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Neurons dissociated from embryonic cerebral rat cortex form a
differentiated network of synaptic connections and develop
synchronous oscillatory network activity with the beginning
of the second week in culture. During an initial phase lasting
3–4 d, synchronous calcium transients can be blocked com-
pletely by either CNQX or bicuculline, showing that both gluta-
matergic and GABAergic neurons are required for the genera-
tion of this form of activity. By manipulating dissociation and
growth conditions, cultures containing different populations of
GABAergic neurons were obtained. These cultures revealed
that a distinct population of large GABAergic neurons is a key
element in the generation of synchronous oscillatory network
activity. A minimal number of two large GABAergic neurons per
square millimeter are required for the occurrence of synchro-
nous activity. Changes in the density of all other types of
GABAergic or non-GABAergic neurons has no influence on the

synchronous activity. Electron microscopic analysis shows that
the large GABAergic neurons form an interconnected network.
Exceptionally high somatodendritic innervation and extended
axonal arborization enable these neurons to collect electric
network activity and to distribute it effectively throughout the
neuronal network. Additional experiments indicated that most
neurons developing in culture to large GABAergic neurons are
derived from the primordial plexiform layer and reside in the
subplate at the time of birth. We suggest that they function as
an integrating element that synchronizes neuronal activity dur-
ing early cortical development by collecting incoming extrinsic
and intrinsic signals and distributing them effectively through-
out the developing cortical plate.
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The spontaneous occurrence of rhythmic synchronous activity is
thought to provide immature brain structures with the appropri-
ate activity patterns required for synaptic maturation. This form
of synchronous neuronal activity has been described in recent
years in a variety of CNS structures (for review, see Shatz, 1990;
Katz and Shatz, 1996; O’Donovan, 1999). These population
events occur rhythmically at a low frequency of approximately
one event per minute. In the mammalian retina, for example
(Galli and Maffei, 1988; Meister et al., 1991), waves of synchro-
nized activity are generated in the inner plexiform layer well
before the photoreceptors are born (Wong et al., 1995) but just
in time to provide the retinal axons with the appropriate
activity patterns needed for the activity-dependent refinement of
their arbors within the target areas (Sretavan et al., 1988; Penn et
al., 1998). Similarly, in rat hippocampus (Ben-Ari et al., 1989;
Garaschuk et al., 1998) and cerebral cortex (Garaschuk et al.,
2000; Peinado, 2000), massive population discharges are fully
developed at birth, when most of the synaptic connections are
established (Kristt, 1978; Juraska and Fifkova, 1979). A key
element in the generation of the synchronous population activity
is the initially excitatory nature of neurotransmitters that have
inhibitory function in the mature network (Ben-Ari et al., 1989;

O’Donovan, 1999). With the consolidation of the synaptic con-
nections, GABA gains gradually its inhibitory capacity, and syn-
chronous activity wears off, releasing the developing system into
the functional state required for future function (Wong et al.,
1993; Isaac et al., 1997; Garaschuk et al., 1998, 2000).

Here we identify a distinct type of GABAergic neuron as a key
element for the formation of synchronous neuronal activity in the
developing cerebral cortex. By systematically altering the content
of GABAergic neurons in neuronal networks formed by embry-
onic cortical neurons, we show that networks lacking large
GABAergic neurons display a significant delay in the develop-
ment of synchronous activity. Birth-dating experiments combined
with GABA immunocytochemistry in vitro and in the intact brain
indicate that large GABAergic neurons are components of the
subplate at the time of birth.

