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The neuronal K*-CI~ cotransporter (KCC2) is a membrane
transport protein that extrudes Cl™ from neurons and helps main-
tain low intracellular [Cl"] and hyperpolarizing GABAergic syn-
aptic potentials. Depolarizing y-aminobutyric acid (GABA) re-
sponses in neonatal neurons and following various forms of
neuronal injury are associated with reduced levels of KCC2 expres-
sion. Despite the importance for plasticity of inhibitory transmis-
sion, less is known about cellular mechanisms involved in more
dynamic changes in KCC2 function. In this study, we investigated
the role of tyrosine phosphorylation in KCC2 localization and
function in hippocampal neurons and in cultured GT1-7 cells.
Mutation to the putative tyrosine phosphorylation site within the
long intracellular carboxyl terminus of KCC2(Y1087D) or applica-
tion of the tyrosine kinase inhibitor genistein shifted the GABA
reversal potential (Egsz,) to more depolarized values, indicating
reduced KCC2 function. This was associated with a change in the
expression pattern of KCC2 from a punctate distribution to a more
uniform distribution, suggesting that functional tyrosine-phos-
phorylated KCC2 forms clusters in restricted membrane domains.
Sodium vanadate, a tyrosine phosphatase inhibitor, increased the
proportion of KCC2 associated with lipid rafts membrane
domains. Loss of tyrosine phosphorylation also reduced oligomer-
ization of KCC2. A loss of the punctuate distribution and oligomer-
ization of KCC2 and a more depolarized Eg 5, Were seen when the
28-amino-acid carboxyl terminus of KCC2 was deleted. These
results indicate that direct tyrosine phosphorylation of KCC2
results in membrane clusters and functional transport activity, sug-
gesting a mechanism by which intracellular C1™ concentrations
and GABA responses can be rapidly modulated.

The inhibitory neurotransmitters GABA? and glycine
activate ionotropic Cl™~ channels, typically leading to mem-
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brane hyperpolarization in the adult central nervous system.
The neuronal K"-Cl™ cotransporter (KCC2) is the principal
membrane transport protein that maintains low intracellular
[CIT] ([CI],) in mature and healthy neurons to allow such C1™
influx and hyperpolarization. However, in immature neurons
and in neurons following various forms of neuronal injury,
[CI ], is elevated and GABA and glycine can cause membrane
depolarization and neuronal excitation (1-3). A reduced
expression of KCC2 protein in immature neurons (4) and a
decrease of KCC2 expression in response to various pathophys-
iological conditions, e.g. axotomy (5, 6) and global ischemia (7),
are primarily responsible for this increased [Cl ], and for the
depolarizing GABA response.

In addition to changes in the expression levels of KCC2 pro-
tein, the function of KCC2 can be more dynamically and rapidly
modulated by the availability of transport substrates and by
various forms of kinase activity. Cl~ extrusion is quantitatively
regulated by the K driving force across the membrane (8).
Protein kinase C can down-regulate both KCC2 function (9)
and surface expression (10). Staurosporine, a broad spectrum
kinase inhibitor, produces a rapid up-regulation of KCC2 func-
tion in immature neurons (11). Brain-type creatinine kinase
binding to KCC2 may also regulate its function (12). Finally,
WNKS3, by interacting with Ste20-related proline-alanine-rich
kinase, prevents the cell swelling-induced activation of KCC2 in
Xenopus oocytes (13, 14).

KCC2 contains one tyrosine protein kinase phosphoryla-
tion consensus site (Tyr-1087) within the long carboxyl ter-
minus in the intracellular region (15). Tyr-1087 is not present
in KCC1, another family of KCCs, suggesting that direct tyro-
sine phosphorylation may uniquely regulate KCC2. The recep-
tor tyrosine kinase, IGF-1, and the soluble tyrosine kinase, Src
kinase, activate KCC2 during maturation of hippocampal neu-
rons (16). Oxidative stress decreases the tyrosine phosphoryla-
tion of KCC2 and reduces KCC2 function (17). However, just
how tyrosine phosphorylation regulates KCC2 function under
more physiological conditions is unclear, although modulation
of KCC2 has important implications for inhibitory synaptic
transmission and neuronal excitability. Furthermore, although
KCC2 is uniquely expressed in neurons and may be influenced
by the neuronal microenvironment, many of the studies on
modulation of KCC function have been done in non-neuronal
cell lines, e.g. HEK293 cells, and Xenopus oocytes. In this study,
we therefore examined the role and mechanisms of tyrosine
phosphorylation in the regulation of KCC2 function in cultured
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hippocampal neurons and in GT1-7 cells, a brain-derived cell
line that possesses many neuronal characteristics but does not
express endogenous KCC2 (18, 19) (also, see “Experimental
Procedures”). The present study proposes that tyrosine phos-
phorylation of KCC2 results in clustering within lipid rafts via
interactions within the carboxyl terminus of KCC2 and that this
clustering results in efficient extrusion of Cl ™.

EXPERIMENTAL PROCEDURES

All relevant experimental protocols were approved by the
Ethics Review Committee for Animal Experimentation of the
Japanese Physiological Society.

