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Oligomerization of KCC2 Correlates with Development of
Inhibitory Neurotransmission
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The neuron-specific K ⫹–Cl ⫺ cotransporter KCC2 extrudes Cl ⫺ and renders GABA and glycine action hyperpolarizing. Thus, it plays a
pivotal role in neuronal inhibition. Development-dependent KCC2 activation is regulated at the transcriptional level and by unknown
posttranslational mechanisms. Here, we analyzed KCC2 activation at the protein level in the developing rat lateral superior olive (LSO), a
prominent auditory brainstem structure. Electrophysiology demonstrated ineffective KCC2-mediated Cl ⫺ extrusion in LSO neurons at
postnatal day 3 (P3). Immunohistochemical analyses by confocal and electron microscopy revealed KCC2 signals at the plasma membrane in the somata and dendrites of both immature and mature neurons. Biochemical analysis demonstrated mature glycosylation
pattern of KCC2 at both stages. Immunoblot analysis of the immature brainstem demonstrated mainly monomeric KCC2. In contrast,
three KCC2 oligomers with molecular masses of ⬃270, ⬃400, and ⬃500 kDa were identified in the mature brainstem. These oligomers
were sensitive to sulfhydryl-reducing agents and resistant to SDS, contrary to the situation seen in the related Na ⫹–(K ⫹)–Cl ⫺ cotransporter. In HEK-293 cells, coexpressed hemagglutinin-tagged KCC2 assembled with histidine-tagged KCC2, demonstrating formation of
homomers. Based on these findings, we conclude that the oligomers represent KCC2 dimers, trimers, and tetramers. Finally, immunoblot
analysis identified a development-dependent increase in the oligomer/monomer ratio from embryonic day 18 to P30 throughout the
brain that correlates with KCC2 activation. Together, our data indicate that the developmental shift from depolarization to hyperpolarization can be determined by both increased gene expression and KCC2 oligomerization.
Key words: auditory brainstem; brain development; chloride regulation; synaptic inhibition; oligomerization; cation-chloride
cotransporters

Introduction
Fast inhibitory neurotransmission in the CNS is mediated by
GABA and glycine via ligand-gated Cl ⫺ channels. In the vast
majority of mature neurons, a low intracellular chloride concentration ([Cl ⫺]i) causes Cl ⫺ influx during channel opening, resulting in hyperpolarization (Eccles, 1966; Kaila, 1994). In contrast, a high [Cl ⫺]i in immature neurons results in Cl ⫺ efflux at
the resting membrane potential (Zhang et al., 1991; Wang et al.,
1994; Obrietan and van den Pol, 1995; Ehrlich et al., 1999; Kakazu
et al., 1999). This efflux depolarizes the neurons and can even
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elicit action potentials. In all CNS regions analyzed so far, the
neuron-specific K ⫹–Cl ⫺ cotransporter KCC2 (Payne et al.,
1996) is responsible for Cl ⫺ extrusion and, hence, for the generation of the Cl ⫺-mediated hyperpolarizing currents prevalent in
mature neurons (Rivera et al., 1999; Hübner et al., 2001; Balakrishnan et al., 2003; Zhu et al., 2005). Recently, it was also
shown that KCC2 is not only necessary but sufficient to cause
hyperpolarizing GABA currents (Chudotvorova et al., 2005; Fiumelli et al., 2005; Lee et al., 2005). In agreement with its essential
role for inhibitory synapses, KCC2 knock-out mice die perinatally (Hübner et al., 2001).
KCC2 belongs to the cation– chloride cotransporter (CCC)
family, which comprises the Na ⫹–(K ⫹)–Cl ⫺ cotransporters
[N(K)CCs] NCC, NKCC1, and NKCC2, as well as the K ⫹–Cl ⫺
cotransporters (KCCs) KCC1, KCC2, KCC3, and KCC4 (Delpire
and Mount, 2002; Payne et al., 2003). All members likely contain
12 transmembrane domains (Gerelsaikhan and Turner, 2000).
Biochemical studies have demonstrated a homodimeric organization of NKCC1 (Moore-Hoon and Turner, 2000), NCC (de
Jong et al., 2003), and NKCC2 (Starremans et al., 2003). A homooligomeric organization was also proposed for KCCs, because a
truncated KCC1 form was found to be a dominant-negative inhibitor of KCCs (Casula et al., 2001).
Recent results point to two rate-limiting steps of KCC2 acti-
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vation during development. In the rat hippocampus, the pure
increase in the protein amount renders GABAergic action hyperpolarizing (Rivera et al., 1999). This is in contrast to the lateral
superior olive (LSO), a conspicuous auditory structure in the
medullary brainstem. Expression analysis demonstrated abundant KCC2 protein in immature LSO neurons without an substantial increase in KCC2 during maturation (Balakrishnan et al.,
2003). However, a genetic knockdown of the KCC2 gene
SLC12A5 (solute carrier family 12, member 5) only affects [Cl ⫺]i
in mature, but not in immature, LSO neurons (Balakrishnan et
al., 2003). This implies the presence of transport-inactive KCC2
protein during early development. A transport-inactive form of
KCC2 was also reported by other groups (Kelsch et al., 2001; Vale
et al., 2003; Woodin et al., 2003; Fiumelli et al., 2005; Khirug et al.,
2005). To characterize the underlying mechanism that leads to
transport-inactive KCC2 protein, we here analyzed KCC2 in the
developing brainstem, beginning with electrophysiological and
immunohistochemical approaches. To gain insight into the
structure–function relationship of KCC2, we further analyzed
the structural organization of transport-active and transportinactive KCC2 in the mature and immature brainstem, respectively. This analysis led us to propose a novel posttranslational
regulatory mechanism for KCC2.

Materials and Methods
Animals were bred and housed in our animal facilities and treated in
compliance with the current national Animal Protection Law. All protocols were approved by the regional animal care and use committees and
adhered to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.
Slice preparation for electrophysiology. Rats between postnatal day 3
(P3) and P12 were deeply anesthetized with pentobarbital (30 – 40 mg/kg
body weight, i.p.). Brains were removed in ice-cold standard physiological solution containing 124 mM NaCl, 3 mM KCl, 2 mM CaCl2, 25 mM
NaHCO3, 1.1 mM NaH2PO4, 2 mM MgSO4, and 10 mM D-glucose, equilibrated with 95% O2 and 5% CO2, pH 7.4, and 300-m-thick coronal
brainstem slices were cut with a VT 1000S vibrating blade microtome
(Leica, Wetzlar, Germany). Slices were allowed to recover for at least 1 h
at 32°C in standard physiological solution (bubbled with 95% O2/5%
CO2).
Assay of Cl⫺ extrusion capacity in brainstem slices. The electrophysiological experiments were performed as described previously (Khirug et
al., 2005). In brief, somatic recordings of LSO neurons were performed in
standard physiological solution at room temperature (22–25°C) in the
whole-cell voltage-clamp configuration using an EPC 10 patch-clamp
amplifier (HEKA Elektronik, Lambrecht, Germany). Patch pipettes were
fabricated from borosilicate glass (Harvard Apparatus, Edenbridge, UK),
and their resistances were 5–7.5 M⍀. Composition of the patch-pipette
solution was as follows (in mM): 18 KCl, 111 K-gluconate, 0.5 CaCl2, 2
NaOH, 10 D-glucose, 10 HEPES, 2 Mg-ATP, and 5 BAPTA, pH 7.3 adjusted with KOH. In some experiments, the Cl ⫺ concentration was increased by using 40 mM KCl and 79 mM K-gluconate. The membrane
potential was clamped at ⫺70 mV, and all potential values were corrected
for a liquid junction potential of 10 mV. Only cells with a resting membrane potential more negative than ⫺50 mV were included in the analysis. The reversal potential of GABAergic currents (EGABA) was determined from the current–voltage ( I–V) relationship obtained by stepwise
clamping the membrane potential at different holding values.
␣-Carboxy-2-nitrobenzyl-caged GABA (Invitrogen, Karlsruhe, Germany) was diluted in the standard physiological solution (5 mM final
concentration) and delivered to the vicinity of the patch-clamped cell via
a quartz syringe tip (100 m internal diameter) using an UltraMicroPump II syringe pump (World Precision Instruments, Sarasota, FL)
at a flow rate of 1–5 l/min. For local photolysis of caged GABA, the
351–364 nm output of a continuous emission argon–ion laser (Enterprise 653; Coherent, Palo Alto, CA) was delivered via a multimode opti-

