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Brief Communications

Early Growth Response 4 Mediates BDNF Induction of
Potassium Chloride Cotransporter 2 Transcription

Anastasia Ludwig,"* Pavel Uvarov,>* Shetal Soni,' Judith Thomas-Crusells,' Matti S. Airaksinen,> and Claudio Rivera'
'nstitute of Biotechnology, University of Helsinki, Viikki Biocenter, Viikinkaari 9, FIN-00014, Helsinki, Finland, and 2Neuroscience Center, University of

Helsinki, Viikinkaari 4, FIN-00014, Helsinki, Finland

A major event in the maturation of CNS GABAergic transmission is the qualitative change in GABA ,-mediated responses from depolar-
izing to hyperpolarizing. In cortical regions, this is attributed to the increased expression of potassium chloride cotransporter 2b
(KCC2b), the main isoform of the neuron-specific K-Cl cotransporter KCC2. We have previously shown that transcription factor early
growth response 4 (Egr4) can activate the KCC2b promoter. Here we demonstrate that in immature hippocampal neurons BDNF robustly
induces ERK1/2 (extracellular signal-regulated kinase 1/2)-dependent Egr4 expression and rapid Egr4-dependent activation of the
KCC2b promoter. The subsequent increase in KCC2b mRNA contributes to the expression of total KCC2 protein levels. These results
indicate that Egr4 is an important component in the mechanism of BDNF-dependent KCC2 gene regulation via the ERK1/2 pathway in

immature neurons.

Introduction

A major event during maturation of GABAergic neurotransmis-
sion is the developmental shift in GABA ,-mediated responses
from depolarizing to hyperpolarizing (for review, see Blaesse et
al., 2009). This is caused by a decrease in intracellular chloride
concentration (Berglund et al., 2006), attributed to the develop-
mental upregulation and functional activation of the neuronal
potassium chloride cotransporter 2 (KCC2) (Rivera et al., 1999;
Hiibner et al., 2001; Kelsch et al., 2001; Khirug et al., 2005). The
shift in polarity of GABA , responses occurs in rodent hippocam-
pus during the first 2 postnatal weeks (Farrant and Kaila, 2007).
We have shown that the KCC2 gene generates two isoforms,
KCC2a and KCC2b, by an alternative promoter and first exon
usage (Uvarov et al., 2007). During development, expression lev-
els of KCC2a mRNA in hippocampus are relatively constant,
whereas KCC2b mRNA increases significantly. This indicates
that the developmental increase in the expression of KCC2
mRNA and protein is mainly due to the KCC2b isoform (Uvarov
etal., 2007, 2009).

Previous studies suggest that KCC2 expression is regulated by
BDNEF through a complex signaling cascade that is not yet fully
understood. Increased KCC2 mRNA levels were found in em-
bryos overexpressing BDNF (Aguado et al., 2003). In line with
this observation, it was found that KCC2 expression decreases in
early postnatal knock-out mice lacking TrkB (tyrosine receptor
kinase B) receptor (Carmona et al., 2006). In contrast, in mature
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neurons the BDNF/TrkB signaling mediates activity-dependent
decrease in KCC2 expression. This requires the simultaneous
binding of Shc (Src homology 2 domain-containing transform-
ing protein) and PLCy (phospholipase C vy) adaptor proteins to
TrkB and downstream activation of the two signal transduction
pathways (Rivera et al., 2002, 2004; Payne et al., 2003). Interest-
ingly, when only the Shc pathway is active and PLCy binding is
disrupted, BDNF increases the expression of KCC2 in adult neu-
rons (Rivera et al., 2004). Elucidation of the molecular mecha-
nisms and pathways regulating KCC2 gene expression is
important for understanding the changes occurring in KCC2 ex-
pression during normal development and under various patho-
logical conditions. (Coull et al., 2005; Boulenguez et al., 2010).