Plasmid Constructs—The plasmid pEGFP-KCC2, containing
cDNA encoding rat KCC2 (GenBank™ accession number
U55816) subcloned into the enhanced green fluorescent pro-
tein pEGFP-C3 vector (Clontech Laboratories, Inc.), was kindly
provided by Dr. John A. Payne (University of California, Davis,
CA). Point mutations in KCC2 were produced using the Gene
Tailor site-directed mutagenesis kit (Invitrogen) according to
the manufacturer’s protocol. The putative KCC2 tyrosine phos-
phorylation site in the carboxyl terminus, Tyr-1087, was
mutated to aspartate (Y1087D). The carboxyl-terminal dele-
tion of KCC2 (KCC2,,,59_;116) Was made by EcoRI digestion
and religation. Mutations and deletion were confirmed by DNA
sequencing.

Primary Hippocampal Cell Cultures and Transfection of
GT1-7 Cells—Day 19 embryos were removed from pregnant
Wistar rats under ether anesthesia, and their hippocampi were
dissected out and dissociated by papain treatment for 20 min at
32 °C before being plated onto polyethyleneimine-coated cov-
erslips or polystyrene plastic culture dishes. The cultures were
maintained in Neurobasal medium (Invitrogen) supplemented
with B-27 (Invitrogen). Hippocampal neurons at 27-33 days in
culture were used for experiments. GT1-7 cells (kindly pro-
vided by Dr. R. Weiner, University of California at San Fran-
cisco, CA) were cultured in Dulbecco’s modified Eagle’s
medium (Sigma-Aldrich) with 10% fetal bovine serum, 100
units/ml penicillin, 0.1 mg/ml streptomycin, 1 mM sodium
pyruvate, 24 mm NaHCO,, and 4 mm L-glutamine. GT1-7 cells
possess neuronal characteristics, including expression of neu-
ronal cell markers (neuron-specific enolase, neurofilament,
synaptotagmin, synaptobrevin) and the potency to establish
perikarya, neurites, and synapse-like connections with adjacent
neurons (18, 20). They also express a variety of neuronal ion
channels and receptors, including voltage-gated Na™, K™, and
Ca?* channels (21, 22) and a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid and GABA , receptors (21). However,
GT1-7 cells do not express any endogenous KCC2 (Fig. 1B). For
patch clamp experiments, cells were plated on to poly L-lysine-
coated coverslips. GT1-7 cells were transfected with the wild-
type (WT) or mutated pEGFP-KCC2 ¢cDNA plasmid using the
TransIT-Neural transfection reagent (Mirus Bio LLC, Madi-
son, WI) according to the manufacturer’s protocol. Mock-
transfected cells were treated with the transfection reagent but
with an empty expression vector.

Immunoprecipitation—Cultured hippocampal neurons were
lysed using a sonicator in a buffer solution containing 50 mm
Tris-HCI, pH 7.5, 150 mMm NaCl, 1% Nonidet P40, and 0.5%
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sodium deoxycholate, supplemented with protease inhibitor
mixture (Roche Applied Science, Penzberg, Germany) and
phosphatase inhibitor mixture 2 (Sigma-Aldrich). The cell
lysates were centrifuged at 12,000 X g for 10 min at 4 °C. Immu-
noprecipitation was performed using the immunoprecipitation
kit (Roche Applied Science) according to the manufacturer’s
protocol. Briefly, the supernatant was precipitated with KCC2
antibody (Upstate Biotechnology, Charlottesville, VA) for 1 h at
4. °C followed by incubation with protein A-Sepharose over-
night at 4 °C. The immunoprecipitates were washed in trip-
licate with the above buffer solution before being diluted in
SDS sample buffer and analyzed by SDS-PAGE and Western
blotting.

Lipid Raft Preparation—Cultured hippocampal neurons or
GT1-7 cells, either control or drug-treated, were solubilized
with 2 ml of 0.1-0.3% Triton X-100 in TNE buffer (50 mm
Tris-HCI, pH 7.4, 150 mMm NaCl, 5 mm EDTA, protease inhibi-
tor, phosphatase inhibitor mixture 2) for 30 min on ice. The
extract was adjusted to 40% sucrose and overlaid with 4 ml of
30% sucrose in TNE buffer and 4 ml of 5% sucrose in TNE
buffer. The sample was centrifuged at 39,000 rpm for 17 h at
4 °C using a Beckman SW41 rotor. Twelve different density
fractions of equal volume were collected from the top of the
sample (low density, fraction 1) to the bottom of the sample
(high density, fraction 12). Fractions 4 and 5 contained flotil-
lin-1 and were designated as the lipid raft fractions, whereas the
denser fractions contained the transferrin receptor (TfR) and
were designated as the non-raft fractions (23, 24). To deplete
cholesterol, cells were treated with 10 mm methyl-3-cyclodex-
trin (MeBCD) for 30 min at 37 °C (25). MeCD, a water-soluble
cyclic oligomer that sequesters cholesterol within its hydropho-
bic core, depletes cholesterol from the plasma membrane and
hence disperses lipid rafts. The membrane cholesterol content
was measured using an Amplex red cholesterol assay kit
(Invitrogen) according to the manufacturer’s protocol. The
KCC2 band density in the lipid raft fraction was normalized to
the total KCC2 band density, which was normalized to the
B-actin band.

