). We then asked whether the activity-dependent reg-
ulation of KCC2 membrane dynamics was dependent on endo-
cytosis. We examined the impact of 4-AP on the lateral mobility
of recombinant KCC2-Flag while pharmacologically blocking en-
docytosis using bath application of myristoylated QVPSRPNRAP
dynamin inhibitory peptide (Marks and McMahon, 1998). Un-
der basal activity conditions, blockade of endocytosis signifi-
cantly slowed down KCC2 (by 2.8-fold; Fig. 6C; see Table 4). This
effect was accompanied by a significant (1.9-fold) increase in the

mean fluorescence intensity of membrane KCC2-Flag clusters 20
min after blocking endocytosis (Mann—Whitney test, p < 5.0 X
10 ~% control, 18 cells; dynamin inhibitor, 17 cells, two cultures;
data not shown). The enhanced KCC2 clustering during endocy-
tosis blockade suggests the transporter undergoes a rapid turn-
over from the cell membrane at steady state, in agreement with
published work (Rivera et al., 2004; Lee et al., 2007). Further-
more, our results also reveal a tight correlation between mem-
brane dynamics, clustering, and withdrawal of the transporter.
During blockade of dynamin-dependent endocytosis, the amount of
surface KCC2 increased, leading to an increase in the clustering
and confinement of the transporter. In these conditions, how-
ever, 4-AP was still able to increase KCC2 mobility (by 1.9-fold;
Fig. 6C; see Table 4). Thus, activity-dependent regulation of
KCC2 membrane dynamics does not depend on and actually
precedes its endocytosis from plasma membrane.

We then analyzed the effects of 4-AP on the diffusion behavior
of KCC2 at excitatory and inhibitory synapses. 4-AP application
increased KCC2-Flag diffusion by 1.6-, 1.4-, and 1.4-fold in the
extrasynaptic membrane, at excitatory synapses and inhibitory
synapses, respectively (Fig. 6D). This 4-AP-induced increase in
diffusion was associated with a 1.3-fold decrease in KCC2 con-
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finement at excitatory synapses but not at
inhibitory synapses (Fig. 6E). Consistent
with these observations, 4-AP induced a
(twofold) faster escape of KCC2-Flag
from excitatory synapses than from inhib-
itory synapses (Fig. 6F). These data are
summarized in Table 3. Thus, KCC2
shows lower confinement and faster es-
cape from excitatory but not inhibitory
synaptic domains during increased neu-
ronal activity.

We next analyzed the impact of in-
creased neuronal activity on the mem-
brane clustering of KCC2. Application of
4-AP rapidly reduced the membrane-
associated KCC2-Flag immunoreactivity
(Fig. 7A). Indeed, a 10 min exposure to
4-AP reduced the mean number (by 0.9-
fold) of membrane-associated KCC2—
Flag clusters as well as the size (by 0.7-
fold) and fluorescence intensity (by 0.6-
fold) of the remaining clusters compared
with untreated cells (Fig. 7B). The disper-
sal of KCC2—-Flag clusters was totally re-
versible within 30 min of 4-AP washout
(Fig. 7A, C). The effect of 4-AP on KCC2
clustering was similar at both excitatory
and inhibitory synapses (Fig. 7D).
Application of 4-AP reduced by approx-
imately twofold the mean fluorescence in-
tensity of KCC2-Flag clusters at both
excitatory and inhibitory synapses (Fig.
7D). The effect of 4-AP on KCC2-Flag
clusters was independent of a remodeling
of the postsynaptic scaffold because the size
of homerlc-GFP and gephyrin—-mRFP
clusters remained unchanged after 10 min
or 1 h of 4-AP (control, n = 25;4-AP at 10 min, n = 15;4-AP at 1 h,
n = 21; two cultures; 4-AP at 10 min vs control, p = 0.8 and 0.2 at
excitatory and inhibitory synapses, respectively; 4-AP at 1 h vs con-
trol, p = 0.1 and 0.5 at excitatory and inhibitory synapses, respec-
tively, Mann—Whitney test; data not shown). However, the loss of
KCC2-Flag clusters was accompanied by an alteration of the trans-
port function of KCC2. Indeed, the somatodendritic Ei 54 gradient
was reduced by 32% in neurons exposed to 4-AP compared with
control (Fig. 7E). In comparison, suppression of KCC2 expression
by RNA interference reduced E;,p, somatodendritic gradient by
98% (Fig. 7E), in agreement with our previous work (Gauvain et al.,
2011). Therefore, we conclude that enhanced neuronal activity in-
creases the lateral diffusion of KCC2, leading to reduced membrane
clustering and chloride extrusion.
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Molecular mechanisms underlying the activity-dependent
regulation of KCC2 diffusion and clustering

