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Recent studies have shown that cells in the intermediate zone
(IZ) of the embryonic neocortex originate in the basal telen-
cephalon and migrate tangentially in the cortical wall (Anderson
et al., 1997; Tamamaki et al., 1997; Wichterle et al., 1999). We
had previously observed growing cortical axons closely ap-
posed to calbindin-positive, tangentially oriented cells in the IZ
(Métin and Godement, 1996), and it has been shown that
neurites in the IZ express a glutamate transporter (Furuta et al.,
1997). To test if glutamate released by corticofugal growth
cones could influence the tangential IZ cells, we characterized
the glutamate receptors expressed by IZ cells using patch-
clamp techniques, histochemical labeling, and immunostaining
on slices of embryonic mice forebrain. We show that tangential
IZ cells express inwardly rectifying kainate responses, but not
NMDA responses, and accumulate cobalt after AMPA receptor
activation. We conclude that IZ cells express calcium-

permeable AMPA receptors. This property correlates with our
observation that the GluR2 subunit is not expressed in the IZ.

AMPA receptors are activated by a millimolar concentration
of glutamate. To know whether this high level of glutamate
could occur at the surface of IZ cells, we examined contacts
made by corticofugal growth cones and calbindin-positive IZ
cells using electron microscopy. We show vesicle-containing
neurites tightly apposed to calbindin-positive IZ cells over re-
markably long length. This suggests that glutamate released by
growing corticofugal axons could reach high concentrations
close to AMPA receptors of tangential IZ cells and efficiently
activate them to control the intracellular calcium in embryonic
IZ cells.
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The intermediate zone (IZ) of the developing mammalian cortex
extends between the ventricular zone (VZ) where proliferation
occurs, and the cortical plate (CP) where neurons differentiate
after their radial migration. The IZ is a region of tangential
migration of cells, in particular of GABAergic cells (Van Eden et
al., 1989; Altman and Bayer 1990; Cobas et al., 1991; Del Rio et
al., 1992; Tan et al., 1998), generated outside the cortical wall, in
the ganglionic eminence (GE) of the basal telencephalon (Ander-
son et al., 1997; Tamamaki et al., 1997; Wichterle et al., 1999).
The growth cones of cortical efferent and afferent axons also
migrate in the IZ (Miller et al., 1993; Métin and Godement, 1996;
Molnar et al., 1998). Finally, at midgestation, the lower part of the
IZ becomes a secondary proliferative zone, the subventricular
zone (Takahashi et al., 1995). Therefore, the IZ is not only a
cortical zone devoted to the tangential traffic of cells and growth
cones, but may also play an important role in cortical
neurogenesis.

Corticofugal axons extend in the lower IZ among tangential

calbindin-positive cells, and close appositions occur between
growth cones of corticofugal axons and calbindin-positive IZ
cells that are suggestive of specific interactions (Métin and Gode-
ment, 1996). Cellular interactions during development have been
shown to involve either nondiffusible signaling molecules medi-
ating short-range communication as in the delta/notch and eph-
rin/Eph receptor pathways (Beatus and Lendahl, 1998; Flanagan
and Vanderhaeghen, 1998) or long-distance signaling molecules
such as morphogens (Mehler et al., 1997) and diffusible guidance
molecules (Tessier-Lavigne and Goodman, 1996).

At early embryonic stages, neurotransmitters are believed to
mediate long-range interactions (LoTurco et al., 1991; Komuro
and Rakic, 1993; Zheng et al., 1994; Behar et al., 1996). Gluta-
mate, the main excitatory neurotransmitter in adult cortex, is
accumulated in embryonic cortical cells and tangential fibers in
the IZ (Herrmann, 1996) and can be released by growth cones
(Soeda et al., 1997). Glutamate transporters are expressed by
embryonic cortical cells (Furuta et al., 1997). Glutamate has been
shown to modulate cell proliferation (LoTurco et al., 1995; Gallo
et al., 1996), radial migration (Komuro and Rakic, 1993), and
growth cone motility (Owen and Bird, 1997). Embryonic cortical
cells express a variety of glutamate receptor subunits that could
form receptors with different functional properties (Hollmann
and Heinemann, 1994), but the cellular distribution of most
glutamate receptor subunits in the embryonic cortex, in particular
in the IZ, is unknown.

We therefore characterized the glutamate receptors expressed
by IZ cells using patch-clamp recordings and neuroanatomical
techniques. We show that tangential IZ cells express calcium-
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permeable AMPA receptors. At the ultrastructural level, we show
that growing corticofugal fibers containing clear vesicles are
tightly apposed to calbindin-positive IZ cells. This suggests that
glutamate released from cortical fibers could activate the low-
affinity AMPA receptors and mediate a calcium influx to IZ cells.
This represents a novel short-range interaction mediated by a
neurotransmitter that may influence the migration and fate of
cortical cells during development.

MATERIALS AND METHODS
Preparation of embryonic brain slices. Timed pregnant OF1 and C57BL
mice were killed at 12, 13, and 14 d of gestation [embryonic day 12.5
(E12.5), E13.5, and E14.5, respectively; date of the plug 5 E0.5] by
cervical elongation after light ether anesthesia. The uterus and embryos
were removed. To prepare 250-mm-thick slices with a McIllwain tissue
chopper, the embryonic brains were rapidly isolated in cold oxygenated
(5% pCO2 and 95% pO2) artificial CSF (ACSF) with 10 mM lactate. The
telencephalic vesicles were dissected, the olfactory bulbs and hippocampi
were removed, and telencephalic vesicles were sectioned in the coronal
plane. To prepare slices with a vibratome (DTK-1000; DSK), the brains
were first embedded in 5% type VII agar in L15 medium (Life Technol-
ogies, Gaithersburg, MD), and sectioned in the frontal plane in cold
oxygenated ACSF with 10 mM lactate, which was added to facilitate the
neuronal recovery from hypoxia caused by slice preparation (Schurr et
al., 1997).

