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Excitatory GABA Action Is Essential for Morphological
Maturation of Cortical Neurons In Vivo
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GABA exerts excitatory actions on embryonic and neonatal cortical neurons, but the in vivo function of this GABA excitation is essentially
unknown. Using in utero electroporation, we eliminated the excitatory action of GABA in a subpopulation of rat ventricular progenitors
and cortical neurons derived from these progenitors by premature expression of the Cl � transporter KCC2, as confirmed by the changes
in the reversal potential of GABA-induced currents and the resting membrane potential after GABAA receptor blockade. We found that
radial migration to layer II/III of the somatosensory cortex of neurons derived from the transfected progenitors was not significantly
affected, but their morphological maturation was markedly impaired. Furthermore, reducing neuronal excitability of cortical neurons in
vivo by overexpressing an inward-rectifying K � channel, which lowered the resting membrane potential, mimicked the effect of prema-
ture KCC2 expression. Thus, membrane depolarization caused by early GABA excitation is critical for morphological maturation of
neonatal cortical neurons in vivo.
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Introduction
GABA is the main inhibitory neurotransmitter in the adult mam-
malian brain and exerts its effects through the activation of both
ionotropic and metabotropic GABA receptors. However, GABA
produces excitatory actions in the embryonic and neonatal brain
(Ben-Ari, 2002). In vitro studies have suggested that early GABA
action may serve trophic functions, including cell proliferation,
neuronal migration, and neurite growth (Represa and Ben-Ari,
2005), but in vivo evidence for these functions has been elusive.
The early excitatory action of GABA is attributable to a high
intracellular Cl� concentration ([Cl�]i), which sets the reversal
potential for Cl� currents (ECl) through GABAA receptors at a
level more positive than the resting potential. Developmental
upregulation of the neuron-specific K�-Cl� cotransporter
KCC2 lowers [Cl�]i (Rivera et al., 1999; DeFazio et al., 2000)
during the postnatal period, resulting in a hyperpolarizing shift in
ECl and a conversion of GABA action from excitation to inhibi-
tion. In embryonic and neonatal neurons, GABA-induced mem-
brane depolarization may generate action potentials, activate
voltage-dependent Ca 2� channels, and facilitate opening of
NMDA receptors, leading to a rise of the intracellular Ca 2� con-
centration and activation of a wide-range of Ca 2�-dependent
processes during development.

Newly born cortical neurons undergo extensive migration be-
fore reaching their final destination in the brain. In rodents, glu-
tamatergic neurons are generated in the ventricular zone (VZ)
and subventricular zone (SVZ) of the developing cortex and mi-
grate under the guidance of radial glia toward the developing
cortical plate (CP), leading to the formation of the characteristic
layered structure of the cortex (Kriegstein, 2005). In cultures of
cortical slices, GABA receptor activation influenced the move-
ment and migration of immature cortical neurons (Owens and
Kriegstein, 2002); activation of GABAC and GABAB receptors
promoted migration out of the VZ and intermediate zone (IZ),
respectively, whereas GABAA receptor activation provided a stop
signal once the cell reached the CP (Behar et al., 1996, 1998, 2000,
2001). Some of the GABA effects on migration required mem-
brane depolarization and Ca 2� elevation (Behar et al., 1996,
1998), consistent with the excitatory action of GABA in develop-
ing neurons. In addition to the effects on migration, neurite
growth was influenced by GABAA receptor activation in various
systems (Barbin et al., 1993; Marty et al., 1996; Maric et al., 2001;
Tapia et al., 2001; Borodinsky et al., 2003), an effect that could be
reproduced by agents that elevate GABA synthesis or activate
L-type Ca 2� channels (Maric et al., 2001; Tapia et al., 2001; Boro-
dinsky et al., 2003). Interestingly, neurite growth could also be
antagonized by furosemide, which inhibits Cl� transporters
(Maric et al., 2001), again suggesting the involvement of GABAA

receptor activation and Ca 2� elevation.
Despite the documented in vitro effects of excitatory GABA,

the role of GABA excitation in early cortical development in vivo
has been unclear. Mice with genetic deletion of key genes of the
GABAergic system exhibited no obvious defects in brain devel-
opment (Asada et al., 1997; Ji et al., 1999; Heinen et al., 2003),
although detailed morphological examination of cortical neu-
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rons has not been performed for these mice. In the present study,
we used in utero electroporation to specifically eliminate the ex-
citatory action of endogenous GABA on a subpopulation of
newly born cortical neurons, by shifting the ECl through prema-
ture expression of KCC2, to determine whether in vitro actions of
excitatory GABA also exist in vivo for cortical neurons in their
native environment. We found that eliminating excitatory GABA
action resulted in severe impairment of the morphological mat-
uration of cortical neurons in vivo, without significant effect on
their radial migration.

Materials and Methods
In utero electroporation. Timed-pregnant Sprague Dawley rats (Charles
River Laboratories, Wilmington, MA) were anesthetized at stage embry-
onic day 17 (E17) to E18 with isoflurane (3.5% during induction, 2.5%
during surgery), and the uterine horns were exposed by way of a laparot-
omy. Saline solution containing the expression vector of interest (2 mg/
ml) together with the dye Fast Green (0.3 mg/ml; Sigma, St. Louis, MO)
was injected (1–2 �l) through the uterine wall into one of the lateral
ventricles of the embryos using a 30.5 ga needle (BD Biosciences, San
Jose, CA). Each embryo’s head was held between tweezer-type circular
electrodes (diameter, 1 cm; model 522; Harvard Apparatus, Holliston,
MA) across the uterus wall and five electrical pulses (amplitude, 50 V;
duration, 50 ms; intervals, 100 ms) were delivered with a square-wave
electroporation generator (model ECM 830; Harvard Apparatus). The
uterine horns were then returned into the abdominal cavity, the wall and
skin were sutured, and embryos were allowed to continue their normal
development. Control embryos electroporated with the enhanced green
fluorescent protein (EGFP) construct and embryos electroporated with
KCC2/EGFP or Kir/EGFP construct (for definitions, see below, Expres-
sion vectors) were obtained from the same litter, and the injections were
made on the left and right ventricles, respectively, for later identification.
The Kir/EGFP construct was coelectroporated with a vector expressing
YFP (yellow fluorescent protein). In a set of control experiments, a vector
expressing Tomato (for definition, see below, Expression vectors) was
cotransfected together with either EGFP or KCC2/EGFP. All animal pro-
tocols were approved by the Animal Care and Use Committee of the
University of California at Berkeley.