To identify the molecular mechanisms involved in activity-
induced increase of KCC2 diffusion, we compared the effects of
4-AP in the presence or absence of the sodium channel blocker
TTX (1 uM; Fig. 8A4), the NMDAR antagonist AP-5 (100 u; Fig.
8B), the Ca®" chelator EGTA (1.8 mm; Fig. 8C), the AMPAR
antagonist NBQX (10 um; Fig. 8D), or the group I/group II
mGluR antagonist R,S-MCPG (500 um; Fig. 8E). TTX, AP-5, and
EGTA completely abolished the effects of 4-AP on the diffusion
of KCC2-Flag (Fig. 8A—C). In contrast, NBQX and R,S-MCPG
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NMDAR activation and calcium influx mediate the 4-AP-induced upregulation of KCC2 diffusion. A—E, The increase in
KCC2 diffusion coefficients (calculated for bulk population of QDs) after 4-AP (black) was reversed by (hatched bars) TTX (4, ***p <
10 ~3), 0,-AP-5 (B, ***p << 10 ), or EGTA (€, ***p << 10 ~) but not NBQX (D, *p = 1 X 10 ~2) or R, 5-MCPG (E, *p = 1 X
10 ~?). F, The effect of 4-AP on KCC2 acceleration (black) was partially mimicked by NMDA application (gray, **p = 9 X 10 —3).
Note also that b,L-AP-5 slows down KCC2 at steady state in conditions of both low (white) and high (black dots) external Mg2™*
concentration (1.5 mmMg 2", n = 223; AP-5plus 1.5 mmMg 2", n = 174;***p <10 ~*% 3mmMg 2", n = 116; AP-5 plus 3 mu
Mg 2™, n = 135;**p <10 —* AP-5 plus 1.5 mm Mg 2™ versus AP-5 plus 3 mm Mg, p = 0.5; 1 culture). In all histograms,
values are expressed as percentage of change in diffusion coefficients and statistics compared with drugs versus appropriate

did not prevent 4-AP-induced acceleration of KCC2-Flag (Fig.
8D, E). Furthermore, acute application of NMDA (50 um) in-
creased the exploratory behavior and diffusion of KCC2 (Fig.
8F), showing that direct activation of NMDARs mimics the effect
of 4-AP on KCC2 diffusion. These results demonstrate that 4-AP
leads to an increased diffusion of KCC2 through action potential-
dependent, synaptic activation of NMDARs and subsequent
Ca*" influx.

Interestingly, application of AP-5 alone reduced the diffusion
of the recombinant transporter below that observed in control
conditions (Fig. 8F), suggesting that NMDAR activation may
regulate KCC2 mobility under basal activity. This effect of AP-5
was similar in the presence of high (3 mm) or low (1.5 mm)
extracellular [Mg>*] (Fig. 8F). This suggests that, at steady state,
NMDAR-dependent control of KCC2 diffusion may involve tonic
activity of receptors with low Mg>* sensitivity, possibly containing
the NR2C and/or NR2D subunits (Feldmeyer and Cull-Candy,
1996). We conclude that NMDAR activation and subsequent Ca*™
influx release diffusion constraints to KCC2 diffusion both at steady
state and during sustained neuronal activity.