Histochemical studies. Cobalt (Co 21) uptake was revealed using the
Pruss reaction (Pruss et al., 1991), with ammonium sulfide 1% (NH4)2S
in uptake buffer to precipitate Co 21. The slices were rinsed for half an
hour in uptake buffer at room temperature and incubated for 30 min in
10 mM CoCl2 uptake buffer either alone or in the presence of 250 mM
kainate (KA). The following substances were added to test the specificity
of the KA-induced Co 21 uptake: 100 mM cyclothiazide (CTZ); 100 mM
6,7-dinitroquinoxaline-2,3-dione (DNQX); and 20 mM of a 2,3 benzodi-
azepine (LY303070) in the presence or in the absence of 100 mM CTZ.
Stained sections were rinsed in uptake buffer, fixed in 4% paraformal-
dehyde in 0.1 M phosphate buffer, pH 7.4, and mounted in moviol for
photography.

Intracellular recordings and data analysis. The slices were maintained
for at least 1 hr in standard oxygenated (5% pCO2 and 95% pO2) ACSF
at 35°C with 10 mM lactate before recording. Cells were identified using
an upright fixed stage microscope (Axioskop, Zeiss) with Nomarski
optics (IR-Achroplan 403) and an infrared video camera (Newvicon;
Hamamatsu, Tokyo, Japan). Recordings were obtained at room temper-
ature (22–25°C) from submerged slices kept in place with platinum rods
under constant (2–3 ml/min) perfusion of standard oxygenated ACSF.

Intracellular recordings were obtained with the patch-clamp technique
in the whole-cell and nucleated-patch configurations. The signals were
amplified and filtered at 2 kHz (Axopatch 1D; Axon Instruments, Foster
City, CA). The series resistance was not compensated. The signals were
digitized at 2 kHz, stored on a computer on-line (Labmaster TL-1
DMA; Axon Instruments), and analyzed subsequently with a program-
mable software (Acquis 1; Biological). To obtain the current–voltage
( I–V) curve of the KA response, cells were maintained near their resting
membrane potential (280 mV), and voltage ramps were applied for 2 sec
every 10 or 20 sec, between 280 and 180 mV. The KA I–V curve was
calculated by subtracting the ramp response in control from that during
the maximal KA response. When the KA responses were .10 pA at 280
mV, the reversal potential (Vrev) was calculated automatically as the zero
intercept of the average response (n 5 10–20). To quantify the rectifi-
cation of the KA response, the relative chord conductance ( G), normal-
ized to its value at 280 mV, was calculated as follows: G 5 [i 4 (V 2
Vrev)] 4 [i 4 (280 2 Vrev)], where i is the current measured at a given
membrane voltage, V. The estimation of G degenerates and is ignored
near Vrev.

The input resistance was estimated by applying current steps and
calculating the slope of the I–V curve by linear regression. Spike dis-
charge was studied by applying the current steps from a holding potential
between 280 and 290 mV. Voltage-gated currents were evoked by
holding the cell near 280 mV and by applying voltage steps of variable
amplitude (220 to 180 mV with steps of 10 mV). The I–V curve of the
voltage-gated currents was measured after leak subtraction of a small
negative (210 mV) voltage step. Recording pipettes (resistance, 8–10
MV) were pulled from cleaned sterilized borosilicate glass and coated

with beeswax. All results are given as mean 6 SD. The unpaired
Student’s two-tailed t test was used to examine the level of significance of
the results.

Solutions and chemical compounds. The uptake buffer of the histo-
chemical Pruss reaction contained (in mM): sucrose, 139; NaCl, 57.5;
KCl, 5; MgCl2, 2; CaCl2, 1; glucose, 12; and HEPES, 10; pH, 7.6. The
standard ACSF contained (in mM): NaCl, 126; KCl, 1.5; KH2PO4, 1.25;
MgSO4, 1.5; CaCl2, 2; NaHCO3, 26; and glucose, 10. The following
compounds were added to ACSF: tetrodotoxin (TTX, 1 mM; Latoxan);
cadmium chloride (CdCl2, 200 mM; Sigma, St. Louis, MO); KA (50–200
mM; Tocris Cookson, Bristol, UK); CTZ (100 mM; Tocris); DNQX (10
mM; Tocris); and LY303070 (GYKI 53784, 20 mM; a generous gift from
Lilly).

To record action potentials and potassium currents, the pipette solu-
tion contained (in mM): K gluconate, 144; MgCl2, 3; ATP, 4; HEPES, 10;
and EGTA, 0.5; pH, 7.35; 285–295 mOsm. To record the responses to
agonists, the pipette solution contained (in mM): Cs gluconate, 120;
NaCl, 10; CsCl, 10; MgCl2, 2; HEPES, 10; ATP, 4; and EGTA, 0.2 or 5;
pH, 7.35; 285–295 mOsm. Spermine tetrahydrochloride (100 mM; Sigma)
was added to the pipette solution of the nucleated-patch recordings. A
correction of 110 mV was applied to compensate for the junction
potential of the recording solution.

Immunocytochemistry and electron microscopy. Brains of E12.5–E14.5
embryos were fixed overnight at 4°C in 4% paraformaldehyde for light
microscopy or 4% paraformaldehyde 0.1% glutaraldehyde for electron
microscopy (EM) processing in 0.1 M phosphate buffer (PB), pH 7.4.
After embedding in agar, coronal vibratome sections (60- to 100-mm-
thick) were prepared and processed for immunostaining against calbi-
ndin (CaBP 28K; a generous gift of Dr. Monique Thomasset), the GluR1
AMPA subunit (GluR1; Chemicon, Temecula, CA) or the GluR2/3
AMPA subunits (GluR2/3; Chemicon), all rabbit polyclonal antibodies.
Briefly, sections were treated with 1% H2O2 in PBS to remove endoge-
nous peroxidase activity, rinsed in PBS and incubated for at least 1 hr in
PGT (PBS with 0.2% gelatin and 0.1–0.2% Triton X-100). Sections
prepared for EM observations were permeabilized with 0.01% saponin.
Sections were incubated overnight at room temperature under agitation
in primary antibodies diluted in PGT (1:5000 for CaBP 28K, 1:10 or 1:20
for GluR1, and 1:100 for GluR2/3). After rinsing in PBS, a biotinylated
anti-rabbit IgG (Vector Laboratories, Burlingame, CA) diluted 1:200 in
PGT was applied for 1 hr, followed by avidin–biotin–peroxidase immu-
nostaining (ABC kit; Vector Laboratories). The immunolabeling was
revealed using 0.035% diaminobenzidine (DAB) and 0.01% H2O2 in 0.1
M Tris buffer, pH 7.4. In CaBP/GluR1 double-staining experiments,
GluR1 was first revealed with DAB as substrate giving a brown staining.
Then, CaBP was revealed in the presence of 0.02% nickel ammonium
sulfate to color the DAB precipitate in gray. In control sections, no
primary antibodies were applied. For EM, DAB-stained and control
sections were post-fixed overnight in 0.1 M PB, pH 7.8, containing 0.25%
osmium tetroxide and 0.75% potassium-perchlorate, dehydrated and
embedded in Spurr’s resin (TAAB). Carbocyanine [1,19-dioctadecyl-
3,3,39,39-tetramethyl-indocarbocyanine perchlorate (DiI); Molecular
Probes, Eugene, OR] labeling of fibers was obtained as described in
Métin and Godement (1996). Ultrathin sections (80 nm) were mounted
on copper grids and observed without staining under a transmission
electron microscope (Philips CM10).