Expression vectors. The cDNA encoding KCC2 was cloned into pCAG-
IRES-EGFP (gift from X. Zhang, Institute of Neurosciences, Shanghai,
China). The pCAG-Kir2.1-IRES-EGFP vector was a gift from C. Wang
(Institute of Neurosciences, Shanghai, China), and pCAG-IRES-
tdTomato was created by substituting tdTomato (gift from R. Tsien,
University of California, San Diego, La Jolla, CA) for EGFP in pCAG-
IRES-EGFP constructs. The expressing vectors pCAG-IRES-EGFP,
pCAG-KCC2-IRES, pCAG-Kir2.1-IRES-EGFP, and pCAG-IRES-
tdTomato are thereafter termed “EGFP,” “KCC2/EGFP,” “Kir2.1/
EGFP,” and “Tomato,” respectively. These constructs bear a modified
chicken �-actin promoter with a cytomegalovirus-immediate early en-
hancer, which confers high and long-lasting in vivo expression of both the
protein of interest and EGFP. Rat KCC2 cDNA has been described pre-
viously (Fiumelli et al., 2005). As a control, we generated the loss-of-
function mutant C568A-KCC2 with the QuikChange XL site-directed
mutagenesis kit (Stratagene, La Jolla, CA). The same substitution of this
conserved cysteine (568 in rat) has been previously shown to render the
human KCC2 inactive under both isotonic and hypotonic conditions
when expressed in Xenopus oocytes (Reynolds et al., 2004).

Immunostaining. Perinatal (E18 –P1) brains were fixed directly in 4%
paraformaldehyde/PBS. Postnatal (�P2) brains were fixed by transcar-
dial perfusion of 4% paraformaldehyde/PBS. Brains were sectioned coro-
nally with a vibratome (model 3000; Vibratome, St. Louis, MO) at the
level of the somatosensory cortex, and the slices (70 �m) were immuno-
stained as free-floating sections. Samples were permeabilized in 0.3%
Triton X-100/PBS and blocked in PBS containing 5% NGS and 0.1%
BSA. Primary antibodies (rabbit anti-KCC2, 1:200; mouse anti-GFP,
1:500; mouse anti-neuronal nuclei (NeuN), 1:500; Millipore, Billerica,
MA) were incubated in the block solution. Immunostaining was detected
using fluorescently conjugated secondary antibodies [Alexa 488 and Al-

exa 568 (Invitrogen, San Diego, CA); Cy5 (cyanine 5), 2 �g/ml (Jackson
ImmunoResearch, West Grove, PA)]. In some experiments, brain sec-
tions were counterstained with Neurotrace Nissl 640/660 (Invitrogen).
Finally, samples were mounted in Vectashield (Vector Laboratories, Bur-
lingame, CA), and examined with confocal microscopy. For experiments
on migration performed at P14, the EGFP fluorescence signal was di-
rectly acquired (without GFP immunostaining) by confocal microscopy.

Confocal images acquisition. For analysis of migration at E21–P6, im-
ages from sections immunostained for GFP and counterstained with
Nissl staining were acquired on a confocal laser-scanning microscope
(DM IRBE; Leica Microsystems, Bannockburn, IL) equipped with a 10�
dry objective [numerical aperture (NA), 0.3]. Confocal images (30-�m-
thick z-stacks) of two entire slices for each experimental animal were
acquired, and Z-series of confocal images were projected to two-
dimensional (2-D) representations. For analysis of cortical organization
at P14, images from sections immunostained for NeuN only (no GFP
immunostaining) were acquired on the confocal laser-scanning micro-
scope equipped with a 10� dry objective (NA, 0.3). Confocal images
(one single focal plane) of an entire slice for each experimental animal
were acquired, and the contrast of the images was adjusted to enhance the
fluorescence of cell bodies while attenuating the signal from neuronal
processes to facilitate cell counting. For morphometric analysis, images
from GFP-immunostained sections were acquired on the confocal laser-
scanning microscope equipped with a 20� oil-immersion objective (NA,
0.7). Confocal images (50-�m-thick z-stacks) of three representative
fields for each animal were acquired: one field in a zone of the slice with
high density of transfected cells and two fields in zones of low density of
transfected neurons. Z-series of confocal images were projected to 2-D
representations, and neurites were traced and quantified with the Neu-
ronJ software (Meijering et al., 2004) (http://rsb.info.nih.gov/ij/). The
total neurite length and branch number of each individual neuron were
computed. Only fields with a low density of transfected neurons were
used to quantify the neuritic length and number. For each litter of ani-
mals, all sections were acquired in a random order and in a single session
to minimize errors caused by fluctuation in laser output and degradation
of fluorescence. The image acquisition and data analysis were performed
in a blind manner.

Electrophysiology. Coronal cortical slices were prepared from rats (P0 –
P15) electroporated with EGFP, KCC2/EGFP, or Kir/EGFP, as described
previously (Fiumelli et al., 2005). Whole-cell perforated-patch record-
ings were made from neurons in the VZ or layer II/III of the somatosen-
sory cortex. Neurons derived from electroporated progenitor cells were
identified by EGFP fluorescence using an upright fluorescence micro-
scope (E600 FN; Nikon, Tokyo, Japan). Glass micropipettes (resistance,
3–5 M�) were tip-filled with an internal solution of 150 mM KCl or CsCl
and 10 mM HEPES (�300 mOsm, pH 7.3) and back-filled with the same
solution containing 40 �g/�l gramicidin A (Sigma). For experiments
using amphotericin B, pipettes were tip-filled with an internal solution
consisting of (in mM) 154 K-Gluconate, 9 NaCl, 1 MgCl2, 1 HEPES, and
0.2 EGTA, and then back-filled with the same internal solution contain-
ing amphotericin B (200 �g/ml; EMD Biosciences, La Jolla, CA). The
external bath solution contained (in mM) 124 NaCl, 2.8 KCl, 2 MgSO4,
1.25 NaH2PO4, 2 CaCl2, 26 NaHCO3, and 12 D-glucose (�310 mOsm,
pH 7.4), was oxygenated with 95% O2 and 5% CO2, and was used for
continuous perfusion (1.5 ml/min) of the slices at 22°C. In some exper-
iments, TTX (1 �M; Sigma) and LaCl3 (30 �M; Sigma) were added to the
extracellular solution to block voltage-gated Na � and Ca 2� currents,
respectively. Recordings were made with a patch-clamp amplifier (Axo-
patch multiclamp 700A; Molecular Devices, Union City, CA); data were
sampled at 10 kHz, filtered at 5 kHz, and analyzed with pClamp 8.0
software (Molecular Devices). The ECl in P0 and P1 VZ neurons was
estimated by measuring the peak depolarization/hyperpolarization pro-
duced by a saturating puff of GABA (1 mM; 20 ms; Sigma) applied at the
soma of the cell with a micropipette coupled to an electrically gated
pressure valve (picospritzer), using gramicidin perforated-patch record-
ings in current-clamp mode. For each experiment, ECl measurements
were performed in triplicate at 1 min intervals. In some cases, two repeats
with membrane potential current clamped at two different potentials
were performed with a 1 min interval. To determine the ECl in P4 –P15
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animals, we performed gramicidin perforated-
patch recordings in voltage-clamp mode. The
holding potential was varied in 10 mV incre-
ments and measurements of IPSC amplitudes
in response to exogenous GABA pulses (100
�M; 20 –50 ms; at 15 s intervals) applied near the
soma were performed. Linear regression was
used to calculate a best-fit line for the voltage
dependence of GABA-induced currents, and
the interpolated intercept of this line with the
abscissa was taken as the ECl value. For each
experiment, ECl measurements were performed
in triplicate at 3 min intervals. All recordings
were terminated and data were discarded if the
series resistance varied by �15% during the
course of the experiment or if the perforated
patch spontaneously ruptured into whole-cell
configuration, as evidenced by an ECl of �0 mV
or large depolarizing currents recorded in
current- or voltage-clamp mode, respectively.
To characterize tonic endogenous GABA-
induced currents, we substituted KCl with CsCl
in the gramicidin internal solution and re-
corded the membrane current [Vc (clamping
voltage), �60 mV; filtered at 2 kHz] before and
after bath addition of 150 �M bicuculline
(Sigma). To quantify the number of spikes, cells
were recorded in current-clamp mode after
whole-cell configuration was established in
voltage-clamp mode. Cells were injected with
depolarizing step currents (4 pA increments;
300 ms duration). To generate the “input– out-
put curve”, the mean number of spikes for each
current injection step was obtained from each
experiment performed in triplicate. Resting
membrane potentials were measured in the ab-
sence of current injection.