Dephosphorylation of KCC2 serine residue at position 940 in
the intracellular CTD of KCC2 (S940) is required for activity-
dependent calcium-induced downregulation of KCC2 mem-
brane stability (Lee et al., 2011). Thus, we tested the involvement
of this residue in the activity-induced regulation of KCC2 diffu-
sion and clustering. We generated KCC2-Flag constructs with
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membrane-inserted KCC2 is not cleaved
under basal activity conditions. However,
calpain inhibition entirely blocked the
activity-induced increase in KCC2-Flag
diffusion, decreased in clustering, and re-
duced function (Fig. 9D-F). Tables 4 and
5 summarize the median D values of QDs
in the absence or presence of the various
drugs and mutations that target the mo-
lecular mechanisms underlying the effect
of 4-AP. Our results indicate that the relief
in diffusion constraints and subsequent
dispersal of KCC2 clusters during in-
creased neuronal activity rely on protein
cleavage Dby intracellular, calcium-
activated calpain.

Discussion

In this study, we investigated the mem-
brane dynamics and clustering of KCC2
under basal and sustained neuronal activ-
ity in hippocampal neurons. Our work
demonstrates that KCC2 membrane ex-

Figure9. 5940 dephosphorylation and calpain cleavage contribute to the 4-AP-mediated regulation of KCC2 diffusion, cluster-
ing, and function. A-C, Dephosphorylation of $940 is required for activity-dependent regulation of KCC2 diffusion. A, Median QD
diffusion coefficient D values == 25-75% IQR (for bulk population of QDs) of KCC2—5940 (gray) and KCC2—-S5940A (pattern) in basal
activity conditions, showing increased mobility of the dephosphorylated KCC2—S940A transporter (**p = 2 X 10 3). B, (,
Median QD diffusion coefficients values 2= 25-75% IQR (for bulk population of QDs; B) and mean cluster fluorescence intensity (C)
of KCC2—5940 (plain) and phospho-mimetic KCC2—-S940D (pattern) in the absence (gray and fine pattern) or presence (black and
coarse pattern) of 4-AP. Comparable diffusion behavior and clustering of KC(2—S940D and KCC2—5940. Note that 4-AP selectively
reduced diffusion constraints (*p = 2 X 10 ~?) and clustering (***p << 10 —3) of KCC2-5940 but not of KC(2-S940D. C,
KCC2-5940, n = 32; KC(2-S940D, n = 30; KCC2—-5940 plus 4-AP, n = 31; KC(2—-5940D plus 4-AP, n = 28; three cultures. D-F,
Median QD diffusion coefficient D values == 25-75% IQR (for bulk population of QDs; D), mean cluster fluorescence intensity (E) of
KCC2—-Flag, and somatodendritic gradient of £, (F) in the absence (plain) or presence (pattern) of the calpain protease inhibitor
PD150606, in control (gray and fine pattern) versus 4-AP (black and large pattern) conditions. No effect of calpain activity blockade
in basal activity conditions. The 4-AP-induced increase in KCC2 diffusion (D, **p = 2 X 10 ~3) and decrease in clustering (E,
**%p <10 ~3) and function (F, **p = 5 X 10 ~>, ttest) was reversed by calpain inhibitor (D, ***p << 10 "% E,*p=2X 10 "%
F,**p =610 3, ttest). E, Control, n = 32; PD150606, n = 34; 4-AP n = 31; 4-AP plus PD150606, n = 27; three cultures. F,

pression can be rapidly regulated by syn-
aptic activity through changes in lateral
diffusion. KCC2 is enriched in the vicinity
of both excitatory and inhibitory syn-
apses. In resting conditions, KCC2 is
more confined at synapses compared with
extrasynaptic regions. Restriction of
KCC2 diffusion at excitatory, but not in-
hibitory synapses relies on its tethering to
the actin cytoskeleton via the adaptor pro-
tein 4.1N. However, this structural inter-
action with F-actin is not essential for
KCC2 clustering per se, suggesting that
other mechanisms may be at play to clus-
ter KCC2 in neuronal membranes. Fi-
nally, NMDAR activation and subsequent

Control, n = 12; 4-AP, n = 16; 4-AP plus PD150606, n = 9.