RESULTS
Recordings were obtained from mouse embryonic cortical cells
on E13.5 to E15.5 in acute slice preparation after identification by
infrared video microscopy (Fig. 1C,D; see Fig. 8A1,B1). We
recorded from IZ cells with tangentially oriented processes that
either belong to cohorts of morphologically similar cells or appear
isolated. In most IZ cells, we clearly observed a thick neurite that
often bifurcated distally in the dorsal direction and a thinner
neurite running ventrally toward the GE. In the CP we recorded
from cells with a larger spherical soma and a thin neurite extend-
ing radially to deep cortical layers.

Embryonic cortical neurons express functional
AMPA receptors
NMDA and non-NMDA glutamate receptor subunit mRNAs are
present in cells of the embryonic cortical wall (Bettler et al., 1990;
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Monyer et al., 1991; Burnashev et al., 1992; Herb et al., 1992;
Bahn et al., 1994; Laurie and Seeburg, 1994). NMDA and
AMPA/KA responses have been recorded in embryonic CP and
VZ cells at early embryonic stage (LoTurco et al., 1991, 1995;
Behar et al., 1999). IZ cells express GluR1 AMPA subunits
(Herrmann, 1996), but their responses to glutamate have not
been studied. In this study, we characterize the glutamate recep-
tors expressed by IZ cells and by CP cells for a comparison.

To investigate the expression of non-NMDA receptors by em-
bryonic IZ cells, we performed whole-cell recordings and applied
in the perfusion medium KA, a nonselective agonist of AMPA
and KA receptors that does not activate electrogenic glutamate
transporters (Brew and Attwell, 1987). When the cells were
maintained at 280 mV, KA (10–200 mM) induced a sustained
inward current (Fig. 2A1) in most IZ (39 of 42) and all CP (19 of
19) cells. This response was reversible, reproducible, and dose-
dependent (Table 1). The KA-evoked current was maintained in
the presence of blockers of the voltage-gated sodium and calcium
currents (1 mM TTX and 200 mM cadmium; Fig. 2B), indicating
that it is attributable to the direct activation of the AMPA/KA
glutamate receptors expressed by the recorded CP and tangential
IZ cells.

To examine whether IZ cells express NMDA receptors, the
effect of bath applications of 100 mM NMDA was tested in IZ
cells that express KA responses (n 5 4). Cells were tested in
standard magnesium-containing medium and depolarized by a
ramp from 280 to 180 mV to remove the voltage-dependent
magnesium block (Fig. 2C3). We found that IZ cells do not
respond to NMDA application (n 5 7), which indicates that they
express AMPA/KA receptors but lack NMDA receptors.

Kainate is a nonselective agonist of both AMPA and KA
receptors. To identify the receptor type activated by KA in IZ
and CP cells, we tested the effect of two ligands selective for
AMPA receptors. We tested first the effect of a selective noncom-
petitive antagonist of AMPA receptors, the 2,3-benzodiazepine
LY303070 or GYKI 53784 (Bleakman et al., 1996), on the re-
sponse to KA of IZ (n 5 4) and CP (n 5 5) cells. LY303070 (20
mM) by itself had no effect either on the holding current or on the
ramp response, suggesting that the AMPA receptors expressed by
these cells are not tonically activated by the extracellular gluta-
mate in our recording conditions. In all cells, LY303070 blocked
completely and reversibly the responses to 100 mM KA (Fig. 3A).
We also tested the effect of a selective antagonist of AMPA
receptor desensitization, CTZ (Partin et al., 1993). CTZ (100
mM) increased the whole-cell response to 100 mM KA in all IZ
cells by 516 6 357% (n 5 4) and by 1100% in a CP cell (Fig. 3B).
In nucleated patches of IZ cells, we also compared the responses
to 100 mM KA applied without and with 100 mM CTZ and found
that the KA-induced inward current recorded at 280 mV was
significantly smaller in control (24.6 6 5.3 pA; n 5 5) than in the
presence of CTZ (2253.8 6 328 pA; n 5 8). We conclude that
KA-induced inward current recorded in IZ and CP cells results
from the activation of AMPA receptors.

IZ cells are GABAergic and could be involved in GABA-
mediated interactions. GABAA receptor subunits are expressed
in cells of the embryonic cortical wall (Ma and Barker, 1998).
Therefore, we looked at the expression of GABAA receptors by
IZ cells. We studied the effect of GABA (50–200 mM) and
isoguvacine (50 mM), a selective agonist of the GABAA receptors
in the IZ and the CP. Most IZ (9 of 12) and CP (8 of 8) cells were
responsive to GABA or isoguvacine. Both agonists induced a
rapidly desensitizing response with a small inward current at 280
mV (Fig. 2C2). The I–V curve of the GABA response recorded in
IZ cells showed an outward rectification with a reversal potential
at 236.4 6 5.8 mV (n 5 5) equal to the chloride equilibrium.
These results indicate that IZ and CP cells express functional
chloride permeable GABAA receptors.

Intermediate zone neurons express calcium-permeable
AMPA receptors
AMPA receptor subunits are encoded by four genes (GluR1–4)
with further diversity caused by alternative splicing and RNA

Table 1. Dose-dependent effect of KA on CP and IZ neurons

KA concentration
(mM)

KA-induced current at 280 mV
pA 6 SD (n)

CP IZ

50 257 6 45 (5) 226 6 32 (8)
100 2110 6 92 (14) 265 6 77 (25)
200 — 2100 6 80 (8)

Bath applications of KA at increasing concentrations induce inward currents of
increasing amplitude both in CP and tangential IZ cells. The inward current was
measured at 280 mV.

