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Although focal cortical malformations are considered neuronal
migration disorders, their formation mechanisms remain unknown.
We addressed how the γ-aminobutyric acid (GABA)ergic system
affects the GABAergic and glutamatergic neuronal migration under-
lying such malformations. A focal freeze-lesion (FFL) of the post-
natal day zero (P0) glutamic acid decarboxylase–green fluorescent
protein knock-in mouse neocortex produced a 3- or 4-layered micro-
gyrus at P7. GABAergic interneurons accumulated around the necro-
sis including the superficial region during microgyrus formation at
P4, whereas E17.5-born, Cux1-positive pyramidal neurons outlined
the GABAergic neurons and were absent from the superficial layer,
forming cell-dense areas in layer 2 of the P7 microgyrus. GABA
imaging showed that an extracellular GABA level temporally in-
creased in the GABAergic neuron-positive area, including the necro-
tic center, at P4. The expression of the Cl– transporter KCC2 was
downregulated in the microgyrus-forming GABAergic and E17.5-
born glutamatergic neurons at P4; these cells may need a high intra-
cellular Cl– concentration to induce depolarizing GABA effects. Bi-
cuculline decreased the frequency of spontaneous Ca2+ oscillations
in these microgyrus-forming cells. Thus, neonatal FFL causes
specific neuronal accumulation, preceded by an increase in ambient
GABA during microgyrus formation. This GABA increase induces
GABAA receptor-mediated Ca2+ oscillation in KCC2-downregulated
microgyrus-forming cells, as seen in migrating cells during early
neocortical development.
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Introduction

Neocortical malformations, such as polymicrogyria, show the
presence of cortical cells in heterotopic positions; this is often
caused by disruption in neuronal migration (for reviews, see
Walsh 1999; Francis et al. 2006). The focal freeze-lesion (FFL)
induces microgyrus, a focal cortical malformation with a small
sulcus, and a 3- or 4-layered microgyric cortex, which
resembles human 4-layered microgyria (Dvorák and Feit
1977; Dvorák et al. 1978). Electrophysiological studies have
revealed that epileptiform activity can be initiated within a
few millimeters of a lesion-induced microgyrus (Jacobs et al.
1996; Luhmann and Raabe 1996), so the rat FFL model is

often used to study the mechanisms of epileptogenesis in cor-
tical malformations (Zilles et al. 1998; Redecker et al. 2000;
Hagemann et al. 2003; Jacobs and Prince 2005; Chu et al.
2009). Although this model shows an abnormal distribution
of a particular population of cortical neurons in the microgy-
ric cortex (Jacobs et al. 1996; Rosen et al. 1998; Kharazia et al.
2003; Patrick et al. 2006) and is hypothesized to result from
abnormal neuronal migration (Zilles et al. 1998), it remains
unclear how the distinct types of cortical neurons, particularly
γ-aminobutyric acid (GABA)ergic neurons, migrate and
accumulate during the formation of the microgyrus.

In the normal developing cortex, glutamatergic projection
neurons and GABAergic interneurons, which have distinct
origins, migrate into the cortical region along the different
routes (Rakic 1972, 1988; Anderson et al. 1997, 2001; Tama-
maki et al. 1997; Lavdas et al. 1999; for reviews, see Marín
and Rubenstein 2001; Nadarajah and Parnavelas 2002) and
settle in their final position during the first postnatal week in
the rodent neocortex (Ignacio et al. 1995). Although GABA is
the major inhibitory neurotransmitter, it also controls the
migration of both immature cortical projection neurons and
interneurons via distinct GABA receptors in the developing
cortex (Behar et al. 1996, 1998, 2000, 2001; López-Bendito
et al. 2003; Cuzon et al. 2006; Heck et al. 2007; Bortone and
Polleux 2009; Denter et al. 2010; for reviews, see Luján et al.
2005; Heng et al. 2007; Manent and Represa 2007; Wang and
Kriegstein, 2009). The early developmental roles of GABA in
regulating neuronal migration depend on the GABA-mediated
membrane depolarization that results from the relatively high
intracellular Cl– concentration ([Cl–]i) in immature cells (for
review, see Ben-Ari 2002; Owens and Kriegstein 2002;
Represa and Ben-Ari 2005; Wang and Kriegstein 2009). The
high [Cl–]i in immature neurons is generated by early
expression of NKCC1 and delayed expression of KCC2; the
latter is a key molecule for switching the effect of GABA from
excitation to inhibition (Rivera et al. 1999; Yamada et al.
2004; for review, see Blaesse et al. 2009). A recent study has
shown that GABA is involved in termination of tangential
migration by modulating Ca2+ oscillation in migrating inter-
neurons with the upregulation of KCC2 (Bortone and Polleux
2009; Miyoshi and Fishell 2011). Thus, the depolarizing
action of GABA is essential for the migration of projection
neurons and interneurons.
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In addition to the rat model (Shimizu-Okabe et al. 2007),
here, we have established an FFL in glutamic acid decarboxy-
lase67–green fluorescent protein (GAD67-GFP) knock-in (KI)
mice maternally injected with 5-bromo-2′-deoxyuridine (BrdU)
to distinguish GABAergic and glutamatergic neurons, with
identified birthdates, responsible for the formation of the
FFL-induced microgyrus. We also examined the spatial pattern
of extracellular GABA (Morishima et al. 2010) and the GABAA

receptor sensitivity of spontaneous intracellular Ca2+ transients
to elucidate the role of ambient GABA in microgyrus formation.
Our results show that GABAergic and glutamatergic neurons
differentially migrate toward the FFL, while sensing ambient
GABA to modulate their intracellular Ca2+ transients during the
formation of the microgyrus.

Materials and Methods

GAD67-GFP KI Mice
The GAD67-GFP (Δneo) transgenic mouse, referred to hereafter as the
GAD67-GFP KI mouse, expresses enhanced GFP under regulation of
the endogenous GAD1 promoter (Tamamaki et al. 2003). Because
GAD67 is a key enzyme for the biosynthesis of GABA and is specifically
expressed in GABAergic cells, the GAD67-GFP KI mouse allowed us to
analyze GABAergic cells (Tanaka et al. 2006). In our study, C57BL/6
wild-type female mice and GAD67-GFP KI male mice were mated, and
the heterozygous pups were used in our experiments. Experienced
wild-type mothers were selected for easy acceptance of the lesioned
pups. The day of the detection of pregnancy was designated as embryo-
nic day 0.5 (E0.5). The heterozygous pups were selected using a bin-
ocular microscope (Biological Laboratory Equipment, Maintenance and
Service Ltd., Budapest, Hungary) equipped with appropriate lamps and
filters. All procedures were performed in accordance with the guide-
lines issued by Hamamatsu University School of Medicine on the
ethical use of animals for experimentation, and all efforts were made to
minimize the number of animals used and their suffering.

Focal Freeze-Lesions
FFLs were made on GAD67-GFP KI pups at postnatal day 0 (P0), as
previously described for the rat FFL model, but with some modifi-
cations (Shimizu-Okabe et al. 2007). Briefly, after anesthesia by hy-
pothermia and cutting the skin overlying the cerebral cortex, a liquid
nitrogen-cooled copper rod with a tip diameter of 0.5 mm was placed
on the surface of the exposed calvarium for 5 s. To produce a longi-
tudinal FFL, 3 identical freeze-lesions were made in a line near the
midline in a rostrocaudal direction, with a distance of 0.5 mm
between the lesions. These lesions resulted in a 2- to 3-mm-long mi-
crogyrus in the rostrocaudal direction at P7. The FFL was also made at
P2 (n = 4) to compare the results with those at P0.