Neurotrophins robustly induce expression of several immedi-
ate early genes including early growth response (Egr) transcrip-
tion factors (Crosby et al., 1991; Harada et al., 2001; Roberts et al.,
2006; Calella et al., 2007). Egr4 (or NGFI-C), which displays a
neural-specific pattern of expression, is rapidly upregulated by
nerve growth factor and neuronal activity (Crosby et al., 1991,
1992; Honkaniemi and Sharp, 1999; for review, see Beckmann
and Wilce, 1997). Recently, we have demonstrated that Egr4 con-
tributes directly to the transcriptional upregulation of KCC2
through the Egr4 binding site present in the proximal promoter
of the KCC2b isoform (Uvarov et al., 2006).

In the present work, we show that brief application of BDNF
induces a dramatic extracellular signal-regulated kinase 1/2
(ERK1/2)-dependent upregulation of Egr4 transcription factor
and increases KCC2b mRNA and protein levels in immature cul-
tured hippocampal neurons. Using luciferase reporter constructs
controlled by the proximal KCC2b promoter, we demonstrate
that intact Egr4 binding site is required for BDNF-mediated
KCC2b promoter activation. Our results provide evidence for a
significant role of Egr4 in BDNF-dependent regulation of KCC2b
expression in immature neurons.
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Materials and Methods

Primary culture of hippocampal neurons. All animal experiments were
approved by the local ethics committee for animal research at the Uni-
versity of Helsinki. Standard dissociated hippocampal cultures were pre-
pared from embryonic day 17 mice as described by Banker and Goslin
(1998), with slight modifications. Briefly, a pregnant mouse was anesthe-
tized in a CO, chamber and killed by cervical dislocation, embryos were
removed, and hippocampi were dissected. Cells were dissociated by en-
zymatic treatment (0.25% trypsin for 15 min at 37°C) and plated on
poly-pr-ornithine-coated cover glasses (50,000 cells/cm?) in Neurobasal
medium containing B27 supplement (Invitrogen). Before plating, the
medium was incubated on astroglial culture for 24 h. Neuronal cultures
were fed once a week by changing half of the medium. Astroglial cultures
were prepared according to Banker and Goslin (1998) and maintained in
DMEM supplemented with 10% of fetal calf serum, penicillin (100
U/ml), and streptomycin (100 pg/ml).

Pharmacological treatments of neuronal cultures. BDNF (R&D Sys-
tems), K252a, U0126, and tetrodotoxin (TTX) (Tocris Bioscience) treat-
ments were conducted by replacing the original culture medium with the
drug diluted in fresh glia-conditioned medium. No further medium
change was performed until the time of analysis (5 min-3 d later). In
treatments requiring a combination of drugs, K252a, U0126, and TTX
were always added to the medium 30 min before the application of
BDNF. The final concentrations of the drugs are specified in the Results
section.

Western blotting. Neuronal cultures were rinsed in PBS, scraped, and
homogenized in ice-cold RIPA lysis buffer (NaCl 150 mwm; Triton X-100
1%; Doc 0.5%; SDS 0.1%; TrisHCI 50 mwm, pH 8.0) with Complete Pro-
tease Inhibitor Cocktail (Roche). Protein concentrations were deter-
mined using DC Protein Assay kit (Bio-Rad). Samples were separated
using 7.5% SDS-PAGE and transferred onto Hybond ECL nitrocellulose
membrane (GE Healthcare/Pharmacia Biotech). Membranes were
probed with various antibodies at appropriate dilution as indicated in
supplemental Table 1 (available at www.jneurosci.org as supplemental
material), developed with ECL-plus (GE Healthcare/Pharmacia Bio-
tech), visualized with a luminescent image analyzer LAS-3000 (Fujifilm),
and analyzed with AIDA imaging software (Raytest).