Cross-linking of Membrane Protein—Cross-linking was per-
formed following the manufacturer’s protocol. Briefly, control
and drug-treated cultured hippocampal neurons or GT1-7 cells
were washed with ice-cold PBS and incubated with covalent
cross-linker bis(sulfosuccinimidyl) suberate (Pierce) for 45 min
at 4 °C. After quenching the reaction by adding 20 mm Tris-
HCI, pH 7.5, cells were washed with PBS and lysed in 1% Triton
X-100 in TNE buffer and subjected to immunoblotting.

Cell Surface Biotinylation—Surface biotinylation experi-
ments were performed using a cell surface protein biotinylation
and purification kit (Pierce) according to the manufacturer’s
protocol. Briefly, GT1-7 cells were washed with ice-cold PBS
and then labeled with 0.25 mg/ml sulfo-NHS-SS-biotin for 30
min at 4°C before washing with PBS supplemented with
quenching solution to remove excess biotin. The cell lysates
were centrifuged (10,000 X g, 2 min), the supernatant was iso-
lated with NeutrAvidin gel, and the bound proteins were then
eluted with SDS sample buffer (62.5 mm Tris-HCI, pH 6.8, 1%
SDS, 10% glycerol) and analyzed by SDS-PAGE and Western
blotting.
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Immunoblotting—Proteins were separated using 7.5% acryl-
amide gels by SDS-PAGE. The gels were transferred to an
Immobilon-P membrane (Millipore, Bedford, MA). The blots
were blocked in 1% bovine serum albumin and incubated over-
night with primary antibody at 4 °C. They were then incubated
with horseradish peroxidase-conjugated secondary antibody
(GE Healthcare UK Ltd., Buckinghamshire, England) for 1 h at
room temperature. Enhanced chemiluminescence (ECL, GE
Healthcare) exposure on instant film and an ECL mini-camera
luminometer were used to visualize labeled protein. The fol-
lowing primary antibodies (and their dilutions) were used: anti-
KCC2 (1:1000, Upstate Biotechnology), anti-phosphotyrosine
(1:500, Upstate Biotechnology), anti-B-actin (1:10,000, Sigma-
Aldrich), anti-flotillin-1 (1:250, Pharmingen), and anti-TfR
receptor (1:500, Zymed Laboratories Inc., San Francisco, CA).
The optical densities of bands were analyzed with Scion Image
software with a gel-plotting macro program. The phosphoty-
rosine band density was normalized to the KCC2 band density.
The total KCC2 band density was normalized to the B-actin
band density. Immunoblots were repeated at least three times
to ensure the reproducibility of results.

Immunofluorescence Staining—Cultured hippocampal neu-
rons or GT1-7 cells were incubated with or without drugs, as
indicated, and fixed with 4% paraformaldehyde in PBS and then
permeabilized with 0.3% Triton X-100. The reaction was
blocked with 1% normal goat serum and 2% bovine serum albu-
min. The KCC2 antibody (1:325) was added and incubated
overnight at 4 °C. The fluorescent Alexa Fluor-conjugated sec-
ondary antibody (1:300, Invitrogen) was then applied for 2 h at
room temperature. Coverslips were mounted in PermaFluor
aqueous mounting medium (Thermo Shandon, Pittsburgh,
PA), and the immunofluorescent images were acquired with a
confocal laser scanning microscope (Leica TCS SP2, Wetzlar,
Germany). All imaging acquisitions were done blind. The stain-
ing intensity of images was quantified using the Image] software
(National Institutes of Health). Background levels of fluores-
cence were subtracted from KCC2 immunofluorescence, and
puncta were quantified by using a set threshold intensity (26).
The numbers of clusters per cell were counted, and data were
normalized to control values.

Electrophysiology—Gramicidin-perforated patch clamp
recordings were used to measure membrane currents. Ionic
currents were recorded and voltages were controlled using a
patch clamp amplifier (MultiClamp 700B; Axon Instruments,
Sunnyvale, CA). Currents were filtered at 1 kHz, digitized at 4
kHz, and monitored on a pen recorder and recorded on a com-
puter for analysis. Patch pipettes were made of borosilicate
glass capillaries and had a resistance of 4—6 M(). The pipette
solution consisted of 150 mm KCl and 10 mm HEPES (pH 7.2),
supplemented with gramicidin. Gramicidin was dissolved in
methanol to prepare a stock solution of 10 mg/ml and then
diluted to a final concentration of 30 wg/ml in the pipette solu-
tion. The gramicidin solution was prepared just before use. The
extracellular solution consisted of the following (in mm): 150
NaCl, 3 KCl, 1 MgCl,, 2 CaCl,, 10 glucose, 10 HEPES (pH 7.4).
Voltage offsets were nulled before formation of the G() seal.
After obtaining a G() seal with the cell surface by gentle suction,
the pipette potential was set to —50 mV, and —10-mV hyper-
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polarizing step pulses were periodically delivered to monitor
the series resistance. The series resistance typically reached a
steady level below 20 M() within 40 min after making the G}
seal, and series resistance errors were electronically compen-
sated by 75— 80%. In voltage ramp experiments, 300 nm tetro-
dotoxin was added to the extracellular solution. To measure the
reversal potential of the 30 wum GABA-induced current
(Egapa), ramp voltage steps from 0 to —100 mV of 2-s duration
were applied before and after GABA application. Eg,z, Was
estimated by measuring the voltage at which the I-V relation-
ships before and during GABA application intersected. In the
absence of significant concentrations of any other permeant
anions such as bicarbonate, the GABA responses are mediated
primarily by C1™. Hence, the intracellular chloride activities can
be estimated from Eg s using the Nernst equation and know-
ing the extracellular chloride activity. Rapid exchange of the
external solution (about 20 ms) was performed using a “Y-tube”
perfusion system as described previously (27). Recordings were
made at room temperature.