Blaesse et al. • Development-Dependent Oligomerization of KCC2

cal fiber through an Olympus Optical (Tokyo, Japan) LUMPlanFl 60⫻
water-immersion objective. The diameter of the uncaging spot was 10
m (Khirug et al., 2005). An electronic shutter (Uniblitz, Puchheim,
Germany) was used to set the light pulse duration at 15–25 ms. To visualize the dendrites, a fluorescent indicator (Alexa Fluor 488, 50 M; Invitrogen) was dialyzed via the patch pipette, and dendrites were traced
using a confocal microscope (Radiance 2100; Bio-Rad, Herts, UK).
To assess the efficacy of Cl ⫺ extrusion, 19 or 41 mM Cl ⫺ was added to
the pipette solution. These concentrations result in EGABA values of ⫺50
or ⫺30 mV, respectively, calculated on the basis of the Nernst equation. EGABA values were compared for currents evoked at the soma
(EGABA,soma) and at the dendrite (EGABA,dendrite). If robust Cl ⫺ extrusion
occurs, i.e., if KCC2 activity is strong, this leads to more negative dendritic EGABA compared with the somatic EGABA, which is clamped by the
Cl ⫺ load via the patch pipette.
Statistical analysis and curve fitting were performed using Origin software (Microcal Software, Northampton, MA). Averaged data are presented as mean ⫾ SD. Statistical significance was assessed using a Student’s unpaired t test.
Production of a rabbit N-terminal KCC2 polyclonal antibody. A plasmid
was constructed that encodes a fusion protein of the maltose binding
protein (New England Biolabs, Frankfurt, Germany) and the N-terminal
residues 1–93 of the rat KCC2 (Payne et al., 1996). The fusion protein was
produced in the Escherichia coli strain BL21 (Stratagene, Heidelberg,
Germany), purified with an amylose resin column, and injected subcutaneously into rabbits to generate polyclonal sera. Polyclonal anti-Nterminal KCC2 polyclonal (nKCC2) antibodies were affinity purified by
linking the fusion protein to Affi-Gel 15 support (Bio-Rad, München,
Germany), following the protocol of the manufacturer. Specific antibody
was eluted with 0.1 M Na-citrate, pH 3.1, and neutralized with NaOH.
After purification, anti-nKCC2 was concentrated in PBS (in mM: 130
NaCl, 7 Na2HPO4, and 3 NaH2PO4, pH 7.4) using a 30 kDa cutoff
vivaspin column (Vivascience, Hannover, Germany) and stored in aliquots at ⫺20°C.
Immunohistochemistry. Experiments were performed on Sprague
Dawley rats of both genders, aged P0 –P60, and on P12 wild-type and
KCC2 knockdown mice (Woo et al., 2002). The genotyping of KCC2
knockdown mice was performed according to the protocol described by
Woo et al. (2002). Animals were deeply anesthetized with chloral hydrate
(700 mg/kg body weight, i.p.) and perfused transcardially with PBS, followed by Zamboni’s solution (2% paraformaldehyde and 15% picric acid
in 0.1 M phosphate buffer, pH 7.4). Brains were removed and stored in
fixative overnight in the refrigerator. After incubation in 30% sucrose/
PBS for cryoprotection, 30-m-thick coronal sections were cut through
the brainstem, collected in 15% sucrose/PBS, thoroughly rinsed in PBS,
and blocked for 1 h in 3% bovine serum albumin (BSA), 10% goat serum,
and 0.3% Triton X-100 in Tris-buffered saline, pH 7.4. In addition to the
novel anti-nKCC2 antibody, a commercially available rabbit anti-cKCC2
antibody (raised against residues 932–1043 of the rat KCC2; catalog #07432; Upstate Biotechnology, Hamburg, Germany) was used in some experiments. This antibody corresponds to the antibody published previously by Williams et al. (1999). No difference between the two KCC2
antibodies was noticed throughout the experiments. The monoclonal
mouse anti-MAP2 antibody against the microtubule-associated protein
2 was obtained from Sigma (Taufkirchen, Germany) and used to identify
neuronal somata and dendrites. Antibodies were diluted 1:500 and added
to the blocking solution. Incubation with agitation was performed in a
refrigerator for 24 h. After several rinses in PBS, sections were transferred
to carrier solution (0.3% Triton X-100, 1% BSA, and 1% goat serum) and
treated with the secondary antibodies, goat anti-rabbit conjugated to
Alexa Fluor 488, and goat anti-mouse conjugated to Alexa Fluor 546
(both diluted 1:1000; Invitrogen). Sections were incubated overnight
with agitation in a refrigerator, rinsed again, mounted on slides, and air
dried, and coverslips were mounted with Vectashield H-1400 anti-fade
mounting medium (Vector Laboratories, Burlingame, CA). Control experiments were performed by omitting primary antibodies and resulted
in the absence of immunosignals. Photomicrographs of sagittal sections
from P4 and P12 mouse brains were taken with an Axioskop (Zeiss,
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Oberkochen, Germany) with a 5⫻ objective and mounted together with
Axio Vision software 4.2.
Confocal fluorescence microscopy. Images were taken with a confocal
laser scanning microscope (LSM 510; Zeiss) equipped with argon (488
nm) and helium–neon (543 nm) lasers and appropriate excitation and
emission filters for maximum separation of Alexa Fluor 488 (488 nm
excitation; bandpass filter 505–550) and Alexa Fluor 546 (543 nm excitation; long-pass filter 560). This configuration prevented bleedthrough. A 10⫻ objective lens (Plan-Neofluar, 10⫻/numerical aperture
0.3; Zeiss) and a 40⫻ oil-immersion objective lens (Plan-Neofluar, 40⫻/
numerical aperture 1.3 oil; Zeiss) were used. A pinhole size of 67 m
resulted in optical sections of ⬍10 m thickness (10⫻ objective lens) and
⬍1 m (40⫻ objective lens). Images of 2048 ⫻ 2048 pixels were obtained
and further processed with Zeiss LSM Image browser software 2.80. Figures were prepared on a personal computer running Adobe Photoshop
5.5 (Adobe Systems, San Jose, CA).
Electron microscopy. Preembedding immunoelectron microscopy was
performed as follows: P4 and P12 rats were deeply anesthetized by a
mixture of 1.2% ketamine 10 and 0.13% Rompun in physiological salt
solution (100 l/g body weight) and then perfused through the heart
with 4% paraformaldehyde and 0.5% glutaraldehyde in 0.1 M phosphate
buffer. Coronal vibratome sections, 500-m-thick were prepared at the
level of the LSO. Sections containing the LSO were cryoprotected
through an ascending series of sucrose solution (0.5, 1, 1.5, and 2 M) and
then subjected to two cycles of freeze–thaw in liquid nitrogen to aid the
penetration of immunoreagents into the cells. The sections were blocked
for 1 h in 10% normal goat serum and 0.2% BSA in PBS. Incubation of
primary antibody (1:200; rabbit anti-KCC2) (Hübner et al., 2001) was
done in carrier (PBS with 1% serum and 0.2% BSA) at 4°C overnight. The
secondary antibody (1:100, goat anti-rabbit nanogold; Nanoprobes,
Stony Brook, NY) was applied for 2 h and subsequently enhanced
with the HQ silver enhancement kit (Nanoprobes), followed by gold
toning with 0.05% gold chloride (Sigma) in 150 mM sodium acetate
buffer. After fixation with 1% osmium tetroxide, sections were dehydrated in an ascending series of ethanol and embedded in Epon (Roth,
Karlsruhe, Germany). The semithin sections were finally examined
with a Zeiss EM 902.
Tissue RNA isolation and reverse transcription-PCR. Sprague Dawley
rats at P3 or P12 were deeply anesthetized with chloral hydrate and killed
by decapitation. Their brains were rapidly removed, and the brainstems
were dissected and stored at ⫺80°C. Total RNA was isolated from brainstems by the guanidine thiocyanate method (Chomczynski and Sacchi,
1987). The quality and quantity of the RNA samples were assessed by gel
electrophoresis and optical density measurements. Reverse transcription
of total RNA (20 g) was performed using standard protocols with random hexanucleotide priming and SuperScript II as enzyme (Invitrogen,
Karlsruhe, Germany). The open reading frame of the KCC2 gene
SLC12A5 was amplified in nine overlapping fragments, using the primers
listed in supplemental Table S1 (available at www.jneurosci.org as supplemental material). PCR was performed for 35 cycles in a total volume
of 50 l. Denaturing was at 94°C for 30 s, annealing was at 60°C for 30 s,
and elongation was at 72°C for 1 min. Ten microliters of each reaction
were loaded onto a high-resolution 5% polyacrylamide gel. After electrophoresis, the gel was stained with silver nitrate and scanned using a
GS-800 calibrated densitometer (Bio-Rad, München, Germany). Singlestrand conformational polymorphism (SSCP) analysis was performed as
described previously (Orita et al., 1989). In brief, PCR products were
denatured for 10 min at 95°C in SSCP loading buffer (95% formamide
and 0.2% xylene cyanol), chilled on ice, and then loaded onto 5% polyacrylamide gels with or without 10% glycerol. After electrophoresis, gels
were silver stained and scanned.
Immunoblot analysis. Proteins were resolved by linear 3– 8% Tris–
acetate gel or 4 –12% Bis–Tris gel systems (NuPAGE; Invitrogen,