MATERIALS AND METHODS
Cell culture technique. Neuronal cultures were prepared from cerebral
cortices of embryonic Sprague Dawley rats at embryonic day 15 (E15)–
E16 (day after insemination was E1). The cells were taken from the
dorsolateral parts of the telencephalic vesicles (excluding hippocampal
and basal telencephalic anlagen), dissociated with trypsin-EDTA, and
cultivated on poly-D-lysine-coated coverslips in serum-free medium in
the presence of a glial feeding layer (de Lima and Voigt, 1999). Cultures
with different contents of GABAergic neurons were obtained by varying
the time point at which neuronal proliferation was stopped [2 or 6 d in
vitro (DIV)], the plating density (100–300 cells/mm 2), or the age of the
embryos (E15–E16). Large GABAergic neurons are postmitotic at the
time of plating and do not divide in culture, whereas small GABAergic
neurons are not yet born at this point. They are generated in vitro during
the second half of the first culturing week (de Lima and Voigt, 1997,
1999). Thus termination of mitotic activity by application of cytosine
arabinoside (AraC; 5 �M for 24 hr, followed by one-third change of
medium) at 2 DIV resulted in cultures lacking small GABAergic neu-
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rons. Later termination of mitotic activity (6 DIV) allowed the genera-
tion of small GABAergic neurons, resulting in cultures with large and
small GABAergic neurons (de Lima and Voigt, 1997, 1999). Because of the
low incidence of large GABAergic neurons in cell suspensions dissociated
from E15–E16 embryos, a low plating density resulted in cultures with the
lowest density of large GABAergic neurons. In combination with early
AraC application (2DIV), cultures were obtained that in extreme cases had
several square millimeters of the neuronal network devoid of any GABAer-
gic nerve cell. Late AraC application in these low-density plated cultures
allowed the generation of small GABAergic neurons. Cortical cultures
from younger embryos (E15) tended to have a lower density of large GABA
neurons. Examples of all four culture types, however, were obtained from
both E15 and E16 embryos with no apparent difference in their morpho-
logical or physiological development. The nature of the non-GABAergic
cells was monitored by microtubule-associated protein 2 (MAP-2) and glial
fibrillary acidic protein immunocytochemistry. Correlation between syn-
chronous neuronal activity and local cell density was determined by cell
counts at the sites of calcium imaging. Depending on the local cell density,
sampling areas varied between 0.02 and 1,56 mm 2 around the centered 0.14
mm 2 field recorded by the camera.

To raise cultures with blocked glutamatergic transmission, a mixture of
the glutamate antagonists D-2-amino-5-phosphonopentanoic acid (AP-V;
50 �M) and 6-cyano-7-nitroquinoxaline-2,3-dione disodium (CNQX; 10
�M; Tocris Cookson; purchased from Biotrend, Cologne, Germany) was
added to the culture medium at 2, 6, and 10 DIV.

Immunocytochemical staining. For immunocytochemical staining, the
following antibodies were used: polyclonal rabbit anti-GABA (C. Beau-
lieu, University of Montréal, Montréal, Québec, Canada; 1:20,000),
monoclonal mouse anti-synaptophysin (Roche Molecular Biochemicals,
Mannheim, Germany; 1:10), monoclonal mouse anti-5-bromo-2�-
deoxyuridine (BrdU) antibodies (Roche Molecular Biochemicals;1:50),
monoclonal mouse anti-reelin G10 antibodies (A. Goffinet, University of
Namur; 1:2000,), and monoclonal anti-mouse p75 antibody (Chemicon,
Temecula, CA; 1:10,000). Single and double immunolabeling were used
following standard procedures (de Lima and Voigt, 1997, 1999; de Lima
et al., 1997; Voigt et al., 1997). First antibodies were detected either by
peroxidase-antiperoxidase techniques (Sternberger Meyer, Baltimore,
MD) or with Cy2 and Cy3 immunofluorescence antibodies (1:400; Jack-
son ImmunoResearch, West Grove, PA). The time point of the final
mitosis of large GABAergic neurons was determined by intraperitoneal
injections of 50 mg/kg body weight BrdU (Serva, Heidelberg, Germany;
and Roche Molecular Biochemicals) to the pregnant dams every 3 hr for a
total of five injections per time point at E12, E13, E14, E15, or E16 (E16
had only three injections; Takahashi et al., 1992). Cell cultures were
prepared from the embryos at E16, and cells were cultivated for 2 d under
standard conditions. The fixation at 2DIV excluded the presence of the
later-born small GABAergic cells. For in vivo localization of large
GABAergic neurons, intraperitoneal injections of BrdU were given to
pregnant dams at E12 or in another set of experiments at E14 following the
same regimen as above. A total of three pups per time point were fixed by
perfusion with a mixture of 4% paraformaldehyde and 0.001% glutaralde-
hyde at the day of birth [postnatal day 0 (P0)], and GABA and BrdU
immunocytochemistry was performed on free-floating sections. For quan-
titative analysis, 100 randomly chosen GABA neurons were analyzed for
BrdU double labeling in each of the following layers: ventricular zone,
intermediate zone, subplate, lower cortical plate, upper cortical plate, and
marginal zone.

