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Knocking down of the KCC2 in rat hippocampal neurons
increases intracellular chloride concentration and
compromises neuronal survival
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Non-technical summary ‘To be, or not to be’ – thousands of neurons are facing this Shakespearean
question in the brains of patients suffering from epilepsy or the consequences of a brain
traumatism or stroke. The destiny of neurons in damaged brain depends on tiny equilibrium
between pro-survival and pro-death signalling. Numerous studies have shown that the activity
of the neuronal potassium chloride co-transporter KCC2 strongly decreases during a pathology.
However, it remained unclear whether the change of the KCC2 function protects neurons or
contributes to neuronal death. Here, using cultures of hippocampal neurons, we show that
experimental silencing of endogenous KCC2 using an RNA interference approach or a dominant
negative mutant reduces neuronal resistance to toxic insults. In contrast, the artificial gain of
KCC2 function in the same neurons protects them from death. This finding highlights KCC2 as
a molecule that plays a critical role in the destiny of neurons under toxic conditions and opens
new avenues for the development of neuroprotective therapy.

Abstract KCC2 is a neuron-specific potassium–chloride co-transporter controlling intracellular
chloride homeostasis in mature and developing neurons. It is implicated in the regulation
of neuronal migration, dendrites outgrowth and formation of the excitatory and inhibitory
synaptic connections. The function of KCC2 is suppressed under several pathological conditions
including neuronal trauma, different types of epilepsies, axotomy of motoneurons, neuronal
inflammations and ischaemic insults. However, it remains unclear how down-regulation of the
KCC2 contributes to neuronal survival during and after toxic stress. Here we show that in
primary hippocampal neuronal cultures the suppression of the KCC2 function using two different
shRNAs, dominant-negative KCC2 mutant C568A or DIOA inhibitor, increased the intracellular
chloride concentration [Cl−]i and enhanced the toxicity induced by lipofectamine-dependent
oxidative stress or activation of the NMDA receptors. The rescuing of the KCC2 activity
using over-expression of the active form of the KCC2, but not its non-active mutant Y1087D,
effectively restored [Cl−]i and enhanced neuronal resistance to excitotoxicity. The reparative
effects of KCC2 were mimicked by over-expression of the KCC3, a homologue transporter.
These data suggest an important role of KCC2-dependent potassium/chloride homeostasis under
neurototoxic conditions and reveal a novel role of endogenous KCC2 as a neuroprotective
molecule.
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Introduction

During the last decade extensive attention was given to
the study of the functional role of the neuron-specific
potassium-chloride co-transporter KCC2 (Blaesse et al.
2009). This transporter is expressed progressively during
development in many neuronal cell types and participates
in the control of neuronal chloride homeostasis both
in vivo and in vitro. The suppression of the transporter
functions with antisense oligonucleotides (Rivera et al.
1999) or by gene inactivation in vivo (Hubner et al.
2001) leads to an increase of the intracellular chloride
concentration and consequently modifies the inhibitory
action of GABA and glycine. KCC2 is also critically
involved in the maintenance of the chloride homeo-
stasis during and after different excitotoxicity-related
pathologies including anoxic events, trauma, temporal
lobe epilepsy, stroke and in vitro excitotoxicity (for review
see Blaesse et al. 2009). Particularly, evidence show that
long-lasting excitotoxic events induce suppression of the
KCC2 expression both in vivo (Nabekura et al. 2002;
Palma et al. 2006; Jaenisch et al. 2010) and in vitro (Rivera
et al. 2004; Wake et al. 2007). Consistent with this, recent
study revealed that an excitotoxic event produces KCC2
phosphorylation leading to withdrawal of the transporter
from the membrane and its degradation (Lee et al. 2010).
Despite important progress in the study of the expression
of KCC2 under different pathological conditions related
to excitotoxicity, it remains unclear how down-regulation
of the KCC2 contributes to neuronal survival during and
after toxic stresses.

Several molecular approaches were used to modify
the expression level of endogenous KCC2 and thus to
assess its functional role. At least three different lines
of KCC2-deficient mice have been created including
knockout of the entire KCC2 (Hubner et al. 2001),
knockout of the b-isoform of KCC2 (Woo et al. 2002, see
also Uvarov et al. 2007 for detailed descriptions of KCC2
isoforms) and partial knockout of both KCC2 isoforms
(Tornberg et al. 2005). All these mice models strongly
contributed to our understanding of KCC2 function.
However, even a 20–50% change of the KCC2 expression in
neurons alters neuronal network activity (Zhu et al. 2008)
that, in addition to genetic compensation, might activate
diverse compensatory pathways and introduce additional
difficulties in the study of the functional role of KCC2.
As an alternative to KCC2-deficient mice models, Rivera
et al. (1999) successfully employed specific KCC2 anti-
sense oligonucleotides that decreased the expression of
KCC2 in organotypic hippocampal slices. This approach,
however, did not obtain further insight due to its low
efficacy. Therefore, there is a strong need for the creation
of a molecular tool allowing KCC2 silencing in individual
neurons without affecting the activity of the entire neuro-
nal network.

Discovery of the evolutionary conserved RNA inter-
ference (RNAi) pathway (Fire et al. 1998) offered an
opportunity of protein silencing in individual cells,
including neurons, using small interfering RNA (siRNA)
or short hairpin RNA (shRNA) (Brummelkamp et al.
2002; Paddison et al. 2002). Here we describe two different
shRNAs designed against rat KCC2 that effectively
knockdown the expression of the endogenous KCC2
protein in individual neurons in primary hippocampal
cultures and organotypic hippocampal slices. Since
some shRNAs show non-specific effects on neuro-
nal functioning (Alvarez et al. 2006) we analysed in
detail the efficacy and specificity of the actions of the
shRNAs using different functional tests and performed
rescue experiments with pcDNA-KCC2 encoding for the
murine homologue. We show that the knocking down
of KCC2 in 12–14 days in vitro (DIV) hippocampal
neuronal cultures increases [Cl−]i and lengthens the
neuronal chloride recovery time after an experimentally
imposed [Cl−]i increase. Most interestingly we found
that the silencing of KCC2 either using shRNAs or
by over-expression of the dominant-negative KCC2
mutant led to a higher susceptibility of neurons to
lipofectamine-dependent oxidative stress and NMDA
receptor (NMDAR)-dependent excitotoxicity. The rescue
of the KCC2 function using co-expression of rat
shRNAsKCC2 and mouse KCC2 restored neuronal
resistance to the toxicity. Thus, these data reveal a novel
asset of the endogenous KCC2 action as a neuroprotective
agent. Consequently, the decreased neurotoxic resistance
of neurons with silenced KCC2 should be taken into
consideration during the study of KCC2 function.

Methods

All manipulations with animals were performed in
agreement with the guidelines of the Animal Care and
Use Committee of INSERM (Institut National de la Santé
et de la Recherche Médicale).

Primary cultures of rat hippocampal neurons,
transfection

For immunocytochemistry, electrophysiology and
non-invasive Cl− analysis, neuronal cultures were plated
on coverslips placed in 35 mm culture dishes. For
time-lapse monitoring of neuronal development, the
cultures were plated directly on 4-well plastic (16 mm)
plates. Twenty-four hours prior to plating, the coverslips
in culture dishes and well plates were coated with
poly-ethylenimine.

Neurons from 18-day-old rat embryos were dissociated
using trypsin and plated at a density of 70,000 cells cm−2

in minimal essential medium (MEM) supplemented with
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10% NU serum (BD Biosciences, Le Pont de Claix,
France), 0.45% glucose, 1 mM sodium pyruvate, 2 mM

glutamine and 10 IU ml−1 penicillin–streptomycin as pre-
viously described (Buerli et al. 2007). On days 7, 10 and
13 of culture incubation, half of the medium was changed
to MEM with 2% B27 supplement (Invitrogen).

Transfections of 7–10 DIV neuronal cultures were
performed as described previously (Buerli et al. 2007). For
transfection of cultures growing in 35 mm dishes, 300 μl of
Opti-MEM media was mixed with 7 μl of Lipofectamine
reagent 2000 (Invitrogen), 1.0 μl of Magnetofection
CombiMag (OZ Bioscience, France) and 1–1.5 μg of
different pcDNAs pre-mixed in desired proportions. The
mixture was incubated for 20 min at room temperature
(RT) and thereafter distributed dropwise above the neuro-
nal culture. Culture dishes were placed on a magnetic plate
(OZ Bioscience) and incubated for 30–35 min at 37◦C.
Transfection was terminated by the substitution of 90%
of the incubation solution with fresh culture media. Cells
were used in the experiments 2–5 days after transfection.
For transfection of cultures growing in 4 × 16 mm well
plates, 60 μl per well of the above described mixture was
used.

