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Background: The functions of taurine in brain development are largely unknown.
Results: Taurine inhibits K�-Cl� cotransporter 2 (KCC2) activity via the with-no-lysine (WNK) protein kinase signaling
pathway.
Conclusion: Regulation of KCC2 by taurine may play an important role in developmental Cl� homeostasis and GABA action.
Significance:Our results shed new light on the involvement of taurine during brain developmental at the molecular level.

GABA inhibits mature neurons and conversely excites imma-
ture neurons due to lowerK�-Cl� cotransporter 2 (KCC2) expres-
sion. We observed that ectopically expressed KCC2 in embryonic
cerebralcorticeswasnotactive;however,KCC2functionedinnew-
borns. In vitro studies revealed that taurine increased KCC2 inac-
tivation in a phosphorylation-dependent manner. When Thr-906
and Thr-1007 residues in KCC2 were substituted with Ala
(KCC2T906A/T1007A), KCC2 activity was facilitated, and the
inhibitory effect of taurine was not observed. Exogenous taurine
activated the with-no-lysine protein kinase 1 (WNK1) and down-
stream STE20/SPS1-related proline/alanine-rich kinase (SPAK)/
oxidative stress response 1 (OSR1), and overexpression of active
WNK1resulted inKCC2inhibition intheabsenceof taurine.Phos-
phorylation of SPAK was consistently higher in embryonic brains
compared with that of neonatal brains and down-regulated by a
taurine transporter inhibitor in vivo. Furthermore, cerebral radial
migration was perturbed by a taurine-insensitive form of KCC2,
KCC2T906A/T1007A, which may be regulated by WNK-SPAK/
OSR1 signaling. Thus, taurine and WNK-SPAK/OSR1 signaling
may contribute to embryonic neuronal Cl� homeostasis, which is
required for normal brain development.

GABA is an inhibitory neurotransmitter in the central nerv-
ous system; however, in immature neurons, GABA is excit-

atory. This functional switch in action of GABA is due to a
decrease in intracellular Cl� concentration ([Cl�]i). GABA-in-
duced depolarization is induced by Cl� effluxes due to higher
[Cl�]i in immature neurons, whereas hyperpolarization is
induced by Cl� influxes due to lower [Cl�]i in mature neurons
(1–3).
The developmental [Cl�]i decrease in neurons is predomi-

nantly caused by KCC2 up-regulation and down-regulation of
the Na�-K�-2Cl� cotransporter, NKCC1 (2–7). KCC2 trans-
ports K� and Cl� across the plasma membrane in accordance
with the electrochemical driving force, whereas NKCC1 takes
up Na�, K�, and Cl� (8–10). KCC2 is modulated at the tran-
scriptional level by the downstream effects of brain-derived
neurotrophic factor (11–13) and GABA (14). Furthermore,
KCC2 activity is regulated at the post-translational level by
phosphorylation (15–18) and other mechanisms (19–22).
Because GABAA receptor Cl� channels contribute to radial

migration of cortical neurons (23–25) and intrinsic KCC2
expression is comparatively low in immature cortical neurons
(26–28), we hypothesize that high [Cl�]i and subsequent
GABAA receptor-mediated depolarization may be critical for
GABA actions during early development. Although an excit-
atory GABA action is essential for postnatal maturation of cor-
tical neurons, radial migration is not affected by ectopically
overexpressed KCC2 that was functionally active at postnatal
day 0–1 (P0-P1)3 (29). Therefore, we investigated whether
KCC2 may be inhibited by undefined embryonic factors. Tau-
rine is a candidate due to enrichment in immature neurons
during cerebral cortex development (30, 31). In addition, tau-
rine-deficient kittens show abnormal neuronalmigration in the
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cerebral cortex and cerebellum (32, 33). We observed that
ectopically expressed KCC2 is suppressed by taurine in the
embryonic brain and becomes functional in postnatal brains.
This inhibitory effect of taurine on KCC2 activity may bemedi-
ated by the with-no-lysine (WNK) protein kinase signaling
pathway.

EXPERIMENTAL PROCEDURES

Animals—Wistar rats were purchased from SLC (Hamamatsu,
Japan). Experiments were conducted in accordance with the
Guidelines for Use of Laboratory Animals of the Hamamatsu
University School of Medicine.
Plasmid Construction—pCAGGS-eGFP that carries enhanced

GFP downstream of a CAG promoter (34, 35) was kindly pro-
vided by Dr. J. Miyazaki (Okasa University, Osaka, Japan). For
KCC2 expression, cDNA encoding FLAG-tagged KCC2 on
pCMV-KCC2 (21, 36) was inserted into pCAGGS-eGFP. Each
KCC2 mutant was generated by a standard two-step mega-
primer PCR with mutated oligonucleotides (37). The first step
included twoPCRs that span themutation site. Final PCRprod-
ucts were cloned into the above vectors, and mutations were
verified by DNA sequencing. pGBE-WNK1S382E and pGBE-
WNK1S382Awere kindly provided by Dr. D. R. Alessi (Univer-
sity ofDundee,Dundee, Scotland,UK) and described elsewhere
(38).
In Utero Electroporation (IUE)—Pregnant rats were anesthe-

tizedwith sodiumpentobarbital (50mg/kg intraperitoneally) at
embryonic day 14.5 (E14.5) or E15.5, and the uterine horns
were exposed. Plasmid DNA was dissolved in PBS at a final
concentration of 0.5–1.5 �g/�l with Fast Green (final concen-
tration 0.05% (v/v)). For cotransfection, a molar ratio of 1 (GFP
expression plasmid):5 (KCC2- and WNK1-derivative expres-
sion plasmids) was used. Plasmids (�1 �l) were injected into
the lateral ventricle using a glass micropipette (outer diameter
1.0; World Precision Instruments Inc., Sarasota, FL). Electric
pulses were produced by an electroporator, CUY21EDIT (Nepa
Gene, Ichikawa, Japan), and delivered by an electrode with a
round plate forceps type with a 5-mm diameter. Electric pulses
(43–46 V, 50ms) were applied five times at intervals of 950ms.
Uterine horns were then returned to the abdomen.
Guanidinoethanesulfonic Acid (GES) Treatment and in Vivo