Karlsruhe, Germany). Treatment of samples with sulfhydryl-reducing
agents or detergents was for 5 min at 40°C, if not indicated otherwise. Gel
loading was done in a buffer containing 0.5% lithium dodecyl sulfate
(LDS) to solubilize KCC2. Electrophoretic separation lasted either 1.5
(normal run) or 3 h (long run). Proteins were electrophoretically transferred to polyvinylidene difluoride (PVDF) membranes (Roth) in Nu-
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PAGE transfer buffer (in mM: 25 Bicine, 25 Bis-Tris, 1 EDTA, and 0.05
chlorobutanol) using the NuPAGE system. PVDF-bound proteins were
visualized by staining with ponceau S. Membranes were incubated in
TTBS/milk (20 mM Tris, 150 mM NaCl, 0.1% Tween 20, and 5% nonfat
dry milk, pH 7.5) with the respective antiserum overnight in the refrigerator, followed by 2 h at room temperature. Anti-nKCC2 was used for
KCC2 and the monoclonal antibody T4 against NKCC1 (Lytle et al.,
1995) and ␣5 against the ␣-subunit of the Na ⫹/K ⫹-ATPase (Lebovitz et
al., 1989). T4 and ␣5 were obtained from the Developmental Studies
Hybridoma Bank of the University of Iowa (Iowa City, IA). Antihemagglutinin (HA) was from Covance (Princeton, NJ) and antihistidine (His) from Santa Cruz Biotechnology (Heidelberg, Germany).
Both antibodies were used at a 1:1000 dilution. After four washes in
TTBS, the secondary antibody (1:5000, goat anti-rabbit IgG or antimouse IgG horseradish peroxidase conjugated; Amersham Biosciences,
Freiburg, Germany) was applied for 1 h in TTBS/milk. After four washes
in TTBS, bound antibodies were detected using an enhanced chemiluminescence kit and a VersaDoc 3000 documentation system (Bio-Rad,
München, Germany). Quantification of the volume (i.e., the product of
area and intensity) of different KCC2-immunoreactive bands on immunoblots was performed using the Quantity One software (Bio-Rad,
München, Germany). To calculate the relative amount of monomeric or
oligomeric KCC2, the volume of the monomeric structure or the sum of
the volumes of the three oligomeric structures, respectively, was divided
by the sum of the volumes of all KCC2-immunoreactive bands and multiplied by 100. To get the monomer/oligomer ratio, the volume of the
monomeric structure was divided by the sum of the volumes of the three
oligomeric structures. Averaged data are presented as mean ⫾ SD. Statistical significance was assessed using a Student’s unpaired t test.
Deglycosylation with endoglycosidase H and N-glycosidase F. Deglycosylation with endoglycosidase H (endo H) and N-glycosidase F (PGNase
F) (New England Biolabs) was performed with purified membrane protein fractions according to the protocol provided by the manufacturer.
Membrane proteins were first incubated for 10 min at 100°C in glycoprotein denaturing buffer (0.5% SDS and 1% ␤-mercaptoethanol) and
then incubated for 60 min at 37°C in either 50 mM sodium citrate, pH 5.5,
at 37°C supplemented with 1250 U of endo H or in 50 mM sodium
phosphate, pH 7.5, 1% NP-40, supplemented with 1250 U of PGNase.
After incubation, samples were separated on a 4 –12% Bis–Tris NuPAGE
system.
DNA constructs and His tag pull-down. The full-length cDNA encoding
the rat KCC2 was subcloned into the pENTR/D-TOPO gateway vector
(Invitrogen, Karlsruhe, Germany). After sequence confirmation, the
clone was transferred to the pCDNA3 vector (Invitrogen, Karlsruhe,
Germany) to express wild-type KCC2 or to the pMTH2SM–HA clone
(Kaufman et al., 1989) to obtain HA-tagged KCC2. To generate His10KCC2, the open reading frame of KCC2 was amplified using a forward
primer encoding a start methionin, His10, and amino acids 2– 6 of KCC2
(CACCATGCATCATCACCATCATCACCATCATCACCATCTCAACAACCTGACGGACTG) and a reverse KCC2
primer encoding the last six amino acids and the stop codon and cloned
in the pENTR/D-TOPO gateway vector. After sequence confirmation,
the clone was transferred to the pCDNA3 vector containing a gateway
cassette.
HEK-293 cells were grown to 30% confluency in 100 mm dishes and
transiently transfected using Fugene (Roche, Mannheim, Germany). After 36 h in culture, cells were harvested and lysed in 500 l per dish of 50
mM NaH2PO4, 300 mM NaCl, 10 mM imidazol, and 0.5% Triton X-100,
pH 8.0, for 10 min at 4°C. For pull-down experiments, the lysates were
cleared by centrifugation at 10,000 ⫻ g for 10 min, and the supernatant
was added to 10 l of Ni 2⫹ resin (Qiagen, Hilden, Germany). After 2 h at
4°C, the mixture was pelleted and the resin were washed three times in 50
mM NaH2PO4, 300 mM NaCl, 20 mM imidazol, and 0.5% Triton X-100,
pH 8.0, according to the protocol of the manufacturer. Elution was in 30
l of 50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazol, and 0.5% Triton
X-100, and the sample was separated by electrophoresis.
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Results
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Cl ⴚ extrusion capacity in immature and
mature LSO neurons
The activity of KCC2 during early postnatal development of LSO neurons was addressed previously by applying the perforated patch-clamp technique to wild-type
and KCC2 knockdown mice (Balakrishnan et al., 2003). The 95% reduction of the
KCC2 level in the knockdown mice (Woo
et al., 2002) affected [Cl ⫺]i in LSO neurons at P12 yet not at P3. To assess the
KCC2 extrusion activity more directly, we
performed whole-cell patch-clamp recordings from rat LSO neurons. Under a
constant Cl ⫺ load via a somatic patch pipette, transport-active KCC2 generates a
declining somatodendritic Cl ⫺ gradient
(Jarolimek et al., 1999; Kelsch et al., 2001;
Khirug et al., 2005). We determined EGABA
at the soma and at proximal dendrites, 50
m away from the soma, by focal photolysis of caged GABA (Khiroug et al., 2003;
Khirug et al., 2005). We observed declining somatodendritic Cl ⫺ gradients at P12
yet not at P3 (n ⫽ 5 for each age group).
Figure 1, A and B, illustrates examples of
GABA-evoked currents and the resulting
I–V relationships at P3 and P12, respectively. At both ages, EGABA,soma was close to
⫺50 mV, as expected from the Nernst
equation for a constant load with 19 mM
[Cl ⫺] via the patch pipette. EGABA,dendrite
was ⫺50 mV for the P3 neuron but more
negative (⫺65 mV) for the P12 neuron.
Statistical analysis resulted in EGABA,soma
values of ⫺54.2 ⫾ 4.2 mV at P3 and
⫺
⫺56.4 ⫾ 2.3 mV at P12. EGABA,dendrite was Figure 1. Analysis of Cl extrusion capacity in the developing LSO. A, Current traces obtained from a P3 LSO neuron by focal
GABA uncaging at the soma and at a proximal dendrite at different holding potentials. Horizontal bars indicate the time of the
⫺56.2 ⫾ 5.0 mV at P3 and ⫺69.0 ⫾ 6.2
uncaging UV flash. Peak amplitudes of the GABA-evoked currents were used to generate the I–V relationship (right). E was
mV at P12 (Fig. 1C). Statistically signifi- ⫺48 and ⫺50 mV at the soma and at the dendrite, respectively. B, Current traces (left) and E determination (right) GABA
for a P12
cant differences between EGABA,soma and LSO neuron. Horizontal bars indicate the time of the GABA uncaging UV flash. In contrast to theGABA
P3 neuron (A), EGABA,dendrite (⫺65
EGABA,dendrite occurred only in the P12 mV) was clearly more negative than EGABA,soma (⫺56 mV). C, At P3 (n ⫽ 5), EGABA,soma (⫺54.6 ⫾ 4.2 mV) was not different from
neurons ( p ⬍ 0.01; n ⫽ 5 for each age EGABA,dendrite (⫺56.2 ⫾ 5.0 mV; p ⬎ 0.05). Under the same conditions, EGABA,soma at P12 (⫺56.4 ⫾ 2.3 mV) differed significantly
group). The results show effective Cl ⫺ ex- from EGABA,dendrite (⫺69.0 ⫾ 6.2 mV; p ⬍ 0.01; n ⫽ 5). D, When the Cl ⫺ load was increased by raising the Cl ⫺ concentration in
trusion activity at P12 and ineffective ac- the patch pipette to 41 mM, this resulted in an EGABA,soma of approximately ⫺30 mV. Bumetanide was added to the bath (10 M
tivity at P3. The decrease in the amplitude final concentration) to exclude an influence of NKCC1 on EGABA. However, under these conditions, there was no difference between
of GABA-evoked currents between P3 and EGABA,soma (⫺29.2 ⫾ 2.4 mV) and ⫺EGABA,dendrite (⫺29.7 ⫾ 2.9 mV; n ⫽ 10; p ⬎ 0.05) at P3. E, Schematic drawing of the
setup. Focal photolytic release of caged GABA was used to determine EGABA,dendrite and EGABA,soma under constant
P12 is consistent with a developmental de- experimental
Cl ⫺ load via the patch pipette. Flashes indicate sites of GABA uncaging. If EGABA,dendrite ⬍ EGABA,soma, an effective Cl ⫺ extrusion
crease in GABAergic transmission in the
mechanism is present.
superior olivary complex (SOC) (Kotak et
al., 1998; Nabekura et al., 2004).
the same conditions, however, the difference between EGABA,soma
NKCC1 is considered to be a major source of Cl ⫺ import into
and EGABA,dendrite was 12.7 ⫾ 4.0 mV in P12 LSO neurons, indiimmature neurons (Sung et al., 2000; Yamada et al., 2004) and, if