The majority of experiments were based on
co-transfection into the same neurons of two or three
different pcDNAs encoding a fluorescent marker of
transfection (enhanced green fluorescent protein (eGFP)
or cherry fluorescent protein (Cherry)), shRNAs and
ion transporters. We specifically studied the efficacy of
neuronal co-transfection with mixtures of pcDNAs in
different proportions. Figure 1 illustrates that after trans-
fection with a mixture of three pcDNAs, including eGFP
(0.3 μg), Cherry (0.5 μg) and KCC2 (0.7 μg) 100% of
eGFP-positive neurons express cherry and 93% of these
neurons over-express KCC2. We thus used this proportion
(0.3 + 0.5 + 0.7) for co-transfections of three pcDNAs
(marker + shRNA + transporter) into neurons. For trans-
fection of two pcDNAs, we used routinely mixtures of
0.3 μg of eGFP or cherry + 0.8 μg of pcDNAs of interest.
Such co-transfection resulted in the exogenous expression
of KCC2 in 100% of eGFP-positive neurons (not shown).

Electrophysiological recording

The gramicidin-perforated whole cell patch-clamp
recordings from neurons were performed according to
protocols described by Rhee et al. (1994); Kyrozis &
Reichling (1995); Tyzio et al. (2003). Coverslips with trans-
fected neuronal cells were placed onto an inverted micro-
scope and perfused with the external solution containing
(in mM): 140 NaCl, 2.5 KCl, 20 Hepes, 20 D-glucose,
2.0 CaCl2, 2.0 MgCl2, 0.001 tetrodotoxin and 0.0003
strychnine, pH 7.4. Micropipettes (5 M�) were filled with
a solution containing (in mM): KCl 150, Hepes 10, Tris

10; 20 mg ml−1 gramicidin A (dissolved in DMSO), pH
7.2. Isoguvacine (30 μM) was focally applied to soma and
proximal dendrites through a micropipette connected to
a picospritzer (General Valve Corporation, pulse duration
150 ms, pressure 30000 Pa). EGABA was determined as
the point of crossing of the voltage–current relationship
(VCR) of isoguvacine responses as illustrated in Fig. 3A.
The resting membrane potential (Em) was determined by
switch to the ‘I = 0’ mode.

All experiments were performed at 22–24◦C.
Recordings were made using an Axopatch-200A amplifier
and pCLAMP acquisition software (Axon Instruments).
Data were low-pass filtered at 2 kHz and acquired at
10 kHz.

Non-invasive monitoring of intracellular chloride

Fluorescence images were acquired at RT (22–24◦C) using
a customized digital imaging set-up. Excitation of cells at
various wavelengths was achieved using a 1 nm bandwidth
polychromatic light selector equipped with a 150 W xenon
lamp (Polychrome V; Till Photonics, Germany). Light
intensity was attenuated using neutral density filters. A
dichroic mirror (495 nm; Omega Optics, USA) was used to
deflect light on to the samples. Fluorescence was visualized
using an upright microscope (Axioskop) equipped with
a 60× water-immersion objective (0.9 NA; LumPlanFL,
Olympus, USA). Fluorescent emitted light passed to
a 16-bit (Andor iXon EM+; Andor Technology PLC,
Northern Ireland) electron multiplying charge-coupled
device digital camera system equipped with an image
intensifier. Images were acquired on a computer via a DMA
serial transfer. All peripheral hardware control, image
acquisition and image processing were achieved using
customized software Andor iQ (Andor Technology PLC,
Northern Ireland). The average fluorescence intensity of
each region of interest was measured. Mean background
fluorescence (measured from a non- fluorescent area)
was subtracted and the ratio intensities F440/F480 were
determined. The frequency of acquisition was usually
0.1 Hz and duration of excitation was 5–20 ms. The
real values of [Cl−]i were obtained from the previously
described calibration curves (Markova et al. 2008; Waseem
et al. 2010). The increase of [Cl−]i during the experiment
was achieved using focal application of NMDA to neuro-
nal soma through a patch pipette pre-filled with 1 mM

of NMDA and 10 μM glycine and connected to the pico-
spritzer.

Monitoring of neuronal survival

The survival of transfected neurons using live imaging was
studied as follows: cultures plated in 4-well plates were
placed into the set-up equipped with a motorized Nikon
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TE300 inverted microscope and temperature and CO2

atmosphere controlling units (Princeton Instruments),
and images, containing information on the fluorescence of
neurons and coordinates, were taken using a Micro-MAX
CCD camera and MetaMorph software (Roper Scientific).
Based on their coordinates, the same neurons were
localized and examined on days 2, 3, 4 and 5 after trans-
fection. For each experimental condition 30 to 50 neurons
were scanned.

Transfected neurons were assigned as ‘alive’ or ‘dead’
on the basis of their morphology (see Supplementary
data for details). After live imaging for several days, the
cultures were fixed and immunostained as described in the
next section. Following immunostaining, culture plates
were returned to the same set-up for analysis of MAP2,
NeuN, cleaved caspase-3 and chromatin distribution in
the same transfected neurons, whose survival was pre-
viously followed using live imaging.

The analysis of neuronal survival in non-transfected
neurons was done blind in a semi-quantitative mode
using Metamorph software. First, we generated a binary
mask on images of NeuN-positive cells. Then, a second
binary mask was applied on Hoechst-stained nuclei
in order to select healthy nuclei of live neurons and
exclude nuclei of dead or dying neurons containing
strongly condensed chromatin or irregular chromatin
clumps (see Supplementary Fig. S6 for images and Soriano
et al. (2009) for detailed description of the protocol of
semi-automatical nuclei selection). By combination of the
two previous images (NeuN and healthy nuclei), a third
binary picture was obtained and used to quantify the
density of alive neurons. This semi-automatical approach
was validated for every new set of experiments by
comparison of manual and automatical counting of at
least 100 alive neurons in order to obtain difference less
than 1%.

Immunocytochemistry and quantitative
immunofluorescence analysis of primary neuronal
cultures

For immunocytochemical analysis cultures were fixed
in Antigenfix (Diapath, Martingo, Italy) for 20 min (at
RT), permeabilized with 0.3% Triton X-100, blocked
by 5% goat serum, labelled overnight (4◦C) with a
primary antibody and for 1 h (RT) with a secondary
antibody. Primary antibodies were rabbit anti-KCC2
antibody (dilution 1:1000; US Biological, Euromedex,
France), rabbit cleaved caspase-3 (Asp175) antibody
(dilution 1:300; Cell Signalling), mouse anti-MAP2
antibody (dilution 1:2000; Sigma-Aldrich), chicken
anti-MAP2 (ab5392) antibody (dilution 1:2000; Abcam)
and mouse anti-neuronal nuclei (NeuN) antibody
(dilution 1:1000; Chemicon). Secondary antibodies were

Cy3-conjugated goat anti-rabbit IgG, Cy3-conjugated
goat anti-mouse IgG, CY5-conjugated goat anti-mouse
IgG and CY5-conjugated goat anti-chicken IgG (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA,
USA). Cell nuclei were revealed using 5 min staining with
Hoeschst 33258 (Sigma-Aldrich, 1 mg ml−1 stock solution
used at 1:1000).

For quantitative analysis images were acquired with
an Olympus Fluorview-500 confocal microscope (40×;
1.0 NA). We randomly chose fields with a transfected
neuron, focused on that neuron by only visualizing
eGFP fluorescence and then acquired consecutively
images of eGFP, KCC2 and MAP2. The intensity
of KCC2 fluorescence was analysed with MetaMorph
software. First, we created a binary mask of soma of
eGFP-fluorescent cells and then analysed KCC2 intensity
in regions overlapping with the binary mask. For analysis
of the KCC2 intensity in non-transfected cells the binary
masks were created around soma visualized using the
MAP2 antibody. Acquisition parameters were the same for
all experimental conditions. All acquisitions and analysis
were done blind. After analysis, data were normalized
to the mean value of KCC2 in neurons transfected with
scrambled shRNA and eGFP. Five randomly chosen trans-
fected neurons were analysed from each experiment.