Reagents—Genistein, lavendustin A, sodium vanadate, and
MeBCD were purchased from Sigma-Aldrich. All drugs were
prepared just before use.

Statistics—The results were expressed as the mean = S.E.
The differences were analyzed by paired ¢ test or Student’s
unpaired ¢ test. Differences with p < 0.05 were considered
significant.

RESULTS

Inhibition of KCC2 Tyrosine Phosphorylation Changed the
KCC2 Surface Localization Pattern—We first examined the
effect of tyrosine kinase inhibition on the cell surface localiza-
tion of KCC2. Immunocytochemical analysis of control cul-
tured hippocampal neurons showed punctate membrane stain-
ing of KCC2, both on the cell body and on the dendrites (Fig.
1A, panels a, d, and g). In cells incubated for 15 min with tyro-
sine kinase inhibitors, genistein (100 uM, Fig. 1A, panels b and e)
or lavendustin A (10 uM, Fig. 14, panel h), punctate staining
was not apparent, indicating the translocation of KCC2 to a
more uniform localization. The effects of tyrosine kinase inhi-
bition were reversible, and when cells were incubated with
inhibitors and then washed, punctate staining of KCC2 was
again observed (Fig. 1A, panels c and f, genistein; Fig. 14, panel
i, lavendustin A). We similarly examined the localization pat-
tern of KCC2 in GT1-7 cells expressing KCC2 with enhanced
green fluorescent protein (EGFP) tagged at the amino terminus.
Untransfected or mock transfected GT1-7 cells showed no
expression of KCC2 (Fig. 1B) nor any immunofluorescent stain-
ing (Fig. 1C, panel a), respectively. In transfected GT1-7 cells,
KCC2 expression also showed a punctate distribution (Fig. 1C,
panel b), whereas for cells treated with genistein or lavendustin
A, the KCC2 localization pattern was diffuse (Fig. 1C, panels ¢
and d, respectively), similar to that observed for the cultured
hippocampal neurons. Genistein had no effect on the total lev-
els of KCC2 expression (supplemental Fig. 14) nor on the total
amount of KCC2 expressed on the cell surface (supplemental
Fig. 1B). These results indicated that tyrosine kinase inhibitors
reversibly induced a change in the localization pattern of KCC2
from a punctate to a diffuse distribution and suggest that tyro-
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self or of some other modulatory pro-
tein. KCC2 does, however, contain a
putative tyrosine kinase phosphoryla-
tion site located within a hydrophilic
domain in the carboxyl terminus (15).
To investigate whether KCC2 tyro-
sine phosphorylation was directly
changed, KCC2 was immunopre-
cipitated from cultured hippocam-
pal neurons with a KCC2 antibody,
and the precipitate was subjected to
subsequent immunoblot analysis
with a phosphotyrosine antibody.
Treatment with genistein or laven-
dustin A reduced the proportion of
KCC2 that was tyrosine-phospho-
rylated to about 40% of the control
ratio (Fig. 2C,n = 3, p <0.01). Thus,
the surface translocation of KCC2
was correlated to direct loss of tyro-
sine phosphorylation of KCC2.
Mutant of Tyrosine 1087 Mim-
icked the Effects of Tyrosine Kinase
Inhibition—The reduced tyrosine
phosphorylation of KCC2 pre-

+lavendustin A

+genistein

FIGURE 1. Tyrosine kinase inhibitors reduced the punctate distribution of KCC2. A, confocal microscopic
z-stacked immunofluorescent images of KCC2 showing punctate staining of KCC2 on the soma and dendrites
of a typical cultured hippocampal neuron under control conditions (panel a). Fixing neurons after a ~15-min
incubation with genistein (100 um) (panel b) resulted in KCC2 immunofluorescence that was less punctate and
more diffuse. Following washout of genistein (panel c), the more punctate immunofluorescence was restored.
Panels d-f are magnified views of the boxed areas in panels a-c. Panels g-i are dendrites of another cultured
hippocampal neuron under the same conditions as in panels a- ¢, except that the tyrosine kinase inhibitor used
in this example was lavendustin A (10 um). B, immunoblot of KCC2 (upper panel) or B-actin (lower panel) from
untransfected GT1-7 cells and GT1-7 cells expressing KCC2(WT). GT1-7 cells had no detectable endogenous
KCC2, in contrast to transfected cells. C, a similar set of results was observed in GT1-7 cells. Panels b-d, confocal
microscopic z-stacked immunofluorescent images of KCC2 in GT1-7 cells expressing KCC2 under control con-
ditions (panel b), after incubation with genistein (panel c), and after incubation lavendustin A (panel d). No
immunofluorescence was observed in GT1-7 cells transfected with the empty expression vector (mock, panel
a). Insets are higher magnification views of the boxed areas shown in panels b-d. Scale bar = 10 um.