Electron microscopic analysis. For electron microscopy, cultures that
received AraC at 2 DIV were immunolabeled for GABA with a few
modifications of the protocol for light microscopy. Cultures were post-
fixed in 1% osmium tetroxide for 30 min, dehydrated in an ascending
series of ethanol, block-stained with 1% uranyl acetate in 70% ethanol
during the dehydration procedure, infiltrated, and embedded with Dur-
cupan (Fluka, Buchs, Switzerland). Glas coverslips were separated from
the Durcupan block by temperature shock. Pieces of the embedded
cultures were then cut and glued onto a blank block, and the region of
interest was closely trimmed. Ultrathin sections were cut and mounted
onto single-slot grids, counterstained with uranyl acetate and lead citrate,
and examined with a Zeiss (Oberkochen, Germany) 901 electron
microscope.

Ca 2� imaging technique. For recording intracellular calcium concen-
tration ([Ca 2�]i) changes in neuronal networks, cell cultures were incu-
bated in 5 �M fluo-3 pentacetoxy-methylester (Molecular Probes; pur-
chased from MoBiTec, Goettingen, Germany) for 1 hr, followed by
several washes with HEPES-buffered Ringer’s solution (in mM: 140

NaCl, 5 KCl, 1.5 CaCl2, 0.75 MgCl2, 1.25 NaH2PO4, 20 D-glucose, and 15
HEPES-NaOH, pH 7.4). Sequences of frames were recorded at 1–10 Hz
from randomly chosen fields on an inverted microscope equipped with a
cooled charge-coupled device camera (Princeton Instruments). Images
were processed with MetaMorph software, version 3.5 (Universal Imag-
ing Corp., West Chester, PA). A change in [Ca 2�]i was considered
significant when the absolute difference of gray values exceeded five
times the SD of background noise measured in cell-free areas.

Patch-clamp-recordings. For patch-clamp-recording, the feeder glia sur-
rounding the neuronal culture was wiped off, and an acrylic ring was fixed
to the culture dish with silicon grease, resulting in a chamber with a
volume of 1–1.5 ml. This chamber was mounted on the stage of the
inverted microscope and continuously superfused with Ringer’s solution
(in mM: 145 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, pH 7.4) at 1–2
ml/min. For some experiments, tetrodotoxin (TTX; 500 nM), LaCl3 (50
�M), and CNQX (10 �M) were added to inhibit voltage- and glutamate-
activated conductances. Electrophysiological recordings were performed
at room temperature using an Axoclamp 2B amplifier and pClamp 8
software (Axon Instruments). We used the perforated patch method with
gramicidin as the pore-forming agent, because this prevents disturbance
of intracellular [Cl �] (Kyrozis and Reichling, 1995). Only the very tip of
the recording electrode (5–7 M�) was filled with gramicidin-free solution
(in mM: 120 KCl, 1 CaCl2, 11 EGTA, 10 HEPES, pH 7.2). The electrode
was then back-filled with the same solution containing 50 �g/ml grami-
cidin (Sigma, Deisenhofen, Germany) that was added from a 50 mg/ml
DMSO stock solution. After gigaseal formation, hyperpolarizing voltage
pulses were applied in continuous voltage-clamp mode until stable series
resistance was reached (typically 30–50 M� within 10–20 min). To
determine the reversal potential of GABAA receptor-mediated current,
we locally applied 30 �M muscimol (Sigma-Aldrich, Taufkirchen, Ger-
many) through a gravity-fed system (tip diameter, 30 �m; �300 �m
distance from patched neuron). A voltage ramp (20 to �100 mV within
800 msec) was applied when the current had reached steady state. After
leak subtraction, I–V plots were constructed, and reversal potential was
computed by linear regression. All experimental procedures were ap-
proved by local government authorities.