Immunohistochemistry
FFL mice (P2–P9) were anesthetized with halothane and perfused
transcardially with cold saline, followed by a freshly prepared solution
of 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH
7.4. The brains were rapidly removed and post fixed for 3 h in 4%
PFA/0.1 M PB at 4 °C. Twenty-five-micrometer thick coronal sections
were cut with a cryostat (HM400R; Zeiss Microm, Walldorf, Germany)
and collected in cold 0.1 M PB. Coronal sections at the level of the
lesioned region were selected for immunofluorescent staining and
imaging analysis. Sections were mounted on gelatin-coated slides and
stained with thionin for morphological identification. For immunohis-
tochemistry, sections were blocked for 1 h in 10% normal goat serum
in 0.1 M PB with 0.2% Triton X-100 at room temperature (RT) and
then incubated with primary antibodies overnight at 4 °C. The follow-
ing primary antibodies were used: BrdU (1:400; Becton Dickinson,
San Jose, CA, USA), GFP (rabbit, 1:1000; Molecular Probes, Eugene,
OR, USA; chicken, 1:500; Aves Labs, Tigard, OR, USA), Cux1 (1:200;

Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), Tbr1 (1:500;
Abcam, Billerica, MA, USA), Ki67 (1:100; Biocare Medical, Concord,
CA, USA), glial fibrillary acidic protein (GFAP; 1:10 000; Dako, Glostr-
up, Denmark), and Iba1 (1:1000; Wako, Osaka, Japan). The sections
were then washed with 0.1 M PB and incubated with secondary anti-
bodies diluted in blocking buffer: Alexa Fluor 488 anti-rabbit IgG,
Alexa Fluor 594 anti-mouse IgG (1:1000; Molecular Probes), or Cy2
anti-chicken IgY (1:100; Jackson ImmunoResearch Laboratories, West
Grove, PA, USA) for 1 h at RT. Sections were washed with 0.1 M PB,
mounted on slides, and observed using a fluorescence microscope
(AX80T; Olympus, Tokyo, Japan) equipped with a digital camera
(DP70; Olympus) or a 2-photon excitation microscope (LSM7MP;
Zeiss, Jena, Germany) with a Chameleon Vision II laser system (Co-
herent, Inc., Santa Clara, CA, USA). For 2-photon imaging of GFP and
Alexa Fluor, wavelengths of 900 and 800 nm were used and their flu-
orescence emissions were collected with 500- to 550-nm and 565- to
610-nm filter settings, respectively.

BrdU Labeling
Pregnant mice were intraperitoneally (i.p.) injected on either E14.5 or
E17.5 with a single dose of the S-phase marker BrdU (50 mg/kg body
weight; Sigma-Aldrich, St. Louis, MO, USA), which was dissolved in
sterile saline (5 mg/mL) and filtered (0.22 µm). Brain sections of pups
were incubated for 1 h in 2 M HCl at 37 °C before being subjected
to immunohistochemistry for BrdU.

Cell Counting
For P7 freeze-lesioned sections, 2 microgyric cell-count square frames
(100 μm×100 μm) were placed both medial and lateral to a pseudosul-
cus through the layer 2 of the microgyrus. As controls for E17.5 BrdU-
positive cells, 2 identical frames were placed 500 μm from the micro-
gyrus both medial and lateral of the superficial layer and 50 μm from the
pia. As controls for E14.5 BrdU-positive cells, 2 cell-count frames were
placed underneath those for the E17.5 BrdU-positive cells, with 50 μm
between the frames. All the control frames were used as controls for
GFP-positive cells. Cell densities were expressed as the average number
of E14.5 BrdU-, E17.5 BrdU-, or GFP-positive cells per frame. Cells over-
lapping the borders of the frames were not included in the cell count.

For immunofluorescence of P4 freeze-lesioned sections, one cell-
count square frame (50 μm× 50 μm) was set in the superficial layer of
the lesioned cortex, and 2 cell-count frames were set in both the inner
and outer rim, as well as in both medial and lateral of the surrounding
layer, respectively, within 100 μm of the lesion border. Exofocal
frames were placed both medial and lateral of the superficial layer,
>200 µm from the lesion border and 50–100 μm from the pia. For
quantification of BrdU/Cux1 and BrdU/Tbr1 double-positive cells, 3
cell-count square frames (50 μm× 50 μm) were randomly placed in
the surrounding (medial, deeper, and lateral) layers within 100 μm of
the lesion border. For both P4 and P7 preparations, the cell-count
square frames were used as the samples and the numbers of cells
within them were used for statistical analyses.

In Situ Hybridization
Total RNA was prepared from the mouse cerebral cortex with Isogene
reagent (Nippon Gene, Tokyo, Japan). RNA (1 µg) was used for first-
strand cDNA synthesis with SuperScript II RT (Invitrogen, Carlsbad,
CA, USA) with random hexamers according to the manufacturer’s in-
structions. Polymerase chain reaction (PCR) was performed using
HotStarTaq (Qiagen, Hilden, Germany). The primer sequences were
as follows (all 5′–3′): KCC2: forward, gatgaagaaggacctgacca; reverse,
gccgtacattggactggttc; CXCL12: forward, ctgtagcctgacggaccaat; reverse,
gtggcttcatggcaagattc; and CXCR4: forward, tcgagagcatcgtgcacaag;
reverse, cacaggtcctgcctagacac. The PCR products were cloned into the
pGEM-T easy vector (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. The orientation of the insert was con-
firmed by restriction mapping. After linearization with the restriction
enzymes NcoI and SalI, digoxigenin (DIG)-labeled antisense and
sense cRNA probes were prepared by in vitro transcription using the
DIG RNA Labeling Mix (Roche Diagnostics GmbH, Mannheim,
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Germany). For in situ hybridization, coronal brain sections of 16-µm
thickness were prepared from FFL mice at different stages. All sub-
sequent steps were performed at RT unless noted. Sections were fixed
for 10 min in 4% PFA/0.1 M PB, washed, and treated for 15–20 min
with proteinase K (10 µg/mL; Roche Diagnostics GmbH) at 37 °C.
Tissue sections were fixed again in 4% PFA/0.1 M PB and treated with
0.25% acetic anhydride in 0.1 M triethanolamine for 10 min. After
dehydration with ethanol, sections were incubated in hybridization
buffer (50% formamide, 10% dextran sulfate, 1× Denhardt’s reagent,
10 mM Tris–HCl [pH 8.0], 0.3 M NaCl, 1 mM ethylenediaminetetraace-
tic acid, 0.5% sodium dodecyl sulfate, and 500 µg/mL yeast tRNA) for
1 h and hybridized overnight at 56 °C in fresh hybridization buffer
containing a DIG-labeled probe (1 µg/mL). Sections were subjected to
sequential washes in 4×, 2×, 1×, 0.5×, and 0.05× saline-sodium citrate
at 70 °C. Hybridized probe was detected using an alkaline
phosphatase-conjugated anti-DIG antibody (1:1000; Roche Diagnos-
tics GmbH) and visualized with nitro blue tetrazolium/
5-bromo-4-chloro-3-indolyl phosphate (Roche Diagnostics GmbH).

Double Labeling With In Situ Hybridization
and Immunohistochemistry
Following in situ hybridization histochemistry, sections were further pro-
cessed to detect GFP or BrdU immunoreactivity. Sections were incu-
bated with anti-heat-denatured GFP rabbit antibody (1 μg/mL;
Nakamura et al. 2008) overnight at RT, or anti-BrdU antibody (1:400)
overnight at 4 °C. Sections were further incubated with biotinylated anti-
rabbit (1:100; Vector Laboratories, Burlingame, CA, USA) or anti-mouse
IgG antibodies (1:100; Vector Laboratories) for 3 h at RT. After incu-
bation at RT for 3 h with an avidin–biotinylated peroxidase complex
(ABC-Elite Kit; Vector Laboratories), diluted 1:50 with 0.05 M phosphate-
buffered saline (pH 7.4) containing 0.3% (v/v) Triton X-100, the bound
peroxidase was developed by reaction with 0.02% (w/v) diaminobenzi-
dine·4HCl and 0.01% (v/v) H2O2 in 50 mM Tris–HCl (pH 7.6).