S940 residue mutated in either aspartate (S940D) or alanine
(§940A) to mimic KCC2 S940 phosphorylated or dephosphory-
lated states, respectively. Under basal activity conditions, KCC2—
S940A was 1.4-fold faster than the WT recombinant transporter
(Fig. 9A). In contrast, the mobility and clustering of the KCC2—
S940D transporter did not differ significantly from that of the
WT KCC2-Flag (Fig. 9B, C). These results indicate that the ma-
jority of membrane KCC2 is phosphorylated on S940 under basal
activity conditions, as suggested previously (Lee et al., 2011).
However, S-to-D mutation on 940 residue prevented the 4-AP-
induced increase in KCC2 lateral diffusion for bulk population of
QDs (Fig. 9B; Table 4), as well as for extrasynaptic and synaptic
QDs (Table 5). Furthermore, expression of the KCC2-5940D trans-
porter precluded the 4-AP-induced increase in KCC2 cluster disper-
sal (Fig. 9C). Thus, activity-dependent regulation of KCC2
diffusion and clustering involves dephosphorylation of its
$940 residue.

KCC2-CTD cleavage by calcium-activated calpain protease has
been shown to contribute to the downregulation of KCC2 activity
(Puskarjov et al., 2012; Zhou et al., 2012). Neuronal exposure to
the calpain inhibitor PD150606 did not significantly alter KCC2
lateral diffusion or clustering (Fig. 9D,E), indicating that

Ca*" influx rapidly increase KCC2 lateral
diffusion presumably through S940 de-
phosphorylation and calpain-dependent
cleavage of KCC2-CTD. This effect is correlated to a reversible
dispersal of KCC2 membrane clusters and reduced chloride ex-
port. Thus, lateral diffusion and clustering of KCC2 are key
mechanisms that rapidly and reversibly regulate KCC2 mem-
brane expression and function through glutamate signaling.
Consistent with its synaptic aggregation, KCC2 diffusion
was restricted in the vicinity of synapses compared with extra-
synaptic regions. Importantly, KCC2 DT at excitatory syn-
apses was longer than at inhibitory synapses, suggestive of
different molecular constraints to the diffusion of KCC2 at
these sites. KCC2 was shown to be involved in both the mor-
phogenesis of dendritic spines (Li et al., 2007; Fiumelli et al.,
2013) and the efficacy of glutamatergic transmission (Gauvain
et al.,, 2011) through structural interactions with the actin
cytoskeleton likely involving 4.1N. Therefore, we tested the
hypothesis that restricted diffusion of KCC2 at excitatory syn-
apses relies on its interaction with actin. Inhibition of F-actin
polymerization using latrunculin A, overexpression of KCC2—
CTD as a dominant negative of its intracellular interactions, or
knockdown of its intracellular partner 4.1N (Li et al., 2007) by
RNA interference selectively induced the escape of KCC2 from
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Table 4. Molecular mechanisms underlying 4-AP-dependent regulation of KC(2
lateral diffusion

Median D (10 ~2 m s ~") for bulk population of QDs

Drug/mutant +
Control 4-AP Drug/mutant 4-AP
Dynamin 5.8(202,14,2)  6.3(249,10,2)  2.1(193,10,2)  3.9(200,7,2)
inhibitor

TIX 46(318,26,3)  63(303,21,3) 5.1(324,14,3)  4.8(230,16,3)
AP-5 29(391,29,3)  40(325,24,3) 23(322,17,3)  2.2(344,20,3)
EGTA 3.4(165,17,3)  6.6(181,19,3)  3.6(157,17,3)  3.7(213,20,3)
NBQX 3.6(366,31,4)  44(360,24,4) 3.2(220,22,4) 4.1(335,18,4)
R S-MCPG 3.4(308,253) 42(319,19,3)  2.8(246,15,3)  3.6(308,16,3)
S940A 3.4(270,18,3)  nd. 4.6(234,14,3)  nd.
S940D 41(158,13,2)  6.2(191,9,2)  4.1(256,12,2) 3.7(214,11,2)
PD150606 47(180,13,2)  7.1(197,9,2) 54(216,10,2)  4.9(198,9,2)

Numbers in parentheses indicate the numbers of QDs, cells, and cultures analyzed. n.d., Not determined.