RESULTS
Development of synchronous network activity
Synchronous changes of [Ca2�]i develop in neuronal cultures
taken from embryonic rat cerebral cortex with a very high reli-
ability around the beginning of the second week in culture (Fig.
1A,B). These population events occur spontaneously at a low
frequency of approximately one per minute and are expressed
initially only by a fraction of the neurons. With further matura-
tion, however, basically all nerve cells become integrated into the
network and participate in synchronous activity (Voigt et al.,
1997). During the initial period of 3–4 d (8–12 DIV), the syn-
chronous calcium transients are dependent not only on glutama-
tergic transmission but also on GABA. Application of the AMPA
receptor antagonist CNQX or the GABAA receptor antagonists
bicuculline and picrotoxin completely and reversibly blocks the
synchronous rise of [Ca2�]i within a neuronal network (Fig.
1C,D). After this initial period, bicuculline application no longer
prevents the occurrence of synchronous changes in [Ca2�]i but
significantly reduces the frequency of the synchronous events
(data not shown). Both the complete block of synchronous activ-
ity between 8 and 12 DIV and the later reduction in frequency are
in agreement with a depolarizing effect of GABA on young
cortical neurons (Owens et al., 1996, 1999). Indeed, in 8–12 DIV
cultured cortical neurons, we found the reversal potential of
currents induced by the GABAA receptor agonist muscimol to be
�44.6 � 1.4 mV, which is �10 mV more positive than the
measured resting membrane potential in the same cells (�54.8 �
1.1 mV; n � 13). Application of 30 �M muscimol in the presence
of 10 �M CNQX and 50 �M AP-V was able to trigger a calcium
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signal in all nerve cells in the fields under investigation (n � 7),
indicating that at this age (8–12 DIV) all neurons are sensitive to
GABA (Fig. 1E,F).

Occurrence of synchronous oscillatory activity in
culture is dependent on the presence of a distinct type
of GABAergic neurons
Neuronal cultures from embryonic rat cerebral cortex contain two
groups of GABAergic neurons that can easily be distinguished by
their morphology (Fig. 2). One type of GABAergic neurons has
a large soma (mean soma area at 10 DIV, 209.7 � 5.6 �m2; n �
30) and a prominent stellate dendritic tree, and it forms long-
range axonal connections (Fig. 2A,C). These neurons do not
divide in culture, and they account for �4% of all cultured
neurons (de Lima and Voigt, 1997). The other type of GABAer-
gic neurons has a much smaller cell body (mean soma area at 10
DIV, 54.8 � 1.8 �m2; n � 30), fine and predominantly bipolar or
fusiform dendrites, and a thin, short axon (Fig. 2B,C). These
neurons are generated in culture during the second half of the
first week, and they outnumber the large GABAergic neurons at
the end of the second week in culture (de Lima and Voigt, 1997,
1999). To investigate the contribution of these different GABAer-
gic cell types to the formation of synchronous activity within the
developing neuronal network, we generated cultures with differ-
ent contents of GABAergic neurons. The systematic alteration of

the plating density and the time at which mitotic activity was
terminated resulted in neuronal networks that contained only
large GABAergic neurons (Fig. 2A), only small GABAergic
neurons (Fig. 2B), both types of GABAergic neurons (Fig. 2C),
or no GABAergic neurons (Fig. 2D). Under all these culture
conditions, richly interconnected neuronal networks developed
with no apparent alterations in the neuronal morphology (as
verified with anti-GABA and anti-microtubule-associated protein
2 immunocytochemistry) or in cell survival (as verified with
propidium iodide and by cell density counts). Changes in the
neuronal [Ca2�]i were recorded in randomly chosen fields. Under
all conditions, spontaneous changes in the [Ca2�]i were observed.
After anti-GABA immunocytochemistry, the total cell density
and the density of small and large GABAergic neurons were
determined at each recording site. Figure 3 shows the correlation
between the local cell densities and the maximal number of
neurons participating in synchronous activity during the record-
ing period under the four culturing conditions. The analysis of the
entire data set containing fields of all four types of networks
showed that the occurrence of synchronous changes in [Ca2�]i

was well correlated with the local density of the large GABAergic
neurons. A total of 52 fields with two or more large GABAergic
neurons/mm2 expressed synchronous activity, whereas 43 of 47
recorded fields that contained fewer than two large GABAergic