Brain Slice Preparation
Cortical slices were prepared from P2, P4, and P7 freeze-lesioned
GAD67-GFP KI pups. Animals were deeply anesthetized with ha-
lothane and then decapitated. The brains were quickly removed and
placed into ice-cold oxygenated, modified artificial cerebrospinal fluid
(ACSF; in mM, 220 sucrose, 2.5 KCl, 1.25 NaH2PO4, 12.0 MgSO4, 0.5
CaCl2, 26.0 NaHCO3, 30.0 glucose at pH 7.4). Coronal slices (350 μm)
of the neocortex were cut in the modified ACSF using a vibratome
(VT-1000S; Leica, Bensheim, Germany). Only coronal slices at the
level of the FFL were included in the study. Slices were allowed to
recover for 90 min on nylon meshes (with 1-mm pores) placed on
dishes and submerged in standard ACSF consisting of (in mM): 126
NaCl, 2.5 KCl, 1.25 NaH2PO4, 2.0 MgSO4, 2.0 CaCl2, 26.0 NaHCO3,
and 20.0 glucose, saturated with 95% O2/5% CO2 at RT.

GABA and Glutamate Imaging
We have recently developed an immobilized enzyme-linked method
for GABA imaging (Morishima et al. 2010). This method employs an
enzyme-linked assay system using GABase, which can catabolize
GABA with simultaneous production of a fluorescent reduced form of
β-nicotinamide adenine dinucleotide phosphate (NADP+), NADPH.
The method allows us to image extracellular GABA in acute slices. To
immobilize the GABase on the surface of a quartz glass (Kanayama
Rika, Nagoya, Japan), the glass was incubated in chloroform solution
containing 6.6% (3-aminopropyl) triethoxysilane for 3 min before treat-
ment with 1% glutaraldehyde in 0.5 M phosphate-buffered saline for
10 min. Then the quartz glass was incubated in 0.5 units GABase
(Sigma-Aldrich)/ACSF overnight. Slices were prepared with a vibra-
tome, then placed onto the quartz glass and perfused with ACSF con-
taining 20 µM NADP+ (Sigma-Aldrich) and α-ketoglutarate saturated
with 95% O2/5% CO2 at RT. Such an assay can also be modified to
detect extracellular glutamate (Jimbu et al. 2009). Glutamate released
from the tissue can be converted to α-ketoglutarate by L-glutamate
dehydrogenase (GDH), with concomitant production of a reduced
form of β-NAD+, NADH. Thus, endogenous glutamate release can be

reflected by NADH fluorescence. Twenty units of GDH
(Sigma-Aldrich)/ACSF were immobilized on the quartz glass. Slices
were placed onto the quartz glass and perfused with ACSF containing
20 μM NAD+ (Sigma-Aldrich) saturated with 95% O2/5% CO2. In the
presence of GABA and/or glutamate, fluorescence was captured using
an inverted fluorescence microscope (BZ-9000; Keyence, Osaka,
Japan) equipped with a cooled charge-coupled device (CCD) camera.
For both GABA and glutamate imaging, an ultraviolet light-emitting
diode illuminating system (UV-LED; 340–350 nm; Nichia, Tokushima,
Japan), in which UV light from the LED leaked onto the glass surface,
was used. As NADPH or NADH fluorescence was expected to equili-
brate with GABA or glutamate diffusion, respectively, an exposure time
of 200 ms was used. Data were stored for offline analysis using the
image-processing software (IPLab; BD Biosciences, Rockville, MD,
USA). Calibration was performed after each experiment, and the cali-
bration curve was obtained by correlating the fluorescence intensity
with graded GABA or glutamate concentration (0, 10, 50, and 100 μM).

Calcium Imaging
Neurons were loaded with Rhod-3 acetoxymethyl (AM) by incubating
slices using previously described procedures with some modifications
(Fukuda et al. 1998; Kumada and Komuro 2004). Briefly, a dye solution
of Rhod-3 AM (Invitrogen) was prepared in ACSF containing 0.01%
Pluronic F-127 (Invitrogen) to a concentration of 20 μM. Coronal slices
from P4 FFL mice were loaded with the dye in solution for 60 min in a
tightly sealed box filled with 95% O2/5% CO2 at a pressure of 50 kPa at
33–35 °C, followed by incubation in standard ACSF for 30 min. Slices
were then transferred to an imaging chamber on the stage of an
upright microscope (BX51WI; Olympus) and continuously perfused
with oxygenated ACSF at a flow rate of 2 mL/min and a temperature of
30 °C. Confocal images were obtained using a fluorescence microscope
(BX51WI; Olympus) equipped with a spinning disc confocal unit
(CSU-22; Yokogawa Electric, Tokyo, Japan) and an electron multiplying
CCD camera (iXon DV887; Andor, Belfast, UK). A water immersion ×20
objective lens (0.5 numerical aperture; Olympus) was mounted on a
piezoelectric driver (Physik Instrumente, Karlsruhe/Palmbach,
Germany) with its controller (Yokogawa Electric) to allow the focal
plane to be changed rapidly. Fluorophores were excited at 488 and
532 nm by a Coherent Sapphire 488–30 laser (Coherent, Inc.) and a
GCL-075L laser (CrystaLaser, Reno, NV, USA) and visualized using the
bandpass emission filters TXB538(2A) (Asahi Glass, Tokyo, Japan) and
HQ620-60 (Chroma, Bellows Falls, VT, USA). Acquisition parameters,
shutters, filter positions, and focus were controlled by IPLab software
(BD Biosciences). Cells showing Rhod-3 fluorescence were randomly se-
lected for analysis. Bicuculline methiodide (BMI; 20 µM; Sigma-Aldrich)
or 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 µM; Tocris, Ellisville,
MO, USA) and D(–)-2-amino-5-phosphonopentanoic acid (D-AP5; 50 µM;
Tocris) were bath-applied after a 20-min control recording under con-
tinuous perfusion with standard ACSF. Images were recorded after 5
min of drug application. The [Ca2+]i signals were collected every 5 s
with Z-axis increments of 5–10 µm at a depth of 40–90 µm from the first
plane with detectable fluorescence. Data were stored for offline analysis
using the image-processing software AquaCosmos (Hamamatsu Photo-
nics, Hamamatsu, Japan). Only fluorescence increases at least 10% from
the baseline were considered Ca2+ transients.

In Vivo Application of Bicuculline
Pups were i.p. injected with saline (n = 3) or BMI (4 mg/kg body
weight, n = 9) every 6 h from noon of P2 until the morning of P4.
Pups were perfusion-fixed with 4% PFA at 6 h (P4, n = 9) or 3 days
(P7, n = 3) after the last injection. Brain sections were subjected to im-
munohistochemistry for GFP and Cux1 or thionin staining.

Statistical Analysis
All value ranges are given as the mean ± standard error of the mean.
Statistical significance was estimated by t-test or 1-way analysis of var-
iance (ANOVA) followed by post hoc testing. For the in vivo BMI
application experiments, 2-way ANOVA was used. P-values <0.05
were considered statistically significant.
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Results