Organotypic hippocampal slices: electroporation,
immunocytochemistry and image analysis

Organotypic slices were prepared from hippocampi of
postnatal day 7 (P7) Wistar rats according to the
procedure described by Stoppini et al. (1991) with minor
changes. Briefly, rats were decapitated after chilling on
ice. Following the removal of the brain, hippocampal
sections, 400 μm thick, were prepared using a tissue
chopper (McIlwain, USA) and collected in PBS solution
supplemented with 0.5% glucose at 4◦C.

The expression of exogenous pcDNAs into organotypic
slices was achieved using an electroporation technique
developed according to the procedure described by
Kawabata et al. (2004) with several modifications. A
plasmid solution (1.5 μg μl−1) was injected onto the
pyramidal cells layer in CA1 using a glass micropipette
and a picospritzer. An electroporator (CUY21EDIT, Nepa
gene, Japan) was used to apply five square pulses (25 V,
5 ms duration with an interval of 995 ms).

Electroporated slices were placed onto Millicell-CM
culture inserts (0.4 μm; Millipore) and incubated in
35 mm culture dishes with 1 ml of culture medium: MEM
(Sigma-Aldrich) supplemented with 150 mM Hepes,
insulin 0.1 mg l−1 (solution 5 mg ml−1) and horse serum
(20%, Invitrogen) at pH 7.25–7.29.

Slices were maintained for 2–7 days in a cell culture
incubator at 37◦C, in an atmosphere containing 5% CO2.
The medium was changed 3 times per week.
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For immunocytochemistry analysis, organotypic slices
were fixed in Antigenfix (Diapath, Martingo, Italy) over-
night at 4◦C. The slices were then washed in PBS and
dehydrated through a graded series of methanol in PBS.
Thereafter, the slices were incubated in Dent’s fixative
(80% methanol–20% DMSO; Sigma-Aldrich), washed
in TBSTD (Tris-buffered saline (TBS), 0.1% Tween,
5% DMSO), and incubated in 5% BSA, 0.4% sheep
serum in TBSTD overnight at 4◦C. Afterward, slices were
incubated with a primary antibody at 4◦C for 48 h. Rabbit
anti-KCC2 antibody (Ludwig et al. 2003) was diluted
1:500. After washing in TBSTD, slices were incubated
overnight with a secondary antibody (donkey anti-rabbit
CY5, Jackson ImmunoResearch Laboratories, dilution
1:400), then washed in TBSTD and mounted on Super-
frost Plus slides in Vectashield mounting medium (Vector
Laboratories).

Fluorescence images were acquired with a Leica TCS
SP5 confocal microscope using an HCX APO 63× glycerol
objective. Images were analysed using Image Pro Plus
image analysis software (Media Cybernetics). Due to the
substantial thickness of organotypic slices, the transfected
neurons were located in different optical sections across
the stack. For each transfected neuron an image with
maximal GFP cell body fluorescent intensity was selected
from the entire stack and the cell body was manually
outlined. Cell bodies of the neighbouring non-transfected
neurons were also manually outlined. Mean intensity
of KCC2 immunoreactivity in the outlined area was
measured. Mean intensity of KCC2 immunoreactivity
in transfected neurons was normalized to the one in
the non-transfected neurons to compensate for possible
intensity variations between different image stacks. For
background correction, the mean fluorescent intensity of
three cell-free areas in each stack was measured, averaged
and subtracted from KCC2 intensity values.

Constructs and materials

shRNA constructs for KCC2 knockdown were created with
the mU6pro vector system (Yu et al. 2002) to target the
following sequences in rat KCC2 mRNA (accession no.
U55816):

shRNAKCC2 k10; GCTGTGAATGGCAATCTGG;
shRNAKCC2 k11; GACATTGGTAATGGAACAACG;
shRNAKCC2 12; GTCCTTAGTTACTGTCTCC;
shRNAKCC2 13; GGAGAGGATCAGTTCTTTCC.

A control construct with a scrambled sequence (GATGA-
ACCTGATGACGTTC) lacked homology to any known
mammalian mRNAs. Vectors encoding eGFP and cherry
were from Clontech. The CMV promoter in original
vectors was replaced with an ubiquitin promoter. A Cl−

Sensor was inserted into the gw1 vector as described pre-

viously (Waseem et al. 2010). Rat KCC2 in the Clontech
pIRES2 vector and rat KCC3 in the pcDNA1 vector
were a gift from Dr C. Hubner. Mouse HA-KCC2 in
the pcDNA3.1 vector was a gift from Dr C. Rivera.
To create the eGFP–KCC2 fusion constructs, we first
removed the EcoR1 restriction site by making a silent
mutation (A3267G in rat coding sequence), thereafter
introduced BglII and EcoR1 restriction sites using PCR at
the beginning and at the end of coding rat KCC2 sequence
and subcloned the obtained cDNA into eGFP-C1 vector
(Clontech).

All mutations were generated using the QuikChange
(Stratagene) site-directed method and verified by DNA
sequencing.

The potassium–chloride transporter antagonist
DIOA (R-(+)-[(dihydroindenyl)oxy] alkanoic acid)
(20 μM) was purchased from Sigma and pre-dissolved
in 0.1 N NaOH. Trolox ((±)-6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid), a hydro-
soluble vitamin-E analogue, was used at 100 μM and
purchased from Sigma-Aldrich.

Statistical analysis

All population data were expressed as mean ± SEM,
unless otherwise specified. The one-way ANOVA or
non-parametric Mann–Whitney tests were employed to
examine the statistical significance of the differences
between groups of data.

Results

shRNAKCC2 constructs

In order to knockdown the expression of KCC2 in
rat neurons we designed and created several short
hairpin RNAs (shRNAs) targeting different regions of
rat KCC2 mRNA (see Methods for details). The efficacy
of the created shRNAs was verified using immuno-
cytochemistry analysis of the KCC2 protein expression
in cultured hippocampal neurons transfected at 10 DIV
with a mixture of vectors encoding shRNA and enhanced
green fluorescent protein (eGFP) as the marker of trans-
fection. A special methodological study was performed to
ensure the co-expression of different vectors in the same
neurons (Fig. 1, see Methods for details). We found that
two constructs (called shRNAKCC2 k10 and shRNAKCC2 k11,
Fig. 2A) effectively decreased the expression of the KCC2
protein already 3 days after culture transfection (Fig. 2B
and C). Two other constructs, shRNAKCC2 k12 (Fig. 2C)
and shRNAKCC2 k13, did not show significant decrease
of KCC2 protein expression 3 or 4 days after trans-
fection (not shown). The efficacy of shRNAKCC2 k11

was also verified in organotypic hippocampal slices to
confirm that the shRNA-induced decrease of KCC2
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immunofluorescence is not limited to dissociated neuro-
nal cultures (Supplementary Fig. S1).

shRNA-induced silencing of KCC2 modifies neuronal
Cl− homeostasis

One of the major functions of KCC2 in mature
neurons is its ability to control the [Cl−]i and
produce a shift in EGABA (Rivera et al. 1999; Zhu et al.
2005). To study if a transfection with the shRNAs
modifies [Cl−]i extrusion in neurons we employed

Figure 1. Co-transfection of cultured neurons with multiple
pcDNAs
A, representative images of 14 DIV primary hippocampal culture
transfected at DIV 11 with a mixture of pcDNAs containing 0.3 μg of
eGFP, 0.5 μg of Cherry and 0.7 μg of mouse KCC2 and used for
transfection of neurons in a 35 mm dish. a1, a2 and a3 illustrate the
same two neurons expressing eGFP, Cherry and KCC2, respectively.
KCC2 was visualized using polyclonal anti-KCC2 and Alexa CY5
antibody. a4 shows merged a1, a2 and a3 images. a5 illustrates
merged low magnification image of transfected neurons. B,
quantification of the co-transfection efficacy into the same neuron
of three pcDNAs mixed in proportions mentioned in the key. Values
are normalized to the number of eGFP-positive neurons.

a gramicidin-perforated patch-clamp recording and
estimated EGABA by measuring the voltage dependence
of neuronal responses to isoguvacine, a selective GABAA

receptor (GABAAR) agonist (Fig. 3A). We found that
transfection with shRNAKCC2 k10 produced a significant
shift of EGABA as compared to neurons transfected
with scrambled shRNA and non-transfected neurons
(Fig. 3A and C). Similar EGABA values were obtained
after the expression of shRNAKCC2 k11 (Fig. 3C). In
the same neurons transfected with shRNAKCC2 k10 or
shRNAKCC2 k11, the level of the resting membrane potential
(Em) was similar and did not differ from the Em

measured in neurons transfected with scrambled shRNA
(−61.0 ± 4.2 mV, −58.8 ± 4.6 mV and −57.8 ± 5.2 mV,
respectively (n = 8)).