Statistical analysis. Statistical analysis was
performed with t test or ANOVA and post hoc
comparison. For datasets of non-normal distri-
bution, the nonparametric Kruskal–Wallis
one-way ANOVA test was used. All results were
expressed as mean � SEM.

Results
Premature KCC2 expression in newly
born cortical neurons in vivo
In the developing rat neocortex, postnatal
expression of KCC2 results in the switch of
GABA action from excitation to inhibition
by the end of the second postnatal week
(Owens et al., 1996; Clayton et al., 1998). In immature cultured
neurons, we have shown that KCC2 overexpression shifts ECl

toward more negative values and prevents GABA-induced Ca 2�

elevation (Fiumelli et al., 2005). In the present study, we aimed
for an early termination of GABA excitation in vivo by premature
expression of KCC2 in a subpopulation of newly generated cor-
tical neurons. We injected a bicistronic construct encoding KCC2
and EGFP or an EGFP construct into the lateral ventricle of E17–
E18 rat embryos and transferred it into neural progenitor cells by
in utero electroporation (Saito and Nakatsuji, 2001). After allow-
ing normal embryonic development in vivo, immunostaining for
KCC2 and GFP was performed on brain slices obtained from
P0 –P1 rats. High-level expression of EGFP was detectable in
some neurons for rats transfected with KCC2/EGFP or with
EGFP alone (Fig. 1a,b). Strong KCC2 staining, which colocalized
with EGFP fluorescence (Fig. 1b), was present in CP and VZ of

KCC2/EGFP-transfected cortices, indicating that endogenous
KCC2 is expressed at a very low level at P0 and that in utero
electroporation allowed premature expression of KCC2 in a sub-
population of VZ progenitors and those cortical neurons derived
from these cells (Fig. 1b).

Eliminating GABA excitation by premature KCC2 expression
The effectiveness of premature KCC2 expression in eliminating
GABA excitation was examined by estimating ECl with gramici-
din perforated-patch recording (Kyrozis and Reichling, 1995) in
cells in the VZ of acute cortical slices from P0 –P1 rats that were
electroporated with either KCC2/EGFP or EGFP constructs at
E18 (Fig. 1c). Gramicidin forms membrane pores permeable to
monovalent cations and small uncharged molecules but not to
Cl�, thereby leaving [Cl�]i undisturbed and permitting a reliable
estimate of ECl. Because the proliferating VZ cells are electrically

Figure 1. Premature expression of KCC2 in cells in the VZ caused a positive shift in ECl. a, Confocal images of coronal sections of
somatosensory cortices of P0 rats transfected via in utero electroporation with EGFP or KCC2/EGFP construct and immunostained
for GFP and KCC2. KCC2 and EGFP were expressed in a subpopulation of neurons distributed throughout the developing cortex.
White dotted lines mark boundaries between different regions of the developing cortex. Scale bar, 100 �m. b, Higher-
magnification images of the CP (top two panels) and the VZ/SVZ (bottom two panels) as in a. Note colocalization of KCC2 and EGFP
in KCC2/EGFP-transfected neurons. Scale bar, 50 �m. c, Schematic representation of the slice-recording configuration for ECl

measurements at P0. d, Examples of membrane voltage responses elicited by puffing saturating concentration of GABA at the
soma of VZ cells in acute slices of somatosensory cortex from P0 and P1 rats, which were transfected with KCC2/EGFP (red) or EGFP
(green). Untransfected cells from the same slices were used as the control (gray). Two repeats with membrane potential current
clamped at two different potentials were performed with a 1 min interval. Calibration: 500 ms, 10 mV. e, ECl values estimated by
GABA puffing for P0 and P1 untransfected control neurons (gray) or neurons transfected with EGFP only (green) or with KCC2/EGFP
(red). Each data point (open symbol) represents the result from one neuron, and the average value (�SEM) is indicated on the
right. Data for KCC2/EGFP-transfected cells were significantly different from those for untransfected (control) or EGFP-transfected
cells ( p � 0.001, one-way ANOVA; p � 0.05, post hoc Holm-Sidak method).
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coupled through gap junctions (LoTurco et al., 1995) and there-
fore difficult to voltage clamp, we estimated ECl in VZ cells using
current clamp (Owens et al., 1996) by measuring the peak depo-
larization or hyperpolarization produced by a saturating dose of
GABA (1 mM; 20 ms) at the cell soma. Bath application of TTX (1
�M) and La 3� (30 �M) were used to block Na� and Ca� cur-
rents, respectively, and Cs� (150 mM) was present in the internal
solution of the microelectrode to block K� channels. In these
conditions, the value of the peak membrane potential induced by
the GABA pulse represents an estimate of ECl (Owens et al., 1996).
As shown by the example recordings in Figure 1d, we found that
the GABA pulse induced depolarization of the membrane poten-
tial to approximately �35 mV in both untransfected control cells
and cells expressing EGFP alone, whereas the same GABA pulse
induced hyperpolarization to approximately �70 mV in KCC2/
EGFP-expressing cells. Summary of all recordings showed that
premature KCC2 expression resulted in a shift of ECl from
�34.9 � 2.3 mV in control cells to �67.9 � 1.9 mV in KCC2 cells
(Fig. 1e), a value close to that attained during normal develop-
ment (for comparison, see Fig. 5c) and more negative than the
resting membrane potential (�54.7 � 1.4 mV; n 	 5; KCC2
cells), consistent with a conversion of GABA action from excita-
tion to inhibition.