cating robust Cl ⫺ extrusion at this age (n ⫽ 3; data not shown).
also present in LSO neurons, might mask KCC2 activity at P3 in
These results strongly imply transport-inactive KCC2 in immathese cells. To exclude this possibility, we added bumetanide to
ture LSO neurons.
the bath at a concentration of 10 M, known to specifically block
⫺
NKCC1 (Russell, 2000). In addition, we raised the Cl concenPolyclonal antibody production and characterization
tration in the patch pipettes to 41 mM (corresponding to an ECl⫺
To be able to analyze KCC2 during development by biochemical
of ⫺30 mV) to impose the neurons to the high Cl ⫺ load observed
and immunohistochemical assays, we generated a novel antibody
in immature LSO neurons (Balakrishnan et al., 2003). Both val(anti-nKCC2) against the 93 amino acids at the N terminus of rat
ues, EGABA,soma of ⫺29.2 ⫾ 2.4 mV and EGABA,dendrite of ⫺29.7 ⫾
KCC2. We chose the N-terminal region because the available
2.9 mV, were close to the calculated value of ⫺30 mV and not
antibodies against KCC2 were directed against the C terminus
statistically different at P3 (Fig. 1 D) ( p ⬎ 0.05; n ⫽ 10). Under
(anti-cKCC2) (Lu et al., 1999; Williams et al., 1999). We tested
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strong and diffuse labeling pattern was
also present in the remaining neuropil
(Fig. 3A). At P4, the labeling pattern was
similar in that the somata and proximal
dendrites were again outlined (Fig. 3B).
However, the diffuse neuropil labeling was
reduced, leading to the detection of
KCC2-IR at the membrane of transversely
cut dendrites. The reduction in diffuse
neuropil labeling proceeded with additional development, resulting in clearly
outlined somata and dendrites by P12 and
P60 (Fig. 3C,D). Throughout development, the soma interior was weakly labeled
(supplemental Fig. S1, available at www.jneurosci.org as supplemental material).
Indistinguishable results were obtained
with the anti-cKCC2 antibody, i.e., there
was no difference in the intensity of
Figure 2. Analysis of anti-KCC2 antibody specificity. A–F, Anti-KCC2 antibodies directed against the N terminus (anti-nKCC2; KCC2-IR at the soma surface between imA–D) or the C terminus (anti-cKCC2; E, F ) were applied to coronal brainstem sections of P12 wild-type (A, C, E) or KCC2 knockdown mature and mature neurons (data not
(B, D, F ) mice. A, For anti-nKCC2 in wild-type mice, a moderate IR was observed in sections containing the medial nucleus of the
shown).
trapezoid body (MNTB) and the LSO, two of the main SOC nuclei. B, Only faint IR was present in KCC2 knockdown mice. C, E,
The age-related reduction of KCC2-IR
High-magnification confocal images illustrated a similar labeling pattern for anti-nKCC2 and anti-cKCC2 in ⫹/⫹ mice. D, F,
in
the
LSO neuropil may reflect pruning of
Labeling of the presumed surface of LSO neuron somata (n) and transversely cut dendrites in the neuropil (np) is indicated by
arrows and arrowheads, respectively. Both antibodies revealed only faint IR in the LSO of ⫺/⫺ mice. G, No immunoreactive dendrites (Rietzel and Friauf, 1998) and/or
signal was present in the LSO of wild-type mice incubated with secondary antibodies alone. Scale bar: A, B, 200 m; C–G, 10 m. the confinement of KCC2 to dendritic
H, Immunoblot analysis of anti-nKCC2. Membrane fractions of brains from wild-type (left) or KCC2 knockdown (right) mice were subregions in mature LSO neurons.
probed with anti-nKCC2. A strong signal in the range of the expected molecular weight was observed in ⫹/⫹ mice but not in To distinguish between these two pos⫺/⫺ mice. In addition, a weak signal was observed at lower molecular weight, independent of the genotype. 7n, Facial nerve; d, sibilities,
we
performed
doubledorsal; l, lateral; Mr, relative molecular mass; ⫹/⫹, wild-type mice; ⫺/⫺, KCC2 knockdown mice.
immunofluorescent labeling for KCC2
and the dendritic marker MAP2. At all
the specificity of the antibody by immunohistochemistry and
ages, dendrites identified by MAP2 were also KCC2 immunoreimmunoblot analysis on P12 wild-type and KCC2 knockdown
active (supplemental Fig. S2 A, B, available at www.jneurosci.org
mice. In wild-type mice, strong labeling was obtained in the enas supplemental material). Thus, the reduction of KCC2-IR in
tire brainstem, including the SOC nuclei (Fig. 2 A). At high magthe LSO neuropil during maturation is most likely obtained via
nification, strong KCC2 immunoreactivity (IR) outlined the sopruning of dendrites. To corroborate the localization of KCC2 at
mata and proximal dendrites and resulted in diffuse labeling of
the plasma membrane, we performed double-labeling studies
the neuropil (Fig. 2C). In contrast, in KCC2 knockdown mice,
with KCC2 and markers of the biosynthetic–secretory pathway.
only a faint, punctuated labeling was present (Fig. 2 B), making it
At both P4 and P12, we observed no colocalization of KCC2 with
impossible to identify individual neurons (Fig. 2 D). Identical
either protein disulfide isomerase, a marker for the endoplasresults were obtained when we used the anti-cKCC2 antibody
matic reticulum (Vaux et al., 1990), or with the Golgi matrix
(Fig. 2 E, F ). The faint immunoreactivity observed with both anprotein 130, a marker for the Golgi apparatus (Nakamura et al.,
tibodies in the KCC2 knockdown mice likely represents the re1995) (supplemental Fig. S2C–F, available at www.jneurosci.org
sidual 5% KCC2 protein amount in these animals, because no
as supplemental material). Only the vesicle-associated memlabeling was obtained when the anti-KCC2 antibodies were omitbrane protein 2, a marker for several types of vesicles (Jahn and
ted (Fig. 2G). Immunoblot analysis confirmed the specificity of
Sudhof, 1999; Carvalho et al., 2004), revealed a weak colocalizathe anti-nKCC2 antibody. A strong signal at the correct molecution in the neuropil at both ages (supplemental Fig. S2G,H, availlar weight range of 130 –140 kDa was present in the brain memable at www.jneurosci.org as supplemental material).
brane fraction of wild-type animals, whereas the signal was very
Together, these immunohistochemical data demonstrate that
faint in the membrane fraction of KCC2 knockdown mice (Fig.
KCC2 proteins are abundant and located in the plasma mem2 H). A weak signal at a lower molecular weight (86 kDa) was
brane, or in close proximity to it, in LSO neurons already at a time
detected in both wild-type and knockdown mice, indicating a
when Cl ⫺ extrusion is not yet effective. This implies that KCC2
slight cross-reactivity of the anti-nKCC2 antibody. These results
transport activity in developing LSO neurons is not regulated via
demonstrate that, despite a slight cross-reactivity, the novel antian intracellular retention mechanism.
body anti-nKCC2 is well suited for immunohistochemical KCC2
analysis.
Ultrastructural analysis of KCC2 location
To corroborate the data obtained by confocal microscopy, we
KCC2 immunoreactivity in developing LSO neurons
next analyzed the location of KCC2 in immature and mature LSO
To analyze age-dependent changes in the amount and distribuneurons at the ultrastructural level. Using electron microscopy
tion of KCC2 at the cellular level, we focused on rat LSO neurons
and the preembedding immunogold technique, the density and
and analyzed KCC2-IR at P0, P4, P12, and P60, using antidistribution of KCC2 was found to be similar to the labeling
nKCC2. Already at P0, i.e., well before Cl ⫺ extrusion is effective,
pattern observed at the light microscopic level. In semithin secKCC2-IR densely outlined the somata and proximal dendrites. A
tions, we observed KCC2-IR at somatic and dendritic plasma
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displays a mature glycosylation pattern. Thus, age-related differences in glycosylation are unlikely to cause KCC2 activation.
Analysis for developmentally regulated KCC2 splice variants
Transport-inactive and transport-active KCC2 forms may be
generated via the expression of age-dependent splice variants. To
address this possibility, we amplified the open reading frame of
the KCC2 gene SLC12A5 in nine overlapping fragments from
cDNA of P3 and P12 rat brainstem. Separation of the PCR products on a high-resolution polyacrylamide gel revealed no agerelated difference in length (supplemental Fig. S3, available at
www.jneurosci.org as supplemental material). The products
showed a migration pattern that fits to the calculated lengths. In a
next step, we analyzed whether small variations in the transcripts
occurred that escaped detection under conditions of normal
PAGE. We performed a SSCP analysis, which is capable of detecting single nucleotide exchanges or minimal alterations in length
(Orita et al., 1989). We found no difference for the nine fragments amplified from P3 or P12 brainstem cDNA (data not
shown).