The co-expression together with shRNAs of the
mouse KCC2 that possess two nucleotide mismatches
with both shRNAs created against rat KCC2 mRNA
(Fig. 2A) restored the level of EGABA (Fig. 3C). Additional
information on the ability of KCC2 shRNAs to modify
the neuronal chloride extrusion system was obtained
using analysis of the time of the recovery of isoguvacine
responses to their basal level after an event producing
a strong [Cl−]i rise (Fig. 3B). The increase of [Cl−]i in
recorded neurons was achieved by the combination of
neuron depolarization to 0 mV and prolonged 10 s bath
application of 30 μM isoguvacine. Analysis showed that
the time of the recovery of isoguvacine responses to basal
level was systematically longer in neurons transfected with
KCC2 shRNAs (Fig. 3D). As in the case of resting [Cl−]i,
the co-transfection of mouse KCC2 with rat shRNAs
effectively restored the neuronal [Cl−]i extrusion system.
Taken together the findings, which show that two different
shRNAs produce similar modifications of the neuronal
[Cl−]i extrusion system and that these modifications
are abolished by over-expression of KCC2 from other
species, strongly indicate that the shRNA-dependent
increase of [Cl−]i is due to the knockdown of endogenous
KCC2.

This conclusion was further confirmed using
non-invasive fluorescence monitoring of [Cl−]i with a
genetically encoded probe, Cl−Sensor, and ratiometric
analysis (Markova et al. 2008; Waseem et al. 2010).
Analysis revealed that [Cl−]i was systematically higher in
soma than in dendrites (Fig. 4A and B). Neurons trans-
fected with shRNAKCC2 k10 exhibited significant increase
in the basal level of [Cl−]i (Fig. 4B and C) and a decreased
capability to restore the [Cl−]i level after its strong rise
caused by a 10 s application of NMDA + glycine (Fig. 4C
and D). Contrary to shRNA, the over-expression of
KCC2 significantly decreased [Cl−]i and shortened the
time of [Cl−]i recovery after NMDA application (Fig. 4C
and D).

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society



J Physiol 589.10 Neuroprotective action of KCC2 2481

Figure 2. shRNAs silencing rat KCC2
A, schematic representation of the location of rat mRNA regions targeted with shRNAs. Aligned sequences show
two nucleotide mismatches of both mRNA regions with mouse KCC2. B, images of the cultured hippocampal
neurons co-transfected with eGFP plus scrambled shRNA (upper row) or eGFP plus shRNAKCC2 K10 and immuno-
stained with anti-MAP2 monoclonal antibody and anti-KCC2 polyclonal antibody. To better illustrate the change
of the intensity of the KCC2 staining the images were coloured using a three-colour gradual palette shown below
the images. Arrowheads indicate the location of soma of transfected neurons. Dotted squares in low magnification
images are dendrite regions shown in high magnification images. Dotted lines in high magnification images (KCC2
staining) outline dendrites of transfected neurons. Note the low level of KCC2 staining in soma and dendrites of
neurons transfected with shRNAKCC2 k10. C, quantification of the average intensity of KCC2 immunofluorescence
in soma of neurons transfected with different shRNAs + eGFP. Non-transfected neurons are neurons that did not
show eGFP fluorescence in cultures transfected with scrambled shRNA. Asterisks indicate significantly different
values, ∗∗P < 0.01. n = 4 experiments, 5 randomly selected transfected pyramidal neurons per each condition and
experiment.
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Figure 3. Knocking down of KCC2 inhibits intracellular chloride extrusion
Results of gramicidin-perforated patch-clamp recordings. The recordings were performed in a voltage-clamp mode
with holding potential –65 mV. GABAAR-mediated currents were induced by a focal application of isoguvacine, a
selective agonist of GABAAR, to neuronal soma. A, left traces show examples of recordings of reversal potentials
of GABAAR-mediated currents (EGABA) from neurons transfected with scrambled shRNA and shRNAKCC2 k10.
Voltage ramps (see scheme in insert) were imposed before, during and after isoguvacine application. The right plot
shows net voltage–current relationships of isoguvacine-induced currents illustrated in the left part of the figure. B,
example of recording of the kinetic of EGABA recovery after a [Cl−]i increase induced by a combination of neuron
depolarization to 0 mV for 10 s and bath application of 30 μM of isoguvacine for 5 s. In the selected example at the
beginning of the recording, brief (150 ms) focal applications of isoguvacine to soma-induced outward 20–30 pA
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Figure 4. Non-invasive monitoring of [Cl−]i in cultured hippocampal neurons
A, fluorescence micrograph of hippocampal neuron (14 DIV) expressing Cl-Sensor. Numbers indicate [Cl−]i
estimated in soma and dendritic branch. Note higher [Cl−]i value in somatic region. B, mean ± SEM values
of the basal level of [Cl−]i in soma and dendrites (measured after the first bifurcation at the distance of >50 μm
from the soma) in neurons transfected with different constructs. Note that in neurons transfected with KCC2
[Cl−]i was significantly lower than in control ones (transfected with scrambled shRNA), while cells expressing
shRNAKCC2 k10 possess much higher [Cl−]i. Data from 6 to 7 neurons per condition (3 transfections). ∗P < 0.05;
∗∗P < 0.01; ANOVA test. C, examples of [Cl−]i transients induced by 10 s focal application of NMDA. Records
from three different neurons (indicated above traces). Note different basal levels of [Cl−]i and different kinetics
of [Cl−]i recovery in neurons that express or do not express KCC2. D, mean ± SEM values of time required for
50% recovery of [Cl−]i after change induced by 10 s application of NMDA + glycine (half-decay time). Data were
from 7 controls, 7 KCC2- and 6 shRNAKCC2 k10-transfected neurons. Note that KCC2 over-expression accelerated
the [Cl−]i extrusion from the cell, while KCC2 silencing with shRNAKCC2 k10 strongly delayed it. ∗∗P < 0.01;
Mann–Whitney non-parametric test.

Endogenous KCC2 protects neurons from
transfection-induced toxicity

During the study of the effectiveness of the KCC2
shRNAs we noticed that in cultures transfected with either
shRNAKCC2 k10 or shRNAKCC2 11 there were more dying
transfected neurons than in control cultures transfected

with scrambled shRNA. However, a quantification of the
percentage of dying transfected neurons with condensed
chromatin nuclei (Soriano et al. 2006), propidium
iodide incorporation (Medina et al. 1999) or cleaved
caspase-3-positive immunoreactivity (Adamec et al. 2001)
did not reveal a significant difference between cultures
transfected with scrambled shRNA and shRNAKCC2 k10.

currents. Increase of [Cl−]i provoked change of the polarity and amplitude of isoguvacine-induced test pulses
that recovered to their control values 200 s after the [Cl−]i increase. The plot on the right shows the kinetic of
the recovery of isoguvacine-induced responses in neurons transfected with scrambled shRNA and shRNAKCC2 k10.
C, reversal potentials of GABAAR-mediated currents measured as illustrated in A from neurons co-transfected
with different mixtures of pcDNAs. All pcDNA mixtures contained eGFP, one of the shRNAs (as indicated above
the plot) and a pcDNA3.1 empty vector or the same vector including mouse KCC2. Non-transfected neurons
were non-fluorescent neurons from cultures transfected with scrambled shRNAs. Dots show values of individual
recordings. Columns show mean ± SEM values. ∗∗P < 0.01. 4 experiments, 1 to 4 neurons per experiment. D,
times of the 50% recovery of isoguvacine responses after imposed [Cl−]i rise. Mean ± SEM values. ∗P < 0.05;
∗∗P < 0.01. 4 experiments, 1 to 4 neurons per experiment.
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Therefore, to monitor more precisely the neuronal loss
after transfection with different constructs we employed
the previously described time-lapse approach to image the
same transfected neurons during several consecutive days