Neuronal migration is unaffected by
eliminating GABA excitation in vivo
The functional consequence of premature
KCC2 expression on cortical development
was first examined for the radial migration
of newly generated cortical neurons over a
period ranging from E18 to P6. At E19, 2 d
after electroporation, EGFP-labeled cells
in coronal slices of the somatosensory cor-
tex were found almost exclusively in the
VZ and SVZ (Fig. 2a). By E21, EGFP cells
appeared to spread across the cortex from
the VZ to the CP (Fig. 2a). During the first
few postnatal days, the percentage of EGFP
cells reaching the CP increased gradually,
with essentially all fluorescent cells resid-
ing in layer II/III by P6 (Fig. 2a). At all ages
examined, we found no significant differ-
ence in the distribution and total number
of cells expressing either KCC2/EGFP or
EGFP alone (Fig. 2b). We note that, as in-
dicated by the ECl measurements described
above for VZ cells in P0 –P1 cortices,
KCC2/EGFP-transfected cells were un-
likely to experience any GABA excitation
during the course of their radial migration.

To study in more detail whether excita-
tory GABA was important in the fine cor-
tical layering of the cortex, we examined
animals at P14 when the characteristic six-
layer structure of the somatosensory cor-
tex was clearly discernible (Fig. 3a,b). As
shown in Figure 3a, we did not find any
significant difference in the distribution of
KCC2/EGFP or EGFP neurons across the
cortical layers at P14. To quantify the
number of cells that reached the different
cortical layers, sections of the somatosen-
sory cortex were immunostained for the
neuronal marker NeuN, and cells stained

positive for NeuN and expressing EGFP were counted along the
cortical thickness (Fig. 3b,d). We found that the distribution of
KCC2/EGFP-expressing neurons was similar to that of EGFP-
expressing cells (Fig. 3b– d). Normalization for the variation of
neuronal density in different layers, as revealed by NeuN staining,
further indicated a selective but similar accumulation of KCC2/
EGFP and EGFP-expressing neurons in layer II/III (Fig. 3e).
Thus, premature switch from GABAergic excitation to inhibition
did not affect radial migration and cortical distribution of the
subpopulation of cortical neurons that were derived from pro-
genitor cells transfected at E17 or E18.

GABA excitation is critical for morphological maturation of
cortical neurons in vivo
We then investigated whether the morphology of KCC2/EGFP-
expressing neurons was affected at P4 –P6, when the level of en-
dogenous KCC2 expression remains low in control animals, but
neurons have completed their radial migration and started to
exhibit complex dendritic arborization (Fig. 4a). Measurements
of ECl were performed on KCC2/EGFP- and EGFP-expressing
neurons as well as untransfected cells in layer II/III by examining
the current–voltage relationship of GABA-induced currents at
the cell body, under the voltage-clamp condition. We found that,

Figure 2. Premature expression of KCC2 did not affect neuronal migration. a, Representative confocal images of coronal
sections of rat somatosensory cortex at different days after in utero electroporation of the EGFP or KCC2/EGFP construct (at E17).
Sections were immunostained for GFP (green) and counterstained with fluorescent Nissl stain (blue). White dotted lines mark
boundaries between different regions of the developing cortex. Scale bar, 200 �m. b, Quantification of the number of neurons
expressing either EGFP only (green) or KCC2/EGFP (red) residing at the VZ, IZ, or CP (marked in a) at different developmental ages,
as a percentage of the total number of fluorescent cells in the same section. Data represent mean � SEM. Data for KCC2/EGFP cells
were not significantly different from those for EGFP-only cells observed at all ages ( p � 0.001, one-way ANOVA). Numbers in
parentheses refer to the total number of rats processed.
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compared with control cells, KCC2/EGFP
expression resulted in more negative
ECl (�72.1 � 2.3 mV in KCC2-overex-
pressing cells; �52.1 � 2.2 mV in control
neurons) (Fig. 4b,c). Because the average
resting potential was �64.7 � 1.0 mV
(n 	 21) in KCC2/EGFP cells and �60.0 �
1.5 mV (n 	 33) in control cells, the GABA
action would be excitatory for controls
and inhibitory for KCC2/EGFP-trans-
fected neurons. Moreover, although pre-
mature KCC2 expression had no signifi-
cant effect on the radial migration of
cortical neurons, morphological matura-
tion of these neurons after their arrival at
layer II/III was greatly affected. At P6,
KCC2-expressing cells exhibited fewer and
shorter dendritic processes, with very few
of them projecting into layer I, compared
with control cells expressing EGFP alone
(Fig. 4d). Projected images of typical neu-
rons (Fig. 4e) and samples of recon-
structed neurons (Fig. 4f) all showed pro-
nounced reduction in the total neurite
length and branch number in KCC2/
EGFP-expressing cells, compared with
cells expressing EGFP only (Fig. 4g).

We also examined the morphology of
KCC2/EGFP-expressing neurons at P14,
when the GABA switch from excitation to
inhibition is completed (Owens et al.,
1996) and the effect of premature KCC2
expression is likely to have been accumu-
lated. We found that at P14, endogenous
KCC2 expression was higher than that
found in P6 animals (compare Figs. 4a,
5a), although the level in EGFP-expressing
cells remained lower than that in KCC2/
EGFP-expressing cells. Interestingly, the
ECl found in control P14 animals was not
significantly different from that attained
in KCC2/EGFP-overexpressing cells (Fig.
5b,c), indicating that overexpressing
KCC2 had set a rather physiological ECl in
these neurons. As shown in Figure 5d, the
morphological impairment of KCC2/
EGFP-overexpressing cells found at P14
was more pronounced than that found at
P6 (for comparison, see Fig. 4d). Projected
images of typical transfected neurons (Fig.
5e) and samples of reconstructed neurons
(Fig. 5f) at P14 all showed pronounced
reduction in the total neurite length
and branch number in KCC2/EGFP-
expressing cells, compared with cells expressing EGFP only (Fig.
5g). Thus, the disrupted morphological maturation of cortical
neurons caused by premature KCC2 expression had persisted in
P14 animals after the high-level expression of endogenous KCC2
had occurred.