Real-time PCR analysis. Total RNA was isolated with RNeasy Micro kit
(Qiagen). Typically, 1 ug of total RNA was reverse transcribed using the
SuperScript III Reverse Transcriptase (Invitrogen) and random primers
according to the manufacturer’s protocol. The cDNA samples were am-
plified in triplicate using the iQ SYBR Green Supermix (Bio-Rad) and
detected via the CFX96 Real Time Detection System (Bio-Rad). Primers
for the genes of interest were designed with the Express v2.0 software
(Applied Biosystems) or manually, and contained, when possible, in-
tronic regions in between the sequences. Primer sequences are indicated
in supplemental Table 2 (available at www.jneurosci.org as supplemental
material). Glyceraldehyde-3-phosphate dehydrogenase or phosphoglyc-
erate kinase-1 were used for normalization (Willems et al., 2006).

Transfection and luciferase assay. Cultured neurons were transfected
with the luciferase reporter constructs using Lipofectamine 2000 (In-
vitrogen) according to the manufacturer’s protocol. To avoid cytotoxic-
ity, low amounts of the luciferase constructs (0.5 ug per 1.6 cm? well)
were used, and the culture medium was changed 4 h after transfection.
Two days after transfection, cultures were briefly washed with PBS and
lysed in Passive Lysis Buffer (Promega). Renila and Firefly luciferase
activities were measured with a Dual-Luciferase Reporter Assay System
according to the manufacturer’s protocol.

Immunocytochemistry. Neurons were fixed with 4% paraformaldehyde
in PBS at room temperature and permeabilized with 0.5% Triton X-100.
Cells were blocked with 10% sheep serum and 0.2% Triton X-100 in PBS
at room temperature, and then were incubated at 4°C overnight in 2%
sheep serum containing primary antibody: mouse monoclonal anti-
PERK (Santa Cruz Biotechnology) (1:500) or rabbit polyclonal anti-
KCC2 (Ludwig et al., 2003) (1:1000) (supplemental Table 1, available at
www.jneurosci.org as supplemental material). Species-specific donkey
anti-mouse Alexa Fluor 488 and goat anti-rabbit Alexa Fluor 568 (In-
vitrogen) secondary antibodies were used at 1:1000 dilution. Cover
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Figure1.  BDNFincreases KCC2 expression in immature hippocampal cultures. 4, Represen-
tative Western blot analysis and quantification of KCC2 expression in dissociated hippocampal
cultures treated with BONF (50 ng/ml) (n = 3-7). Dissociated cultures were treated with BDNF
at DIV 1, DIV 8, and DIV 15, and analyzed 3 d after the treatment. Data are normalized with
respect to the average in nontreated controls of corresponding age. *p << 0.05, **p << 0.01,
one-sample t test. Error bars represent SEM. Btub, B-tubulin. B, Representative immunofluo-
rescent staining and quantification of KCC2 expression in dissociated hippocampal cultures
treated with BDNF (50 ng/ml) (n = 119-125). Neurons were treated with BONF at DIV 6 —8
and analyzed 24 h later. Data are normalized to the average in nontreated controls. ***p <
0.001, one-sample t test. Error bars represent SEM. Scale bar, 40 m. €, KCC2b and KCC2a mRNA
levels in DIV 6 —8 cultured neurons 1-2 h after BDNF (50 ng/ml) application as detected by
real-time PCR (n = 10). Values of corresponding nontreated controls were set to 100%. *p <
0.05, not significant (n/s); p > 0.05, one-sample t test. Error bars represent SEM.

glasses were mounted in Vectashield mounting medium (Vector Labo-
ratories). Cells were visualized with Leica TCS SP2 AOBS confocal sys-
tem. The specificity of the KCC2 antibody was controlled on KCC2-
deficient mice (Ludwig et al., 2003) and by omitting primary antibody in
some of the samples.