Implantation of Poly(DL-lactide-co-glycolide) (PLGA)-absorbed
GES—PLGA has high bioaffinity and biodegradability and is
therefore a useful material for sustained drug release (39). GES
is an analog of taurine that competes with taurine for the tau-
rine transporter (TauT) (40–42). GES treatment and in vivo
implantation of PLGA-absorbed GES was performed by dis-
solving 20 mg of PLGA (Wako, Osaka, Japan) into 100 �l of
N-methyl-2-pyrrolidone (Wako) (43) with 10 �l of 10 mM GES
or water (control). Pregnant rats were maintained from gesta-
tional day 11.5 on tapwater in the absence (control) or presence
of 1% (w/v) GES. At gestational day 15.5, uterine horns were
exposed under anesthesia, and the PLGAmixture (�0.5�l) was
injected with or without GES into the embryonic lateral ventri-
cles. Embryonic cerebral cortices were obtained at E18.5, fol-
lowed by sample preparation for immunoblotting (see below).
Brain Slice Preparation—After animals (pregnant, P1, or P7

rats) were deeply anesthetized, blocks of brain were quickly

removed. Neocortical coronal slices (350 �m) were cut using a
vibratome (VT-100, Leica (Wetzlar, Germany)) and placed in
oxygenated modified artificial cerebrospinal fluid (ACSF) at
4 °C. Slices were allowed to recover for 60min on nylonmeshes
(1-mmpores) in standardACSF.ModifiedACSF contained 220
mMsucrose, 2.5mMKCl, 1.25mMNaH2PO4, 12mMMgSO4, 0.5
mM CaCl2, 26 mM NaHCO3, and 30 mM glucose. Standard
ACSF contained 126mMNaCl, 2.5mMKCl, 1.25mMNaH2PO4,
2 mM MgSO4, 2 mM CaCl2, 26 mM NaHCO3, and 20 mM

glucose.
Primary Neocortical Neuron Culture—For primary cortical

neuron culture, cerebral cortices were dissected out of E15.5
brains that underwent IUE with the indicated plasmids at
E14.5. After removal of the meninges, cortices were cut into
small pieces (�1 mm3) in PBS. Tissue was sedimented and
washed with Dulbecco’s minimum essential medium and then
incubated at 37 °C for 10min in an enzyme solution containing
2.5 mg/ml trypsin and 0.01% (v/v) DNase I (Sigma). After enzy-
matic digestion and mechanical trituration in serum-free
medium, cells were suspended in medium and counted. Iso-
lated cells were then plated in poly-L-lysine-coated culture
dishes (35-mm diameter) or 24-well plates at 1.5 � 106 cells/
dish or 5 � 104 cells/well, respectively, and maintained in
serum-free medium. Serum-free culture medium consisted of
Neurobasalmedium (Invitrogen)with 2% (v/v) B27 supplement
(Invitrogen), 0.5 mM L-glutamine, and 100 units/ml penicillin/
streptomycin (Invitrogen). Half medium volumes were
exchanged every other day. As for reagent application, blockers
ofGABAA and glycine receptors (bicucullinemethiodide (BMI)
and strychnine (Str), respectively) and taurine were added 5–6
h after plating cells for experimentation. Kinase and phospha-
tase inhibitors were applied after starting electrophysiological
recordings. Neurons were used for experimentation after cul-
ture for 3–4 days.
Electrophysiology—Brain slices or primary cortical neurons

on coverslips were placed in a recording chamber for observa-
tion under a microscope (BX51WI, Olympus (Tokyo, Japan)).
Specimens were continuously perfused with oxygenated stan-
dard ACSF containing 0.3 �M tetrodotoxin (Wako), 50 �M

D-(�)-2-amino-5-phosphonovaleric acid (Tocris Cookson,
Bristol, UK), 10 �M 6-cyano-7-nitroquinoxaline-2,3-dione
(Tocris Cookson), and 3 �M CGP55384 (Tocris Cookson) at a
flow rate of 2–3 ml/min at room temperature. Cells were
imaged using a�40 water immersion objective lens (numerical
aperture � 0.80; Olympus). To visualize cells expressing GFP
and monomeric red fluorescent protein (mRFP) as positive
transfectant markers, fluorescence was monitored using
U-MWIB2 (BP460–490, BA510IF) and U-MWIG2 (BP520–
550, BA580IF) filter sets, respectively. Fluorescence was cap-
tured by a cooled charge-coupled device camera (ImagEM
C9100-13, Hamamatsu Photonics (Hamamatsu, Japan)). The
system was controlled by AQUACOSMOS 2.5 software
(Hamamatsu Photonics).
Cells were viewed under transillumination on a monitor via

an infrared differential interference contrast filter to observe
GFP or mRFP fluorescence. Patch electrodes were fabricated
from 1.5-mm diameter borosilicate capillary tubing (GD-1.5,
Narishige (Tokyo, Japan)) using a P97 horizontal puller (Sutter
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Instruments, Novato, CA). The electrode resistance ranged
from 6 to 10megaohms. For whole-cell patch clamp recordings
(44), the pipette solution contained 130 mM potassium meth-
anesulfonic acid, 10 mM KCl, 2 mM MgCl2, 0.1 mM EGTA, and
10 mM HEPES (pH 7.3 with KOH). For the gramicidin-perfo-
rated patch clamp recordings (21, 45) in Fig. 2, B and D, the
pipette solution contained 140mMKCl, 0.1mMCaCl2, 0.05mM