The apparent morphological impairment described above
was not attributable to the use of the bicistronic construct that
drove KCC2 expression upstream of EGFP, a condition that may
have resulted in a reduced efficiency of EGFP expression, leading

to a poor resolution of dendritic processes in KCC2/EGFP-
expressing cells compared with cells expressing EGFP only. This
possibility was excluded by cotransfecting a plasmid carrying a
red fluorescent protein (Tomato) sequence together with KCC2/
EGFP or EGFP. For cells that expressed both Tomato and KCC2/
EGFP or EGFP, we found that the neuronal morphology revealed
by the green and red fluorescence was identical (supplemental
Fig. S1, available at www.jneurosci.org as supplemental mate-
rial). Thus, the morphological impairment in KCC2/EGFP-

Figure 3. Premature expression of KCC2 did not affect cortical layering. a, Confocal images of coronal sections of P14 somato-
sensory cortex of rat transfected via in utero electroporation with KCC2/EGFP or EGFP. Slices were stained for the neuronal marker
NeuN (blue) to highlight cortical layers. Scale bar, 200 �m. b, Representative images of EGFP fluorescence and NeuN immuno-
fluorescence for a typical section of a P14 rat transfected with EGFP. c, The number of EGFP � cells (in 50 �m bins) with respect to
cortical depth in the EGFP and KCC2/EGFP-transfected animals. The number of NeuN � cells was obtained by averaging the
sections from KCC2/EGFP and EGFP animals, because they were not significantly different ( p � 0.001, two-way ANOVA). d,
Representative images of a typical section of a P14 rat transfected with KCC2/EGFP as in b. e, Accumulation of EGFP � cells in
different cortical layers, as indicated by the ratio of EGFP � and NeuN � cells at each 50 �m bin (from dataset in c) along the
cortical axis. Numbers in parentheses represent the total number of rats analyzed.
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transfected neurons was not attributable
to poor EGFP expression of the KCC2/
EGFP construct.

To test whether the observed morpho-
logical effect in KCC2/EGFP-expressing
cells was caused by the specific Cl� trans-
porter function of KCC2, we performed
experiments using a mutated form of
KCC2 (mtKCC2), which was defective in
Cl� transporter activity (see Materials and
Methods) and therefore ineffective in pre-
venting GABA-induced Ca 2� elevation in
transfected young cortical neurons in vitro
(supplemental Fig. S2, available at www.
jneurosci.org as supplemental material).
We found that overexpression of mtKCC2
resulted in no morphological impairment
of cortical neurons at P14 (Fig. 5d,g).
Thus, the observed morphological effect in
KCC2-transfected neurons was attribut-
able to the altered Cl� transporter activity
that eliminated the GABA excitation.

Young cortical neurons are under tonic
GABA excitation
Tonic activation of GABAA receptors is ev-
ident in many brain regions of young ani-
mals (Owens et al., 1996; Farrant and
Nusser, 2005). In our experimental condi-
tions, we found that cells and processes
positive for the GABA-synthesizing en-
zymes glutamic acid decarboxylase 65
(GAD65) and GAD67 were abundantly
present across the cortex at all ages exam-
ined (supplemental Fig. S3, available at
www.jneurosci.org as supplemental mate-
rial), consistent with previous findings
(Lauder et al., 1986; Marin-Padilla, 1998;
Lavdas et al., 1999). Using gramicidin
perforated-patch recording, we measured
membrane currents before and after
bath application of bicuculline to non-
transfected (control) and KCC2/EGFP-
expressing neurons (Vc, �60 mV) in acute
somatosensory cortical slices from P4 –P6
rats that had been electroporated at E18.
As shown in Figure 6a,b, treatment with
bicuculline (150 �M) resulted in an out-
ward shift of the baseline membrane cur-
rent in control neurons, revealing the pres-
ence of a tonic depolarizing current caused
by endogenously secreted GABA in these
slices. This is consistent with excitatory
GABA actions at this stage of cortical de-
velopment. In contrast, we found that in
the same slices, the bicuculline treatment
resulted in an inward shift of the mem-
brane current in KCC2/EGFP-expressing
neurons, consistent with the conversion of
the endogenous tonic GABA action from
excitation (depolarizing) to inhibition
(hyperpolarizing) by premature KCC2 ex-
pression. Moreover, we found that the

Figure 4. GABA excitation was essential for morphological maturation. a, Confocal images of coronal sections of somatosen-
sory cortices of P4 rats transfected via in utero electroporation with or KCC2/EGFP construct and immunostained for GFP and KCC2.
Scale bar, 200 �m. b, Examples of I–V relationships for membrane current responses elicited by puffing GABA at the soma of layer
II/III neurons in acute slices of somatosensory cortex from P4 –P6 rats, which were transfected with KCC2/EGFP (red, 2 repeats
spaced by 3 min) or EGFP (green). Insets, Sample traces of GABA-induced currents at different holding potentials. Calibration: 100
ms, 100 pA. c, ECl values determined by GABA puffing for P4 –P6 neurons untransfected (gray) or transfected with EGFP only
(green) or with KCC2/EGFP (red). Data points represent results from single neurons (open diamonds), and the average value
(�SEM) is indicated on the right. Data for KCC2/EGFP-transfected cells were significantly different from that of untransfected
(control) or EGFP-transfected cells ( p � 0.001, one-way ANOVA; p � 0.05, post hoc Holm-Sidak method). d, Representative GFP
immunostaining showing regions with a high density of EGFP-expressing neurons in layer II/III coronal sections of P6 somatosen-
sory cortices, which were transfected with EGFP and KCC2/EGFP. Scale bar, 100 �m. e, Examples of the 2-D projection of confocal
images of single neurons at P6 in regions with a low density of EGFP-expressing cells, from sections of rat cortices transfected with
EGFP or KCC2/EGFP. Scale bar, 100 �m. f, Tracing of 2-D projection of the dendritic arbor of 20 randomly sampled neurons in layer
II/III of P6 cortices transfected with EGFP or KCC2/EGFP. Scale bar, 100 �m. g, Total dendritic length and branch number of cortical
neurons at P6 transfected with EGFP or KCC2/EGFP. Data represent mean � SEM. For both parameters, the values of KCC2/EGFP-
transfected cells were different from those of EGFP-transfected cells ( p � 0.001, Kruskal–Wallis one-way ANOVA; p � 0.05, post
hoc Dunn’s method). Numbers in parentheses refer to the total number of cells/rats analyzed.
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average membrane potential of control
cells (EGFP-transfected and -nontrans-
fected cells; �60.0 � 1.5 mV; n 	 33) was
more depolarized than that of KCC2/
EGFP-transfected cells (�64.7 � 1.0 mV;
n 	 21; Student’s t test, p � 0.05), con-
firming the presence of a tonic GABA ac-
tion on these neurons.