Results

BDNEF can induce fast increase in endogenous KCC2b mRNA
and protein levels in immature dissociated hippocampal
neurons

Consistent with the previously published data (Aguado et al.,
2003; Carmona et al., 2006), Western blot analysis showed that
KCC2 protein levels were increased in neuronal cultures treated
with BDNF for 3 d (Fig. 1A). The BDNF effect was larger in
immature cultures [day in vitro (DIV) 4, 142 * 12%; DIV 11,
126 = 12% (with respect to control values)] compared with rel-
atively more mature (DIV 18) hippocampal neurons (92 * 5% of
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control) (Fig. 1 A). The absence of BDNF-induced KCC2 upregu-
lation in DIV 18 neurons is in accordance with our previous data
(Rivera et al., 2004) and indicates that BDNF loses the ability to
stimulate KCC2 expression with neuronal development. In im-
mature (DIV 6-8) cultures KCC2 protein expression already
increased 24 h after BDNF application as shown by a significantly
increased KCC2 immunoreactivity (120 = 2% of control) (Fig.
1B). The KCC2 antibody used in this study recognizes an epitope
present in the C-terminal domain of both KCC2a and KCC2b
isoforms (Ludwig et al., 2003). Thus, the analysis of KCC2 pro-
tein expression accounts for both KCC2a and KCC2b isoforms.

Next, we studied whether BDNF application can activate en-
dogenous KCC2 expression at a short time scale. Immature cul-
tured hippocampal neurons (DIV 6—8) were treated with BDNF
(50 ng/ml) and analyzed 1-4 h after BDNF exposure. We found
that 1-2 h after BDNF application the levels of KCC2b mRNA
increased rapidly and significantly to 125 * 9% above control
(Fig. 1C). The rise in transcript expression was followed by an
increase (140 * 20% above control) in KCC2 protein expression
4 h after BDNF application. The effect displayed some variability
between the analyzed samples. Interestingly, the variability was
greatly reduced upon silencing of network activity with the so-
dium channel blocker TTX (1 M), which resulted in a significant
upregulation of KCC2 by BDNF at this time point (142 % 9% of
TTX-treated control; p < 0.05, one-sample # test).

Thus, endogenous KCC2b mRNA and protein levels can be
quickly upregulated in cultured hippocampal neurons after
BDNF treatment. The effect of BDNF is more pronounced in
immature DIV 4-11 neurons compared with more mature DIV
18 cultures.

BDNF significantly increases Egr4 expression via ERK1/2
signaling pathway

Previous studies have shown that BDNF induces a relatively rapid
increase in expression of Egr genes Egrl, Egr2, and Egr3 (Harada
etal., 2001; Roberts et al., 2006; Calella et al., 2007). To determine
whether Egr4 expression is regulated in a similar way, cultured
hippocampal neurons (DIV 5-6) were treated with BDNF (50
ng/ml). Already 5 min after BDNF application, ERK1/2 phos-
phorylation was increased sevenfold (Fig. 2A,B). This increase
was significantly attenuated when neurons were pretreated with
U0126 (20 uMm), a specific inhibitor of the MAP/ERK kinase
(MEK) (Favata et al., 1998). U0126 did not inhibit BDNF-
induced phosphorylation of cellular homolog of the viral onco-
gene v-Akt (AKT) supporting the specificity of this compound in
our culture conditions (data not shown). Within 2 h after BDNF
application, Egr4 mRNA levels increased substantially (22 =
7-fold) as detected by real-time PCR (Fig. 2C). This BDNF-
induced increase in Egr4 mRNA expression was abolished in the
presence of MEK inhibitor U0126.

Altogether, these results suggest that BDNF rapidly and sig-
nificantly increases Egr4 mRNA expression in immature cultured
hippocampal neurons via an MEK/ERK signal transduction
pathway.