EGTA, and 10 mM HEPES (pH 7.3 with KOH). Gramicidin
(Sigma) was dissolved in dimethyl sulfoxide (50 mg/ml) and
then diluted in the pipette-filling solution to a final concentra-
tion of 5–10�g/ml just before the experiment. Although gram-
icidin-perforated patch clamp recordings more accurately
measure [Cl�]i (6, 45), whole-cell patch clamp recordings were
used to evaluate the reversal potential of GABA (EGABA) due to
sparse and fragile GFP/mRFP-labeled neurons in brain slices.
Although whole-cell patch clamp recordings may underesti-
mate [Cl�]i differences, the method has been widely used (20,
46, 47) and demonstrated obvious postnatal differences, as
shown in Fig. 1.
Recordings were performed after confirming that GABA-in-

duced current had been stable for at least 10 min. Membrane
currents were recorded using an Axopatch 200B amplifier and
digitized at 2 kHz by a Digidata 1332A data acquisition system
and pClamp 9 software (Axon Instruments, Union City, CA).
To measure EGABA, voltage steps were used, and at each mem-
brane potential, GABA (50 or 100 �M) was added for 50–300
ms through another pipette to the recorded cell soma. Peak
current responses for each voltage were plotted, and the data
were fitted using Clampfit 9 software (Axon Instruments).
Immunostaining—Under deep anesthesia, postnatal pups

were perfused with 4% (w/v) paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4), and brains were removed by decapitation
and postfixed with paraformaldehyde for 3–4 h. For embryos,
brains were removed by decapitation without perfusion and
fixed with paraformaldehyde for 3–4 h. Brains were then
placed in 30% (w/v) sucrose in 0.1 M phosphate buffer for 3 days
at 4 °C, followed by freezing in powdered dry ice. Frontal sec-
tions (30 �m) were cut using a microtome (HM400R, Microm
(Walldorf, Germany)). Sections were immersed in a blocking
buffer (10% (v/v) horse serum, 0.05% (w/v)NaN3, and 0.2% (v/v)
Triton X-100 in phosphate buffer) for 1 h at room temperature
and then overnight at 4 °Cwith anti-KCC2 (Millipore, Billerica,
MA), anti-NKCC1 (T4, Developmental Studies Hybridoma
Bank (Iowa City, IA)), anti-GFP (Aves Labs, Tigard, OR), anti-
Tbr1 (Abcam, Tokyo, Japan), and anti-Cux1 (Santa Cruz Bio-
technology, Inc., Santa Cruz, CA) antibodies. They were then
incubated with secondary antibodies (Invitrogen or Jackson
Laboratory (Bar Harbor, ME)) and mounted. Cells were visual-
ized by fluorescence microscopy (BZ-9000, Kyence (Osaka,
Japan)) or confocal microscopy (FV1000, Olympus), and GFP-
positive cell percentages were calculated in each region. Based
on cytoarchitecture with DAPI counterstaining, regions with
abundant cells were considered the subventricular zone/ven-
tricular zone (VZ/SVZ) and cortical plate. The intermediate
zone was defined as the region between these areas (48).
Immunoblotting—Under deep anesthesia, neocortices were

removed, homogenized, and lysed in lysis buffer (50 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 1% (v/v) Triton X-100, 12 mM

�-glycerophosphate, 1 mM sodium orthovanadate, and prote-
ase inhibitormixture (Sigma)). After centrifugation at 12,000�
g for 30 min at 4 °C, supernatants were collected. Protein con-
centration was estimated using the Bradford reagent (Sigma).
Aliquots of 30 �g of protein were mixed with Laemmli sample
buffer and boiled at 95 °C for 10 min or 37 °C for 1 h. For cul-
tured cell immunoblotting, cells were washed with cold PBS
and then treated with lysis buffer followed by the procedure
described above. Samples were resolved by SDS-polyacryl-
amide gel electrophoresis and transferred to polyvinylidene
difluoride membranes. Blots were probed with antibodies to
WNK1 phospho-Ser-382, total WNK1, SPS1-related proline/
alanine-rich kinase (SPAK) phospho-Ser-373, total SPAK, total
oxidative stress response 1 (OSR1) (kindly provided by D. R
Alessi (38)), and actin (Sigma) and then detected using HRP-
conjugated secondary antibodies (Millipore or Cell Signaling
(Danvers, MA)) and an ECL kit (Amersham Biosciences).
Statistical Analysis—Data are the means � S.E. Data groups

were compared using one-way analysis of variance, paired Stu-
dent’s t test, unpaired Student’s t test, orMann-WhitneyU test
as appropriate. Dunnett’s test was used to compensate for mul-
tiple experimental procedures. p � 0.05 was regarded as statis-
tically significant.