Formation of a Microgyrus After FFL in a Mouse Model
Although many studies have shown that FFL at P0 causes cor-
tical malformation with the microgyrus in the rat (Dvorák
et al. 1978; Rosen et al. 1992; Jacobs et al. 1996; Luhmann
et al. 1998; Zilles et al. 1998; Shimizu-Okabe et al. 2007),
there are no reports of a similar mouse model. Because there
is a species difference between the rat and mouse as regards
neuronal proliferation, migration, and formation of heteroto-
pias (DeFelipe et al. 2002; Ramos et al. 2006), we first con-
firmed whether FFL can form a microgyrus in heterozygous
GAD67-GFP KI mice. By FFL using a rod of smaller diameter
(0.5 mm) than that used in the rat, we consistently obtained
typical cortical malformations consisting of a longitudinal mi-
crogyrus in the rostrocaudal direction with a length of 2–4
mm (Fig. 1A,B) by P7 (n = 8). We further examined the mor-
phological development of the microgyrus after FFL at differ-
ent ages from P2 to P7. The FFL initially caused focal
destruction of the cortical layers on the day of birth. At P2
(n = 2), the position of the lesion was identified by necrotic
tissue negative for thionin staining (Fig. 1C). At P4 (n = 7), a
cell-dense layer was observed in the superficial region of the
neocortex (arrows in Fig. 1D) above the necrotic tissue, which
corresponds to the “bridge structure” in the rat FFL model, as
described in our previous report (Shimizu-Okabe et al. 2007).
We also detected a cell-dense band at the boundary (arrow-
heads in Fig. 1D) between the exofocal cortex and the lesion
center. At P7, thionin staining revealed an obvious 3- or
4-layered microgyric cortex that comprised a superficial cell-

sparse layer 1, a cell-dense layer 2, a deep cell-sparse layer 3,
and sometimes a surviving cell layer 4 (Fig. 1E). These struc-
tures resembled the typical microgyrus observed in the rat
model, being consistent with the evidence that the damaged
cortex begins to assume its adult-like microgyric appearance
from P5 to P10 in the rat FFL model (Rosen et al. 1992).
Sham-operated animals (n = 8) did not display any abnormal-
ity in cortical structure or lamination (data not shown).
Similar to the rat model (Rosen et al. 1992; Jacobs et al. 1996;
Luhmann et al. 1998; Zilles et al. 1998; Shimizu-Okabe et al.
2007), cortical malformation induced by FFL in GAD67-GFP
KI mice also mimicked the histological characteristics of a
human 4-layered microgyrus.

E17.5-Born Glutamatergic Pyramidal Neurons Form the
Cell-Dense Portions in Layer 2 of the Microgyrus
Birth-dating analysis of neurons in the microgyrus of the rat
FFL model showed that late-generated neurons (from E17 to
the end of neocortical neurogenesis) form the cell-dense
portion of the induced microgyrus (Rosen et al. 1996).
Because GABAergic and glutamatergic neurons are generated,
migrate, and settle differently in the cortical region at distinct
stages, we next addressed how the microgyrus is formed by
migration of these distinct types of neurons. In combination
with classical birth date analysis to label early- and late-born
neurons using BrdU, we determined the final distribution of
GABAergic neurons and E14.5- and E17.5-born cells after the
formation of the microgyrus. As shown in Figure 2A,D, few
E14.5-born cells set their final destination in layer 2 of the mi-
crogyrus. In contrast, many E17.5-born cells set their final

Figure 1. Morphology of freeze-lesion-induced focal cortical malformations in mice. (A) Schematic illustration indicating the lesioned points in the right hemisphere of a P0
GAD67-GFP KI mouse. (B) Dorsal view of a P7 mouse brain that received the FFL on the day of birth. A longitudinal microgyrus can be observed as an infolding of the brain
surface at P7 in the right hemisphere (arrowheads). (C–E) Thionin-stained coronal sections at different stages. At P2, the position of the lesion was identified by necrotic tissue
in the lesioned area (C). At P4, a cell-dense layer was observed in the superficial part (arrow) and at the boundaries (arrowheads) of the lesioned area (D). At P7, a microgyric
architecture could be detected with a 4-layered (i, layer 1; ii, layer 2; iii, layer 3; iv, layer 4) cortex (E). Scale bars: B, 1 mm; C–E, 100 μm.
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destination there (Fig. 2B,E). GABAergic cells were distributed
diffusely in the microgyric cortex as in the exofocal cortex
(Fig. 2C). The number of E14.5-born, BrdU-positive cells in
layer 2 of the microgyrus was significantly reduced compared
with that in exofocal controls (P < 0.001; Fig. 2F), while the
number of E17.5-born, BrdU-positive cells was significantly
increased in layer 2 of the microgyrus (P < 0.001; Fig. 2G).
These findings are consistent with a previous report that late-
generated cells destined to form the upper layer invade into
the necrotic center and then take their place in the unlami-
nated layer 2 of the rat microgyrus (Rosen et al. 1996). There
was no significant difference in the number of GFP-positive
GABAergic neurons in layer 2 of the microgyrus compared
with that in exofocal controls (P = 0.113; Fig. 2H).

Distinct Accumulation of GABAergic and Late-Born
Glutamatergic Neurons at Early Stages of the Developing
Microgyrus
We next assessed the distribution pattern of the GABAergic
and glutamatergic neurons during the development of the mi-
crogyrus at P4. E14.5- and E17.5-born, BrdU-positive cells
were located in layers II–IV and in the superficial layer II in
the exofocal cortex, respectively (Fig. 3A and Supplementary
Fig. S1A), which is consistent with a previous study (Takaha-
shi et al. 1995). GFP-positive GABAergic neurons were dis-
persed throughout the 6-layered exofocal cortex (Fig. 3B and

Supplementary Fig. S1B). A merged BrdU and GFP image is
shown in Figure 3C. In the lesioned cortex, few E14.5-born,
BrdU-positive cells reached a final position in the area sur-
rounding the necrotic center (Supplementary Fig. S1). In con-
trast, many E17.5-born, BrdU-positive neurons accumulated
in the area surrounding the necrotic center (Fig. 3A,E). Inter-
estingly, GFP-positive GABAergic cells accumulated around
the lesioned area, including in the superficial area (Fig. 3B–E;
Supplementary Fig. S1B–E). Quantitative analysis of the distri-
bution of GFP-positive cells revealed that they also tended to
occupy the inner rim within 50 μm of the FFL border rather
than the outer rim 50–100 μm from the FFL border (P < 0.05;
Fig. 3F,G). In contrast to GFP-positive cells, E17.5-born, BrdU-
positive cells were almost absent in the superficial region of
the lesioned cortex (Fig. 3A,D; P < 0.001; Fig. 3H). In
addition, in contrast to GFP-positive cells, E17.5-born, BrdU-
positive cells tended to occupy the outer rim rather than the
inner rim (P < 0.05; Fig. 3I). GFP-positive cells were also ob-
served within the lesioned area (Fig. 3; Supplementary
Fig. S1).

In FFL mice, the distributions of GABAergic neurons and
E14.5-born cells in the exofocal cortex at P4 were similar to
those at P0 (Supplementary Fig. S2A). In contrast, E17.5-born
cells whose final destination was layer II of the neocortex at
P4 (Fig. 3A) were still in the deeper layer at P0 (Supplemen-
tary Fig. S2B). Thus, they had not completed radial migration
when the FFL was generated.

Figure 2. Distribution of E14.5- and E17.5-born cells and GABAergic cells in FFL mouse cortex at P7. Images of coronal sections of a P7 GAD67-GFP KI mouse that received a
maternal injection of BrdU at E14.5 (A) or E17.5 (B), immunostained for BrdU (red). (C) The same P7 coronal slice as in (B), immunostained for GFP (green). Cell-count squares
(100 μm× 100 μm) for microgyric (center) and exofocal controls (E17.5 BrdU, upper; E14.5 BrdU, middle and bottom; GFP, upper to bottom) are indicated as boxes. (D) Higher
magnification of the boxed area in (A) in layer 2 of the microgyrus. There was a paucity of BrdU-positive cells (red) generated at E14.5. (E) Higher magnification of the boxed area in
(B) in layer 2 of the microgyrus. Note the high density of E17.5-born, BrdU-positive cells (red) dispersed throughout layer 2 of the microgyric cortex. GFP immunostaining is also
shown in D and E (green). (F–H) Distribution of E14.5-born BrdU-positive (3 preparations, F), E17.5-born BrdU-positive (4 preparations, G), and GFP-positive (8 preparations, H) cells
in layer 2 of the microgyrus and the exofocal control cortex (2-tailed t-test, **P<0.01, ***P<0.001, n.s., not significant). Scale bars: A–C, 200 μm; D and E, 50 μm.
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We further characterized the E17.5-born cells in the area
surrounding the FFL using expression of layer-specific marker
proteins. Cux1 is a marker specific for the pyramidal neurons
of the upper layers (II–IV) of the murine cortex, and Tbr1 is a
putative transcription factor, that is, highly expressed in gluta-
matergic early-born cortical neurons (Bulfone et al. 1995;
Nieto et al. 2004). In the area surrounding the FFL, a Cux1-
positive, cell-dense band was detected (Fig. 3J), whereas
Tbr1-positive cells were absent in the area surrounding the
FFL (Fig. 3K) at P4. In the FFL area, E17.5-born, BrdU-positive
cells accumulated around the necrotic tissue and most coloca-
lized with Cux1 (Fig. 3J, inset), but not with Tbr1 (Fig. 3K,L).
These results suggest that the majority of E17.5-born cells that
accumulated in the area surrounding the FFL were Cux1-
positive glutamatergic cortical plate cells. Taken together with
Figure 2, our findings in mice provide novel evidence that the
supragranular neurons migrate to the damaged area within
the first week after FFL, as previously suggested in the rat
model (Rosen et al. 1992, 1996; Zilles et al. 1998).