Figure 1. Synchronous [Ca 2�]i oscillations in cul-
tured neurons from immature cerebral cortex. A,
Fluorometric Ca 2� recordings of 6 representative
neurons of 99 in a field of 380 	 380 �m 2. Fluo-
rescence data are expressed as 
F/F0 (background-
corrected increase in fluorescence divided by the
resting fluorescence). B, Activity histogram of all
neurons in this field. Each bar represents the num-
ber of neurons that changed their [Ca2�]i signifi-
cantly within 1 sec. An increase or decrease of
greater than five times the SD of background flu-
orescence was considered significant. C, Fluoro-
metric Ca 2� recordings of the same six neurons as
in A after application of 20 �M bicuculline. D,
Activity histogram of all 99 neurons in the re-
corded field after application of 20 �M bicuculline.
E, F, Imaging of [Ca 2�]i in a field containing 49
neurons before (E) and during (F) application of
30 �M muscimol in the presence of 10 �M CNQX
and 50 �M AP-V. G, Fluorometric Ca 2� record-
ings of the four representative neurons indicated in
F (1–4 ). Arrowheads e and f indicate the time
points at which the photographs in E and F were
taken. The bar indicates the time of muscimol
application. Scale bar: E, F, 50 �m.
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neurons/mm2 expressed no synchronous activity (data from 21
cultures obtained in six experiments; Fig. 3A). Analyzing those
cultures that contained only one population of GABAergic neu-
rons confirmed this finding. In 35 of 37 neuronal networks that
contained only small and no large GABAergic neurons, no syn-
chronous activity was observed (Fig. 3B). The local density of
small GABAergic neurons ranged in these experiments from 0 to
215 neurons/mm2. In cultures with only large and no small
GABAergic neurons (Fig. 3C), synchronous activity was observed
in all of the 11 recorded fields with a local density of two or more
large GABA neurons/mm2. All 17 remaining fields with densities
of fewer than two large GABAergic neurons/mm2, however,

expressed only random but no synchronous activity. An addi-
tional increase in the density of large GABA neurons had no
effect on the frequency of events (data not shown) or on the
number of neurons participating in these events (Fig. 3A,C). The
fit of a nonlinear regression to the data resulted in a step function
when the density of large GABA cells was plotted against the
number of synchronously active cells (Fig. 3A,C). The occurrence
of synchronous activity was independent of the total local cell
density (Fig. 3D). From these experiments we conclude that the
large GABAergic neurons, although accounting for �4% of all
neurons, are crucial for the generation of synchronous activity
during the early period of network formation.

Figure 2. Neuronal cultures with differ-
ent contents of GABAergic neurons. A, A
culture with only large GABAergic cells
was achieved by inhibiting mitosis at the
second DIV. B, A network with only small
GABAergic neurons developed when cells
were plated with lower density and mitosis
was stopped only at the sixth DIV. C,
Mitotic inhibition at the sixth DIV in cul-
tures with normal plating density allowed
appearance of both large and small
GABAergic neurons. D, Early inhibition
of mitosis at the second DIV in low-
density plated cultures yielded networks
with no GABAergic cells at all. GABAer-
gic neurons were made visible by anti-
GABA immunocytochemistry and per-
oxidase-antiperoxidase labeling. Scale bar,
30 �m.
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Large GABAergic neurons form an interconnected
network and receive strong synaptic inputs
Being a key element in the generation of synchronous activity,
these neurons express some unique morphological features
that distinguish them from all other nerve cells in cultures. In
double-staining experiments with antibodies against synapto-
physin and GABA, large GABAergic neurons stand out by an
extreme high density of intensely stained synapses contacting
their soma and dendrites (Fig. 4 A, closed arrows) against a
sparsely labeled background of more or less evenly distributed
synaptic buttons (Fig. 4 A, open arrow). The synaptic density is
so strong that the neuronal profiles of these cells can be
identified solely by the accumulation of stained synapses (de
Lima et al., 1997). From 100 cell profiles identified on the basis
of their high synaptic density, all were GABAergic, indicating
that no other cultured neurons get such an exuberant input.
Ultrastructural analysis of cultures stained immunocytochem-
ically for GABA showed that the cell bodies and dendrites of
large GABAergic neurons were studded with GABAergic and
non-GABAergic synaptic boutons (Fig. 4 B–D,F ). The axons of
these cells contact somata and dendrites of non-GABAergic
and GABAergic neurons (Fig. 4 E,F ). Taken together, the light
and electron microscopic analyses indicate that each large

GABA neuron receives exceptionally high somatic and den-
dritic innervation that is distributed to other large GABAergic
neurons and to non-GABAergic neurons (Figs. 4, 5).