RESULTS

KCC2 Activity Is Inhibited in Embryonic Brain but Not in
Neurons in Vitro—Because radial migration of cortical neurons
is attributable to channel-type GABA receptors (23–25), we
had questionedwhether high [Cl�]i and resultantGABA recep-
tor-mediated depolarization are critical to make GABA work
properly at early developmental stages. Interestingly, Cancedda
et al. (29) showed that ectopic KCC2 is functional without
affecting developmental radial migration. Similar to their
results, KCC2-expressing cells showed significantly greater
negative EGABA compared with that of KCC2-negative cells in
postnatal (P1 and P7) brain slices (KCC2(�), �48.5 � 0.9 mV;
KCC2(�), �56.2 � 1.7 mV, n � 6–8, p � 0.004 at P1;
KCC2(�), �48.7 � 1.2 mV; KCC2(�), �58.3 � 1.1 mV (n �
5–22, p� 0.001 at P7)) (Fig. 1B) when KCC2was introduced by
IUE at E15.5, and then whole-cell patch clamp recordings with
a low Cl� pipette solution at various developmental days were
carried out. Unexpectedly, however, there was no significant
difference in EGABA betweenKCC2-expressing andKCC2-neg-
ative cells in E18.5 brain slices (KCC2(�), �43.0 � 0.5 mV;
KCC2(�),�45.8� 1.7 mV (n� 6–13, p� 0.13)) (Fig. 1,A and
B). Moreover, the NKCC1 inhibitor bumetanide did not elicit a
significant difference between either cell preparation
(KCC2(�), �46.0 � 0.9 mV; KCC2(�), �48.2 � 1.8 mV (p �
0.27, n� 5–6)) (Fig. 1B), whereas it tended to shiftEGABA to the
negative direction. This result rules out the possibility of com-
pensation by NKCC1. Consistently, relatively higher levels of
ectopic KCC2 protein were detectable at all ages examined,
whereas compensatory NKCC1 expression was not observed
(supplemental Fig. 1,A andB). Thus, ectopic KCC2 proteinwas
functional in postnatal brains, which is consistent with a previ-
ous study (29). However, KCC2 was not observed to be func-
tional in embryonic brains.
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These data suggest that circumferential differences before
and after parturition may be important for KCC2 activity. To
examine this possibility, we compared KCC2 activity between
in vitro cultured neurons and in vivo neurons. Cells were trans-
fected with mRFP with or without KCC2 by IUE at E14.5, and
subsequent analysis of brain slices at E19.5 revealed no differ-
ences in EGABA (KCC2(�), �48.3 � 0.2 mV; KCC2(�),
�48.7 � 0.4 mV (n � 7–9, p � 0.24)) (Fig. 1C). Next, cells were
transfected as described, and brains were dissected at E15.5 for
an additional 4 days of primary culture to obtain neurons in
vitro. Interestingly, EGABA was significantly more negative in
KCC2-positive cells comparedwith that of KCC2-negative cells
(KCC2(�), �45.5 � 0.5 mV; KCC2(�), �48.5 � 1.0 mV (n �
8–10, p � 0.02)) (Fig. 1D). Thus, the dysfunction of KCC2
shown in vivo was not observed in vitro.
Intracellular Taurine Inhibits KCC2 Activity—We consid-

ered the possibility that an endogenous factor not present in
culturemediummay inhibit KCC2 activity in vivo. Taurine was
a candidate due to enrichment in the fetal brain, which
decreases following birth (49). Neuron culture in medium sup-
plemented with taurine for 3 days resulted in significantly
greater positive EGABA when KCC2 was transfected (tau-
rine(�), �49.5 � 0.4 mV; taurine(�), �45.3 � 0.3 mV (n �
34–36, p � 0.001)) (Fig. 2A). To represent more reliable [Cl�]i
values, gramicidin-perforated patch clamp recordings were

also carried out. Gramicidin forms pores that are permeable to
monovalent cations and to small uncharged molecules but not
to Cl�, permitting reliable recordings of the GABA-activated
current (21, 45). Consistently, taurine treatment resulted in
more depolarized EGABA (taurine(�), �66.9 � 1.9 mV; tau-
rine(�), �57.8 � 1.7 mV (n � 6–11, p � 0.004)) (Fig. 2B), and
similar results were still obtained when bumetanide was
applied (taurine(�), �70.4 � 3.0 mV; taurine(�), �62.4 � 0.6
mV (n � 4, p � 0.04)) (Fig. 2B).

Taurine is considered to play versatile intracellular and
extracellular roles in organisms. For example, taurine is an ago-
nist of GABAA and glycine receptors (50, 51) and acts as an
osmolyte and a membrane-stabilizing factor (49, 52). To eluci-
date the mechanism of the taurine effect on KCC2 modifica-
tion, pharmacological experiments were performed. BMI and
Str block GABAA and glycine receptors, respectively, and were
applied simultaneously. A change was not observed in EGABA
(Fig. 2, C and D), suggesting that the effect of taurine is not
mediated by GABAA or glycine receptors. To block taurine
uptake into cells, TauT was inhibited by GES (53). As shown in
Fig. 2C, TauT inhibition restored KCC2 activity affected by
taurine (�49.1 � 0.9 mV, n � 5, p � 0.001 versus control).
Gramicidin-perforated patch clamp recordings also provided a
comparable difference in the presence of bumetanide (GES(�),
�62.4� 0.6mV;GES(�),�67.9� 1.7mV (n� 3–4, p� 0.02))