(Buerli et al. 2007). The advantage of this approach is that
it allows us to take into account dead neurons that cannot
be detected in fixed samples (see Supplementary material
for details). Figure 5A and B illustrate the progressive

Figure 5. Knocking down of the KCC2 expression reduces neuronal survival
A, images of the same fluorescent neurons transfected with scrambled shRNA + eGFP (upper row) or with
shRNAKCC2 k11 and eGFP (bottom row) taken at different days after transfection (ptd, post-transfection days).
Arrows indicate neurons that died during the period of monitoring (1 out of 5 neurons transfected with scrambled
shRNA and 2 out of 3 neurons transfected with shRNAKCC2 k11). B, percentage of surviving neurons as function
of time after transfection. Example of an individual experiment (same experiment as in A). 35–40 neurons per
experimental condition were analysed. C, mean ± SEM of the percentage of surviving neurons 4 days after
transfection with indicated shRNA constructs. n = 6, 30–50 transfected neurons per condition and experiment
were analysed. Similar experiments to those depicted in A and B. All data are normalized to the number of
living neurons documented 48 h after transfection. Asterisks indicate significantly different values, ∗∗P < 0.01. D,
application of Trolox (100 μM) to the culture media reduces death of neurons with knocked-down KCC2. Neuronal
death was monitored 4 days after transfection. Data are normalized to the values obtained with transfection of
scrambled shRNA under control condition. n = 5.
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loss of transfected neurons after transfection (number
of alive transfected neurons at day 2 after transfection
is taken as 100%). Remarkably, neurons transfected
with shRNAKCC2 k10 died more rapidly in comparison
to neurons transfected with scrambled shRNA. Over-
all, 4 days after transfection the difference between
the percentages of surviving neurons in the control
condition (scrambled shRNA, 79.3 ± 4.8%) and neurons
expressing shRNAKCC2 k10 (59.4 ± 3.2%) or shRNAKCC2 11

(58.3 ± 2.4%) was statistically significant (P < 0.01,
n = 6) (Fig. 5C). The survival of neurons transfected with
non-silencing shRNAKCC2 k12 or shRNAKCC2 k13 was not
different from that of control neurons (not shown). Thus,
neuronal transfection with shRNAs silencing KCC2 is
toxic.

To explore whether shRNA-induced toxicity indeed
relies on KCC2 knockdown or represents a side-effect
of shRNAs action, we performed rescue experiments
using the simultaneous expression of rat shRNAsKCC2 and
mouse KCC2. Such a co-expression fully abolished the
toxic effects of shRNAs (Fig. 5B and C) suggesting that
shRNAKCC2-induced toxicity is due to decreased KCC2
expression.

One of the factors that might contribute to neuro-
nal loss during the transfection procedure using
lipofectamine reagents is oxidative stress (Dokka et al.
2000; Kongkaneramit et al. 2008). To verify whether
reactive oxygen species are, at least in part, responsible
for neuronal death in our experimental conditions, we
incubated neurons during and after transfection with
100 μM Trolox, an analogue of vitamin E, frequently used
to assess the role of oxidative injury in neuronal cell death
(Vergun et al. 2001; Boland et al. 2002; Quintanilla et al.
2005). The application of Trolox significantly reduced
loss of neuronal cells expressing either scrambled or
silencing shRNAs (Fig. 5D), confirming that the trans-
fection procedure itself is an important factor affecting
neuronal survival.

C568A mutant of KCC2 increases Cl− and reduces
neuronal viability

To further confirm the importance of endogenous
KCC2 in neuronal resistance to the transfection-induced
toxicity (i.e. oxidative stress) we suppressed the KCC2
function using an alternative approach to shRNA.
Studying the properties of non-active KCC2 mutants
C568A (Reynolds et al. 2008) and Y1087D (Akerman &
Cline, 2006) we noticed that over-expression in 14 DIV
cultures of construct encoding eGFP-KCC2C568A, but
not eGFP-KCC2Y1087D, produced a strong depolarizing
shift of EGABA and elongated EGABA recovery after an
event inducing [Cl−]i rise as compared to control
neurons transfected with eGFP or neurons trans-

fected with eGFP-KCC2 (Fig. 6A) (see Methods and
Supplementary Fig. S5 for details on creation and study
of the effectiveness of mutant constructs). The changes in
EGABA, produced by over-expression of eGFP-KCC2C568A

were similar to those produced by expression of
shRNAKCC2 and suggested that eGFP-KCC2C568A might
act as a dominant-negative molecule. Although the
exact mechanisms of eGFP-KCC2C568A action should be
the subject of a separate study, we used an advantage
of this construct to verify if an increase of [Cl−]i

obtained using an alternative to the shRNA approach will
modify neuronal survival. Analysis of neuronal survival
2–5 days after transfection showed that over-expression of
the eGFP-KCC2C568A mutant progressively decreased the
percentage of surviving neurons, whereas over-expression
of another non-active mutant, eGFP-KCC2Y1087D, and
wild-type eGFP-KCC2 construct did not affect neuro-
nal viability (Fig. 6B). These data obtained using
the shRNA-unrelated approach further support the
hypothesis that endogenous KCC2 contributes to neuro-
nal survival under oxidative stress conditions.

Pharmacological blockage of KCC2 reduces viability
of transfected neuronal cultures

When eGFP-KCC2C568A mutant and shRNAKCC2 modify
neuronal survival by decreasing the activity of KCC2,
then a pharmacological blockade of KCC2 should have
a similar effect. To test this hypothesis, we examined
the effects of an inhibitor of the KCC co-transporter
[(dihydroindenyl)oxy]alkanoic acid (DIOA) (Taouil &
Hannaert, 1999; Shen et al. 2000) on properties of cultured
hippocampal neuronal cells. We found that incubation
of eGFP-transfected neurons with DIOA (20 μM) for
1 h significantly depolarized EGABA (Fig. 7A) without any
detectable change of Em (Fig. 7B). Application of DIOA
also increased the frequency of spontaneous neuronal
firing reflecting DIOA-dependent change in the neuronal
network activity and/or neuronal excitability (Fig. 7C).
In addition, exposure of EGFP-transfected cultures to
DIOA for 48 h reduced the density of alive neuronal
cells by 26% (Fig. 7D). In control cultures, that were not
transfected, DIOA had no significant effect on neuronal
survival (Fig. 7E). Thus, the incubation of the transfected
cultures with DIOA produces a change in [Cl−]i and an
increase of the neuronal loss similar to those observed
after transfection of neurons with shRNA-silencing KCC2.
These data are consistent with the hypothesis that both
genetically and pharmacologically suppressed activity of
KCC2 reduces neuronal resistance to toxicity induced
by oxidative stress during a transfection procedure with
lipofectamine.
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NMDA-induced excitotoxicity and expression
of the endogenous KCC2

Next we studied whether KCC2 contributes to neuro-
nal survival in the well-characterized and widely used
model of the excitotoxicity induced in primary neuro-
nal cultures following treatment with NMDA, an agonist
of NMDA subtype of glutamate receptors (Hardingham
& Bading, 2010) (Supplementary Figs S6 and S7). First,
we determined the dose-dependency of NMDA-induced
toxicity in our culture model. Notably, we found that
culture treatment with 20 or 40 μM NMDA for 30 min
induced neuronal loss of 48.5 ± 5.3% and 63.3 ± 3.5%,
respectively, 24 h later (Supplementary Fig. S7B). These

doses were used in further experiments to study whether
excitotoxicity modifies KCC2 expression in neuronal
cultures and whether modulation of the KCC2 expression
affects the self-protective neuronal resistance. Note, in all
excitotoxicity experiments NMDA was applied together
with 10 μM of glycine, a co-agonist of the NMDARs.