Figure 3. KCC2-IR in rat LSO neurons during maturation. A–D, Strong KCC2-IR was present
in LSO neurons (n) at P0 (A), P4 (B), P12 (C), and P60 (D) using anti-nKCC2. Both the plasma
membrane of somata (arrows) and the plasma membrane of transversely or longitudinally cut
dendrites (arrowheads) were strongly KCC2 immunoreactive. The density of KCC2-IR in the
neuropil (np) decreased with age. A weak labeling in the soma interior was obvious at all ages.
Scale bar: (in A) AA–D, 10 m.

membranes at both P4 and P12 (Fig. 4 A, B). In highmagnification electron micrographs, we localized gold particles
along the cytoplasmic side of the dendritic plasma membranes at
both ages (Fig. 4C,D). The distribution of the gold particles was
homogenous at extrasynaptic and perisynaptic sites of excitatory
and inhibitory synapses (Fig. 4 E–H ). Only the postsynaptic
thickening was almost devoid of KCC2 molecules. The only agerelated change appeared to be a higher number of gold particles
inside LSO dendrites at P4 compared with P12 (Fig. 4C,D). The
localization of the antibody, which was raised against the N terminus of KCC2 (Hübner et al., 2001), at the intracellular surface
of the plasma membrane, is in line with the model predicting an
intracellular position of both protein termini (Payne et al., 1996).
Glycosylation pattern of KCC2
The KCC2-IR results obtained at the light and electron microscopic levels, together with our electrophysiological data, suggested the presence of transport-inactive KCC2 molecules at the
plasma membrane before Cl ⫺ extrusion becomes effective. CCCs
are glycoproteins (Payne, 1997; Williams et al., 1999; de Jong et
al., 2002). To determine whether transport-inactive and
transport-active KCC2 forms differ in their glycosylation pattern,
we treated isolated membrane fractions from P2 and P30 rats
with the glycosidases endo H and PGNase F. Endo H cleaves only
high-mannose glycosylated forms and some hybrid oligosaccharides from N-linked glycoproteins (Maley et al., 1989). In contrast, PGNase F is an amidase that cleaves high-mannose, hybrid,
and complex oligosaccharides from N-linked glycoproteins (Maley et al., 1989). Treatment with PGNase resulted in a molecular
mass shift from ⬃130 –140 to ⬃120 kDa for transport-inactive
and transport-active KCC2 protein (Fig. 5A). In contrast, the
⬃130 –140 kDa protein was insensitive to endo H at both ages
(Fig. 5B). These data demonstrate that transport-inactive KCC2

Structural organization of KCC2
We next investigated the structural organization of KCC2, with
the aim to further explore whether the functionally relevant
changes with age occur at the protein level. Previous biochemical
analyses had demonstrated a dimeric organization of NKCC1
(Moore-Hoon and Turner, 2000), NCC (de Jong et al., 2003),
and NKCC2 (Starremans et al., 2003). These dimers became destabilized by high concentrations of the non-ionic detergent Triton X-100 (ⱖ0.4%) or the anionic detergent SDS (ⱖ0.01%). We
performed an immunoblot analysis of the membrane fraction
from P30 rat brainstem, separated by electrophoresis in a 4 –12%
Bis–Tris gel in the absence of sulfhydryl-reducing agents. It revealed most KCC2-IR above 200 kDa (Fig. 6), although 0.5% LDS
was present in the loading buffer. Only a minor signal was detected at ⬃130 –140 kDa, which is the molecular mass of the
monomeric protein (Lu et al., 1999; Williams et al., 1999; Hübner
et al., 2001). In experiments involving additional treatment of the
membrane fraction with 4% Triton X-100 or 0.5% SDS for 5 min
at 40°C before electrophoresis, most KCC2-IR was still detected
at molecular masses higher than the monomer, with no apparent
difference to the control (Fig. 6). Under the same conditions,
however, NKCC1 was present as a monomer (data not shown).
Preincubation of the membrane fraction in 1% of the non-ionic
detergent N-dodecyl-␤-D-maltoside or in 0.5% of the anionic
detergent N-laurylsarcosine also caused no increase in the monomeric KCC2 fraction (Fig. 6). Together, these data indicate that
KCC2 is present in the form of higher-molecular-mass complexes in the mature brainstem (P30) that are resistant to detergents. Monomeric KCC2 might represent unassembled protein,
because the membrane fraction analyzed contains all compartments of the biosynthetic–secretory pathway (Guillemin et al.,
2005). Furthermore, the data show that the detection of mainly
monomeric KCC2 in previous reports (Lu et al., 1999; Williams
et al., 1999; Hübner et al., 2001; Balakrishnan et al., 2003) is likely
attributable to the presence of sulfhydryl-reducing agents and not
to SDS in the commonly used Laemmli sample buffer.
To examine the effect of sulfhydryl-reducing agents on KCC2
oligomers, we incubated the membrane fraction at increasing
concentrations of ␤-mercaptoethanol. We improved the resolution of higher-molecular-mass KCC2 molecules by performing
the electrophoretic separation in a 3– 8% Tris–acetate gel for 3 h.
In the absence of reducing agents, three additional distinct
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Figure 4. Ultrastructural localization of KCC2 in LSO neurons during maturation. Location of KCC2 molecules in the LSO of P4 (A,
C, E, F ) and P12 (B, D, G, H ) rats, revealed with the preembedding immunogold technique. A, B, Semithin sections with labeled
neurons in the LSO. Silver-intensified gold particles were found at the presumed surface of somatic and dendritic membranes
(arrows). C, D, High-magnification electron micrographs illustrated labeled dendritic profiles with boutons (asterisks) making
asymmetrical synapses (arrowheads) onto the dendrite. KCC2 was localized homogenously along the perisynaptic and extrasynaptic membranes at both ages. The postsynaptic thickening was almost devoid of KCC2 (arrowheads). E–H, High-magnification
ultrastructural analysis showed even distribution of gold particles at perisynaptic sites (arrows) of excitatory (E, G) and inhibitory
(F, H ) synapses (asterisks). n, Neuronal soma; d, dendrite. Scale bars: (in A) A, B, 30 m; (in C) C–H, 500 m.