FIGURE 1. KCC2 activity is inhibited in embryonic brains but not in postnatal brains and cultured neurons. A, GFP was transfected with or without KCC2
by IUE in rat embryos at E15.5, and brain slices were prepared for electrophysiological experiments at E18.5. Typical currents activated by GABA in transfected
cells were recorded by a whole-cell patch clamp technique. The graph represents the current-voltage relationship for GABA-activated responses shown in the
traces. B, GFP was transfected as described in A, and the samples were prepared at E18.5, P1, and P7. Control cell EGABA is significantly different with or without
ectopic KCC2 at P1 and P7 but not at E18.5. (n � 5–22; **, p � 0.01 versus KCC2-negative, unpaired t test). When cells were treated with an NKCC inhibitor (100
�M bumetanide; Bum), EGABA of cells were evaluated after more than 10 min of treatment. C, mRFP was transfected with or without KCC2 by IUE in rat em-
bryos at E14.5, and brain slices were used for electrophysiological experiments at E19.5. Control cell EGABA is not significantly different with or without ectopic
KCC2 at E19.5. (n � 7–9; p � 0.05 versus KCC2-negative, unpaired t test). D, to obtain in vitro samples, IUE was performed at E14.5, embryonic brains were
dissected at E15.5, and neurons were then cultured for an additional 4 days. KCC2-expressing cell EGABA at DIV 4 is significantly more negative compared with
that of KCC2-negative cells (n � 8 –10; *, p � 0.05 versus KCC2-negative, unpaired t test). Error bars, S.E.
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(Fig. 2D). These reagents were not cytotoxic and did not affect
cell proliferation (supplemental Fig. 2). Thus, this result indi-
cates that KCC2 activity is affected by intracellular but not
extracellular taurine.
Taurine Inhibits KCC2 Activity via Serine/Threonine

Phosphorylation—Because KCC2 is known to be regulated by
kinases (15, 17, 54–56), phosphorylation-related reagents were
used to evaluate the effect on KCC2 activity. The tyrosine
kinase inhibitor AG18 and tyrosine phosphatase inhibitor van-
adate did not affect EGABA (supplemental Table 1A). In con-
trast, the broad spectrumkinase inhibitor staurosporine (Staur)
shiftedEGABA toward the negative in 15–20min in the presence
of taurine (control, �45.2 � 0.3 mV; Staur, �47.6 � 0.5 mV,
n � 5, p � 0.002 (supplemental Fig. 3A and Table 1A). Consid-
ering that 1 h of taurine treatment did not have an effect on
EGABA (Fig. 2A), these results suggest that chronic but not acute

taurine treatment inhibitedKCC2 activity in a serine/threonine
phosphorylation-dependent manner. Moreover, staurosporine
also shifted KCC2-positive cell EGABA significantly toward the
negative in embryonic brain slices at E18.5 but was less effec-
tive in postnatal brain slices at P7 (control, �46.5 � 0.8 mV;
Staur, �51.0 � 1.1 mV, n � 6, p � 0.007 at E18.5; control,
�57.6� 1.7mV; Staur,�59.1� 1.6mV (n� 6, p� 0.06 at P7))
(supplemental Fig. 3B). In contrast, vanadate did not affect
EGABA at either age (supplemental Table 1B).
Thr-906 and Thr-1007 Mutation in KCC2 Affects Activity

and Sensitivity to Taurine—A recent report by Rinehart et al.
(54) revealed developmental changes in phosphorylation of
KCC2. The study demonstrated that Thr-906 and Thr-1007 in
KCC2 are highly phosphorylated perinatally and decrease dur-
ing postnatal development. In addition, phosphorylation may
inhibit KCC2 activity because substitution of Thr with Ala

FIGURE 2. Intracellular taurine inhibits KCC2 activity. KCC2 was transfected with mRFP by means of IUE at E14.5, and embryonic brains were dissected at
E15.5. Neurons were then cultured with the indicated reagents (taurine, BMI/Str, and GES) for 3– 4 days, followed by patch clamp recordings. When cells were
treated with an NKCC inhibitor (100 �M bumetanide; Bum), EGABA values of cells were evaluated after more than 10 min of treatment. A, whole-cell patch clamp
recordings were carried out, and EGABA values of KCC2-transfected and taurine-untreated cells were significantly more negative compared with that of cells
treated with taurine for 3 days (3D) but not 1 h (n � 6 –36; **, p � 0.01 versus KCC2-negative; ##, p � 0.01 versus taurine-untreated, unpaired t test).
B, gramicidin-perforated patch clamp recordings were performed at DIV 3– 4. Taurine-treated cell EGABA was significantly more positive compared with that of
untreated cells (n � 4 –11; *, p � 0.05; **, p � 0.01 versus taurine-untreated, unpaired t test). C, KCC2 activity was significantly disinhibited by a taurine
transporter inhibitor (500 �M GES) but not blockers of GABAA and glycine receptors (10 �M BMI, 1 �M Str; BMI/Str) (n � 5– 6, left two lanes identical to Fig. 2A are
shown as references; **, p � 0.01 versus without channel/transporter blockers, unpaired t test). D, gramicidin-perforated patch clamp recordings were
performed at DIV 3– 4. GES-treated cell EGABA values were more negative compared with that of untreated cells (n � 3–11, lanes 1, 2, and 5 from the left identical
to Fig. 2B are shown as references; *, p � 0.05 versus GES-untreated, unpaired t test). Error bars, S.E.
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stimulates KCC2 function in vitro (54). Therefore, mutant
KCC2 derivatives (T906A, T1007A, and T906A/T1007A) were
constructed and used for experimentation. Cells were trans-
fected with either wild-type KCC2 (KCC2wt) or KCC2 deriva-
tives by IUE at E14.5 and dissected at E15.5 for a further 3 days
of primary culture. As shown in Fig. 3A, KCC2T906A/T1007A-
transfected cell EGABA was more negative compared with that
of KCC2wt-transfected cells (KCC2wt, �49.5 � 0.4 mV;
KCC2T906A/T1007A, �56.3 � 3.0 mV, n � 8–34, p � 0.001).
Moreover, the EGABA of KCC2T906A/T1007A-transfected
cells that were incubated with taurine for 3 days was signifi-
cantly more negative compared with that of untreated cells
(�65.8� 3.0mV, n� 8, p� 0.02 versus untreated). Both single
mutants facilitated KCC2 activity but did not alter activity as
drastically as the double mutant (KCC2T906A, �52.7 � 2.2
mV (n � 11, p � 0.22); T1007A, �54.0 � 1.8 mV (n � 13, p �
0.03)) (Fig. 3A). The single mutants were less susceptible to
taurine (Fig. 3A). In addition, replacement of Thr with Glu
(T906E/T1007E), whichmimics phosphothreonine, eliminated
sensitivity to taurine (taurine(�), �48.1 � 1.4 mV; taurine(�),
�46.1 � 0.6 mV, n � 6–11, p � 0.32) (Fig. 3A). These results
suggest that taurine induces Thr-906 and/or Thr-1007 phos-
phorylation, resulting in inhibition of KCC2 activity.