The small steady excitatory/inhibitory
membrane current caused by tonic
GABAA receptor activation was sufficient
to influence action potential initiation in
these young cortical neurons. We mea-
sured the number of action potentials
(“output”) of these cells (at P5–P6) in re-
sponse to graded steps of depolarizing cur-
rents (“input”) in nontransfected (con-
trol) and KCC2/EGFP-expressing cells
before and after application of bicuculline
(Fig. 6c). Over the same range of injected
currents, control cells fired more action
potentials than KCC2/EGFP-expressing
cells did ( p � 0.0001, one-way repeated-
measures ANOVA; p � 0.05, post hoc
Holm-Sidak method). Bicuculline treat-
ment decreased the firing of control cells
but increased the firing of KCC2/EGFP-
expressing cells, as indicated by the right-
ward versus leftward shift of the input–
output curve, respectively (Fig. 6d).
Furthermore, in younger neurons (P4),
which were more resistant to excitation by
depolarizing currents and in which a
maximum of only one action potential
could be elicited, we found that after bicu-
culline treatment, the current threshold
for firing action potentials became higher
in control neurons but lower in KCC2-
overexpressing neurons (data not shown).
Together, these results all support the no-
tion that tonic GABA action is excitatory
in P4 –P6 control cortical cells and prema-
ture KCC2 expression in these cells con-
verts the GABA action into inhibition.

Kir2.1 expression is sufficient to impair
morphological maturation of
cortical neurons
If the GABA effect on morphological mat-
uration were caused by neuronal excita-
tion, then reducing excitation during early
development should impair morphologi-
cal maturation of cortical neurons. To test
this hypothesis, we overexpressed the
inward-rectifier K� channel Kir2.1 in
newly generated cortical neurons, a ma-
nipulation that decreases neuronal excit-
ability by hyperpolarizing the membrane
potential (Hartman et al., 2006). Rat em-
bryos were electroporated at E18 with a
construct encoding Kir and EGFP, and
transfected neurons were recorded in
acute slices of P8 animals with amphoter-

Figure 5. The effect of excitatory GABA on dendritic morphology observed at P14. a, Confocal images of coronal sections of
somatosensory cortices of P14 rats transfected via in utero electroporation with EGFP or KCC2/EGFP construct and immunostained
for GFP and KCC2. Scale bar, 200 �m. b, Examples of I–V relationships for membrane current responses elicited by puffing GABA
at the soma of layer II/III neurons in acute slices of somatosensory cortex from P14 rats, which were transfected with KCC2/EGFP
(red, 2 repeats spaced by 3 min) or EGFP (green). Insets, Sample traces of GABA-induced currents at different holding potentials.
Calibration: 100 ms, 100 pA. c, ECl values determined by GABA puffing for P14 and P15 neurons untransfected (gray) or transfected
with EGFP only (green) or with KCC2/EGFP (red), presented similarly to those of Figure 4c. Data for KCC2/EGFP cells were not
significantly different from those for control or EGFP cells ( p � 0.001, one-way ANOVA). d, Representative GFP immunostaining
showing regions with a high density of EGFP-expressing neurons in layer II/III coronal sections of P14 somatosensory cortices,
which were transfected with EGFP, KCC2/EGFP, or mtKCC2/EGFP. Scale bar, 100 �m. e, Examples of the 2-D projection of confocal
images of single neurons at P14 in regions with a low density of EGFP-expressing cells, from sections of rat cortices transfected
with EGFP or KCC2/EGFP. Scale bar, 100 �m. f, Tracing of the 2-D projection of the dendritic arbor of 20 randomly sampled neurons
in layer II/III of P14 cortices transfected with EGFP or KCC2/EGFP. Scale bar, 100 �m. g, Total dendritic length and branch number
of cortical neurons at P14, transfected with EGFP or KCC2/EGFP. Data represent mean � SEM. For both parameters, the values of
KCC2/EGFP-transfected cells were different from those of EGFP- and mtKCC2/EGFP-transfected cells ( p � 0.001, Kruskal–Wallis
one-way ANOVA; p � 0.05, post hoc Dunn’s method), but no difference was found between EGFP and mtKCC2/EGFP cells ( p �
0.05). Numbers in parentheses refer to the total number of cells/rats analyzed.
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icin perforated-patch recording. We found that overexpression
of Kir resulted in a membrane potential (�76.9 � 1.8 mV; n 	
15) substantially more negative than that of control neurons
from the same slices (�59.4 � 1.2 mV; n 	 11). Furthermore,
Kir-transfected cells exhibited fewer spikes in response to graded
steps of depolarizing currents (Fig. 7a) and an input– output
curve shifted significantly toward the right (Fig. 7b). Importantly,
compared with cortical cells expressing EGFP alone, Kir-
transfected cells showed defective morphological maturation at
P14, with the neurite length and branch number markedly re-
duced (Fig. 7d–f) and short dendritic processes that failed to
reach layer I (Fig. 7c). These defects found in Kir-expressing neu-
rons indicated that reducing membrane depolarization was suf-
ficient to impair morphological maturation of these developing
cortical neurons.

Discussion
The results from the present study shed new light on the function
of excitatory GABA during early cortical development in vivo. We

found that eliminating the excitatory ac-
tion of GABA by premature KCC2 expres-
sion during perinatal development im-
paired the morphological maturation of
cortical neurons, without affecting their
radial migration to layer II/III of the so-
matosensory cortex. Electrophysiological
recordings from cortical neurons in acute
slices showed the presence of tonic excita-
tion by endogenously secreted GABA and
the conversion of tonic GABA action from
excitation to inhibition by KCC2 transfec-
tion. Moreover, reducing neuronal excitabil-
ity by overexpressing Kir2.1 in vivo partially
mimicked the effect of premature KCC2 ex-
pression on morphological maturation. To-
gether, these findings indicate that the depo-
larization caused by GABA signaling is
essential for morphological maturation of
neonatal cortical neurons in vivo.