KCC2-immunoreactive bands were detected, at ⬃270, ⬃400,
and ⬃500 kDa (Fig. 7A). This fits very well with the calculated
mass of 270, 405, and 540 kDa for dimeric, trimeric, and tetrameric KCC2 molecules, respectively (considering 135 kDa for
the KCC2 monomer). Increasing the concentration of
␤-mercaptoethanol (from 0.005 to 0.1%) resulted in the disassembly of the three oligomeric structures (Fig. 7A). Nevertheless,
even at high concentrations of reducing agents (3%
␤-mercaptoethanol and 1% SDS), we observed some residual
oligomeric KCC2 forms (Fig. 7A). In the absence of reducing
agents, all three higher-molecular-mass bands were resistant to
1% SDS (Fig. 7A).
We reasoned that some of the KCC2-IR that we observed at
the high molecular mass could have been attributable to a possible interaction of KCC2 with the Na ⫹/K ⫹-ATPase ␣ subunit
(Ikeda et al., 2004). To address this possibility, we probed the
immunoblot with an antibody against this subunit (Lebovitz et
al., 1989). All immunoreactivity against the subunit was detected
at ⬃100 kDa, which corresponds to the molecular mass of Na ⫹/
K ⫹-ATPase ␣ monomers (Fig. 7B). Therefore, we reject the idea
that KCC2 monomers had formed hetero-oligomers with Na ⫹/
K ⫹-ATPase ␣ subunits under the conditions used.
Next, we examined whether KCC2 forms homo-oligomeric

complexes in HEK-293 cells. To this end,
KCC2 was first heterologously expressed
in HEK-293 cells and oligomerization was
assessed. After immunoblot analysis, four
KCC2-immunoreactive bands were detected with similar sizes as in the mature
brainstem, i.e., at ⬃135, ⬃270, ⬃400, and
⬃500 kDa (Fig. 8 A). No KCC2-IR was observed in untransfected HEK-293 cells.
This result shows that KCC2 can form
homo-oligomers in heterologous expression systems or that HEK-293 cells express
the interacting protein partners required
for forming KCC2 hetero-oligomers. To
probe directly for KCC2 homo-oligomers,
we tagged KCC2 proteins with the His
peptide (His–KCC2) or the HA peptide
(HA–KCC2) and coexpressed the corresponding constructs in HEK-293 cells. As
a control, HA–KCC2 was coexpressed
with untagged KCC2. Purification of His–
KCC2 by Ni 2⫹ resin resulted in the copurification of HA–KCC2 only when His–
KCC2 was coexpressed (Fig. 8 B, C). When
substituting His–KCC2 by untagged
KCC2, HA–KCC2 could not be isolated by
Ni 2⫹ beads (Fig. 8 B, C). Together, these
data demonstrate that KCC2 can indeed
form homo-oligomers. Thus, the observed
KCC2 oligomers in the brainstem likely
represent homomeric complexes, ranging
from dimers to tetramers.

Age-dependent oligomerization of
KCC2 in the brainstem
We next set out to explore whether oligomerization correlates with KCC2 transport activation in the developing brainstem. To do so, we obtained the membrane
fraction from P1/P2 rat brainstem and
separated the sample under nonreducing conditions by electrophoresis. Because we assumed highly reactive thiol groups in the
KCC2 protein, based on the residual KCC2 oligomers observed in
the presence of 3% ␤-mercaptoethanol, we prepared membranes
in the presence of the alkylating agent iodoacetamide to prevent
disulfide bonding during lysis, membrane preparation, and electrophoresis. When we did so, quantitative immunoblot analysis
revealed 87 ⫾ 4% of KCC2 as monomers at P1/P2, whereas the
dimeric, trimeric, and tetrameric structures summed up to 13 ⫾
4% of the total KCC2 amount (Fig. 9 A, B). In contrast, when we
used membranes from mature brainstem (P25–P60) prepared in
the presence of iodoacetamide, 68 ⫾ 1% of KCC2 was present as
oligomers (Fig. 9 A, B). Thus, the monomer/oligomer ratio decreased from 7.10 ⫾ 2.60 at P1/P2 to 0.5 ⫾ 0.03 at P25 or older
(Fig. 9C). The omission of iodoacetamide from the sample at
P1/P2 led to an increased amount of oligomeric KCC2, with molecular masses identical to KCC2 dimer, trimer, and tetramer
(Fig. 9A). In contrast, we observed no change at P25 or older for
KCC2 oligomerization when iodoacetamide was omitted (Fig.
9A). These data indicate that KCC2 oligomerization in the immature brainstem is prevented by as yet unknown mechanisms,
leading to transport-inactive KCC2.
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Figure 6. Effects of detergents on KCC2. Membranes from P30 rat brainstems were treated
for 5 min at 40°C with no detergent (control), 4% Triton X-100, 0.5% SDS, 1% N-dodecyl-␤-Dmaltoside, or 0.5% N-laurylsarcosine. After adding sample buffer containing 0.5% LDS, samples
were separated by a linear 4 –12% Bis–Tris NuPAGE system. Immunoblot analysis revealed
that, under all conditions, KCC2 was present mainly in molecular masses higher than that
expected for the monomer. Asterisk denotes monomeric KCC2, and the bracket depicts highmolecular-mass KCC2-IR.

Figure 5. A, B, Glycosylation pattern of KCC2 during maturation. Membrane fractions from
P2 or P30 rat brainstems were left untreated or treated with PGNase F (A) or endo H (B) and then
separated under reducing conditions by a linear 4 –12% Bis–Tris NuPAGE system for 1.5 h. At
both ages, KCC2 was PGNase sensitive and endo H insensitive.

KCC2-IR throughout the developing brain
Finally, we addressed the question of whether the abundance of
transport-inactive KCC2 protein during the depolarizing phase is
limited to the LSO or a common phenomenon. To do so, we
studied KCC2-IR throughout the brain at P4 and P12 (Fig. 10).
This time window was chosen because [Cl ⫺]i is still high in most
brain areas at P4 yet has become low by P12 [neocortex (Owens et
al., 1996), hippocampus (Ben Ari et al., 1989; Rivera et al., 1999),
hypothalamus (Wang et al., 2001), ventral tegmental area (Ye,
2000), cerebellum (Eilers et al., 2001), SOC (Ehrlich et al., 1999;
Kakazu et al., 1999; Löhrke et al., 2005)]. At P4, moderate to
strong KCC2-IR was restricted to some brain regions, namely the
glomeruli and mitral cell layer of the olfactory bulb, the rostrodorsal region of the caudate–putamen, the thalamus, the hypothalamus, the superior colliculus, the inferior colliculus, the
pons, and the medulla oblongata, including the SOC (Fig. 10 A).
In the cortex and the cerebellum, KCC2-IR was present in dor-

socaudal and ventrocaudal regions, respectively. In contrast, a
rather uniform level of KCC2-IR was observed at P12 throughout
the brain (Fig. 10 B). In the regions displaying a high KCC2-IR
already at P4, there was no additional increase in the signal,
whereas in regions with weak KCC2-IR at P4, e.g., the hippocampus and main parts of the cortex, the signal increased until P12
(Fig. 10 A, B). This suggests that transport-inactive KCC2 is not
limited to the brainstem but might be also present in other brain
regions during early development.
To address whether KCC2 oligomerization is associated with
this process, we assessed the oligomerization status of KCC2 in
various CNS regions during development [at embryonic day 18
(E18), P1, and P30]. In all eight regions analyzed, namely the
olfactory bulb, the cortex/hippocampus, the ventral telencephalon, the diencephalon, the tectum, the cerebellum, the brainstem,
and the spinal cord, KCC2 was already detected in immunoblots
at E18 (Fig. 11). The highest amount was observed in the caudal
regions (brainstem and spinal cord), whereas the lowest amount
was detected in the cortex/hippocampus. This conforms well
with embryonic KCC2 expression reported recently (Hübner et
al., 2001; Li et al., 2002; Stein et al., 2004; Wojcik et al., 2006). In
each CNS region analyzed, monomeric KCC2 was prevailing;
oligomeric KCC2 was restricted to the olfactory bulb, the cerebellum, and the brainstem (Fig. 11). At P1, the prevailing form
was still monomeric KCC2, but now, KCC2 oligomers were
clearly present in all regions except the cortex/hippocampus,
which, moreover, again displayed the lowest KCC2 abundance
among the various regions. Finally, at P30, all regions displayed
similar KCC2 abundance with more oligomeric than monomeric
KCC2. Together, these data demonstrate that developmentdependent KCC2 oligomerization is not restricted to the brainstem but that it occurs throughout the CNS.