Endogenous GABA Release in the Microgyrus Increases
at P4
Previous studies have suggested that GABA released from
GABAergic neurons has a paracrine action on immature
neurons (Demarque et al. 2002; Manent et al. 2005), which

may affect radial (Behar et al. 1996, 1998, 2000, 2001; Heck
et al. 2007; Denter et al. 2010) and tangential (López-Bendito
et al. 2003; Cuzon et al. 2006; Bortone and Polleux 2009)
migration during neural development. Therefore, we next
examined the spatio-temporal changes in extracellular GABA
levels in the FFL cortex at different stages. We used GABA
imaging, which is highly specific for its substrate, allowing ac-
curate spatial determination of extracellular GABA levels by
NADPH fluorescence (Morishima et al. 2010).

To evaluate the ambient GABA gradient, the FFL neocortex
was divided into 4 parts depending on the distance from the
lesion site (within lesion, and <100 μm, 100–200 μm, and
>200 μm from the lesion border; Fig. 4A). Interestingly,
intense NADPH signal was observed in and around the
FFL-induced necrotic center (Fig. 4B). These NADPH signals
disappeared if GABase was omitted (Supplementary Fig. S3A),
indicating the accumulation of GABA. The extracellular GABA
concentration in the FFL center was 42.7 ± 4.6 μM, and in the
area <100 μm from the FFL border was 25.8 ± 2.6 μM; both
values were significantly higher than those in the more distant
areas (100–200 μm: 10.6 ± 1.2 μM and >200 μm: 9.3 ± 1.3 μM;
n = 10; Fig. 4C).

We also examined glutamate, using the modified method in
which glutamate is catabolized by GDH, resulting in the pro-
duction of fluorescent NADH. As shown in Figure 4D, at P4,
the ambient glutamate levels in the areas nearer to the FFL

Figure 3. Distribution of E17.5-born cells and GABAergic cells in the FFL cortex at P4. Images of coronal sections of a P4 FFL mouse that received a maternal injection of BrdU
at E17.5, immunostained for BrdU (red, A) and GFP (green, B). An accumulation of GFP-positive cells can be detected in the superficial part of the lesioned area (B). (C) Merged
images of A and B show an accumulation of E17.5-born, BrdU-positive cells surrounding the GFP-positive cells at the boundary of the lesioned area. (D) Higher magnification of
the superficial part of the lesion center as marked in C. (E) Higher magnification of the boundary of the lesion center as marked in (C). (F and G) Distribution of GFP-positive cells
in the superficial region (F) and in the inner and the outer rim of the surrounding region within 100 µm of the lesion border (G). (H and I) Distribution of E17.5-born, BrdU-positive
cells in the superficial region (H) and in the inner and the outer rim of the surrounding region (I). Note that there is a significant difference in the cell density of E17.5-born,
BrdU-positive cells between the superficial and the exofocal regions (H, independent 2-tailed t-test, ***P<0.001; 3 preparations). Note that there are significant differences in
the cell densities of GFP-positive cells (G) and E17.5-born, BrdU-positive cells (I) between the inner rim and the outer rim (independent 2-tailed t-test, *P<0.05; 3 preparations
each). The positions of the cell-count square frames (50 µm× 50 µm) are shown in A. (J and K) Images of double-staining for the layer-specific markers Cux1 (J) or Tbr1 (K)
(green) and BrdU (red). A Cux1-positive cell-dense band can be observed in the area surrounding the necrotic tissue (J). Higher magnification shows that the majority of
E17.5-born, BrdU-positive cells co-localize with Cux1 (inset in J). Tbr1-positive cells are absent from the microgyric cortex at P4 (K). (L) There is a significant difference in the
cell density of E17.5-born, BrdU/Cux1 double-positive cells and E17.5-born, BrdU/Tbr1 double-positive cells in the surrounding region within 100 μm of the lesion border (2-tailed
t-test, ***P< 0.001; 3 preparations each). Three cell-count square frames (50 µm× 50 µm) were placed randomly in the surrounding (medial, deeper, and lateral) layer within
100 µm of the lesion border (J). Scale bars: A–C, 200 μm; D and E, 50 μm; J and K, 100 μm; inset of J, 25 μm.
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(within lesion: 1.6 ± 0.5 μM and <100 μm: 9.4 ± 0.6 μM) were
much lower than those in the areas further from the FFL
border (100–200 μm: 25.9 ± 2.3 μM and >200 μm: 24.8 ±
2.6 μM; n = 3; Fig. 4E).

We also measured the extracellular GABA concentration in
the FFL neocortex at P2 and P7. At P2, necrotic tissue was
clearly discernible, but GABA was absent in the FFL-induced
necrotic tissue at this stage (Supplementary Fig. S3B). By P7,
the concentration of extracellular GABA in the microgyric
cortex became similar to that in the exofocal cortex (Sup-
plementary Fig. S3C). Therefore, we speculated that the
temporally increased extracellular GABA released from accumu-
lated GABAergic neurons in the lesioned cortex might play a
role in abnormal neuronal migration during the formation of
the microgyrus.

Temporal Downregulation of KCC2 mRNA in Cells
Accumulated in the Microgyrus at P4
The early trophic action of GABA is depolarizing, which is
attributable to a high [Cl–]i resulting in efflux of Cl– by acti-
vation of GABAA receptors. Because temporal downregulation
of KCC2 expression has been shown to occur in the micro-
gyrus (Shimizu-Okabe et al. 2007), we set out to identify the
cell type in which this downregulation occurs. We used in situ
hybridization of KCC2 mRNA in combination with BrdU or
GFP immunohistochemistry. At P4, KCC2 mRNA was strongly
expressed in layer V of the exofocal cortex (Fig. 5A,D). Cells
accumulated in the area surrounding the FFL lacked KCC2

(Fig. 5B), although moderate KCC2 mRNA signal was de-
tected in the BrdU-positive, E17.5-born, upper layer neurons
in the exofocal cortex (Fig. 5C). The downregulation of KCC2
mRNAwas detected in GFP-positive GABAergic neurons accu-
mulated in the superficial areas (Fig. 5E) and the area sur-
rounding the FFL (Fig. 5F), whereas it was not observed in
neurons residing in the exofocal area (Fig. 5G). By P7, strong
KCC2 mRNA signals were expressed throughout all the layers
of the cortex (Fig. 5H), whereas its signals in BrdU-positive
cells were equivalent in the microgyric and the exofocal cor-
tices (Fig. 5I,J).