Previous studies showed the rapid decrease of
the KCC2 expression under excitotoxic conditions in
hippocampal slices (Rivera et al. 2004) and primary
cultures of hippocampal neurons (Wake et al. 2007).
We therefore next studied how excitotoxic treatment
modifies expression of the endogenous KCC2 in our
experiments. We found that 40 μM NMDA induced strong

Figure 6. Chloride homeostasis and survival of neurons expressing different KCC2 mutants
A, the basal level of EGABA (left panel) and times of 50% recovery of isoguvacine responses after imposed [Cl−]i
rise (right panel) in neurons expressing different KCC2 mutants. Transfection at DIV 11, recording at DIV 14.
Mean ± SEM values. ∗P < 0.05; ∗∗P < 0.01; 5 experiments, 1 to 3 neurons per experiment. Gramicidin-perforated
patch. Vh = −65 mV. Similar protocol of experiment as in Fig. 3. For the sake of comparison, the column
shRNAKCC2 K10 shows values from experiments described in Fig. 3C and D. Notice that expression of KCC2C568A

induces a 20 mV positive shift of EGABA and elongates twofold the time of the recovery of [Cl−]i. These effects
are of the same magnitude as those induced by expression of shRNAKCC2 K10. B, left panel shows an example
for quantification of neuronal survival from an individual experiment (same protocol as illustrated in Fig. 5A). 35
to 40 neurons per experimental condition were analysed. Right panel shows mean ± SEM of the percentage of
surviving neurons 4 days after transfection with indicated KCC2 mutants. For the sake of comparison, the column
shRNAKCC2 K10 shows values from experiments described in Fig. 5C. 5 to 8 experiments for different mutants,
30–50 transfected neurons per condition and experiment were analysed. ∗∗P < 0.01. Notice that KCC2C568A

induces a 1.8-fold decrease of the number of neurons surviving during 4 days after transfection.
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re-organization of the KCC2 expression pattern analysed
30 min after beginning of the treatment with NMDA
(Fig. 8A and B). In the majority of neurons that were
considered alive, based on their unaltered chromatin
distribution, KCC2 immunofluorescence disappeared
from tiny dendritic structures and remained concentrated
in soma and varicosities formed on principal dendrites
(76.8 ± 4.7%, n = 4, 100 neurons per experiment, see
Fig. 8B panels b2 and b3, for illustration). In 18.5 ± 3.8%
of neurons KCC2 fluorescence in soma decreased
below mean 2SD value determined in control (0 μM

NMDA) (Fig. 8B, panels b4 and b5) and in only
4.8 ± 1.4% of alive neurons KCC2 staining remained
similar to control conditions (not shown). Five hours
after NMDA withdrawal KCC2 fluorescence returned to
normal cluster-like distribution in 53.8 ± 7.2% of neurons
(Fig. 8C, panels c4 and c5), in 34.8 ± 8.3% it remained in
varicosities (Fig. 8C, panels c2 and c3), and in 11.5 ± 1.7%
of alive neurons it was below the level of the mean
2SD value. Twenty-four hours after excitotoxic insult, the
cluster-like organization of KCC2 immunofluorescence
in dendrites was observed in all alive neurons (>1000

neurons analysed after exposure to NMDA) (Fig. 8D).
Although the obtained results do not allow any conclusion
to be made about change in the transport capacity of
KCC2 in neurons exposed to NMDA, our observation
of the NMDA-dependent re-distribution of the trans-
porter together with recent findings that excitotoxic
activity can regulate the phosphorylation of the KCC2
and its membrane insertion (Rinehart et al. 2009; Lee
et al. 2010) suggest that in cultured hippocampal neurons
excitotoxicity might compromise the KCC2 functioning.
We therefore next studied whether excitotoxic events affect
neuronal ability to extrude chloride.

[Cl−]i in NMDA-treated neurons

To determine [Cl−]i non-invasively we used Cl-Sensor.
Analysis showed that in neurons expressing Cl-Sensor
and empty pcDNA 3.1 vector (mock transfected) the
long 10 min application of NMDA induced a sustained
rise of [Cl−]i to 60–80 mM. After washout of the
NMDA, [Cl−]i started to decline in 4 out of 5 neurons

Figure 7. Effects of DIOA (20 μM) on electrophysiological
properties and survival of eGFP-positive neurons in
cultures transfected using lipofectamine reagent
A and B, effect of DIOA on EGABA (A) and resting membrane
potential (Em, B) measured using gramicidin-perforated
patch-clamp recording. EGABA and Em were determined as
described in Methods. 3 experiments, 2–3 neurons per
experiment and condition. C, traces illustrate example of the
spontaneous neuronal firing recorded using conventional
cell-attached mode of patch-clamp recording (no gramicidin
included) at pipette potential 60 mV applied in order to prevent
local membrane depolarization. Plot shows mean ± SEM of
spike frequency recorded from neurons growing in control
cultures and cultures incubated with DIOA during 1 h. 4
experiments, 2–3 neurons per experiment and condition. D,
normalized number of eGFP-positive alive neurons determined
using time-lapse recording 48 h after transfection. DIOA or H2O
were applied 30 min before transfection and kept in media
during experiment (48 h). EGFP-positive cells were monitored 24
and 48 h after transfection. n = 3, 30–50 neurons per
experiment. E, density of alive neurons (NeuN-positive cells with
healthy nuclei) in control (non-transfected) and transfected
cultures. n = 4, 20 optical fields per experiment. All data are
shown as mean ± SEM. ∗P < 0.05; ∗∗P < 0.01; Mann–Whitney
non-parametric test.
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Figure 8. The distribution of KCC2 staining in cultures fixed at different times after 30 min treatment
with 40 μM of NMDA and indicated above each set of images
In control experiments (A) equivalent volume of H2O was applied instead of NMDA. Left column shows low
magnification images of KCC2-positive neurons. Central column shows high magnification images of KCC2
immunofluorescence in alive neurons. Alive neurons were identified as MAP2-positive neurons (right column)
with homogeneous distribution of chromatin (not shown, see also Supplementary Figs S6 and S7 describing
neuronal survival after NMDA treatment). High magnification images in B illustrate two major types of neurons
detected immediately after incubation with NMDA: neurons with KCC2 translocated to varicosities (b2 and b3)
and neuron with low level of KCC2 expression (b4 and b5). White dotted line indicates boundaries of neuron for
better illustration. High magnification images in C illustrate two major types of neurons observed 5 h after NMDA
withdrawal: neurons with remaining varicosities (c2 and c3) and neuron recovered to control-like distribution of
KCC2 and MAP2 (c5 and c6). Notice that all neurons surviving excitotoxic event for more than 24 h had high
level of KCC2 protein expression (d1 and d2). We do not provide, however, the quantification of the intensity
of the immunofluorescence since protein expression does not guarantee the functional activity of the KCC2 and
constitutes a subject for special study.
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(Fig. 9A and B), but the kinetic of the recovery was twofold
slower as compared to the recovery after brief NMDA
application described in Fig. 4D. The [Cl−]i remained
at the high saturated level for at least 5–10 min of the
recording. In one neuron showing distinct varicosities
after NMDA application, the Cl− recovery was not
obtained and neuron disintegrated during recording
(Fig. 9A). To verify if KCC2 might contribute to the
Cl− extrusion under excitotoxic conditions, we measured
[Cl−]i in neurons over-expressing KCC2 and found
that exogenous KCC2 starts extruding intracellular Cl−

already during NMDA application (Fig. 9A). Overall, the
kinetics of [Cl−]i recovery was twofold faster than in
mock-transfected neurons (Fig. 9B). Thus, the excitotoxic
insult strongly reduces neuronal Cl− extrusion ability and
expression of the exogenous KCC2 improves recovery to
normal Cl− homeostasis.

Next we analysed the level of [Cl−]i in neurons that
restored normal dendritic morphology 4–6 h after 30 min
exposure to 40 μM NMDA. Surprisingly, we found that
in all NMDA-exposed mock-transfected neurons, as well
as in neurons over-expressing KCC2, the level of [Cl−]i

was identical to those in neurons not exposed to NMDA
(Fig. 9C). The analysis of Cl− in neurons with distinct
varicosities, similar to those shown in Supplementary
Fig. S2C (i.e. neurons that are presumably damaged and
will die) revealed a high level of [Cl−]i ranging from
50 to 70 mM (n > 20, not shown). Taken together, these
data suggest that maintenance of the normal intra-
cellular chloride concentration is essential for neuronal
survival after excitotoxic insult and suggest that KCC2 can
contribute to this process.