sumably related to dephospho-
rylation at the putative phospho-
rylation site at Tyr-1087. To more
directly test this, we generated single
point mutated KCC2 with Tyr-1087
mutated to aspartate (Y1087D) us-
ing site-directed mutagenesis (Fig.
3A). Both KCC2(WT) and KCC2-
(Y1087D) were expressed in GT1-7
cells, and functional analysis was
again made using gramicidin-perfo-

sine-phosphorylated KCC2 forms clusters in a restricted mem-
brane domain.

Inhibition of KCC2 Tyrosine Phosphorylation Resulted in
Reduced KCC2 Activity—We next examined the functional
consequences of tyrosine kinase inhibition on KCC2 activity.
To monitor KCC2 function, we recorded E 5, using gramici-
din-perforated patch clamp recordings, which leaves [Cl ],
intact (2). We applied 2-s voltage ramps from —100 to 0 mV
both before and during application of 30 um GABA, and Eg 54
was measured as the voltage at which the two current traces
intercepted. Application of genistein to cultured hippocampal
neurons shifted E . to significantly more depolarized values
(Fig. 2, A and B; by 10.5 £ 1.2 mV, n = 6, p < 0.01). After
washing out genistein, Eg,z, returned to its control value
within about 5 min. The depolarizing shift in Eg 5, reflected
an increase in [Cl ], and we suggest that inhibition of tyrosine
kinases reduces Cl~ efflux via a decrease in KCC2 activity.

The altered surface localization and down-regulation of
KCC2 function in response to inhibition of tyrosine kinase
activity may result from altered phosphorylation of KCC2 it-
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rated patch clamp recordings. Un-

transfected GT1-7 cells gener-
ated an inward current response to GABA application ata V,, of
—50 mV, and Eg 5. Was —36.6 £ 0.9 mV (n = 5; Fig. 3B). In
contrast, in GT1-7 cells expressing KCC2(WT), GABA induced
an outward current, which reversed (Eg.p4) at a significantly
more negative potential of —66 = 2.4 mV (n = 6, p < 0.01).
Furosemide shifted the E;, 5, to more depolarized values in
GT1-7 cells expressing KCC2 (by 12.1 = 1.4 mV, n = 6) but not
in untransfected cells. In cells expressing the mutant Y1087D
KCC2, GABA induced an inward current at a V;; of =50 mV,
and Eg 4 Was the same as in untransfected cells (—36.8 = 1.1
mV, n = 8; Fig. 3B). Immunofluorescence analysis that revealed
GT1-7 cells expressing KCC2(WT) showed punctate distribu-
tion (Fig. 3C), as reported above. In contrast, KCC2(Y1087D)
showed a more diffuse distribution in the plasma membrane.
The number of clusters in KCC2(Y1087D) was reduced to
16.4% of the KCC2(WT) ratio (p < 0.01). Thus, the punctate
distribution of KCC2 was disrupted by the Y1087D mutation.
Together, these results suggest that tyrosine phosphorylation
of KCC2 at Tyr-1087 is critical for KCC2 clustering in the
plasma membrane. Similar levels of membrane surface-ex-
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FIGURE 2. Tyrosine kinase inhibition reduced KCC2 transport function. A, the effect of genistein (100 um) on Egaga in cultured hippocampal neurons. GABA
induced an outward current at V,; = —50 mV. After genistein treatment, the amplitude of the GABA current decreased. The right upper panel shows sample
current-voltage (I-V) curves before and during GABA application; Egaga Was estimated by the intersection on the voltage axis of these I-V relationships. The
lower graph shows the time course of Egaga, before, during, and after genistein treatment, in six separate experiments. Calibrations were: 25 pA, 30 s. B, mean
maximal Egaga shifts induced by genistein treatment (black bar) and following genistein washout (white bar) (n = 6). Genistein reversibly shifted the Egaga to
more depolarized values. Error bars indicate S.E. **, p < 0.01 versus control Egaga. C, upper panel, sample immunoblots of tyrosine-phosphorylated KCC2
(phospho-KCC2) and total KCC2 from the same samples. The bar graph shows a quantitative analysis (densitometric intensity) of the phosphotyrosine (TyrP)
band (phospho-KCC2), normalized to that of KCC2 (total KCC2) and expressed as a percentage of the control value. Genistein (n = 3) and lavendustin A (n = 3)

significantly decreased the proportion of phosphorylated KCC2. **, p < 0.01 versus control.