Intracellular Ca2+ Transients Mediated by GABAA

Receptor Activation in Microgyrus-Forming Cells
Given the transient increase in ambient GABA concentration
and the downregulation of KCC2 mRNA in the lesioned
cortex at P4, GABAA receptor-mediated depolarizing action
may be responsible for the spontaneous Ca2+ oscillation that
is important for the regulation of neuronal migration (for
reviews, see Komuro and Kumada 2005; Spitzer 2008). To test
this idea directly, we conducted calcium imaging using slices
from FFL mice at P4. Figure 6A,B shows the typical spon-
taneous Ca2+ transients in P4 neocortical cells. The lesioned
cortex at P4 was separated into <100 μm and >100 μm from
the FFL border; the latter was further separated into the
upper (<150 μm from the pia) and lower regions. The fre-
quency of spontaneous Ca2+ transients was significantly
higher in the cells <100 µm from the FFL border than in those

Figure 4. Temporal increase in ambient GABA in FFL. (A) A representative image showing the distribution of GABAergic neurons in and around the microgyric cortex at P4.
(B) An image of extracellular GABA in a P4 acute coronal slice using an enzyme-linked assay system. The dotted line indicates the border of the necrotic tissue. (C) GABA
concentration in the microgyric cortex at P4. The GABA concentrations in the lesion center and in the area within 100 μm of the lesion border were significantly higher than that
in the area >100 μm from the lesion border (post hoc Tukey test; *P< 0.05, **P<0.01, ***P<0.001, n=10 slices from 6 animals). As a sample for ANOVA, fluorescence
intensity was measured and averaged for each zone as indicated in A, from 9 randomly placed square frames (50 μm× 50 μm). (D) Image of extracellular glutamate in the
same slice as shown in B. (E) Statistical analysis of glutamate concentration as measured similarly to GABA. The glutamate concentrations in the lesion center and in the area
within 100 μm of the lesion site were significantly lower than that in the area >100 μm from the lesion site (post hoc Tukey test; **P<0.01, ***P< 0.001, n.s., not
significant; n= 3 slices from 3 animals). Scale bars: 100 μm.
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at the further site (Fig. 6C; P < 0.01). No difference was ob-
served between the upper and the lower parts of the exofocal
area (>100 µm; Fig. 6C). When the GABAA receptor antagonist
BMI (20 µM) was bath-applied, the number of spontaneous
Ca2+ transients was significantly reduced only within 100 µm
of the FFL border (Fig. 6B,D; P < 0.01). We then tested the
glutamate receptor antagonists D-AP5 and CNQX, because the
extracellular glutamate concentration was higher in the exofo-
cal area (Fig. 4D,E). In contrast to BMI, the frequency of spon-
taneous Ca2+ transients was significantly reduced by
D-AP5 + CNQX administration only in cells in the exofocal
area (Fig. 6E; P < 0.05). These results suggest that tonic

GABAA receptor-mediated depolarizing activity produces Ca2+

transients in migrating cells that are forming the microgyrus.

Chronic In Vivo Blockade of GABAA Receptors Perturbs
the Accumulation of GABAergic and Cux1-Positive Cells
and Microgyrus Formation
Next, we blocked GABAA receptors continuously in vivo after
FFL to study whether the accumulation of GABAergic
neurons, causing a focal ambient GABA gradient, underlies
microgyrus formation. Because BMI effectively blocked the
Ca2+ oscillation at P4 (Fig. 6), BMI was i.p. injected from P2
to P4 after FFL. At P4 (n = 7), the cell-dense layer in the

Figure 5. Counterstaining of in situ hybridization for KCC2 mRNA with immunohistochemistry for BrdU or GFP. (A–C) In situ hybridization for KCC2 mRNA (purple) combined with
immunostaining for BrdU (brown) on cryosections of a P4 FFL mouse cortex that received maternal injection of BrdU at E17.5. Higher magnification of BrdU-positive neurons in
the area within 100 μm of the lesion site (B) and in the exofocal area >100 μm from the lesion border (C). Note that E17.5-born, BrdU-positive neurons accumulated in the area
surrounding the necrotic tissue displayed less KCC2 mRNA expression (B) than those in the exofocal cortex (C). (D–G) In situ hybridization for KCC2 mRNA (purple) combined
with immunostaining for heat-denatured GFP (brown) on cryosections of a P4 FFL mouse cortex. Higher magnification of GFP-positive neurons in the superficial part of the FFL (E),
in the area surrounding the FFL (F), and in the exofocal area (G). Note that downregulation of KCC2 mRNA was detected in the GFP-positive GABAergic neurons in the superficial
part of the FFL (E) and in the area surrounding the FFL (F), compared with that in the GABAergic neurons in the exofocal area (G). (H) In situ hybridization for KCC2 mRNA
combined with immunostaining for BrdU on cryosections of a P7 FFL mouse cortex that received maternal injection of BrdU at E17.5. I and J show higher magnification of
BrdU-positive neurons in layer 2 of the microgyric cortex (I) and in the exofocal cortex (J). There was no significant difference in KCC2 signals between the BrdU-positive neurons
in the microgyric cortex (I) and those in the exofocal cortex (J). Scale bars: A, D, and H, 200 μm; B, C, E, F, G, I, and J, 25 μm.
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superficial part was unclear and that at the boundaries of the
lesioned area was apparently less cell dense (Fig. 7A,
compare with Fig. 1D). At P7 (n = 2), although a sulcus-like
formation was observed on the surface of the brain, the mi-
crogyric appearance of 3- or 4-layered cortex was obscured
(Fig. 7B, compare with Fig. 1E).

Immunostaining for Cux1 (Fig. 7C, red) and GFP (Fig. 7D,
green) showed a more diffuse accumulation of Cux1-positive
cells in the lesioned area than that in saline-treated FFL mice
(Fig. 7C,E, compare with Fig. 3J), and that accumulation of
GABAergic cells in the superficial part and at the boundary of
the lesioned area was not obvious (Fig. 7D,E, compare with
Fig. 3B–E and Supplementary Fig. S1B–E). Quantitative analy-
sis by cell counting revealed that the preferential accumulation
of GFP-positive GABAergic cells in the inner rim versus the
outer rim was abolished by i.p. BMI injection (Fig. 7F, see also
Fig. 3G). In addition, cell density in the superficial region and
the inner rim was significantly decreased by BMI treatment,
while that in the outer rim was increased (Fig. 7F). Likewise,
the preferential accumulation of Cux1-positive cortical plate
cells in the outer rim versus the inner rim was abolished by i.p.
BMI injection (Fig. 7G). We also noted the occasional invasion
of Cux1-positive cortical plate cells, but not GFP-positive
GABAergic cells, in the center of the lesion (Fig. 7C–E), which
was not observed in FFL animals without BMI (compare with
Fig. 3).

Discussion

The present study suggests that FFL may cause a de-differen-
tiation of the cortical cells that accumulate in the lesion site

during the formation of the microgyrus. We have demonstrated
several lines of evidence for this: 1) both GABAergic and gluta-
matergic neurons accumulated to surround the FFL-induced ne-
crotic center, while GABAergic neurons occupied the inner rim
including the superficial region; 2) extracellular GABA was
temporally increased in and around the FFL-induced necrotic
center; 3) both GABAergic and glutamatergic neurons around
the FFL displayed downregulated KCC2 mRNA expression; and
4) cells located near the lesion displayed a higher frequency of
spontaneous Ca2+ oscillation, which was activated via GABAA

receptors.