BDNF activation of KCC2b promoter requires an intact Egr4
transcription factor binding site

In a previous study, we demonstrated that the transcription fac-
tor Egr4 increases KCC2 expression in immature neurons
through the Egr4 binding site present in the KCC2b proximal
promoter region (Uvarov etal., 2006). To assess whether the Egr4
induced by BDNF is able to activate KCC2 gene transcription, we
used a previously characterized luciferase reporter construct
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Figure2. BDNF-induced Egr4 expression is dependent on ERK1/2 phosphorylation. 4, Rep-

resentative immunofluorescent staining of phosphorylated ERK1/2 (pERK1/2) in dissociated
DIV 5—6 hippocampal neurons treated for 5 min with BONF (50 ng/ml). Some of the cultures
were pretreated with MEK inhibitor U0126 (20 wum) 30 min before BDNF treatment. Note thatin
nontreated control cultures there are neurons with very low levels of pERK1/2 (white arrow-
heads). In BDNF-treated cultures, all neurons exhibit high levels of pERK1/2 immunostaining
intensity. Scale bar, 50 wm. B, Representative Western blot analysis and quantification of
BDNF-induced ERK1/2 phosphorylation (n = 4). Cell lysates were collected 5 min after BDNF (50
ng/ml) application. Some cultures were pretreated with MEK inhibitor U0126 (20 M) 30 min
before BDNF application (n = 3). Data are normalized to the density of nonphosphorylated
ERK1/2 bands and to a value in nontreated controls. *p << 0.05, not significant (n/s); p > 0.05;
one-way ANOVA with subsequent Bonferroni’s multiple-comparison test. Error bars represent
SEM. C, Egrd mRNA levels in dissociated DIV 5— 6 hippocampal neurons 1-2 h after BDNF (50
ng/ml) application as detected by real-time PCR (n = 12). In some cases, cultures were pre-
treated with MEK inhibitor U0126 (20 1) 30 min before BDNF application (n = 4). Nontreated
control value set to 1. ***p << 0.001, one-sample t test. Error bars represent SEM.

KCC2(—309/+42). In this construct, luciferase was placed under
control of the proximal KCC2b promoter bearing the Egr4 bind-
ing site (Fig. 3A). Details of this construct were described in
a previous publication (Uvarov et al., 2006). Egr4 regulates
KCC2(—309/+42) reporter similarly to reporters driven by
longer (up to 1.4 kb) KCC2b promoter sequences (Uvarov et al.,
2006).

Dissociated hippocampal neurons were transfected with the
KCC2(—309/+42) reporter construct at DIV 4, treated with 10
and 50 ng/ml BDNF 2 d after transfection, and lysed 2—4 h after
BDNF application. Luciferase activity increased significantly
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Figure 3.  BDNF positively regulates KCC2b promoter activity through Egr4. A, Scheme of

KCC2(—309/+ 42) and KCC2(— 309/+ 42)59"*™ constructs used to study the activity of KC(2b
promoter. The constructs include a 309 bp fragment of KCC2b promoter sequence controlling
luciferase reporter expression and containing Egr4 binding site. Egr4 binding site was mutated
in the KCC2(— 309/+42)F™™ construct to prevent Eqr4 binding to the promoter (Uvarov et
al., 20006). B, Luciferase (LUC) activity in cultures transfected with KCC2(— 309/+42) construct
and treated with varying concentrations of BDNF (n = 8 —31). Luciferase activity was measured
2-4h after BDNF application. Nontreated control value is set to 100%. ***p <C 0.001, one-
sample t test. Error bars represent SEM. €, Luciferase activity in cultures transfected with either
KCC2(—309/+ 42) or KCC2(— 309/+42)F7™ constructs, and treated with BDNF (50 ng/ml)
(n = 12-31). Luciferase activity was measured 2— 4 h after BDNF application. Values are nor-
malized to the activity of KCC2(— 309/+42) construct without BDNF treatment. ***p << 0.001,
not significant (n/s); p > 0.05; one-way ANOVA with subsequent Bonferroni's multiple-
comparison test. Error bars represent SEM.