Figure 1. Identification of the tangential intermediate zone of the corti-
cal wall. Coronal sections of E13.5 mouse telencephalic vesicle (dorsal up,
medial right). A, B, Immunostaining of calbindin-positive (CaBP) cells in
the IZ of 100-mm-thick, fixed slices. A, Above the proliferative ventricular
zone (vz), in the lower half of the IZ (iz), labeled cells form a continuous
row from the ventricular angle of telencephalon (asterisk) to the dorsal
cortex. Positive cells outline the developing cortical plate (cp). A few
labeled cells are scattered in the vz. GE, Ganglionic eminence. B, Higher
magnification view of a calbindin-positive IZ cell with a tangentially
oriented thick process (arrow). C, D, Visualization of a live cortical slice
preparation using Nomarski optics and infrared video microscopy. C, At
low magnification, tangentially oriented cells of the IZ (arrow) form a
dense cohort above the vz. Scale bar, 100 mm. D, At higher magnification,
recording of a tangentially oriented IZ cell with a thick neurite (arrow)
running dorsally. Scale bar, 10 mm.
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editing. Receptors exhibit different functional properties accord-
ing to their subunit composition (Hollmann and Heinemann,
1994). AMPA receptors lacking the edited form of the GluR2
subunit show high calcium permeability (Ozawa et al., 1998). The
GluR2 subunit is less frequent in embryonic than in older brain
(Durand and Zukin, 1993), suggesting that calcium-permeable
AMPA receptors are more abundant in embryos. We asked

whether migrating IZ cells that lack calcium-permeable NMDA
receptors express calcium-permeable AMPA receptors.

The calcium permeability of AMPA receptors is correlated
with the rectification of their I–V curve, the higher the calcium
permeability, the larger the inward rectification (Ozawa et al.,
1998). The rectification of the KA response was quantified by an
index defined as follows. We first measured the I–V curve of the

Figure 3. Kainate activates AMPA re-
ceptors in IZ and CP cells. A, Depolar-
izing ramps from 280 to 180 mV are
applied every 10 sec to an IZ cell, and
100 mM KA is applied (thick line); ramp
responses are displayed in control, in
the presence of 20 mM LY303070, and
after washout of LY303070. In control,
KA evokes an inward current at 280
mV and an increase ramp response.
LY303070 completely blocks the re-
sponse to KA. The response to KA re-
covers after washing LY303070 for 10
min. B, Ramps from 280 to 180 mV are
applied every 20 sec in a CP cell during
100 mM KA application (thick line) in
control and in the presence of 100 mM
CTZ. In control, KA induces an inward
current at 280 mV and a larger re-
sponse to the ramp. In CTZ, the inward
current induced by KA at 280 mV and
the ramp response are both increased.

Figure 2. Responses to glutamate of
E13.5–E14.5 cortical cells. Whole-cell
recordings from IZ (A, C) and CP ( B)
cells. A1, Recording of an IZ cell main-
tained at 280 mV in control and during
the bath application of 50 mM KA (thick
line). KA induces a sustained inward
(downward) current and an increase of
the baseline noise that recovers after
KA removal. 2, 3, In the same IZ cell,
depolarizing ramps (3) from 280 to
180 mV are applied every 20 sec dur-
ing another 50 mM KA application; the
continuous dotted line indicates 0 mV.
In control, the cell responds to voltage
ramps by a positive (upward) ramp cur-
rent ( 2) of small amplitude correspond-
ing to the cell input resistance. KA
application (thick line) evokes a sus-
tained inward current at 280 mV, and
the ramp response is increased as a
result of KA-induced channel opening.
B, In a CP cell, ramps are applied every
10 sec during 100 mM KA application
(thick line) in the presence of 1 mM
TTX and 200 mM Cd; KA induces an
inward current at 280 mV and a larger
ramp response. C, In another IZ cell,
depolarizing ramps from 280 to 180
mV are injected every 20 sec, and bath
applications of 100 mM KA ( 1), 50 mM
GABA (2), and 100 mM NMDA (3) are

made. 1, KA (thick line) evokes a negative current at 280 mV and a larger ramp response with a clear deflection in the slope (arrow). 2, GABA (thick
line) induces a small inward current at 280 mV and a transient increase of the ramp response followed by a smaller response caused by receptor
desensitization. 3, NMDA (thick line) does not evoke any response.
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KA responses and calculated the relative chord conductance (G)
at different membrane potentials (Fig. 4). The minimal value of G
observed at 140 mV (G140) was then taken as the rectification
index (Fig. 4A4). In all IZ cells, the KA I–V curve displayed
inward rectification (Fig. 4A3). In half the IZ cells (18 of 36),
G140 was ,0.25, a value that has been used to define the AMPA
receptors with high calcium permeability (Itazawa et al., 1997). In
contrast, the KA I–V curves of CP cells (Fig. 4C) displayed
heterogeneous rectification index values with a mean value
(G140 5 1.15 6 0.75; n 5 18) significantly ( p , 0.001) different
from that seen in IZ cells (G140 5 0.31 6 0.16; n 5 36). More
than half the CP cells (10 of 18) displayed an outward rectifi-
cation with a rectification index larger than one, typical of
AMPA receptors with low calcium permeability. The other CP
cells displayed an inward rectification with an index smaller
than one, typical of AMPA receptors with intermediate or high
calcium permeability. We conclude that embryonic IZ cells

express only inwardly rectif ying KA responses typical of
calcium-permeable AMPA receptors. In CP cells, we find
inwardly or outwardly rectif ying KA responses, indicating that
the calcium permeability of AMPA receptors is heterogeneous
in the CP.