To examine the effect of mutant KCC2 in vivo, cells were
transfected with either KCC2wt or KCC2 derivatives by IUE at
E15.5, and EGABA of brain slices at E18.5 was analyzed. In par-
allel with in vitro results, KCC2T906A/T1007A-transfected cell
EGABA was significantly more negative compared with that of
KCC2wt- and KCC2T906E/T1007E-transfected cells
(KCC2wt,�45.9� 1.7mV;KCC2T906A/T1007A,�60.3� 1.6
mV (p � 0.001); KCC2T906E/T1007E, �44.3 � 1.6 mV (p �
0.82, n � 4–13)) (Fig. 3B).
Taurine ActivatesWNK- STE20/SPAK/OSR1 Pathway—Previ-

ous reports suggest that the WNK-SPAK/OSR1 pathway is
involved in regulation and phosphorylative activation of
NKCC1 (57–60). Lifton and colleagues (54, 61, 62) propose that
the WNK signaling pathway also activates KCCs, including
KCC2. WNKs are activated by osmotic stress; however, the
upstream signaling remains unknown (38, 59, 63). We hypoth-
esized that taurine may stimulate the WNK pathway. To
explore this possibility, cultured neurons were treated with or
without taurine for 3 days, followed by evaluation of WNK1
activation. Ser-382 phosphorylation in WNK1 is known to
enhance activity (38) and was phosphorylated to a greater
extent in taurine-treated cells compared with that in untreated
cells (Fig. 4A). Moreover, phosphorylation of Ser-373 in SPAK
and Ser-325 in OSR1, both downstream of the WNK pathway
and potential kinases of KCCs (57, 64–67), were increased in
parallel (Fig. 4B).
To assess the fundamental correlation between the WNK

pathway andKCC2 activity, inactivated (Ser-382 toAla; S382A)
or activated WNK1 (Ser-382 to Glu; S382E) (38) was cotrans-
fected with KCC2 into cells that were cultured with or without
taurine. EGABA was then evaluated after 3 days in culture. Cells
with WNK1S382E showed significantly greater positive EGABA
compared with that of WNK1S382A (S382A, �50.0 � 1.4 mV;
S382E, �43.1 � 0.2 mV (n � 5–6, p � 0.001)) (Fig. 4C). More-
over, the effects of WNK1 derivatives were not affected by tau-
rine (Fig. 4C). Thus, WNK1 activation sufficiently inhibits
KCC2 activity, suggesting that KCC2 inhibition by taurine is
mediated by the WNK pathway. As WNK-SPAK/OSR1 acti-
vated NKCC1, taurine indeed tended to shift EGABA to the pos-
itive direction in a bumetanide-sensitivemanner in the absence
of ectopic KCC2 (supplemental Fig. 4).
WNK-SPAK/OSR1 Signaling Is Activated by Taurine in

Vivo—To examine whether taurine affects WNK-SPAK/
OSR1 signaling in vivo, the biocompatible polymer PLGA was
used for sustained reagent release in the brain (43, 68). GES-
containing water was provided to pregnant rats from gesta-
tional day 11.5, and embryonic brains received GES-containing
PLGA at E15.5 to reduce the cellular taurine concentration.
SPAK Ser-373 phosphorylation was decreased in GES-treated
cerebral cortices compared with that of the control at E18.5
(n � 7, p � 0.099 versus control) (Fig. 4D). This suggests that
WNK-SPAK/OSR1 signaling is activated by taurine in vivo.
Phosphorylation of SPAK Significantly Decreases Postnatally—

Although taurine concentrations in the brain increases toward
parturition and decreases postnatally, taurine remains rela-
tively high for more than a week following birth compared with
that of adult rodents (69, 70). The small postnatal reduction in
taurine concentration cannot explain the appearance of KCC2

FIGURE 3. KCC2T906A/T1007A is not inhibited by taurine. A, KCC2wt or
KCC2 derivatives were cotransfected with mRFP at E14.5, embryonic brains
were dissected at E15.5, and neurons were cultured with or without 3 mM

taurine for 3 days. KCC2T906A and KCC2T1007A cell EGABA values were more
negative compared with that of KCC2wt-transfected cells but were not as
intensively negative when compared with KCC2T906A/T1007A. Furthermore,
taurine shifted the KCC2T906A/T1007A-transfected cell EGABA to the nega-
tive. KCC2T1007E/T1007E cell EGABA was similar to that of KCC2wt but was less
sensitive to taurine (n � 6 –36, two left lanes are identical to Fig. 2A; *, p � 0.05;
**, p � 0.01 versus KCC2wt, analysis of variance followed by Dunnett’s test; #,
p � 0.05; ##, p � 0.01 versus taurine-untreated, unpaired t test). B, IUE with
KCC2wt or KCC2 derivatives was performed at E15.5, and brain slices were
used for electrophysiological experiments at E18.5. KCC2T906A/T1007A-
transfected cell EGABA was significantly more negative compared with that of
KCC2wt-transfected cells, whereas that of KCC2T906E/T1007E was not (n �
4 –13, left lane is identical to Fig. 1B; **, p � 0.01 versus KCC2wt, analysis of
variance followed by Dunnett’s test). Error bars, S.E.
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activity soon after birth at P1. Therefore, we observed develop-
mental changes in WNK-SPAK/OSR1 signaling. Phosphoryla-
tion ofWNK1was not changeable; however, SPAKSer-373was
phosphorylated at E18.5, which significantly decreased at P1
(p � 0.006 at P1, p � 0.03 at P7, p � 0.45 at adult versus E18.5,
n � 3) (Fig. 5). Interestingly, phosphorylated and non-phos-
phorylated (total) SPAK increased during postnatal develop-