KCC2 and neuronal survival after excitotoxic insult

The importance of KCC2 expression for neuronal
survival after excitotoxic insult was further verified
in experiments involving transfection of different
constructs modifying expression of chloride–potassium
co-transporters as well as using a pharmacological
approach. In experiments involving genetic modification
we over-expressed desired constructs under conditions
minimizing the transfection-induced toxicity (adding of
Trolox to the transfection mixture, 100% media change
after transfection, 50% media change 2 days after trans-
fection). On day 3 after transfection (a steady-state
level of the survival of transfected neurons) we exposed
cultures for 30 min to different concentrations of NMDA
(Fig. 10A).

Using time-lapse monitoring of the same neurons
(Fig. 10B and C) we found that neuronal transfection with
either shRNAKCC2 k11 or mutant eGFP-KCC2C568A, but not
eGFP-KCC2Y1087D, led to a significant decrease of neuronal
survival after 30 min exposure to 20 μM NMDA, but not to
40 or 100 μM of NMDA. In contrast, the over-expression
of the wild-type EGFP-KCC2 increased the number of
surviving neurons after 30 min culture treatment with 20
and 40 μM, but not 100 μM of NMDA.

Consistent with the above observations, application
of DIOA (20 μM) significantly decreased the number
of neurons surviving after excitotoxic insult induced by
30 min treatment with 40 μM NMDA (Fig. 10D). Thus,
taken together, the above results strongly support the
hypothesis of the neuroprotective action of KCC2 during
excitotoxicity.

Figure 9. Non-invasive monitoring of [Cl−]i in NMDA-treated neurons
A, examples of [Cl−]i transients induced by 10 min focal application of NMDA. Recordings from three different
neurons: two controls (top and middle traces) and one KCC2-expressing (bottom trace). Note different basal levels
of [Cl−]i and different kinetics of [Cl−]i recovery in neurons expressing or not expressing KCC2. B, mean ± SEM
values of time required for 50% recovery of [Cl−]i after change induced by 10 min application of NMDA + glycine
(half-decay time). Data from 4 control and 4 KCC2-transfected neurons. Note that KCC2 over-expression strongly
accelerates the [Cl−]i extrusion from the cell. ∗P < 0.05; Mann–Whitney non-parametric test. C, mean ± SEM
values of basal level of [Cl−]i in soma of intact control neurons and NMDA exposed (30 min, 40 μM) mock and
KCC2-transfected neurons. Recordings were started 4–6 h after NMDA withdrawal. Data from 11 neurons per
condition. Note the identical [Cl−]i values for all conditions.
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Figure 10. Effects of the modulation of KCC2 expression on neuronal survival after excitotoxic insult
A, scheme of experiment. Transfections were performed at DIV 10 under conditions minimizing oxidative stress (see
Methods). Three days after transfection cultures were incubated with NMDA for 30 min. Images of same neurons
were taken 2 h before application of NMDA and different times after NMDA wash-out. B, images illustrate kinetic
of changes of neuronal morphology after exposure to NMDA (40 μM, 30 min). Group I corresponds to alive
neurons expressing eGFP protein; 24 h after treatment the fluorescence is still evenly distributed. Dendrites are
well preserved. Group II represents neurons that disappeared completely from the optical field 24 h after exposure
to NMDA. Usually these cells showed large varicosities in dendrites already 2 h after NMDA treatment. C, survival
rate of neurons transfected with different constructs and exposed to indicated concentrations of NMDA for 30 min.
The number of surviving neurons was determined 24 h after NMDA application. Pooled data from 4–6 experiments
per condition. ∗P < 0.05; ∗∗P < 0.01; one-way ANOVA test. D, effect of DIOA on survival of neurons exposed to
0 or 40 μM NMDA for 30 min. DIOA (20 μM) or H2O were applied 30 min before application of NMDA. Cultures
were fixed 24 h after NMDA wash-out. Density of neurons was determined as detailed in Methods. 3 experiments,
20 optical fields per experiment. Non-parametric Mann–Whitney test. E, effect of the over-expression of KCC2 and
KCC3 on neuronal survival 24 h after exposure to NMDA. Mock-transfected neurons were neurons transfected
with eGFP and pcDNA3.1. 4 experiments. Non-parametric Mann–Whitney test.
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Neuroprotective action of the KCC2 requires active
Cl−–K+ co-transport

Previous studies showed that some regulatory actions
of KCC2 do not require active transport of the
KCC2 and rely on interaction of its C-terminus
with the cytoskeleton (Li et al. 2007; Horn et al.
2010). The experiments involving eGFP-KCC2C568A and
eGFP-KCC2Y1087D mutants (Fig. 10B) suggest that the
neuroprotective effects of KCC2 require the active form
of KCC2. However, it remains unclear if it involves also
the KCC2-specific interactions with the cytoskeleton.
To answer this question, we over-expressed KCC3 (an
analogue of KCC2 that has a different structure of
C-terminus end, does not interact with neuronal cyto-
skeleton (Li et al. 2007), but effectively decreases neuro-
nal [Cl−]i to a similar extent as does exogenous KCC2
(not shown)) and found that over-expression of this
transporter significantly increased the neuronal survival
after 30 min treatment with 40 μM NMDA (Fig. 10E).
Thus, the maintenance of neuronal potassium–chloride
co-transport contributes to resistance of neuronal cells to
excitotoxic insults.

Discussion

The main finding of this study is that silencing of
endogenous KCC2 reduces the neuronal resistance for
toxicity. Previous studies reported an important role
of KCC2 in neuronal migration (Bortone & Polleux,
2009), development (Cancedda et al. 2007), formation
of the inhibitory and excitatory synapses (Chudotvorova
et al. 2005; Akerman & Cline, 2006; Li et al. 2007) and
prevention of the spasticity after spinal cord injury
(Boulenguez et al. 2010). The present work extends
this list by attributing a neuroprotective role for end-
ogenous KCC2 during injury of hippocampal neurons
induced by transfection-dependent oxidative stress or
NMDA-dependent excitotoxicity.

In our study the functional suppression of endogenous
KCC2 was achieved using three different approaches –
shRNAs silencing rat KCC2, over-expression of the mutant
KCC2C568A that, as we suggest, acts as a dominant-negative
molecule, and using DIOA, an inhibitor of the KCC2.
Although each of the molecular and pharmacological
tools employed in the present study might induce
neuronal death or exert a neuroprotective action by
a variety of mechanisms independent on KCC2, it is
unlikely that two shRNAs targeting different regions of
KCC2, the KCC2C568A mutant and an inhibitor of KCC2,
would co-incidentally produce similar changes in chloride
homeostasis and neuronal survival.

The siRNA approach is one of the most effective
ways of protein knocking down that was used to study
the functional role of thousands of molecules. However,

considering the complex mechanism of siRNA action,
some siRNAs produce non-specific effects including
cellular toxicity (Bauer et al. 2009) and modulation of
neuronal growth and synapse formation (Alvarez et al.
2006). Therefore, when we found that shRNAs directed
against the rat KCC2 transporter induce neuronal death,
an action reminiscent of non-specific siRNAs effects,
we studied in detail whether shRNA-induced toxicity
was a result of non-specific shRNA action or a specific
consequence of KCC2 silencing.

Obtained evidence favoured the hypothesis that
shRNA-induced toxicity was a result of KCC2 silencing.
Indeed, we found that out of five different shRNAs used in
the present work (one scrambled shRNA and four shRNAs
complementary to different regions of rat KCC2 mRNA)
neuronal death was only induced by shRNAs effectively
silencing KCC2. Other shRNAs not modifying the KCC2
expression did not affect neuronal survival. In addition
to this we found that the toxic action of shRNAKCC2 K10

and shRNAKCC2 K11 was rescued after over-expression of
mouse (Fig. 5), but not rat, KCC2 (not shown).