The inward rectification is a property of calcium-permeable
AMPA receptors that requires the presence of intracellular poly-
amines such as spermine (Ozawa et al., 1998). Therefore we
compared the degree of rectification in nucleated patches from
IZ cells recorded in the absence or in the presence of 100 mM

spermine in the pipette solution. The KA-evoked response was
tested in the presence of 100 mM CTZ to reduce AMPA receptor
desensitization. The inward rectification was stronger in the pres-
ence of spermine (G140 5 0.20 6 0.05; n 5 2) than in the
spermine-free condition (G140 5 0.39 6 0.09; n 5 3). These
results indicate that the inward rectification of the KA-evoked
responses of IZ cells depends on the presence of internal sperm-

Figure 4. Rectification properties of AMPA receptors in
IZ and CP cells. The I–V curve of the KA response is
shown for an IZ (A) and a CP (B) cell. A, The response
(1) to a depolarizing ramp between 280 and 180 mV of
duration 2.2 sec ( 2) is shown in control (ctrl ) and during
the maximal KA response (K A). In control, the current
ramp response is almost linear. During the KA applica-
tion, an inward current (;150 pA) is evoked at 280 mV,
and the ramp response becomes nonlinear. 3, The I–V
curve of KA response is obtained by subtracting the I–V
curve in control from that in KA; the I–V curve reverses
at 212 mV, and its slope diminishes between 270 and
140 mV, displaying an inward rectification. 4, The rela-
tive chord conductance, G, is plotted against the mem-
brane potential, V; G reaches a minimum at 140 mV
(G140 5 0.267). B, KA response of a CP cell recorded in
the presence of 1 mM TTX and 200 mM cadmium. 1, The
I–V curve reverses at 27 mV and is linear between 280
and 140 mV with an outward rectification above 140
mV. 2, The relative chord conductance, G, is unchanged
between 280 and 140 mV (G140 5 1.06). C, Distribution
of the rectification index (G140 ) for IZ and CP cells. 1,
All IZ cells display a strong inward rectification with
G140 ,0.70. 2, In CP cells, more than half the cells (10 of
18) display outward rectification with G140 larger than
one. When present, the inward rectification is on average
weaker than in IZ cells.
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ine and support the idea that embryonic tangential IZ cells
express calcium-permeable AMPA receptors.

Distribution of cortical cells expressing
calcium-permeable AMPA receptors
Calcium-permeable AMPA receptors have a relatively high per-
meability to other divalent cations (Iino et al., 1990; Burnashev et
al., 1992). Their high permeability to cobalt has been used to label
cells expressing calcium-permeable AMPA/KA receptors and
study their distribution (Pruss et al., 1991; Bardoul et al., 1998).
We therefore examined the cobalt labeling induced by 250 mM

KA in embryonic cortical slice preparations at E13.5 and E14.5
(Fig. 5). The KA-induced cobalt accumulation was antagonized
by the nonselective AMPA/KA antagonist DNQX (100 mM) and
the selective AMPA antagonist LY303070 (20 mM); it was in-
creased by the selective inhibitor of AMPA receptor desensitiza-
tion CTZ (100 mM), indicating that the cobalt labeling depends on
the expression of AMPA receptors.

The distribution of the cobalt-labeled cells reproduce that of
calbindin-positive cells (Fig. 1A). Cobalt-labeled cells are found
in the IZ where we recorded inwardly rectifying KA responses,
probably because of calcium-permeable AMPA receptors. These
observations confirm that a population of cells in the IZ with
similar distribution to the calbindin-positive cells express
calcium-permeable AMPA receptors. Cobalt-labeled cells are
also found in the preplate before the CP forms. At later stage,
labeled cells divide in two rows outlining the CP. We recorded in
the CP a proportion of cells with inwardly rectifying KA re-

sponses probably due to calcium-permeable AMPA receptors,
but their exact depth in the CP could not be estimated in our
recording conditions.

Immunocytochemical distribution of GluR1–3
AMPA subunits
The absence of the edited form of GluR2 or the presence of its
nonedited form has been correlated with the inward rectification
(Bochet et al., 1994) and the high calcium permeability of AMPA
receptors (Burnashev et al., 1992; Jonas et al., 1994; Geiger et al.,
1995). During development a very small percentage of GluR2
subunit is found in the nonedited form (Burnashev et al., 1992).
To examine whether IZ cells lack the GluR2 subunit or express its
nonedited form, we investigated the distribution of AMPA sub-
units, using a specific antibody for GluR1 and a nonspecific
antibody for GluR2 and GluR3 (GluR2/3) that recognizes both
the edited and nonedited forms of GluR2 (Fig. 6).

In the lower IZ, we observed GluR1-positive cells, whose
number increased from E13.5 to E14.5. No immunoreactivity to
GluR2/3 subunits was detected in the IZ at either age. In the CP
both GluR1 and GluR2/3 immunoreactivities were detected at
E13.5 and E14.5. The expression of GluR1 and GluR2/3 subunits
followed the maturation gradient in the CP, being first expressed
in the preplate and, after CP formation, in the marginal zone and
subplate (Fig. 6A–D). Cells expressing GluR1 and cells express-
ing calbindin have similar distributions at either age. Double-
labeling experiments (Fig. 6E,F) show that most calbindin-

Figure 5. Kainate-induced cobalt
loading in embryonic cortical slices. A,
The KA-induced cobalt accumulation
is tested in cortical slices from E14.5
mouse embryos. In control with 10 mM
CoCl2 (Co), cells do not accumulate
cobalt, except for a very few cells in
cortex (cx) and ganglionic eminence
( ge). In the presence of 250 mM KA
and 10 mM CoCl2 (Co 1 K A), cells in
the cortical wall that strongly accumu-
late cobalt form a row in the lower half
of the IZ (arrow) above the vz, and
more superficially, two rows outlining
the developing CP (arrowheads). The
KA-induced cobalt uptake is strongly
antagonized by 100 mM DNQX (Co 1
K A 1 DNQX ). Scale bar, 200 mm. B,
KA-induced cobalt accumulation in
cortical slices from E13.5 mouse em-
bryos with 10 mM CoCl2 and 250 mM
KA in control (Co 1 K A), in the pres-
ence of 20 mM LY303070 (Co 1 K A 1
LY303070), and in the presence of 100
mM CTZ (Co 1 K A 1 CTZ). In con-
trol, labeled cells are seen in IZ and
CP. LY303070 blocks cobalt accumu-
lation. CTZ strengthens labeling in
the IZ and CP; isolated labeled cells
are occasionally observed in vz. Scale
bar, 100 mm.
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positive IZ cells express GluR1, whereas some GluR1-positive IZ
cells do not show calbindin immunoreactivity.

These results indicate that the inward rectification of the IZ
cell AMPA receptors is likely caused by the lack of GluR2
subunit and not the presence of the nonedited form of GluR2.
They also suggest that calbindin-positive IZ cells express AMPA
receptors with high calcium permeability.