Overexpression of KCC2 or Kir was ac-
complished by using in utero electropora-
tion. This technique allowed us to overex-
press proteins in developing cortical
neurons for a substantial period during
early development in vivo, with three no-
table features: first, we transfected the em-
bryos only at E17–E18, leaving their earlier
development unperturbed. Second, the
transfection was targeted only to a small
number of VZ progenitor cells that gave
rise to a subpopulation of layer II/III cor-
tical cells (�7% of the total number of
neurons in the transfected area) (Fig. 3c),
thus allowing examination of transfected
neurons in their native environment.
Third, because in utero electroporation of
VZ cells eventually results in transfection
of glutamatergic (pyramidal and spiny
stellate) but not GABAergic cells (Ha-
tanaka et al., 2004), we were examining the
function of excitatory GABA on develop-
ing glutamatergic neurons, presumably
without affecting endogenous GABA con-
centration in the cortex.

Excitatory GABAergic activities have been observed in various
regions of the developing brain of many species ranging from
reptiles to primates, suggesting that this is an evolutionarily con-
served feature of the developing brain (Ben-Ari, 2002). However,
despite many in vitro studies indicating trophic functions of
GABA for regulating proliferation, migration, and morphologi-
cal differentiation of developing neurons, there is very little in
vivo evidence confirming these observations. Surprisingly, mice
with deletion of genes coding for proteins responsible for GABA
signaling showed no obvious defects in brain development. For
example, mice with targeted deletion of genes coding for the
GABA-synthesizing enzymes GADs (Asada et al., 1997; Kash et
al., 1997) or for �1 or �3 subunit of GABAA receptor (Homanics
et al., 1997; Heinen et al., 2003) exhibited no gross abnormality in
cortical morphology, despite the altered GABAergic transmis-
sion. The lack of in vivo GABA effects in mice may be attributed to
compensatory mechanisms in knock-out mice or species-specific
effects. Indeed, parallel in vitro studies on mouse and rat cortical

Figure 6. Measurements of tonic GABA actions on cortical neurons. a, Example recordings showing that bicuculline application
(bar) resulted in a steady outward current in control cortical cells (top trace) but a steady inward current in KCC2/EGFP-expressing
cells (bottom trace). Recordings were performed at P4 –P6 from neurons in layer II/III of the somatosensory cortex. Calibration: 5 s,
10 pA. b, Summary of all data on tonic GABA-induced currents unmasked by the application of bicuculline. Open symbols represent
single cases, and histograms represent mean � SEM. The two sets of data were significantly different ( p � 0.001, t test). c,
Example recordings of membrane potential changes in untransfected control cortical cells (gray) or in KCC2/EGFP-expressing cells
(black), in responses to graded (4 pA steps) depolarizing currents (bottom), before and after application of bicuculline (Bicu).
Calibration: 200 ms, 20 mV. d, Input– output curves depicting the number of action potentials elicited by graded depolarizing
currents before (solid line) and after (dotted line) bicuculline application, in untransfected control cells and KCC2/EGFP-expressing
cells. Significant rightward and leftward shifts were found for these two groups of cells, respectively, after the bicuculline appli-
cation ( p � 0.05, Wilcoxon signed rank test). Recordings were performed at P5 and P6. n refers to the total number of cells
recorded.
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cultures performed by the same group
(Behar et al., 1999, 2000, 2001) suggested
that glutamate rather than GABA is more
important for migration of mouse but not
rat cortical neurons. Our in vivo study on
the rat brain permits a direct comparison
with in vitro rat studies reported
previously.

Although mice with gene knock-out in
the GABA system did not show gross ab-
normality in the brain structure, detailed
morphological examination of neurons
had not been performed. Indeed, more re-
cent studies have revealed subtle defects,
such as a larger ventromedial nucleus and
impaired dendritic spine in the visual cor-
tex in �1 and �3 knock-out mice (Dello-
vade et al., 2001; Heinen et al., 2003), re-
spectively. Moreover, maturation of
newborn granule cells was delayed in
GAD65 knock-out mice (Overstreet-
Wadiche et al., 2006). The unexpectedly
mild phenotype found in the mutant mice
of the GABAergic system may be attribut-
able to developmental compensation with
other transmitters (e.g., glycine, taurine,
and glutamate) substituting GABA for the
excitatory action (LoTurco et al., 1995;
Flint et al., 1998). Such compensation may
have been avoided by the present transfec-
tion method, which eliminated the early
GABA excitation only during a limited
perinatal period. Furthermore, potential
compensatory actions through glycine and
taurine would not be effective, because
both of these amino acids activate Cl�

channels (Hussy et al., 1997), and their ac-
tions are likely to be affected by KCC2 ex-
pression in the same manner as GABAer-
gic activity.

An in vivo role for excitatory GABA has
been suggested in the hippocampus and
dentate gyrus of adult rats, in which neu-
rogenesis begins before birth and contin-
ues throughout the adult life (Ming and
Song, 2005). Indeed, in vivo evidence has
recently been obtained for a trophic func-
tion of GABA in the development of newly
generated neurons in these regions of the
adult brain in a manner similar to the de-
velopment of neurons in the early develop-
ing brain, with the presence of excitatory
GABA action before the glutamatergic input
(Ming and Song, 2005; Overstreet et al.,
2005; Song et al., 2005; Overstreet-Wadiche
and Westbrook, 2006). These in vivo studies
have shown that excitatory GABA is in-
volved in neurogenesis, differentiation,
morphological maturation, and synapse for-
mation of adult newly generated hippocampal granule cells (Deis-
seroth et al., 2004; Tozuka et al., 2005; Ge et al., 2006). In particular,
conversion of GABAergic excitation into inhibition by reducing the
expression of Na�-K�-Cl� cotransporter NKCC1 impeded den-

dritic development of newly generated granule cells in the adult
hippocampus (Ge et al., 2006). Our finding on the morphological
effect of GABA excitation in the neonatal cortex is con-
sistent with the latter finding in the adult hippocampus,

Figure 7. Kir2.1 overexpression reduced neuronal firing and impaired morphological maturation. a, Example recordings show-
ing membrane voltage responses to graded steps (4 pA) of current injections (bottom), for untransfected control cells (gray) and
Kir/EGFP-expressing cells (black). Calibration: 200 ms, 20 mV. b, Input– output curves for untransfected control cells and Kir/EGFP-
expressing cells. Significant difference between the two groups of cells was found ( p � 0.0001, one-way repeated-measures
ANOVA; p � 0.05, post hoc Holm-Sidak method). Recordings were performed at P8. Numbers in parentheses refer to the total
number of cells recorded. c–f, Data from experiments similar to that in Figure 4, except that neurons were transfected with
Kir/EGFP instead of KCC2/EGFP. f, Both parameters were significantly different between the two groups ( p � 0.001, Kruskal–
Wallis one-way ANOVA; p � 0.05, post hoc Dunn’s method).
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although our perturbation of KCC2 expression resulted in more
pronounced morphological effects. Thus, despite the dramatic dif-
ferences in the environment of the developing cortex and adult
hippocampus, GABA excitation appears to be critical for neuronal
morphogenesis at all ages. The recent finding that KCC2 overexpres-
sion in ovo reduces innervation on choroid neurons in the peripheral
chick nervous system (Liu et al., 2006) is also consistent with a defect
in dendritic development.