pressed KCC2(WT) and Y1087D KCC2 were observed using
the biotinylation assay (Fig. 3D), indicating that the effects of
the Y1087D mutation on KCC2 function and distribution were
not due to a reduction in the extent of cell surface expression.
Tyrosine Phosphorylation of KCC2 Facilitated the Associ-
ation of KCC2 and Lipid Rafts—The above results demonstrate
that KCC2 typically shows a punctate membrane distribution
that is dependent on tyrosine phosphorylation. Cholesterol/
sphingolipid-rich membrane microdomains, so-called lipid
rafts, constitute a specialized signaling platform in the plasma
membrane, concentrating signaling molecules and pathways
that may differ from those found outside such microdomains
(28). GABA , receptors and the Na*, K*-ATPase, major com-
ponents of inhibitory synapses (29), are localized in lipid rafts
(30). We therefore investigated whether the punctate distribu-
tion of KCC2 in the plasma membrane corresponded to local-
ization in such lipid raft microdomains. Cultured hippocampal
neurons were solubilized in 0.1% Triton X-100 at 4 °C and frac-
tionated by discontinuous density gradient and centrifugation
(see “Experimental Procedures”). Fractions 4 and 5 contained
the highest concentration of cholesterol (Fig. 4B) and the lipid
raft marker flottilin-1 (Fig. 44) and were hence designated as
the lipid raft fractions. Lower density fractions (fractions 1-3)
contained less cholesterol, whereas the non-lipid raft marker
TfR was identified in higher density fractions (fractions 8—12),
and these were all designated as the non-raft fractions. Immu-
noblot analysis showed that KCC2 was detectable in the lipid
raft fractions (Fig. 44), as well as in the higher density non-raft
fractions. We next attempted to confirm the localization of
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KCC2 in lipid rafts by pharmacological depletion of membrane
cholesterol by treatment with MeBCD (25). Treatment with
MeBCD totally depleted membranes of cholesterol (Fig. 4B)
and led to a loss of KCC2 from the lipid raft fractions (Fig. 44).
Furthermore, treatment with MeBCD resulted in a more dif-
fuse staining pattern of KCC2 in both hippocampal neurons
(HP) and GT1-7 cells expressing KCC2(WT) (Fig. 4C). These
results suggested that some proportion of KCC2 is closely asso-
ciated with lipid rafts and a punctate distribution. Inhibition of
tyrosine phosphatase with sodium vanadate (200 um) increased
the proportion of KCC2 in the lipid raft fractions (Fig. 4D, n =
6, p <0.01). We also performed lipid raft analysis on the GT1-7
cells transfected with KCC2(WT) and KCC2(Y1087D). More
KCC2(WT) was detectable in the lipid raft fraction as com-
pared with mutant KCC2(Y1087D) (Fig. 4E). Together, these
results indicate that the observed discrete puncta of KCC2 rep-
resent a pool of functional KCC2 closely associated with lipid
rafts. Furthermore, this lipid raft-associated KCC2 appears to
be predominantly tyrosine-phosphorylated.

28 Amino Acids in the Carboxyl Terminus of KCC2 Are
Required for Punctate Distribution of KCC2—We next hypoth-
esized that the long carboxyl terminus cytoplasmic tail of KCC2
may play some role in regulation of KCC2 function and distri-
bution. We therefore constructed a KCC2 deletion mutant by
deleting the 28 amino acids distal to the tyrosine phosphoryla-
tion site (C-dely;og9_ 11160 1089 —1116-amino-acid deletion;
Fig. 5A). C-dely 050 1116 Was expressed in GT1-7 cells, and
functional assays were made using gramicidin-perforated patch
clamp recordings In cells expressing KCC2 C-dely;pg0_1116
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FIGURE 3. Mutation of the proposed tyrosine phosphorylation motif
reduced KCC2 activity and punctate surface distribution. A, schematic dia-
gram of the KCC2(WT) and the KCC2 transfection vector with a tyrosine residue
mutated to aspartate (Y1087D). P, cytomegalovirus promoter; EGFP,
enhanced green fluorescent protein. B, GABA induced an inward current in
untransfected GT1-7 cells ata V,, of =50 mV. In GT1-7 cells expressing KCC2(WT),
GABA induced an outward current, whereas GABA induced an inward currentin
cells expressing KCC2(Y1087D). Mean Eg g, in untransfected GT1-7 cells (control;
—36.6 = 2.1 mV,n = 5),in GT1-7 cells expressing KCC2(WT) (—66 = 5.9 mV,n =
6), and in GT1-7 cells expressing KCC2(Y1087D) (—36.8 = 3.2 mV, n = 8) was
determined. Error barsindicate S.E. **, p < 0.01 versus untransfected cells. N.S., not
significant versus untransfected cells. C, confocal microscopic z-stacked immun-
ofluorescent images of KCC2 in GT1-7 cells expressing KCC2(WT) or the KCC2
Y1087D point mutation. Note a loss of punctate KCC2 staining in KCC2(Y1087D).
Insets are higher magnification views of the boxed areas in the main images. Scale
bar = 10 um. D, cell surface expression of KCC2 or KCC2(Y1087D) was deter-
mined using the biotinylation assay. Sample immunoblots of biotinylated KCC2
in GT1-7 cells expressing KCC2(WT) or KCC2(Y1087D) as indicated. The surface
expression of KCC2(Y1087D) was similar to KCC2(WT).
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FIGURE 4. Tyrosine phosphorylation of KCC2 facilitated the association of
KCC2 to lipid rafts. A, cultured hippocampal neurons were subjected to
sucrose gradient centrifugation after incubation with Triton X-100, and equal
volume fractions from low density (fraction 1) to high density (fraction 12)
were isolated and subjected to SDS-PAGE followed by immunoblot using
antibodies against KCC2, flotillin-1, and the transferrin receptor (TfR). In con-
trol conditions (upper panel), KCC2 was detected in the lower density, flotillin-
1-enriched fraction (lipid raft fractions 4 and 5). Cholesterol depletion by 10
mm MeBCD pretreatment (lower panel) depleted KCC2 from the lipid raft frac-
tion. B, graph showing the cholesterol content in the 12 fractions. The lipid
raft fractions (fractions 4 and 5) showed the highest concentration of choles-
terol. After incubation with MeBCD, there was virtually no cholesterol in any
fractions. C, confocal z-stacked immunofluorescent images of KCC2 showing
that MeBCD treatment of hippocampal (HP) or GT1-7 cells caused the local-
ization of KCC2 to change from punctate to diffuse. D, sample immunoblots
of the lipid raft fractions (fractions 4 and 5 in A combined). Incubation of
neurons with the tyrosine phosphatase inhibitor, sodium vanadate (200 um),
increased the amount of KCC2 in the lipid raft fraction. Right panel, quantita-
tive analysis of KCC2 in the lipid raft fraction as a percentage of the control
value. Sodium vanadate increased the proportion of KCC2 in the lipid raft
fractions to 1.8 = 0.3 times that of the control (n = 6). Error bars indicate S.E. %,
p < 0.05 versus control. £, GT1-7 cells expressing KCC2(WT) or KCC2(Y1087D)
were subjected, as in A, to sucrose gradient centrifugation after incubation
with Triton X-100, and equal volume fractions from low density (fraction 1) to
high density (fraction 12) were isolated and subjected to SDS-PAGE followed
by immunoblot using antibodies against KCC2. More KCC2 (WT, upper panel)
was detected in the lipid raft fraction as compared with KCC2 (Y1087D, lower
panel).