Cortical fibers establish close contacts with IZ cells
Millimolar concentrations of glutamate are required to activate
AMPA receptors (Hestrin, 1992), whereas at micromolar concen-
trations desensitization occurs (Colquhoun et al., 1992). Millimo-
lar concentrations are thought to be reached in the synaptic cleft
after vesicular release (Clements et al., 1992). Fibers in IZ that
likely originate in the cortex accumulate glutamate (Herrmann,
1996). We therefore searched at the ultrastructural level for
spatial conjunctions between IZ cells and axons growing in this
zone that might permit large, local elevations in glutamate con-
centration. In one set of experiments (Fig. 7), IZ cells were
identified by their calbindin immunoreactivity, and in another set

of experiments cortical efferent axons were DiI-labeled from the
CP and photoconverted (Métin and Godement, 1996).

In IZ and subplate, we found neurites closely apposed to
calbindin-positive cells (Fig. 7A,B). Appositions were remarkable
by their length, which could cover a distance more than half the
cell body diameter. Neurites facing calbindin-positive IZ cells
contained clear vesicles, as described in lamellipodia, and were
devoid of any other organite; we did not observe membrane
thickenings resembling those observed in differentiating contacts
(Gorgels, 1991). In these regions of close apposition, the distance
between the neurites and IZ cells was ;20 nm (in the range of the
synaptic cleft) over long distances. In the IZ, DiI-labeled cortical
axons surrounded cell bodies (Fig. 7C) in a way similar to that of
neurites surrounding the calbindin-positive cells. Together with
our previous observations in light microscopy showing DiI-
labeled cortical axons close to calbindin-positive cell bodies (Mé-
tin and Godement, 1996), the present results suggest that the
glutamate release from growing corticofugal axons might reach
high local concentrations and efficiently activate AMPA receptors
of tangential IZ cells.

Figure 6. Distribution of GluR1–3 subunits in the embryonic cortical wall. A–D, One hundred-micrometer-thick coronal sections immunostained for the
GluR1–3 subunits in E13.5 (A, B) and E14.5 (C, D) embryos. GluR1 subunit (A, C) is expressed in the deeper half of the IZ and in two rows outlining
the developing CP. Sparse labeled cells are observed in the vz. The density of GluR1-labeled cells in IZ appears to increase from E13.5 to E14.5. GluR2/3
subunits (B, D) distribute in the preplate ( pp) at E13.5 (B) and outline CP at E14.5 (D) but are not observed in the IZ at these stages. E, F,
Double-labeling experiments show that calbindin-positive cells in IZ of E13.5 embryos express GluR1. The GluR1-staining of IZ cells (E) has a granular
aspect and outlines cells suggesting membrane labeling (downward arrow). In contrast, the calbindin immunostaining of IZ cells ( G) is homogeneous,
smooth, and fills the whole cell body (upward arrow). Double-labeled cells in the IZ ( F) show both the granular GluR1 labeling outlining a tangential
process (downward arrow) and the smooth calbindin labeling of the cell body (upward arrow). Scale bars, A, C, 150 mm; E, F, 10 mm.
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Excitability of IZ cells
Tangentially oriented cells in the IZ express neuronal markers
like GAD67, TuJ1, MAP2J, and calbindin (Cobas et al., 1991;
Menezes and Luskin, 1994; Métin and Godement, 1996). To
assess whether IZ cells can discharge action potentials, a property
only found in neurons, we examined their excitability (Fig. 8).

On E13.5 and E14.5, IZ and CP cells had negative resting
membrane potentials (266 6 4 mV; n 5 4) and a high input
resistance (7 6 6 GV, n 5 15 for IZ cells; 4 6 4 GV, n 5 13 for
CP cells), suggesting that they are not coupled by gap junctions.
Action potentials (50–60 mV amplitude) were recorded in CP
cells in the whole-cell configuration (n 5 3) after positive current
injection (Fig. 8B3) and in the cell-attached configuration after
bath application of 100 mM KA. In tangential IZ cells recorded in
the whole-cell configuration (n 5 8), positive current injections
generate only small depolarizations (,20 mV; Fig. 8A3). In the
cell-attached mode (n 5 4), IZ cells did not generate action
potentials.

Action potentials are generated by the activation of voltage-
gated sodium and calcium inward currents. We tested the ability
of IZ and CP cells to generate voltage-gated inward currents

using whole-cell recording (Fig. 8A4,B4). Both IZ and CP cells
express a transient inward current with a threshold near 240 mV
and a peak near 210 mV, which was blocked by 1 mM TTX (n 5
2 and 5, IZ and CP cells, respectively) showing that both IZ and
CP cells express functional voltage-gated sodium channels. The
amplitude of the TTX-sensitive current was significantly ( p ,
0.001) larger in CP cells (2310 6 303 pA; n 5 16) than in IZ cells
(2107 6 56 pA; n 5 14). In CP neurons, a residual inward
current, recorded in the presence of TTX (Fig. 8B4), was blocked
by 200 mM cadmium (n 5 3), suggesting that CP cells express also
voltage-gated calcium channels.

Both IZ and CP cells express also a voltage-gated sustained
outward current in control conditions when potassium ions were
used as the main cation of the pipette solution. This outward
current was reduced when cesium, a potassium channel blocker,
was in the pipette solution (data not shown). This current, mea-
sured at 140 mV, was significantly reduced by cesium both in IZ
(1230 6 62 pA, n 5 5 to 120 6 8 pA, n 5 4; p , 0.005) and CP
cells (1455 6 262 pA, n 5 8 to 115 6 5 pA, n 5 5; p , 0.001).
These results indicate that tangential IZ cells can express sodium
and potassium voltage-gated currents but cannot fire action po-

Figure 7. Relationships between neurites and calbindin-positive cells in IZ and CP, as revealed in electron microscopy. A, B, In both CP (A) and IZ
(B), calbindin-positive cells (diamond) filled by the dark DAB reaction product are in close contact with neurites (arrows) over long distance. In CP ( A),
a calbindin-positive cell also contacts unlabeled cells (asterisk). C, In IZ, photoconverted DiI-labeled cortical fibers (DAB reaction product in black) cover
cell bodies. D, E, At high magnification (56,0003), no membrane thickening is visible in the region of close apposition between neurites (n) and cell body
of the dark-labeled calbindin-positive cells (N, nucleus). In D, the plasmic membrane of the calbindin-positive cell is invaginated in a region apposed to
a neurite (white arrow). In E (detail of B), clear vesicles are visible in the neurite; one (white arrow) appears to fuse to the membrane apposed to the
calbindin-positive cell. Scale bars: A, C, 1 mm; D, E, 0.5 mm.
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tentials at E13.5–E14.5, probably as a result of a lower density of
sodium channels than CP cells.