ment. These results suggest that KCC2 activity, regulated by
WNK-SPAK/OSR1 signaling, is not only affected by intracellu-
lar taurine but also developmentally modulated.
KCC2T906A/T1007A Inhibits Radial Migration in Develop-

ing Brain—The WNK-SPAK/OSR1 pathway regulates NKCC1,
resulting inenhancedcellularCl� influx.This suggests thataphys-
iological role of taurine-WNK-SPAK/OSR1 signaling may be

FIGURE 4. WNK-SPAK/OSR1 pathway activated by taurine facilitates KCC2 inhibition. A and B, embryonic brains were dissected at E15.5, and neurons were
cultured with or without 3 mM taurine for 3 days. Cell lysates were analyzed by immunoblotting (WB) with the indicated antibodies. The first lanes on the left in A show
cells incubated with 0.5 M sorbitol for 30 min at DIV 3 as a positive control. Taurine increased phosphorylation of WNK1, SPAK, and OSR1. Protein loading was monitored
by immunoblotting for actin. Bar graphs show that phosphorylated levels of Ser-382 of WNK1, Ser-373 of SPAK, and Ser-325 of OSR1 were significantly greater in
taurine-treated cells (n �3; *, p �0.05 versus control, unpaired t test). C, KCC2 was cotransfected by IUE with the indicated WNK1 derivatives at E14.5, embryonic brains
were dissected at E15.5 and neurons were cultured with or without taurine for 3 days. EGABA was more positive in WNK1S382E-transfected cells, and the effects of WNK1
derivatives were not affected by taurine. (n � 4–6; **, p � 0.01 versus WNK1S382A, unpaired t test). D, GES (a taurine transporter inhibitor)-treated and -untreated
cerebral cortices were homogenized and lysed as described under “Experimental Procedures.” Aliquots of 30 �g of protein were loaded, and the phosphorylation
status of SPAK was determined by immunoblotting using an antibody for phospho-Ser-373 in SPAK. The graph shows that the phosphorylated level of Ser-373 in SPAK
decreased in GES-treated brains (n � 7; p � 0.099 versus control, Mann-Whitney U test). Error bars, S.E.
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contributing to embryonic Cl� homeostasis. Cancedda et al.
(29) reported that KCC2 overexpression does not affect radial
migration despite a presumed decrease in [Cl�]i (29). In the
previous study, lowered [Cl�]i elicited by ectopic KCC2 was
observed following birth; however, our results indicate that
[Cl�]i remained high because KCC2 does not function in
embryonic brains and does function postnatally. To examine
the effect of [Cl�]i on radial migration, taurine-insensitive
KCC2T906A/T1007A was transfected by IUE at E15.5, and
radial migration at E18.5 was observed. KCC2wt-positive (GFP
�KCC2) cells migrated toward the pial surface, as did the con-
trol (GFP); however, most KCC2T906A/T1007A-positive cells
remained at the VZ/SVZ border (Fig. 6A). These GFP signals
colocalized with Cux1, which is known to be expressed in sev-
eral cortical surface layers (II/III and IV after laminar organiza-
tion) (71, 72), but notwithTbr1, amarker of deep cortical layers
(Fig. 6, B and C) (72, 73). Thus, low [Cl�]i perturbs neuronal
radial migration in the developing cerebral cortex. Taken
together, WNK-SPAK/OSR1 signaling that is partially stimu-
lated by taurine may play an important role in embryonic Cl�
homeostasis and neuronal migration.

DISCUSSION

Taurine is present in the embryonic brain by transportation
from maternal blood via placental TauT (74). In addition,
fetuses ingest taurine-rich amniotic fluid. Although fetal tau-
rine decreases postnatally (49, 75), infants receive taurine via
breast milk, which contains a high taurine concentration (75).
Osmoregulation and neuronal modulation via GABAA and gly-
cine receptors are considered to involve taurine (50–52). How-
ever, the involvement of taurine in brain development remains
largely unknown. KCC2-transfected cell EGABA shows a posi-
tive shift with taurine, which is rescued byGES (Fig. 2,C andD).
TauT takes up taurine in a Na�- and Cl�-dependent manner
and regulates intracellular taurine, suggesting an important
role for intracellular taurine (40). In addition, BMI/Str and 1-h
taurine treatments had no effect on EGABA, which may negate

the possibility of extracellular taurine-mediated signal acti-
vation. Taurine is involved in various biological roles, such as
tRNA stability (76) and retinal development (77, 78). However,
the signaling pathways that use intracellular taurine are
unknown.
We observed that taurine is implicated in WNK activity.