Table 5. The KCC2-5S940D mutant and PD150606 calpain inhibitor prevented the
4-AP-induced increased mobility of synaptic and extrasynaptic K(CC2—Flag
transporters

Median D (10 ~2 um % ")

Extra ES IS

Ctrl 4AP Ctrl 4AP Ctrl 4AP
$940D 4.1(176) 4.1 (190) 2.9 (68) 2.3(81) 2.8 (98) 2.3(78)
PD150606 4.5 (139) 4.8 (118) 4.1(72) 3.4 (44) 3.6 (85) 2.7 (53)

Numbers in parentheses indicate the numbers of QDs analyzed. The number of cells and cultures analyzed are as in
Table 4. In all cases, there was no statistical significance between control and 4-AP conditions. Ctrl, Control; Extra,
QDs at extrasynaptic sites; ES, QDs at excitatory synapses; IS, QDs at inhibitory synapses.

excitatory but not inhibitory synapses. Thus, KCC2 diffusion
at excitatory and inhibitory synapses might not be hindered by
the same intracellular interactions. F-actin is known to be
enriched in dendritic spines but not on dendritic shafts in
which inhibitory synapses are formed. Therefore, F-actin en-
richment could account for the selective impact of cytoskele-
ton manipulations on KCC2 diffusion at excitatory synapses.
The involvement of actin tethering on the hindering of KCC2
diffusion at excitatory synapses may have important implica-
tions regarding KCC2 function in dendritic spines. In a former
study, we showed that KCC2 contributes to a diffusion barrier
in dendritic spines through its structural interaction with the
actin cytoskeleton, thereby restricting translocation of trans-
membrane proteins, including GluAl-containing AMPARs
(Gauvain et al., 2011). Thus, release of actin-tethered KCC2 at
excitatory synapses during enhanced neuronal activity could
act to facilitate protein translocation in dendritic spines and
thereby contribute to synaptic plasticity (Czondor et al., 2012;
Czondor and Thoumine, 2013).

Increased lateral mobility of transmembrane proteins is
often correlated with cluster dispersal (Bannai et al., 2009;
Muir et al., 2010; Bouthour et al., 2011). Thus, we investigated
whether the formation of KCC2 clusters was dependent on
interactions of KCC2—-CTD with intracellular partners by
overexpressing this domain as a dominant negative. Surpris-
ingly, KCC2 clusters were not dispersed during KCC2-CTD
overexpression. This contrasts with the results obtained by
Watanabe et al. (2009) showing reduced clustering of a KCC2
deletion mutant lacking the intracellular 1089-1116 sites.
This discrepancy may be explained by differences in the meth-
odology. Indeed, the experimental procedure used by
Watanabe et al. did not permit to discriminate between cyto-
plasmic and membrane-inserted transporters, whereas we se-
lectively stained the membrane pool of KCC2. We propose
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that deletion of the KCC2 1089-1116 sites may increase the
intracellular pool of KCC2, thus hindering detection of
membrane-inserted clusters. Lipid rafts are membrane mi-
crodomains enriched in cholesterol and sphingolipids (Si-
mons and Toomre, 2000) and may participate in KCC2
clustering. Like the other CCC family members KCC3, KCC4
(Fujii et al., 2008), NKCC1, and Na"-Cl~ cotransporter
(Welker et al., 2008), KCC2 is associated with lipid rafts (Hart-
mann et al., 2009; Watanabe et al., 2009), and disruption of
those by cholesterol depletion disperses KCC2 clusters in cul-
tured hippocampal neurons (Watanabe et al., 2009). Thus,
KCC2 clustering per se does not seem to rely on its interaction
with the actin cytoskeleton, but subcellular localization of
KCC2-containing rafts might depend on actin tethering
through KCC2—CTD. Similarly to the serotonin transporter
(Chang et al., 2012), KCC2 may remain confined to membrane
rafts after relaxation of actin-associated molecular constraints.
Actin-untethering may then relieve diffusion constraints onto
KCC2-containing lipid rafts. KCC2 clustering may also in-
volve an oligomerization process. KCC2 is known to multim-
erize into dimers, trimers, or tetramers (Blaesse et al., 2006;
Simard et al., 2007; Uvarov et al., 2009). Preventing phosphor-
ylation of Y1087 residue disrupts oligomerization and cluster-
ing of KCC2, suggesting a tight link between these two
mechanisms (Watanabe et al., 2009). Thus, one or several
molecular mechanisms may be at play to contribute to KCC2
aggregation. Our findings of different diffusion constraints of
KCC2 at excitatory versus inhibitory synapses further support
this hypothesis.