DISCUSSION
We have studied the expression of glutamate receptors by cells of
the IZ and CP in the embryonic cortex when cortical axons
elongate in the IZ among calbindin-positive tangential cells. We
show that tangential IZ cells express calcium-permeable AMPA
receptors and are tightly apposed to neurites containing clear
vesicles. This leads us to propose that before the differentiation of
synapses, glutamate AMPA receptors of IZ cells could be effi-
ciently activated by the vesicular release of glutamate from closely
apposed corticofugal neurites. The entry of calcium via these
receptors might control the migration and fate of tangential IZ
cells and modulate their influence on cortical development
(Fig. 9).

Calcium-permeable AMPA receptors in
embryonic cortex
We show that at E13.5 and E14.5 embryonic cortical IZ cells
express AMPA but not NMDA glutamate receptors, unlike CP
cells, which express both receptor types (LoTurco et al., 1991).
Our results indicate that bath applications of KA activate AMPA
receptors in IZ and CP cells because: (1) responses to the
application of KA are sustained and do not undergo complete
desensitization as do responses of KA receptors (Paternain et al.,
1995); (2) the response to KA is enhanced by CTZ, a selective
inhibitor of AMPA receptor desensitization (Partin et al., 1993);
and (3) the response to KA is completely antagonized by
LY303070, a selective noncompetitive antagonist of AMPA re-
ceptors (Bleakman et al., 1996).

We show that by E13.5–E14.5, AMPA receptors with different

Figure 8. Excitability of embryonic
(E14.5) IZ and CP cells. IZ ( A) and
CP (B) cells are visualized in the living
slice preparation by infrared video mi-
croscopy and recorded in the whole-cell
configuration. Scale bar, 20 mm. A1, In
IZ the recorded cell belongs to an as-
sembly of tangentially oriented cells
with an elongated soma and a thicker
neurite running dorsally. B1, In the CP
the recorded cell has a spherical soma.
A2, B2, The input resistance (Rin ) is
obtained by applying current steps in
the domain of linear response and cal-
culating the slope of the I–V curve
(Rin 5 19.5 and 2.8 GV for the IZ and
the CP cell, respectively). A3, B3, Neg-
ative and positive current steps are ap-
plied (b) to generate subthreshold and
voltage-gated responses (a). IZ and CP
cells differ in their ability to generate
spike discharge in response to positive
current steps. A3, In response to the
larger positive current step, the IZ cell
generates a small depolarization (a, ar-
row). B3, In response to the larger pos-
itive current step, the CP cell generates
an action potential (a, arrow). A4, B4,
Whole-cell voltage-clamp recordings
with cesium in the pipette solution. The
cells are maintained at 275 mV in con-
trol medium. The current responses to
six voltage steps between 255 and 145
mV are superimposed after leak sub-
traction. Inset, In control medium, a
voltage step to 215 mV evokes a tran-
sient inward current (ctrl ), which is ab-
sent in TTX (TTX ). In the IZ cell
(A4 ), TTX completely blocks the in-
ward current. In the CP cell (B4 ), a
residual slow inward current remains in
TTX; this residual current is blocked
by 200 mM cadmium (data not shown).
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calcium permeabilities are differentially expressed in cells of
different cortical layers, as observed in the adult neocortex (Jonas
et al., 1994; Angulo et al., 1997; Itazawa et al., 1997). The
expression of calcium-permeable AMPA receptors by IZ and CP
cells is attested by: (1) the strong inward rectification of their KA
response I–V curve previously correlated with high calcium per-
meability (Iino et al., 1990, 1994; Hollmann et al., 1991; Hume et
al., 1991); (2) the importance of spermine for the inward rectifi-
cation (see Ozawa et al., 1998); (3) the absence of GluR2 subunit
in IZ (Burnashev et al., 1992; Bochet et al., 1994; Geiger et al.,
1995); and (4) the KA-induced cobalt accumulation in IZ typical
of the weakly selective calcium-permeable AMPA receptors (Iino
et al., 1990; Sensi et al., 1999).

In the CP, cells with inwardly rectifying KA responses proba-
bly correspond to those which accumulate cobalt. They could
represent precursors of early generated fast-spiking and regular-
spiking GABAergic interneurons that express similar AMPA
receptors (Jonas et al., 1994; Angulo et al., 1997; Cauli et al.,
1997; Itazawa et al., 1997). We also recorded CP cells with
outwardly rectifying KA responses, correlated with the presence
of GluR2/3 in the CP, and typical of AMPA receptors with low
calcium permeability. We observed GluR2/3 immunostaining in

layers that contain the earliest generated cortical neurons, the
preplate and, slightly later, the subplate and marginal zone. Cells
with outwardly rectifying KA responses may correspond to early
generated pyramidal neurons or to regular spiking interneurons
that express the same AMPA receptors in adult cortex (Jonas et
al., 1994; Angulo et al., 1997; Itazawa et al., 1997).

We found that tangential IZ cells give relatively uniform re-
sponses to KA. They express AMPA receptors with high calcium
permeability and probably correspond to the IZ cells that accu-
mulate cobalt in the presence of KA. The absence of GluR2/3
staining in IZ suggests that the calcium permeability of AMPA
receptors of IZ cells does not depend on the presence of the
nonedited form of GluR2 but on the absence of the edited form
of GluR2 (Burnashev et al., 1992).

Do IZ cell functional properties identify neuronal or
glial cells?
The high input resistance of IZ cells suggests that, unlike the VZ
cells, they are not coupled through gap junctions (LoTurco and
Kriegstein, 1991) and probably do not proliferate at this stage.