WNK signaling is activated by stimuli, such as osmotic stress;
however, the precise pathway leading to activation is unknown
(38, 59). Our results indicate that taurine uptake is crucial for
WNK activation, and only intracellular taurine activates
WNKs, which are also involved in osmoregulation (52). There
are no significant osmolarity differences with or without 3 mM

taurine (without taurine, 215 � 2 mosM versus with taurine,
216 � 4 mosM (n � 4–5, p � 0.41)). In addition, 3 mM GABA
did not affect phosphorylation of SPAK/OSR1 (data not
shown), which indicates a specific action of taurine.
KCC2 gene up-regulation is essential for Cl� homeostasis

during development, and phosphorylation of KCC2 is another
important factor (5, 12, 15, 18, 55, 56). Ser-940 phosphorylation
regulates KCC2 function by modulating cell surface KCC2
expression (56). Tyr-1087 phosphorylation affects oligomeriza-
tion, which plays a pivotal role in KCC2 activity without affect-
ing cell surface expression (20, 55). Rinehart et al. (54) indicated
thatThr-906 andThr-1007 phosphorylation does not affect cell
surface KCC2 expression. In our study, oligomerization and
plasmalemmal localization were not affected by taurine (data
not shown), suggesting that phosphorylation of these sites may
provide another mechanism of KCC2 activity modulation.
We also found in rats that WNK-SPAK/OSR1 signaling is

regulated during development by observing an activation
decrease soon after parturition. Conversely, Thr-907 and Thr-
1007 phosphorylation inKCC2 gradually decreases upon adult-
hood in mice (54). This observation may be due to non-phos-
phorylated SPAK competing with the phosphorylated form for
target sites because total SPAK protein also increases, which
results in less phosphorylated KCC2. Alternatively, a difference

FIGURE 5. WNK-SPAK/OSR1 signaling activity is developmentally regulated. Cerebral cortices were homogenized and lysed as described. Aliquots of 30 �g
of protein were loaded, and the phosphorylation status of SPAK was determined by immunoblotting (WB) using an antibody for phospho-Ser-373 in SPAK. The
bar graph shows that the phosphorylation level of Ser-373 in SPAK was significantly decreased at P1 and P7 compared with that of E18.5 and increased upon
adulthood. Non-phosphorylated SPAK also increased, whereas the proportion of phosphorylated SPAK was relatively unchanged (n � 3; **, p � 0.01; *, p � 0.05
versus E18.5, analysis of variance followed by Dunnett’s test). Error bars, S.E.
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between species may exist. Nevertheless, potential taurine reg-
ulation of KCC2 activity would be attributable to the WNK-
SPAK/OSR1 pathway because WNK1S382E inhibits KCC2
activity in the absence of taurine, as shown in Fig. 4C. Although
taurine activates phosphorylation ofWNK1 in vitro andWNK-
SPAK/OSR1 signaling in vivo, as shown in Fig. 4, other WNK
members, such as WNK2 and WNK3, may also induce activa-
tion (59, 79, 80). A hypothetical model of the cellular mecha-
nism that demonstrates taurine inactivation of KCC2 is shown
in Fig. 7.
Importantly, taurine-induced WNK-SPAK/OSR1 signaling

may play a crucial role in brain development. Although the
signaling pathway affects various molecules, regulation of
[Cl�]i related to GABA action may be very important during

development. Although [Cl�]i has been suggested to have no
effect on radial migration by IUE with KCC2 (29), this observa-
tion may be inconclusive (81). Indeed, our results show that
ectopically expressed KCC2 is functionally inactive during
embryogenesis; however, it becomes active postnatally. More-
over, aberrant [Cl�]i mediated by the KCC2 mutant shown in
Fig. 6 disrupts normal radialmigration. Because taurine inhibits
KCC2 activation, our results using a taurine-insensitive KCC2
mutant may support previous studies showing that taurine-de-
ficient kittens exhibit abnormalities in neuronal migration in
the visual cortex and the external granule cell layer of the cere-
bellum (32, 33).
A number of neuron types are generated relatively early dur-

ing embryonic development, such as Cajal-Retzius and sub-

FIGURE 6. Lowering [Cl�]i perturbs neuronal radial migration. A, GFP was transfected with or without the indicated KCC2 derivatives by IUE at E15.5, and
immunohistochemical staining was performed at E18.5. GFP (green), anti-KCC2 (red), and DAPI (blue) are shown. Scale bar, 100 �m. The bar graph shows the
estimation of neuronal migration in cerebral cortices transfected with the indicated KCC2 derivatives. Although there was no obvious difference with or
without KCC2wt, a greater proportion of KCC2T906A/T1007A-positive cells remained around the VZ/SVZ compared with that of KCC2wt. CP, cortical plate; IZ,
intermediate zone. n � 3–5. Upper and lower areas with abundant cells are regarded as cortical plate and VZ/SVZ, respectively, whereas the intermediate zone
is in the interim (see “Experimental Procedures”). B, GFP was transfected with or without the indicated KCC2 derivatives by IUE at E15.5, and immunohisto-
chemical staining was performed at E18.5. GFP (green) and anti-Tbr1 or anti-Cux1 (red) are shown. Scale bar, 100 �m. C, photographs of the same sections in B
are shown at greater magnification. Most of the GFP labeling colocalized with Cux1 but not with Tbr1. The white arrows indicate typical GFP-positive cells. Scale
bar, 25 �m. Error bars, S.E.
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plate cells in the cerebral cortex, which play regulatory roles in
migration. Several reports have shown that these early gener-
ated neurons in themarginal zone and subplate are activated by
GABA and glycine (82–85). These early generated neurons can
express KCC2 as early as the embryonic and neonatal stages
(86). In addition, taurine is enriched in these brain areas (data
not shown). Therefore, the present results suggest that KCC2 is
not functional due to the distribution of taurine, which affects
WNK-SPAK/OSR1 signaling and preserves GABAergic excita-
tion. This signaling cascade may have broader important roles
in brain development than previously reported.
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