Distinct Accumulation Patterns of GABAergic
and Glutamatergic Neurons in FFL
Here, we distinguished between the apparent migration pat-
terns of GABAergic and glutamatergic neurons accumulating
in the area surrounding the FFL during the formation of the
microgyrus. We previously described a transient cell-dense
band superficial to the lesion site as a “bridge structure” that
corresponded to the “dark zone” consisting of apparently
migrating neurons in a rat FFL model (Dvorák and Feit 1977;
Shimizu-Okabe et al. 2007). In the present study, using
GAD67-GFP KI mice, we found that GABAergic neurons pre-
dominantly occupy the “bridge structure.” Although a recent
study showed that transient ischemia stimulates proliferation
and migration of interneuron precursors in the subpial region
of the neocortex (Ohira et al. 2010), newly generated neurons
were not observed in the rat FFL (Rosen et al. 1996;
Shimizu-Okabe et al. 2007), and no GAD67-positive
(GFP-positive) proliferating (Ki67-positive) cells were ob-
served (Supplementary Fig. S5). These results suggest that

Figure 6. Spontaneous intracellular Ca2+ transients near the lesion site were mediated by tonic GABAA receptor activation. (A) Typical example of a P4 neocortical cell in the
area within 100 µm of the lesion border showing spontaneous Ca2+ transients in its soma. (B) Traces of spontaneous Ca2+ transients before and after bath application of 20
µM BMI. (C) Numbers of spontaneous Ca2+ transients in cells in each area. The frequency of Ca2+ transients in the cells within 100 µm of the lesion border (n=34) was
significantly higher than that in the cells in both the upper (n= 34) and the lower (n= 40) parts >100 µm from the lesion border (post hoc Tukey test; **P<0.01, 15 slices).
(D) The number of spontaneous Ca2+ transients before and after bath application of BMI in each area. The frequency of Ca2+ transients was significantly decreased by BMI only
in the area within 100 µm of the lesion border (2-tailed paired t-test, **P< 0.01). Number of cells: <100 µm, 21; >100 µm; upper, 21; deeper, 18 (6 slices). (E) Number of
spontaneous Ca2+ transients before and after bath application of D-AP5 and CNQX in each area. The frequency of Ca2+ transients was significantly decreased by D-AP5+ CNQX
only in the areas >100 µm from the lesion border (paired 2-tailed t-test, *P< 0.05). Number of cells: <100 µm, 13; >100 µm; upper, 13; deeper, 22 (9 slices). Scale bar:
20 μm. ACSF, artificial cerebrospinal fluid control.
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GABAergic neurons might migrate from the adjacent unda-
maged area to the FFL.

Consistent with a previous report (Rosen et al. 1996), late-
born (E17.5) neurons, but not early-born (E14.5) neurons,
became dispersed throughout layer 2 of the microgyrus. Fur-
thermore, we characterized for the first time that the majority
of late-born cells were glutamatergic pyramidal neurons,
because they were negative for GFP and immunopositive for
Cux1, which is specific to the pyramidal neurons of the upper
layers (II–IV) of the murine cortex (Nieto et al. 2004). The
area surrounding the FFL-induced necrotic center contained
GABAergic neurons in the inner rim, which were surrounded
by a population of late-born glutamatergic neurons (Fig. 3C).
Before the FFL was induced, late-born glutamatergic neurons
were still located in the deep layer (Supplementary Fig. S2),
suggesting that these neurons may have the ability to migrate
to the necrotic area and form layer 2 of the microgyrus.

Ambient GABA and Neuronal Migration
Using an enzyme-linked fluorometric assay that allowed us to
image the spatial distribution of particular neurotransmitters
quantitatively (Morishima et al. 2010), we found that the
extracellular GABA concentration was temporally increased in
the necrotic center and in the area within 100 μm of the FFL
border (Fig. 4).

Medial ganglionic eminence-derived interneurons require
GABAA receptor signaling to cross the corticostriatal junction,
while GABAA receptor activation largely hinders the migration
of interneurons in the cortical plate (Behar et al. 1996; Cuzon
et al. 2006). More recently, GABA has been found to stimulate
interneuron motility through depolarizing activation of
GABAA receptors, and then to terminate the migration once
GABAA receptor activation becomes hyperpolarizing (Bortone
and Polleux 2009). This evidence supports the hypothesis
that the FFL-induced temporally increased GABA further
induces GABAergic neurons to migrate into and surround the
GABA-rich necrotic center.

GABA-mediated responses also differently regulate radial
migration of cortical neurons in a location-and-concentration-
dependent manner (Behar et al. 1996, 1998, 2000; Heck et al.
2007; Denter et al. 2010). GABA stimulates the migration of
projection neurons from the ventricular and subventricular
zones to the intermediate zone through activation of both
GABAA and GABAC receptors, while GABAA is a “stop” and
GABAC is a “go” signal in the intermediate zone (Behar et al.
1998, 2000; Denter et al. 2010). On the other hand, functional
inhibition of GABAA receptors induced heterotopic cell clus-
ters in the most superficial layers, suggesting that GABA acts
as a stop signal for cortical neurons once the neurons reach
their final destination (Heck et al. 2007). Thus, the temporal

Figure 7. Distribution of late-born glutamatergic neurons and GABAergic cells in the FFL cortex at P4 after i.p. injection of bicuculline. (A and B) Thionin-stained coronal section
from a P4 (A) and P7 (B) GAD67-GFP KI mouse that received FFL at P0 and i.p. injection of BMI from P2 to P4. (C–E) Images of a coronal section of a P4 FFL mouse that
received i.p. injection of BMI, followed by immunostaining for Cux1 (red, C) and GFP (green, D). (E) Merged images of C and D show disturbances in the distinct distribution
pattern of Cux1-positive and GFP-positive cells at the boundary of the lesioned area after in vivo application of BMI. (F) Effect of BMI on the distribution of GFP-positive cells in 4
different regions (superficial, exofocal control, inner rim, and outer rim). The positions of cell-count square frames (50 µm× 50 µm) are shown in C. Two-way ANOVA
(region × drug) revealed a significant region effect (F3,121 = 16.0, P< 0.001), a drug effect (F1,121 = 10.2, P< 0.01), and a significant region × drug interaction (F3,121 = 8.12,
P<0.001). Note that the significant difference between the inner rim and the outer rim was abolished by the application of BMI (post hoc Tukey test, **P<0.01,
***P< 0.001; saline [black symbols], 5 preparations; BMI [gray symbols], 9 preparations). Significant differences in drug effects were region-specific (independent 2-tailed
t-test, #P<0.05, ###P<0.001). (G) Effect of BMI on the distribution of Cux1-positive cells in 4 different regions. Two-way ANOVA (region × drug) revealed a significant
region effect (F3,36 = 13.1, P< 0.001). Note that the significant difference between the inner rim and the outer rim was abolished by the application of BMI (post hoc Tukey
test, *P<0.05, **P< 0.01, ***P< 0.001, and independent 2-tailed t-test, P> 0.05, saline [black symbols], 4 preparations; BMI [gray symbols], 7 preparations. Scale bars: A
and B, 100 μm; E, 200 μm.
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increase in ambient GABA in the necrotic center might
initially accelerate and then stop migration of late-born cells.
In other words, the high ambient GABA in the necrotic center
at P4 (Fig. 4) might prevent glutamatergic neurons from enter-
ing the lesioned area (Fig. 3 and Supplementary Fig. S1, also
see Fig. 7 for the negative effect induced by BMI).

Taken together, the temporally increased extracellular
GABA in the lesioned site might act as a chemoattractant for
the GABAergic neurons and the late-born pyramidal neurons
to migrate toward the lesioned cortex in an autocrine/para-
crine manner and also act to stop the latter underneath the
former, contributing to the formation of the microgyrus. We
might even be underestimating the effects of GABA, because
heterozygous GAD67-GFP KI mice show relatively reduced
ambient GABA levels in the embryo (Morishima et al. 2010),
although adult levels are normal (Tamamaki et al. 2003).

The GABA concentration of about 25 μM in the area within
100 µm of the lesion border is higher than the 10 μM at >100
µm from the border; the latter is reportedly a nondesensitiz-
ing concentration for the GABAA receptors of migrating
GABAergic neuronal precursors (Bolteus and Bordey 2004).
However, this value is much lower than the desensitizing con-
centration of 100 µM (Bolteus and Bordey 2004) and, instead,
is equal to the 50% effective concentration (Stewart et al.
2002)—in other words, significant GABAA receptor desensiti-
zation is unlikely. Indeed, a 10-min continuous application of
25 μM GABA to P4 control neocortical slices generated a per-
sistent current in patch-clamped neurons (data not shown).
Furthermore, the effectiveness of the GABAA receptor antag-
onist BMI on spontaneous Ca2+ transients in cells <100 µm
from the FFL border indicates tonic (i.e. nondesensitizing)
activation of GABAA receptors in our model.