Because IZ cells express MAP2J, Tuj1, and GAD67, which are
markers of differentiating neurons (Menezes and Luskin, 1994;
Métin and Godement, 1996; Tamamaki et al., 1997), we asked
whether the functional properties of IZ cells could be character-
istic of immature migrating neurons. The IZ cells express TTX-
sensitive channels but cannot fire action potentials like immature
migrating Tuj1-positive neurons (Stewart et al., 1999). They also
express calcium-permeable AMPA receptors, as do GABAergic
interneurons in adult cortex (Jonas et al., 1994; Itazawa et al.,
1997). In embryonic cortex, GABAergic neurons and calbindin-
positive cells show similar morphology and distribution (Van
Eden et al., 1989; Cobas et al., 1991; Del Rio et al., 1992; DeDiego
et al., 1994). In the IZ of E13.5–E14.5 embryos, we find a similar
distribution of cells with calcium-permeable AMPA receptors, of
cells that accumulate cobalt, of calbindin-positive cells, and of
cells expressing the GluR1 subunit but lacking the GluR2 subunit.
In addition, GluR1 and calbindin are coexpressed in a fraction of
IZ cells. These observations suggest that embryonic IZ cells may
represent immature, tangentially migrating calbindin-positive
GABAergic neurons expressing calcium-permeable AMPA re-
ceptors. Accordingly, in Dlx mutants that lack tangentially mi-
grating IZ cells, the number of GABAergic interneurons is re-
duced in the adult neocortex (Anderson et al., 1997).

We cannot completely exclude the possibility that IZ cells are
glial progenitors that also express calcium-permeable AMPA
receptors (Patneau et al., 1994; Puchalski et al., 1994), do not fire
action potentials, but express TTX-sensitive sodium channels
(Sontheimer and Waxman, 1993). At the stages we have studied,
neuronal and glial lineages have already diverged in the cortical
wall (Luskin et al., 1988; Grove et al., 1993). Oligodendrocyte
progenitors migrate from restricted areas in the ventral neural
tube and begin to reach the corticostriatal angle at E13.5 (Pringle
and Richardson, 1993; Timsit et al., 1995; Spassky et al., 1998).
They could pass to the lower IZ where the subventricular zone
differentiates and where they are believed to proliferate (Levison
and Goldman, 1993).

Tangential migration of IZ cells
The tangential IZ cells we recorded probably originate in the
basal telencephalon (Anderson et al., 1997; Wichterle et al.,
1999). They express glutamate AMPA receptors with high cal-
cium permeability. Therefore, the glutamate-mediated calcium

Figure 9. Schematic representation of possible functional consequences
of the interactions between tangential IZ cells and growing corticofugal
axons in embryonic cortex. The activation of the calcium-permeable
AMPA receptors of GABAergic tangential IZ cells (black) by the gluta-
mate release from the nearby growing axons of CP cells (white) may
control the tangential migration of the IZ cells ( 1), the release of GABA,
and the subsequent activation of the GABAA receptors expressed by
neighboring IZ cells (2). The GABA release by IZ cells could also
control the proliferation (3) of the VZ cells ( gray) and the migration of
cortical precursors on the radial glia (dark gray). CP cells could therefore
influence the proliferation in VZ through the activation of the tangential
IZ cells. The AMPA activation of IZ cells could also control their
survival and influence their differentiation as proliferating cells in the
lower IZ ( 4) before their migration in the cortex as a subpopulation of
GABAergic interneurons.
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influx might control their motility and regulate their tangential
migration (Gomez et al., 1995; Gu and Spitzer, 1995; Komuro
and Rakic, 1996; Gomez and Spitzer, 1999). Because we recorded
cells with similar morphology and glutamate receptors in the IZ,
it would be important to determine whether tangential IZ cells
represent a homogenous (neuronal) or a heterogeneous (neuro-
nal and oligodendrocyte progenitors) population. The AMPA
receptors of IZ cells could therefore mediate specific functional
interactions with neighboring tangential cells that differ from
those occurring in other cortical cells with NMDA-dependent
migration along radial glia (Komuro and Rakic, 1993).

Activation of AMPA receptors in IZ cells
The natural ligand of AMPA receptor, glutamate, is probably
accumulated by axons in the IZ that express a glutamate trans-
porter (Furuta et al., 1997). It seems possible that exocytosis of
glutamate (Soeda et al., 1997) could occur from growing axons
and cones before synapse formation, as suggested by FM1–43
labeling (Dai and Peng, 1996), and the distribution of the SNARE
and sec6/8 complexes during axon elongation (Igarashi et al.,
1997; Hazuka et al., 1999). We have shown that neurites, includ-
ing some arising from the CP, form close contacts with calbindin-
positive cells in the IZ and CP. We have also observed small
vesicles similar to those found in growth cones (Gorgels, 1991;
Auladell et al., 1995) in the neurites facing the calbindin-positive
cells. Concentrations of glutamate released by growing corticofu-
gal axons could, therefore, reach the millimolar levels necessary
to activate AMPA receptors and initiate calcium influx in tan-
gential IZ cells.

Control of survival and cell differentiation
Calcium influx through AMPA receptors could also have long-
term effects on the survival and fate of IZ cells. The AMPA
receptor activation could induce an influx of calcium and zinc and
trigger IZ cell death (Weiss et al., 1993; Sensi et al., 1999).
However, the high levels of calbindin that IZ cells express might
protect them from calcium cytotoxicity (Mattson et al., 1991).
Calcium entry could also modulate the differentiation of IZ cells
into mature cortical cells. In mature brains, the white matter
contains sparse GABAergic neurons, generated at the earliest
stages of corticogenesis (Chun and Shatz, 1989; Kostovic and
Rakic, 1990; Cobas et al., 1991). IZ cells could therefore stop
their tangential migration and differentiate beneath the cortex. IZ
cells could also proliferate in the lower IZ before migrating to the
CP and giving rise to cortical GABAergic interneurons, oligo-
dendrocytes, and astrocytes, as observed in the cerebellum
(Zhang and Goldman, 1996) and suggested from the Dlx mutants
(Anderson et al., 1997) and graft experiments (Wichterle et al.,
1999). Finally, the activation of calcium-permeable AMPA recep-
tors could also induce the release of GABA by IZ cells and
activate the GABAA receptors we found in IZ cells. These
GABAA-mediated interactions may be involved in the cortical
cell proliferation (LoTurco et al., 1995), migration, and motility
(Behar et al., 1996).

In conclusion, our observations support the hypothesis of a
local glutamatergic communication, based on close appositions
between elongating cortical axons and GABAergic IZ cells,
which occurs long before the differentiation of synapses in the
developing neocortex. These interactions would differ from the
more diffuse humoral effect of glutamate previously described in
brain development. They occur outside the cortical plate and
could be critical for the cortex development.
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