(130 = 5% of nontreated controls) only in neurons treated with
50 ng/ml BDNF (Fig. 3B). BDNF-induced activation of KCC2b
promoter was abolished by the TrkB inhibitor K252A (200 nm) or
the MEK inhibitor U0126 (20 M) (K252A, 88 = 4%, vs K252A +
BDNEF, 88 = 10%; p > 0.05; U0126, 81 = 6%, vs U0126 + BDNF,
89 * 10%; p > 0.05, one-way ANOVA with subsequent Bonfer-
roni’s multiple-comparison test). These results show that KCC2b
promoter activation by BDNF is mediated via TrkB/mitogen-
activated protein kinase (MAPK) signaling.

To rule out the possibility that BDNF-induced network activ-
ity (Lang et al., 2007) participated in the observed BDNF effect on
KCC2b promoter, cultures were treated with TTX (1 uM) 30 min
before and during BDNF application. TTX did not prevent
BDNF-induced KCC2 promoter activation (130 * 6% of TTX-
treated control; p < 0.01, one-sample ¢ test).

To investigate whether BDNF-induced activation of KCC2b
promoter is Egr4 dependent and occurs exclusively through the
Egr4 binding site present in the proximal KCC2b promoter, we
used KCC2(—309/+42)Fe#mut construct (Fig. 3A). This con-
struct is identical to KCC2(—309/+42) reporter, except for the
two point mutations introduced into the Egr4 binding site. These
mutations hinder Egr4 binding and render it unable to conduct
Egr4-mediated activation of the KCC2b promoter (Uvarov etal.,
2006). The reporter activity of the KCC2(—309/+ 42)Eertmut con-
struct was significantly lower compared with the nonmutated
KCC2(—309/+42) construct, reflecting the influence of endoge-
nous Egr4 (Fig. 3C). BDNF treatment (50 ng/ml, 2—4 h) in-
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creased the luciferase activity of the KCC2(—309/+42) construct
bearing the intact Egr4 binding site (132 % 4%), but had no effect
on the KCC2(—309/+42)Fe4mut construct (control, 84 = 2%, vs
BDNF, 80 * 5%; p > 0.05; one-way ANOVA with subsequent
Bonferroni’s multiple-comparison test).

In summary, these data demonstrate that a briefapplication of
BDNF can activate KCC2b transcription via the TrkB/MAPK
pathway. Furthermore, BDNF-induced KCC2b promoter activa-
tion requires the intact Egr4 binding site in the proximal pro-
moter region.

Discussion

Uncovering the mechanisms of developmental KCC2 expression
is fundamental for understanding the functional maturation of
GABA ,-mediated neurotransmission during development. In
the present study, we demonstrate a conspicuous effect of the
neurotrophic factor BDNF on KCC2 expression in immature
neurons. The key point in the pathway is the activation of tran-
scription factor Egr4 downstream of the MAPK signaling cas-
cade. We provide evidence that Egr4 binding to KCC2b promoter
is essential for a fast BDNF-induced KCC2b promoter activation
(Fig. 4).

BDNF-mediated upregulation of KCC2

Previous studies demonstrated that KCC2 expression increased
in BDNF-overexpressing mice (Aguado et al., 2003) and de-
creased in TrkB ™/~ transgenic mice (Carmona et al., 2006).
However, a direct link between BDNF and KCC2 regulation was
not established in either of the above cases. BDNF/TrkB signaling
has been shown to play an important role in cell survival, differ-
entiation, and plasticity (e.g., by inducing changes in the fre-
quency and synchronization of spontaneous network events in
the developing cortex) (Aguado et al.,, 2003, Carmona et al.,
2006). Taking this into consideration, it is plausible that long-
term changes in BDNF signaling could indirectly affect KCC2
expression. The results presented here show that BDNF can in-
duce KCC2 expression in a short time window. In particular,
when monitoring changes in KCC2b mRNA, the effect could be
observed as fast as 1-2 h after BDNF application.