Studies performed on a wide range of preparations suggest
that GABAergic signaling is present and functional very early in
the brain. In the germinative zones of the developing CNS, GABA
acts as an autocrine/paracrine excitatory signal to either promote
or inhibit cell proliferation, depending on the stage of differenti-
ation of neural progenitors (LoTurco et al., 1995; Haydar et al.,
2000; Liu et al., 2005). In the present study, we did not observe
differences between the number of EGFP- or KCC2/EGFP-
expressing neurons in proliferative zones or in the cortex. In
particular, at E19, when almost all cells reside in the in VZ/SVZ
(Fig. 2), the total number of transfected cells per section was
343 � 64 for EGFP animals and 300 � 76 for KCC2/EGFP em-
bryos. Moreover, at P6, when almost all cells have arrived at CP
(Fig. 2), the total number of transfected cells per section was
139 � 77 for control EGFP animals and 193 � 48 for KCC2/
EGFP embryos. Therefore, GABA excitation may not play an
important role in regulating the proliferation of cortical progen-
itor cells. However, we note that, because of the variation in the
amount of injected vectors in the ventricle, as well as in the place-
ment of the electrode during electroporation, it was difficult to
transfect the same number of cells consistently in each embryo.
Hence, the present approach may not be optimal for detecting a
difference in the proliferation of EGFP- and KCC2/EGFP-
expressing cells.

GABA acts as an excitatory trophic signal to promote or in-
hibit migration of perinatal neurons in cultures of cortical slices
or dissociated cells, depending on intrinsic cell properties and the
cell’s environment (Behar et al., 1996, 1998, 2000, 2001). How-
ever, in vivo studies using genetic models failed to confirm a role
for excitatory GABA on neuronal migration. For example, in
GAD65/67 double knock-out mice, which had only 0.02% of the
normal GABA level in the cortex, no obvious defect in the size or
layering pattern of the cortex was observed (Ji et al., 1999). In the
present work, we showed directly that eliminating the excitatory
action of GABA and of other transmitters activating Cl� conduc-
tances (e.g., glycine and taurine) did not affect the migration of a
subpopulation of developing cortical neurons in vivo. Notably,
we did not find any significant difference in the morphology of
migrating cells transfected with EGFP or KCC2/EGFP at E21.
Nevertheless, because we electroporated neural progenitors at
E17–E18, a procedure that only resulted in overexpression in
layer II/III pyramidal neurons of the somatosensory cortex, we
cannot exclude potential effects of excitatory GABA on the mi-
gration of neurons born before or after E17–E18 (Hatanaka et al.,
2004) or in different locations (e.g., ganglionic eminences)
(Lopez-Bendito et al., 2006). Furthermore, because premature
expression of KCC2 affects the Cl� gradient and therefore mod-
ifies only the activity of transmitters acting on Cl�-dependent
conductances, we cannot rule out the possibility that GABA af-
fects neuronal migration through metabotropic GABAB receptor
signaling.

In addition to the phasic activation of GABAA receptors dur-
ing synaptic transmission, recent studies have revealed the pres-
ence of tonic GABA actions characterized by a slow time course
and prolonged activation of GABAA channels (Farrant and

Nusser, 2005). What are the sources of GABA that produce the
tonic actions? Many types of developing neural progenitor cells
produce and release GABA at various stages of differentiation
(Verney, 2003). Immunohistochemical studies of rat embryos
showed the presence of GABA-containing processes and cells well
before the onset of synaptogenesis (Lauder et al., 1986; Marin-
Padilla, 1998). As more interneurons immigrate to the cortex,
GABA-positive cells increase in number (Lavdas et al., 1999) and
spread across the cortex by E16 (Lauder et al., 1986). Interest-
ingly, developing neural tissues are enriched in GABA (Benitez-
Diaz et al., 2003), which could be supplied by circulation through
an immature blood– brain barrier (Engelhardt, 2003) and an in-
efficient clearance of secreted GABA by immature uptake mech-
anisms (Demarque et al., 2002). Our results showing the abun-
dance of cells and processes positive for GAD65/67 staining are
consistent with the existing literature.

Persistent presence of endogenously secreted GABA may pro-
vide tonic excitatory drive for trophic functions before synapse
formation (Owens and Kriegstein, 2002). Here, we showed that
endogenous GABA in the developing cortex tonically depolarized
developing cortical neurons by activating GABAA receptors. The
tonic GABA-induced excitation may constitute a major depolar-
izing drive in the developing cortex when phasic excitatory activ-
ity is not operational and may be responsible for generating giant
depolarizing potentials that propagate across developing neural
tissues (Ben-Ari, 2002). The effect of GABA on the morphologi-
cal maturation of cortical neurons appears to reside mainly in the
depolarization that facilitates action potential firing, because
neuronal morphological maturation was impaired by the overex-
pression of Kir, which reduces the rate of firing as a result of a
more negative resting membrane potential. Notably, the mor-
phological impairment in Kir-expressing cells was less substantial
than in KCC2/EGFP-expressing neurons (Fig. 5g, 7f). We at-
tribute this to the fact that KCC2 expression, by shifting the level
of the ECl to a value lower than the resting potential of the cell,
completely eliminated GABA-mediated excitation and converted
the excitation to inhibition, whereas Kir expression only reduced
the excitability of the cell by hyperpolarizing the membrane po-
tential, thus merely reducing rather than eliminating GABA-
mediated excitation.

In this study, we showed that proper morphological matura-
tion of cortical neurons during early development in vivo criti-
cally depends on the excitatory action of GABA. Because den-
dritic maturation is crucial for the establishment of synaptic
contact and synapse maturation is also regulated by neuronal
activity (Hartman et al., 2006; Shen et al., 2006), it would be of
interest to determine whether excitatory GABA actions during
early development also affect synapse maturation and circuit for-
mation in vivo, in a manner similar to that found for newborn
granule cells in adult hippocampus (Ge et al., 2006; Hartman et
al., 2006). Such early excitatory GABA actions may have dramatic
effects on the formation and function of neural circuits of the
mature brain. Finally, our data suggest that drugs or insults that
affect the action of excitatory GABA during early development
are likely to have profound teratogenic consequences on the
structural and functional development of the cerebral cortex,
possibly leading to disorders such as fetal alcohol syndrome, au-
tism, childhood schizophrenia, and other early-onset disorders
relating to the GABAergic system.
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