Discussion
There are three main conclusions of the present study: (1) functional KCC2 consists of disulfide-bonded homo-oligomers, (2)
age-dependent KCC2 oligomerization occurs throughout the
nervous system, and (3), both transport-inactive and transportactive KCC2 are present at the plasma membrane.
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Figure 7. Effect of sulfhydryl-reducing agents on KCC2 oligomers. A, Membranes from P30
rat brainstem were treated for 5 min at 40°C with increasing concentrations of
␤-mercaptoethanol, separated by a linear 3– 8% Tris–acetate NuPAGE system for 3 h, and
analyzed by immunoblot. In the absence of reducing agents, four distinct KCC2immunoreactive bands were present, with molecular masses of ⬃130 –140, ⬃270, ⬃400,
and ⬃500 kDa. Asterisk denotes the monomeric KCC2, and arrows point to KCC2 oligomers. All
KCC2 oligomers were ␤-mercaptoethanol sensitive yet resistant to 1% SDS. B, Analysis of
oligomeric structures for the comigration with the Na ⫹/K ⫹-ATPase ␣ subunit. According to A,
P30 rat brainstem was analyzed for immunoreactivity against the Na ⫹/K ⫹-ATPase ␣ subunit.
Under all conditions, only monomeric Na ⫹/K ⫹-ATPase ␣ subunits were observed, with a
molecular mass of ⬃100 kDa.

Oligomeric organization of KCC2
Our conclusion that the structural core unit of transport-active
KCC2 is a homo-oligomer is based on evidence obtained from a
series of experiments. First, differentially tagged KCC2 fusion
proteins physically interact in a heterologous expression system.
Second, the molecular masses of 270, ⬃400, and ⬃500 kDa at
which we detected the majority of KCC2-IR in the mature nervous system correspond very well with the calculated values for
multimeric KCC2. Third, all three oligomeric KCC2 structures
were disulfide bonded and resistant to detergents, thus displaying
similar biochemical properties among each other. A homooligomeric organization of transport-active KCC2 is in agreement with previous results obtained with a KCC1 dominant mutant form, which reduced KCC1, KCC2, or KCC3 transport
activity in Xenopus oocytes by at least two-thirds (Casula et al.,
2001). These data suggest that monomeric KCCs are transport
inactive and require oligomerization to become transport active.
Coimmunoprecipitation studies indeed confirmed a physical association between KCC1 and the mutant form. Moreover, modeling of the oligomeric stoichiometry of interaction between mutant and wild-type KCC1, based on relative mole fractions of
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Figure 8. Physical association between differentially tagged KCC2 proteins. A, Wild-type
KCC2 was transfected in HEK-293 cells. After expression, the membrane fraction was isolated
and separated by a 3– 8% Tris–acetate NuPAGE system for 3 h and analyzed by immunoblot.
Four distinct KCC2-immunoreactive bands were present, with molecular masses of ⬃130 –
140, ⬃270, ⬃400, and ⬃500 kDa, similar to the KCC2 oligomers in the P30 brainstem. No
KCC2-IR was observed in untransfected HEK-293. B1, Protein lysates from HEK-293 cells expressing either HA–KCC2 and His–KCC2 (lanes 1, 2) or HA–KCC2 with untagged KCC2 (lanes 3,
4) were subjected to purification by Ni 2⫹ beads and resolved by 8% SDS-PAGE. Proteins were
detected by immunoblotting with anti-HA or anti-His6 antibody. HA–KCC2 can be isolated by
Ni 2⫹ beads only in the presence of coexpressed His–KCC2. Asterisk denotes the monomeric
KCC2, and arrowheads indicates high-molecular-mass KCC2 immunoreactivity. Control staining
with His tag demonstrates presence of His–KCC2 only in the Ni 2⫹ eluate of HA–KCC2/His–KCC2
double-transfected cells. B2, Schematic drawing of the experimental design. If HA–KCC2 form
dimers with His–KCC2, both will be purified by Ni 2⫹ beads. C, Immunoblot of HEK-293 cells
transfected with either His–KCC2 or HA–KCC2. Anti-KCC2 detects both fusion proteins, and
anti-HA detects only HA–KCC2 and not His–KCC2. This demonstrates that the antibody is not
cross-reacting.

injected cRNAs for both proteins, was compatible with a dimeric
or tetrameric state (Casula et al., 2001). The requirement of an
oligomeric KCC structure for transport activity is supported by
our finding that the monomer/oligomer ratio of KCC2 decreases
during maturation of the nervous system.
Additional evidence for KCC homo-oligomerization stems
from a recent analysis of KCC3. In extracts of Xenopus oocytes
expressing a KCC3Q mutant, which lacks the last 338 amino
acids, oligomeric KCC3Q was detected with approximately twice
the molecular weight of monomeric truncated KCC3Q (Howard
et al., 2002). Finally, a homomeric organization of CCCs was also
reported for NKCC1 (Moore-Hoon and Turner, 2000), NCC (de
Jong et al., 2003), and NKCC2 (Starremans et al., 2003). Together, these data suggest that CCCs form homo-oligomers similar to other transporters such as the organic anion transporter
OAT1 (Hong et al., 2005) and the excitatory amino acid transporters EAAT1 and EAAT2 (Dehnes et al., 1998).
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The sensitivity of KCC2 oligomers to
reducing agents and their resistance to 4%
Triton X-100 or 1% SDS demonstrates disulfide bonding as the major type of interaction between the monomers. This contrasts with N(K)CCs, in which
dimerization involves noncovalent interactions that are sensitive to detergents such
as the non-ionic detergent Triton X-100
(ⱖ0.4%) or the anionic detergent SDS
(ⱖ0.01%) (Moore-Hoon and Turner, 2000;
de Jong et al., 2003). In addition, we noted a
population of KCC2 that was resistant to
3% ␤-mercaptoethanol and 1% SDS. The
resistance may be caused by enzymes such
as transglutaminases, which can generate
␥-glutamyl isopeptide cross-links between
proteins (Nemes et al., 2005). Similar observations were made for the cytoskeleton
protein ezrin (Berryman et al., 1995).
Thus, different types of interaction are involved in the oligomerization of CCCs.

Figure 9. KCC2 oligomerization during brainstem development. A, Membranes isolated from P2 or P30 rat brainstem were
prepared in the presence (⫹) or absence (⫺) of 8% iodoacetamide. After separation by a linear 3– 8% Tris–acetate NuPAGE
system for 3 h, immunoblot analysis was performed. In the presence of iodoacetamide, a prominent monomeric structure and
low-abundant oligomeric structures were detected at P2. At P30, oligomeric structures were dominant. In the absence of iodoacetamide, oligomeric KCC2 structures became more prominent at P2 but not at P30. The mass shift induced by iodoacetamide is
attributable to its binding to KCC2 thiol groups. Images show representative examples of four independent experiments. B,
Relative abundance of the monomeric and the oligomeric structures compared with the whole amount of KCC2 at P1/P2 and in rats
aged between P30 and P60. The optical density of the four KCC2-immunoreactive bands was quantified from densitometric scans
of eight lanes from three independent preparations for rats aged P1/P2 and six lanes from two independent preparations for rats
aged between P25 and P60. Both the decrease in the monomer fraction (87 ⫾ 4 to 32 ⫾ 1%) and the increase in the oligomer
fraction (13 ⫾ 4 to 68 ⫾ 1%) were highly significant ( p ⬍ 0.0001). C, The monomer/oligomer ratio decreased from 7.10 ⫾ 2.60
at P1/P2 to 0.5 ⫾ 0.03 in animals aged between P25 and P60.