One possible explanation for the source of ambient GABA
is the GABAergic neurons that surround the necrosis. The re-
leased GABA could diffuse into the necrotic center. Alterna-
tively, the reactive glial cells in the lesioned cortex could also
provide ambient GABA, because glial cells can release GABA
in a nonvesicular manner (Barakat and Bordey 2002; Park
et al. 2009; Lee et al. 2010). However, this is unlikely, because
GFAP-positive reactive astrocytes and Iba1-positive microglial
cells in the area surrounding the necrotic center did not colo-
calize with GAD67 (Supplementary Fig. S6).

In contrast to the distribution of extracellular GABA, we
found that the distribution of extracellular glutamate was
higher in the areas far from the FFL border. The accumulation
of GFAP-positive reactive astrocytes and Iba1-positive micro-
glial cells (Supplementary Fig. S6), in the apparent absence of
glutamatergic cells in the necrotic center, might explain this
phenomenon. Because both astrocytes and microglia express
functional glutamate transporters such as GLAST and GLT-1
(Anderson and Swanson 2000; Nakajima et al. 2001),
transporter-mediated glutamate uptake may explain the
reduced glutamate level in the lesioned area, resulting in the
distinctive glutamate distribution in the FFL cortex.

By means of in vivo microdialysis in the adult rat hippo-
campus, 0.2–0.8 and 3–6 μM concentrations of GABA and glu-
tamate, respectively, have been reported (Lerma et al. 1986;
Rakovska et al. 1998). To the best of our knowledge, such
information is not available for the normal developing neo-
cortex, and estimated values vary widely according to the
technique used. For example, glutamate accumulation in as-
trocytic culture measured with an enzyme-linked assay system

using CCD imaging similar to our own was reported to be
1–100 μM (Innocenti et al. 2000). Because ambient GABA
levels might be higher at more immature stages of develop-
ment (Dvorzhak et al. 2010; Morishima et al. 2010), the in
vivo levels of GABA and glutamate in our model could be
compatible with the measured levels in this study.

CXCL12, a member of the CXC subfamily of chemokines
(also known as stromal cell-derived factor 1), is expressed in
the meninges and in the subventricular zone of the develop-
ing cortex and functions as a chemoattractant for the
migration of GABAergic neurons expressing its receptor
CXCR4 (Stumm et al. 2003, 2007; Tiveron et al. 2006; López-
Bendito et al. 2008). Therefore, we considered the possibility
that CXCL12/CXCR4 signaling plays a role in the accumulation
of GABAergic neurons during the formation of the micro-
gyrus at P4. However, apparent CXCL12 and CXCR4 mRNA
signals induced by FFL were not found around the necrotic
tissue at this stage (Supplementary Fig. S4). These results
suggest that CXCL12/CXCR4 signaling may not be involved in
the accumulation of GABAergic neurons during the develop-
ment of the microgyrus.

Downregulation of KCC2 mRNA During the Formation
of the Microgyrus
Under pathological conditions such as neuronal trauma or
axotomy, mature neurons downregulate the expression of
KCC2 and revert to a depolarizing immature-like response to
GABA (Toyoda et al. 2003; for review, Payne et al. 2003).
Here, a temporal downregulation of KCC2 mRNA expression
in GABAergic neurons, and in late-born glutamatergic
neurons surrounding the GABA-rich necrotic center, was ob-
served, suggesting that both GABAergic neurons and late-
born glutamatergic neurons in the lesioned cortex might ded-
ifferentiate to an immature state, with a depolarizing response
to ambient GABA due to high [Cl–]i.

GABA acts as a “go” signal for immature low-KCC2-expres-
sing interneurons, but acts as a “stop” signal for interneurons
expressing high levels of KCC2 once they reach the cortex
(Bortone and Polleux 2009). We believe that a similar mech-
anism occurs during the formation of the microgyrus. A bidir-
ectional function (motility-promoting or a stop signal)
depending on the expression of KCC2 is compatible with our
results, for example, equivalent expression of KCC2 mRNA
after forming the microgyrus at P7.

Calcium Transients and Neuronal Migration
Intracellular Ca2+ signaling is important for controlling the
migration of immature neurons (Komuro and Rakic 1992,
1996; Ben-Ari et al. 1997; Kumada and Komuro 2004; Heck
et al. 2007; Bortone and Polleux 2009). The frequency of Ca2+

transients in immature neurons can be associated with the
rate of cell movement (Komuro and Rakic 1996; Kumada and
Komuro 2004). In this study, blockade of GABAA receptors
reduced the frequency of spontaneous Ca2+ transients in cells
within 100 µm, but not in cells more than 100 µm from the
lesion border. This suggests that a depolarizing shift in the
GABAA receptor-mediated response induced by downregula-
tion of KCC2 expression could lead to Ca2+ oscillation and
facilitate the migration of both GABAergic and late-born gluta-
matergic neurons. Then, GABA would terminate the migration
by decreasing the frequency of Ca2+ oscillation once the
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GABAA receptor activation became hyperpolarizing (Bortone
and Polleux 2009). The differential characteristics of Ca2+

transients between the areas <100 µm and >100 µm from the
FFL border could be attributable to differences in [Cl–]i caused
by differential expression of KCC2, as well as a differential
concentration of extracellular GABA.

In contrast to cells <100 µm from the FFL border, in the
exofocal area >100 µm from the FFL border, where glutamate
was abundant compared with GABA, the frequency of Ca2+

transients was sensitive to the glutamate receptor antagonists
CNQX + D-AP5. As expected, the upper and lower exofocal
cortex displayed no differences in the characteristics of their
Ca2+ transients (Fig. 6), despite the differential KCC2
expression (Fig. 5). Our results add a new dimension by
showing that apparently migrating neurons in the area sur-
rounding the FFL-induced necrosis can sense the high level of
ambient GABA, and that this contributes to the formation of
the microgyrus through Ca2+-dependent mechanisms.

GABAA Receptor Activation May Underlie the Formation
of the Microgyrus
Because previous reports using rats showed that FFL only
during P0–1 can form a microgyrus (Dvorák et al. 1978), we
conducted a control experiment, performing FFL on P2 (>48
h after birth) GAD67-GFP KI mice and investigating the mor-
phological changes. Seven days after FFL (i.e. at P9; 2
animals), a sulcus-like formation was observed on the surface
of the brain. As reported before (Dvorák et al. 1978), only
defects of cortical lamination were observed, without the mi-
crogyric appearance of a 3- or 4-layered cortex (see Sup-
plementary Fig. S7C and compare with Fig. 1E). In this
negative control experiment, at 4 days after the FFL (i.e. at P6;
2 animals), the cell-dense layer was unclear both in the super-
ficial part and at the boundaries of the lesioned area (see Sup-
plementary Fig. S7A and compare with Fig. 1D). Interestingly,
an accumulation of GABAergic cells surrounding the necrotic
tissue was not detected at P6 (see Supplementary Fig. S7B
and compare with Fig. 3B–E and Supplementary Fig. S1B–E).

Together with the results from in vivo blockade of ambient
GABA action—which showed perturbation of the peculiar
accumulation of GABAergic and cortical plate cells and pre-
vention of microgyrus formation—the above findings support
the following hypothesis. The temporally increased GABA
causes tonic GABAA receptor activation of neurons, resulting
in modulation of Ca2+ signaling, which differentially affects
the migratory status of GABAergic (“go”) and E17-born, Cux1-
positive cortical plate cells (“stop”) during the formation of
the microgyrus.

Conclusion
Tonic GABAA receptor activation in KCC2-downregulated
neurons by temporally increased ambient GABA regulates the
distinct migration patterns of GABAergic and glutamatergic
neurons via Ca2+ signaling during the formation of the
microgyrus.

Supplementary Material
Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/.
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