Complementary data confirming the importance of
endogenous KCC2 expression for neuronal resistance
to neurotoxicity was obtained using expression of the
KCC2C568A mutant. We found that over-expression of
this mutant (but not the other non-active mutant
KCC2Y1087D) modifies a neuronal chloride homeostasis
and decreases neuronal survival in a manner similar to
those induced by shRNA. The C568A mutant of KCC2
was employed for the first time in the study of Reynolds
et al. (2008), where it was used as a negative control
for the effects observed after expression of KCC2 in
zebrafish embryos. The same mutant was successfully
used as a negative control in the in vivo study of KCC2
effects on the development of immature rat cortical
neurons (Cancedda et al. 2007). Consistent with these
works, we found that in developing (9 DIV) hippocampal
cultures both the C568A and the Y1087D point
mutations effectively prevented the KCC2-dependent
hyperpolarizing shift of EGABA (Supplementary Fig. S5).
An unexpected finding was that in more mature
hippocampal neurons at 14 DIV (a stage characterized
by extensive expression of endogenous KCC2; Khirug
et al. 2005), the over-expression of eGFP-KCC2C568A (but
not eGFP-KCC2Y1087D) inhibited the neuronal chloride
extrusion capacity (Fig. 6A) to a similar extent as observed
after expression of KCC2-selective shRNAs (Fig. 3C).
This observation is compatible with the suggestion that
eGFP-KCC2C568A acts as a dominant-negative construct.
Previous findings showed that, in a neuronal membrane,
the KCC2 transporter forms heteromers (Blaesse et al.
2006; Uvarov et al. 2006). Thus, one of the mechanisms
of eGFP-KCC2C568A-dependent inhibition of chloride
extrusion could be an interaction with endogenous
KCC2, rendering the newly formed complex inactive.
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The unusual properties of the KCC2C568A mutant were
recently mentioned in a study by Horn et al. (2010) who
found that, unlike wild-type KCC2 and the transport
inactive N-terminal-deleted KCC2, KCC2C568A does not
interact with the cytoskeleton-associated protein 4.1N.
The authors suggest that the KCC2C568A mutation might
cause changes in the tertiary structure of KCC2, yielding
a protein inactive both as an ion transporter and as
an interacting partner of 4.1N. Additional investigations
are needed to characterize changes in the KCC2 protein
structure and function caused by the C568A mutation, and
clarify the mechanisms leading to KCC2C568A-dependent
lowering of the chloride extrusion capacity.

Finally, we found that culture treatment with DIOA,
a molecule effectively blocking potassium–chloride
co-transporters (Taouil & Hannaert, 1999; Shen et al.
2000), produces a depolarizing shift of EGABA and
reduction of the neuronal survival, similar to shRNAKCC2

and KCC2C568A mutants. Previous work has shown that
DIOA in micromolar concentrations might induce a
wide spectrum of side-effects including depletion of the
ATP from acute hippocampal slices and cytochrome c
release from isolated mitochondria (Pond et al. 2004),
inhibition of P-type ATPases (Fujii et al. 2007) and
swelling-activated chloride channels (Zierler et al. 2008).
Our data suggest that in primary hippocampal cultures
within the studied time scale, DIOA acts mainly as
an inhibitor of potassium–chloride co-transporters. This
observation is consistent with the report by Boulenguez
et al. (2010) showing that in the in vitro spinal cord isolated
from neonatal rat, DIOA (30 μM) produced an increase of
[Cl−]i of similar extent to that observed in preparations
from KCC2-deficient animals. An alternative explanation
could be that in our model the effects of DIOA on other
than KCC2 targets may induce an increase of [Cl−]i and
reduce neuronal survival in a manner similar to that
suggested for the inhibitor of KCC2.

Our work also provides important methodological
suggestions to study properties of small populations of
genetically modified neurons. We illustrate a striking
difference in results of analysis of neuronal death using
traditional quantification of the number of alive/dead
neurons at a given fixed point of culture development and
also using a time-lapse approach. The analysis of the fixed
cultures underestimated sixfold the percentage of dying
neurons and most importantly, led to wrong conclusions
of the absence of neurotoxic action of constructs silencing
KCC2. A time-lapse approach revealed a strong and
significant decrease in survival of neurons with suppressed
function of KCC2. Our results illustrate the importance of
choosing an appropriate analytical method when studying
small populations of transfected neurons. The time-lapse
approach is one way of characterizing the fate of every
genetically modified neuron, easy determining the time
point of highest effectiveness of the molecule of interest

and avoiding possible artefacts related to the variability
in rates of cultures transfection with different constructs.
In the present study the time-lapse approach allowed us
to determine the contribution of endogenous KCC2 to
maintenance of the neuronal pro-survival ability.

Numerous previous studies have shown that KCC2
is one of the neuronal molecules whose activity and
expression change during different physiological and
pathological processes. The physiological pattern of the
activity (Ganguly et al. 2001; Ludwig et al. 2003) and single
epileptiform discharge (Khirug et al. 2010) potentiate
KCC2 expression, whereas long-lasting excitotoxic events
(Rivera et al. 2004; Jin et al. 2005; Wake et al. 2007;
Nardou et al. 2009) strongly suppress KCC2 expression
on functional, transcriptional and translational levels.
Numerous data showed also that down-regulation of
the KCC2 contributes to the formation of epileptiform
discharges (Ben-Ari et al. 2007). However, it remained
unclear if decreased KCC2 expression affects neuro-
nal survival in damaged tissue. Some results suggested
that KCC2 might exert a neuroprotective action in
different neuronal injury models. Thus, Papp et al. (2008)
and Jaenisch et al. (2010) reported strong membrane
expression of KCC2 in neurons surviving transient
brain ischaemia. Wake et al. (2007) found that KCC2
over-expression protected cultured hippocampal neurons
against peroxide-induced toxicity. Our study provides the
first direct evidence on the importance of the endogenous
KCC2 for survival of the hippocampal neuronal after
oxidative stress and excitotoxic insults.

The resistance to various neurotoxic signals is one
of the most important basic properties of neuronal
cells. During the last decade numerous physiological
processes and signalling cascades have been described
to contribute to pro-survival neuronal signalling (for
recent reviews see Medina, 2007; Hardingham & Bading,
2010). A particular importance has been attributed to
the ongoing neuronal activity and local calcium influxes
through synaptic NMDARs (Hardingham et al. 2002;
Ivanov et al. 2006; Soriano et al. 2006; Tauskela et al.
2008). According to the theory of neuronal health
(Isacson, 1993), neurons can exist in a spectrum of
states ranging from fully functioning and resilient at one
extreme to dysfunctional and vulnerable to insults at the
other extreme. The decrease of neuronal self-protective
strength caused by the suppression of the KCC2 function
might lead to a shift in the equilibrium between
pro-survival and pro-death signalling and change neuro-
nal sensitivity to different external stimuli. Indeed, we
found that silencing of the KCC2 enhances neurotoxic
action of NMDA and vice versa, the over-expression
of the KCC2 exerts a neuroprotective effect only under
experimental conditions leading to loss of less than 60%
of neuronal cells (Fig. 10E). Under conditions of strong
excitotoxic events producing death of more than 80%
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of neurons, we could not detect any regulatory action
of the KCC2 (Fig. 10E). One explanation of this could
be that a strong excitotoxicity event rapidly inactivates
both endogenous or over-expressed KCC2 making
negligible difference in potassium–chloride homeostasis
between neurons with knocked-down or over-expressed
KCC2. An alternative possibility could be that the rise
of the intracellular calcium during strong excitotoxic
events largely overpasses the threshold required for
activation of the pro-death signalling and, respectively,
the KCC2-dependent modulation of ion homeostasis is
ineffective under such conditions.

What are the mechanisms mediating neuroprotective
action of KCC2 during toxicity insults? Our data on
decrease of the viability of neurons over-expressing
KCC2 mutant and successful rescue of shRNA trans-
fected neurons with over-expression of the KCC3, strongly
suggest that it is KCC2-mediated ion transport which
is crucial for neuronal survival. Multiple studies have
shown that one of the main functions of KCC2 in mature
neurons is maintenance of the low neuronal [Cl−]i and
inhibitory strength of GABA/glycine (for reviews see
Ben-Ari et al. 2007; Blaesse et al. 2009). The reduction
of the inhibitory strength of GABA leads to activation
of the voltage-gated calcium channels and facilitation of
the calcium influxes through NMDARs (Leinekugel et al.
1997; Akerman & Cline, 2006). Under toxic conditions the
endogenous KCC2 might protect neurons from excessive
influx of Ca2+, whereas knocking down of the KCC2 would
facilitate activation of the NMDA-dependent pro-death
signalling cascades. One additional mechanism of the
neuroprotective action of KCC2 might rely on reduction
of the Cl−-dependent swelling occurring under toxic
conditions, which is considered as an important event
contributing to cell death (Rothman, 1985; Pond et al.
2006). However, the contribution of the KCC2 to cell
swelling during toxic insult has not yet been elucidated
and constitutes an important direction for future studies.
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