KCCZ(Y1087D)|

Egapawas —36.3 =34 mV (n=6,p <0.01), which was similar
to Egapa in untransfected cells (Fig. 3B), suggesting that
C-dely10s0 1116 i8 less potent in keeping E 55, more hyperpo-
larized. The KCC2 C-dely;50 1116 Was still observed to be
expressed on the cell membrane surface using the biotinylation
assay (Fig. 5B). In contrast to the punctate distribution of
KCC2(WT) as revealed by immunofluorescence analysis (Figs.
1C, panel b, 3C, and 5C), KCC2 C-del,; 0591116 Showed a dif-
fuse distribution in the plasma membrane (Fig. 5C). The num-
ber of clusters in C-del,;g9 1116 Was reduced to 46.6% of the
KCC2(WT) ratio (p < 0.01), indicating that the distal carboxyl
terminus is required for KCC2 clustering and efficient function.

Loss of Tyrosine Phosphorylation of KCC2 Reduced KCC2
Oligomerization—As the related cation chloride transporters,
Na™-Cl~ transporter (NCC) and Na*-K*-2Cl~ cotransporter
2 (NKCC2), form functional dimers (31, 32), and as the oli-
gomerization state of KCC2 increases over development (33),
we next asked whether tyrosine phosphorylation changed
KCC2 oligomerization. We assessed the oligomerization state
of KCC2(WT), KCC2(Y1087D), and KCC2 C-dely;os0 1116
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FIGURE 5. The carboxyl terminus of KCC2 is required for punctate surface
distribution of KCC2. A, schematic diagram of the KCC2 deletion mutant
vector (C-dely0g0_1116) @S compared with the KCC2(WT) expression vector.
Py cytomegalovirus construct; EGFP, enhanced green fluorescent protein.
B, sample immunoblots of biotinylated KCC2 in GT1-7 cells expressing
KCC2(WT) or C-dely;0g9-111¢ as indicated. The surface expression of
C-dely 0801116 KCC2 was similar to that of KCC2(WT). C, confocal microscopic
z-stacked immunofluorescent images of KCC2 in GT1-7 cells expressing
KCC2(WT) or C-del ;0891116 KCC2. Note the loss of punctate KCC2 staining in
cells expressing C-del ;1 0g0 1116 KCC2. Insets are higher magnification views of
the boxed areas in the main images. Scale bar = 10 um.

expressed in GT1-7 cells. Immunoblot analysis showed that
KCC2 oligomers were clearly present in cells expressing
KCC2(WT), but monomeric KCC2 prevailed in cells express-
ing KCC2(Y1087D) and C-del ;g9 ;1116 (Fig. 6A). Treatment of
cultured hippocampal neurons with genistein reduced the pro-
portion of KCC2 oligomers, although no change was seen in
response to sodium vanadate (Fig. 6, Band C, n = 3, p < 0.01).
These results suggest that tyrosine phosphorylation and the
carboxyl terminus of KCC2 play a critical role in oligomeriza-
tion of the KCC2 protein.

DISCUSSION

The main finding of this work is that direct tyrosine phos-
phorylation of KCC2 is critical for transport function and the
membrane localization of KCC2. Tyrosine phosphorylation of
KCC2 facilitated both association with lipid rafts into discrete
membrane puncta and protein oligomerization, and these
involved the carboxyl terminus of KCC2 and phosphorylation
of Tyr-1087.