Identifying the intracellular cascades involved in KCC2
regulation

BDNF can activate several intracellular cascades including Shc/
Frs2 (EGF receptor substrate 2) that in turn triggers MAPK and
AKT signaling (Kotzbauer et al., 1996; Huang and Reichardt,
2003). The MAPK pathway is known to be involved in differen-
tiation and maturation, whereas AKT is implicated in cell growth
and survival. In the present study, we used a luciferase reporter
controlled by proximal KCC2b promoter sequence to monitor
BDNF-induced KCC2b promoter activation. Suppression of
MAPK signaling by the specific MEK inhibitor U0126 resulted in
a significant attenuation of BDNF-induced KCC2b promoter ac-
tivation. We have previously shown that in adult neurons activa-
tion of mutant TrkB receptor, in which only Shc/Frs2 docking
site was preserved, resulted in increase of KCC2 levels (Rivera et
al., 2004). The present results are in agreement with this and
confirm that the intracellular Shc/Frs2 and MAPK cascades are
required for BDNF-induced KCC2 upregulation.

Egrl, Egr2, and Egr3 are activated by BDNF in a MAPK-
dependent manner (Harada et al., 2001; Roberts et al., 2006;
Calella etal., 2007). We have recently demonstrated that Egr4 can
induce KCC2 transcription in developing neurons (Uvarov et al.,
2006). Here we show that BDNF can increase Egr4 mRNA levels
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Figure 4. Simplified schematic diagram of the signal transduction cascade involved in

BDNF-induced KCC2 expression.

and that this effect can be blocked by a specific MEK inhibitor
U0126. The question arises as to whether Egr4 is involved in the
trophic factor-induced KCC2 upregulation. An important role of
Egr4 in this process was demonstrated by the experiment where
the effect of BDNF on KCC2 reporter construct was completely
abolished by mutations introduced into the Egr4 binding site in
the KCC2b promoter sequence.

BDNF differently regulates KCC2 expression in developing
and adult neurons

We and others have reported that BDNF decreases KCC2 mRNA
and protein expression in mature neurons (Rivera et al., 2002,
2004; Wardle and Poo, 2003; Coull et al., 2005; Wake et al., 2007).
In the present study, we show that BDNF increases KCC2 expres-
sion in developing hippocampal neurons in culture. Interest-
ingly, BDNF ability to induce KCC2 expression declines during
culture maturation. Assuming that similar responses are found in
vivo, our results suggest a developmental shift in the effect of
BDNF on KCC2 expression. This shift is not likely to be attrib-
uted to changes in expression of the BDNF cognate receptor TrkB
as PCR results showed that this receptor was expressed at all
developmental time points analyzed (data not shown) (Ivanova
and Beyer, 2001).

Although in the present study we focused on the components
underlying the upregulation of KCC2 in immature embryonic
neurons in culture, it is tempting to suggest that KCC2 is regu-
lated by at least two competing mechanisms. In support of this
idea, our previous data showed that even in adult neurons BDNF
is able to induce upregulation of KCC2 via the Shc pathway in the
absence of the PLCy activation (Rivera et al., 2004). In cultured
neurons, BDNF induced a rise in KCC2b mRNA levels in the
majority but not in all of the cultures analyzed. Some cultures
reacted to BDNF application with a rapid decrease in KCC2b

Ludwig et al. @ BDNF Induces KCC2 Transcription via Egr4

mRNA levels despite a substantial increase in Egr4 mRNA
expression. This suggests that the currently unknown mecha-
nism suppressing KCC2b expression may be able to overcome
the Egr4-induced KCC2 gene activation and may work
through one of the multiple additional factors identified in the
KCC2b promoter (Uvarov et al., 2006; Yeo et al., 2009).

In conclusion, we show that in developing embryonic neurons
in culture, the trophic factor BDNF produces a rapid increase in
KCC2 expression. BDNF induces the expression of the immedi-
ate early gene Egr4 expression via activation of the MAPK path-
way, which in turn stimulates KCC2b promoter activity. As in
vivo the MAPK pathway is used by various signaling mechanism,
it remains for future studies to elucidate whether and how other
MAPK signaling mechanisms can synergize to cause the develop-
mental upregulation of KCC2 during embryonic and early post-
natal development.
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