KCC2 clustering may serve to localize and concentrate the
transporter to membrane subdomains, such as excitatory or in-
hibitory synapses. Clustering may also represent a mechanism for
rapid alteration of KCC2 function. In fact, KCC2 dispersal after
disruption of membrane rafts is correlated with a loss of function
in hippocampal neurons (Watanabe et al., 2009), whereas
aggregation in cholesterol-enriched membrane rafts upregulates
KCC2 function. In our experiments, however, overexpression of
the CTD of KCC2 did not alter KCC2 transport function, sug-
gesting that aggregation but not actin tethering of KCC2 may be
essential for its function.

Our results suggest that a transient increase in synaptic
activity may then permit a rapid and local regulation of KCC2
diffusion/clustering and therefore function at excitatory
and/or inhibitory synapses. Rapid activity-induced dephos-
phorylation of $940 and phosphorylation of Y903/1087 leads
to reduced membrane stability of KCC2 through increased
endocytosis and targeting to lysosomal degradation (Lee et al.,
2010, 2011). KCC2-CTD cleavage by calcium-activated cal-
pain protease also contributes to the downregulation of KCC2
activity (Puskarjov et al., 2012; Zhou et al., 2012). We showed
that increasing neuronal activity—leading to NMDAR activa-
tion and subsequent Ca** influx, dephosphorylation of KCC2
§940, and calpain cleavage of its CTD—rapidly increases the
lateral mobility of KCC2 while reducing its clustering and
chloride export activity in neurons. Interestingly, the effect of
increased activity on KCC2 diffusion was prevented by either
calpain inhibitor or expression of phospho-mimetic KCC2-
$940D mutant. Because S940 is located on the C-terminal tail
of the transporter, which is cleaved by calpain, we propose that
dephosphorylation of S940 may be a prerequisite for calpain
cleavage of membrane-associated transporter and lead to
KCC2 endocytosis and subsequent recycling or degradation.
Activity-induced reduction of clustering may then be an inter-



Chamma et al. @ Regulation of KCC2 Diffusion and Clustering

mediate mechanism affecting KCC2 function. Increased neu-
ronal activity leading to changes in KCC2 phosphorylation
states may lead to a dispersion of the clusters and freely mov-
ing transporters may then become available for internalization
and lysosomal degradation.

NMDAR-induced increase in KCC2 lateral mobility and
cluster dispersal may have important implications for the ef-
ficacy of GABA signaling. The rapid, activity-dependent dis-
ruption of KCC2 diffusion and clustering impacts GABAergic
transmission through reduced extrusion of chloride ions. This
regulation, together with the NMDAR-dependent increase in
GABA R diffusion and cluster dispersal (Bannai et al., 2009;
Muir et al., 2010; Niwa et al., 2012), may then act to decrease
the efficacy of GABAergic synapses and in turn facilitate long-
term potentiation of excitatory synapses. Furthermore, KCC2
function is reduced under pathological conditions associated
with enhanced neuronal activity, thereby contributing to an
altered balance of excitation to inhibition that may contribute
to excitotoxicity or anomalous synchronous activities under-
lying seizures (Reid et al., 2001; Rivera et al., 2002, 2004; Hu-
berfeld et al., 2007; Pathak et al., 2007; Wake et al., 2007; Li et
al., 2008; Shimizu-Okabe et al., 2011). Activity-driven disper-
sal of KCC2 clusters may then be one of the first molecular
mechanisms favoring the emergence of these anomalous
activities. Thus, favoring the membrane stability of KCC2
clusters might provide a new therapeutic strategy for the pre-
vention of several neurological disorders, such as epilepsy,
neuropathic pain, and posttraumatic spasticity.
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