The levels of KCC2 expression and function have a major
influence on the transmission of electrical signals at inhibitory
synapses. A loss of functional KCC2 transport results in an
increase in [Cl"]; and a modal shift in GABA- and glycine-
mediated responses toward a depolarization. As shown in this
study, inhibition of tyrosine phosphorylation and the resultant
inhibition of KCC2 function resulted in a positive shift in the
equilibrium potential of GABA-mediated responses in both
hippocampal neurons and GT1-7 cells. Our recent study in cul-
tured hippocampal neurons reported a loss of tyrosine phos-
phorylation of KCC2 and a loss of transport function in
response to in vitro epileptic activity and oxidative stress (17).
Our current study indicated that basal tyrosine kinase activity
phosphorylates KCC2 and sustains transport function under
non-pathological conditions. The generality of our finding
extended beyond just cultured hippocampal neurons as tyro-
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FIGURE 6. Effects of KCC2 mutations and tyrosine kinase inhibition on
KCC2 oligomerization. A, immunoblot analysis of KCC2 from GT1-7 cells
expressing KCC2(WT), KCC2(Y1087D), or C-dely10g9-1116 KCC2. Oligomers of
KCC2(WT) were clearly present, but monomeric KCC2 prevailed in cells
expressing KCC2(Y1087D) or C-dely;og9-1116 KCC2. B, incubation of hip-
pocampal neurons with genistein reduced the level of KCC2 oligomers.
Sodium vanadate treatment did not change KCC2 oligomerization. C, quan-
titative analysis of the effects of genistein and sodium vanadate on the inten-
sities of the KCC2 monomer band (white bars) and oligomer band (black bars),
expressed relative to values in control conditions (n = 3). Error bars indicate
S.E. **, p < 0.01, N.S. versus control.

sine phosphorylation of KCC2 was also essential for function in
the GT1-7 cells.

The punctate distribution of KCC2 indicates a restricted
localization to specific microdomains in the plasma mem-
brane. Treatments that disrupted this punctate pattern,
including agents such as MeCD, which are known to dis-
rupt lipid rafts, were associated with reduced transport func-
tion. Furthermore, KCC2 was detected in the membrane
fractions corresponding to lipid rafts, and the extent of
KCC2 found within these raft fractions was enhanced by
tyrosine phosphorylation. The function of numerous mem-
brane receptors and transporters are dependent on, or mod-
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ified by, localization within lipid rafts (34), and we would
propose that KCC2 functions most efficiently when tyro-
sine-phosphorylated and localized within lipid rafts. A num-
ber of proteins involved in synaptic transmission are local-
ized to lipid rafts at postsynaptic synapses. The localization
of GABA, receptors into numerous punctate clusters at
inhibitory synapses, for example, is abolished when lipid
rafts are disrupted (35). Co-localization of functional KCC2
and GABA receptors within lipid rafts at inhibitory synapses
may enable more efficient inhibitory signaling. We have also
demonstrated that tyrosine phosphorylation was critical for
KCC2 oligomerization. Inhibition of tyrosine kinase or
mutation of the tyrosine kinase phosphorylation site
(Y1087D) reduced oligomerization. Other members of the
cation chloride cotransporter family have also been reported
to exist as oligomers; NCC (31), NKCC1 (36), NKCC2 (32),
KCC1, and KCC3 (37) all seem to function as homooli-
gomers. In addition, an age-dependent increase in KCC2 oli-
gomerization throughout the nervous system has been
reported (33), consistent with the developmental increase in
KCC2 function. Hence, we suggest that tyrosine phosphoryl-
ation results in localization of KCC2 to lipid rafts, enhances
oligomerization, and enhances function.

Deletion of the 28 amino acid residues in the carboxyl termi-
nus of KCC2 prevented the ability of KCC2 to form both punc-
tate clusters and oligomers. This deletion is distal to the tyro-
sine phosphorylation site at Tyr-1087. One possibility is that
tyrosine phosphorylation initiates carboxyl terminus interac-
tions with accessory proteins involved in clustering or anchor-
ing within lipid rafts. The yeast two-hybrid model identified
protein associated with Myc (PAM) and brain-type creatine
kinase (CKB) as KCC2 binding proteins (38, 39), and KCC2
might interact with these or other unidentified proteins.

In conclusion, we demonstrate that tyrosine phosphoryla-
tion of Tyr-1087 results in association of KCC2 within lipid
rafts and oligomerization, which confers efficient transport
function. Localization of KCC2 may enable rapid control of
local [Cl7]; at inhibitory synapses. In healthy adult neurons,
[C17]; is low, and GABA induces neuronal hyperpolarization.
Changes in KCC2 expression levels during development or in
response to injury modulate the effectiveness of GABAergic
inhibition (4, 5). More rapid pathological or activity-dependent
changes in KCC2 function can also modulate GABAergic
inhibitory transmission (9, 17, 40). We propose here a mecha-
nism by which phosphorylation can lead to rapid changes in
KCC2 function. Understanding the cellular and molecular
mechanisms that modulate KCC2 function may have impor-
tant implications for the understanding of neurodevelopment
and plasticity and provide avenues for novel treatments of brain
dysfunction.
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