Oligomerization of KCC2 correlates
with onset of Cl ⴚ extrusion in
the brainstem
We previously reported transport-inactive
KCC2 in the rat auditory brainstem at P3
(Balakrishnan et al., 2003). In the present study, we used a distinct electrophysiological approach based on the observation that
a somatodendritic EGABA gradient is a useful indicator of efficient
KCC2 transport (Jarolimek et al., 1999; Kelsch et al., 2001; Khirug
et al., 2005). The results of this approach, together with those
from immunohistochemistry, confirmed the presence of
transport-inactive KCC2 in immature LSO neurons. Focal GABA
uncaging under a constant somatic Cl ⫺ load demonstrated detectable dendritic Cl ⫺ extrusion only in P12 LSO neurons. P3
LSO neurons did not reveal a somatodendritic EGABA gradient,
implying that KCC2 is not involved in Cl ⫺ homeostasis at this
early age and thus is transport inactive. Immunohistochemistry,
using confocal and electron microscopy, confirmed a high abundance of KCC2 at all ages. In addition, immunoblot analysis demonstrated no developmental increase in KCC2 protein. This conforms well with the abundance of KCC2 protein already at E15.5,
with no additional increase beyond P3 in the mouse brainstem
(Stein et al., 2004). These data are in contrast to those from a
recent study that suggested that an increase in KCC2 causes the
shift from depolarizing to hyperpolarizing action of glycine in
LSO neurons (Shibata et al., 2004).
Our biochemical analysis revealed that the monomer/oligomer ratio decreases from ⬃7 to ⬃0.5 during maturation of the
brainstem. The oligomeric KCC2-immunoreactive signals observed at P1/P2 (13%) are likely attributable to some brainstem
regions already containing transport-active KCC2 and displaying
effective Cl ⫺ extrusion, such as the superior paraolivary nucleus
(Löhrke et al., 2005) or the respiratory center (Ikeda et al., 2004).
Because functional CCCs are most likely oligomers, the lack of
effective KCC2 transport activity in immature neurons can be
explained by the prevailing monomeric form at this stage (Fig.
12). This conclusion is supported by our KCC2 expression analysis in other areas of the CNS. Immunohistochemistry analysis
detected KCC2 in several CNS areas during early development.
More importantly, the monomer/oligomer ratio decreased in

Figure 10. KCC2-IR throughout the developing brain. A, Montage forming a sagittal section
of a P4 rat brain. Moderate to strong KCC2-IR was observed in various brain regions, including
the olfactory bulb (OB), the dorsorostral border of the caudate–putamen (CPu), the thalamus
(Th), the hypothalamus (Hy), the superior colliculus (SC), the inferior colliculus (IC), the pons
(Po), and the medulla oblongata (MO). A dorsocaudal region of the cortex (Cx) showed also
KCC2-IR. In the cerebellum (Cb), KCC2-IR is only weak in the rostral region but moderate in the
ventrocaudal region. B, At P12, KCC2-IR was moderate throughout the brain, including the hippocampus (Hp) and the cortex, which showed only faint IR at P4. Signal intensity in the cerebellum was stronger than at P4, but a rostrocaudal gradient was still obvious. Scale bar: A, B, 1
mm. 7, Facial nucleus; MNTB, medial nucleus of the trapezoid body; PN, pontine nuclei.

all regions analyzed. This demonstrates that developmentdependent oligomerization is a widespread phenomenon in
the CNS. Furthermore, these data are in line with oligomerization being a rate-limiting step of KCC2 activation during
development.
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Figure 12. Model of KCC2 activation in the LSO. In immature LSO neurons, monomeric KCC2
is present in the plasma membrane. Because the monomeric KCC2 is transport inactive, LSO
neurons exhibit a relative high [Cl ⫺]i. Development-dependent oligomerization activates
KCC2, thereby lowering [Cl ⫺]i. This change in [Cl ⫺]i results in a developmental shift from
depolarization to hyperpolarization (D/H-shift). Hatched ovals represent glycine receptors
(GlyR), and filled ovals represent individual KCC2 polypeptides.

Figure 11. KCC2 oligomerization during development of the nervous system. Indicated
brain areas were dissected at E18, P1, or P30, and the membrane fraction was prepared. After
separation by a linear 3– 8% Tris–acetate NuPAGE for 3 h, immunoblot analysis was performed.
KCC2 is detected as early as E18 in all brain areas. During development, the monomer/oligomer
ratio decreases in all areas analyzed. Asterisk denotes the monomeric KCC2, and the bracket
indicates high-molecular-mass KCC2 immunoreactivity.

Transport-inactive KCC2 is localized at the
plasma membrane
The mechanisms that give rise to predominantly monomeric
KCC2 in the immature brainstem are unknown. Preliminary immunohistochemical analysis suggested the retention of KCC2 in
the biosynthetic–secretory pathway in immature LSO neurons
(Balakrishnan et al., 2003). However, confocal and electron microscopy clearly demonstrate KCC2 labeling at the plasma membrane of somata and dendrites in both immature and mature LSO
neurons. This is in agreement with our deglycosylation experiments that identified an endo H-resistant, mature glycosylation

pattern of KCC2 already at P2. The presence of KCC2 at the
plasma membrane in immature auditory brainstem neurons is in
accordance with recent studies in other auditory brainstem centers, which also detected KCC2-IR at the plasma membrane in
immature and mature neurons (Löhrke et al., 2005; Vale et al.,
2005). Thus, localization of the protein at the plasma membrane
appears to be an insufficient criterion to distinguish transportactive from transport-inactive KCC2.
KCC2 oligomerization may be prevented by developmentdependent splice variants. However, even the highly sensitive
SSCP analysis did not detect any RNA variants. This is in line with
our observation that monomeric KCC2 is oligomerization competent, because the absence of the alkylating agent iodoacetamide
resulted in oligomerization of KCC2 in isolated P1/P2 membrane
fractions. These data suggest that oligomerization is the default
state that requires a specific suppression mechanism. Another
mechanism to regulate KCC2 transport activity might be its
development-dependent presence in detergent-resistant membranes (DRMs). However, a biochemical analysis using Triton
X-100-prepared DRMs did not reveal a redistribution of KCC2
among plasma membrane microdomains. At both P0 –P2 and
P30, most KCC2-IR was present in the non-DRM fraction (T. M.
Kranz and H. G. Nothwang, unpublished data).
Another possibility to regulate transport activity is the developmentally related (de-)phosphorylation of KCC2. This mechanism has already been associated with changes in KCC2 transport
activity (Kelsch et al., 2001; Kahle et al., 2005; Khirug et al., 2005;
de Los et al., 2006; Gagnon et al., 2006). In fact, immunoblot
analysis in the cochlear nucleus revealed an age-dependent increase in tyrosine phosphorylation of KCC2 (Vale et al., 2005).
Finally, it cannot be excluded that auxiliary proteins are involved
in the stabilization of monomeric and/or the formation of oligomeric KCC2 forms (Green, 1999).
Role of transport-inactive KCC2
What may be the function of transport-inactive KCC2 at the
plasma membrane? Obviously, this situation allows rapid activa-
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tion of the transporter. However, the developmental shift from
depolarizing to hyperpolarizing action of inhibitory neurotransmitters occurs over several days and thus does not require rapid
activation. KCC2 may, therefore, add to the growing list of bifunctional proteins, also referred to as moonlighting proteins
(Jeffery, 2003; Sriram et al., 2005). Oligomerization, for instance,
changes the activity of the 37 kDa subunit of glyceraldehyde-3phosphate dehydrogenase. As a tetramer, this protein converts
glyceraldehyde-3-phosphate to 1,3-diphosphoglycerate, whereas
the monomer acts as uracil-DNA glycosylase (Meyer-Siegler et
al., 1991). The cystic fibrose gene product, besides being a Cl ⫺
channel itself, regulates the activity of other ion channels, such as
the outwardly rectifying Cl ⫺ channel ORCC (Gabriel et al., 1993;
Stutts et al., 1995) and the Na ⫹ channel ENaC (Johnson et al.,
1995). Therefore, a role of KCC2 aside from K ⫹–Cl ⫺ cotransport
activity is feasible. Indeed, such a function of KCC2 has been
proposed recently (Chudotvorova et al., 2005).
In summary, our results reveal that oligomers are the dominant structural unit of KCC2 in the plasma membrane of the
mature brainstem. In contrast to N(K)CCs, oligomerization of
KCC2 involves disulfide bonds. In the nervous system, oligomerization is age dependent, thereby adding a novel facet to the regulation of KCC2 at the protein level. The localization of
transport-inactive KCC2 at the plasma membrane in immature
neurons suggests a role in addition to transport activity and
points to a double life of this protein.
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