In addition to the strong GABAergic and non-GABAergic
synaptic inputs, these neurons have additional morphological
features that make them ideally suited to distribute neuronal
activity effectively among the members of the developing neuro-
nal network. Already at 8 DIV, the earliest time point when
synchronous activity can reliably be observed in cultured cortical
networks, large GABAergic neurons show extended axonal ar-
borization that covers a surface of �0.5 mm2 (mean at 8 DIV,
0.53 mm2; n � 6; mean at 12 DIV, 0.61 mm2; n � 4; Fig. 5).
Multiplying the mean surface covered by the axons of these
neurons with the density required for the occurrence of synchro-
nous network activity results in a coverage factor. At 8 DIV, the
coverage factor was slightly larger than 1; i.e., with a size of 0.53
mm2 and a density of two neurons/mm2, these cells can theoret-
ically form a continuous interconnected GABAergic network.
The ultrastructural identification of GABAergic synapses onto
large GABAergic neurons in cultures lacking small GABAergic
neurons (Fig. 4F) supports this view and indicates that the for-
mation of an interconnected network of large GABAergic neu-

Figure 3. Occurrence of synchro-
nous [Ca 2�]i oscillations correlates
with the presence of large GABAer-
gic neurons. A, Density of large
GABAergic neurons plotted against
the number of neurons taking part in
synchronous [Ca 2�]i oscillations in
all recorded fields no matter whether
small GABAergic neurons were
present. The solid line represents a
nonlinear regression curve following
a Boltzmann sigmoid equation. B,
Plot of density of small GABAergic
neurons against the number of neu-
rons taking part in synchronous
[Ca 2�]i oscillations in cultures con-
taining no large GABAergic cells. C,
Density of large GABAergic neurons
plotted against the number of neu-
rons taking part in synchronous
[Ca 2�]i oscillations in cultures con-
taining no small GABAergic cells. As
in A, the solid line represents a non-
linear regression curve following a
Boltzmann sigmoid equation. D,
Density of all cells plotted against the
number of large GABAergic neurons
for the fields shown in A. The dashed
line separates fields where synchro-
nous [Ca 2�]i oscillations were
present ( points in top part) and ab-
sent ( points in bottom part).
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rons might be crucial for the initial generation of synchronous
activity.

The morphological properties of the large GABAergic neurons
suggest that these cells may be able to synchronize neuronal
activity in the network by collecting randomly generated activity
and distributing it throughout the network of developing neurons.
Figure 5B illustrates that GABAergic axons contact not only
neurons in the proximity of their own cell body and dendritic field
but also clusters of nerve cells placed far apart from it. We
hypothesized that, being a collector that distributes incoming
neuronal activity through the developing neuronal network, the
large GABAergic neurons should participate in all synchronous
events, and their activity should be predominantly at the onset of
population [Ca2�]i increase. To test this hypothesis, we recorded
synchronous [Ca2�]i oscillations in randomly chosen fields with
higher temporal resolution. Afterward, GABAergic neurons were
identified with anti-GABA immunocytochemistry, and the kinet-
ics of fluo-3 fluorescence in individual GABAergic neurons were
compared with those of the non-GABAergic neurons in the same
field (Fig. 6A,B). From a total of 38 large GABAergic neurons
recorded, all cells participated in all synchronous [Ca2�]i changes
occurring during the recording time. Analysis of the onset of
[Ca 2�]i increase measured in individual neurons in relation to
the onset of the synchronous event (defined as [Ca2�]i increase in
�10 neurons) revealed that 68% of the large GABAergic neurons
became active before or within the first 100 msec of the onset of
the population event, whereas most (69%) of non-GABAergic
neurons responded after the first 100 msec (Fig. 6C,D).

Large GABAergic neurons are capable of driving
synchronous network activity in the absence of
glutamatergic transmission
Next we asked whether large GABAergic neurons are capable of
generating synchronous activity in the absence of the strong
glutamatergic inputs converging onto their soma and dendrites
and whether the output of these neurons could drive the devel-
oping glutamatergic neurons they innervate. To address this ques-
tion, neuronal networks mitotically inhibited at 2 DIV were
raised in the presence of the glutamate receptor antagonists
CNQX and AP-V to prevent glutamatergic transmission during
network development, whereas GABAergic transmission of the
large GABA neurons was unaltered. Recordings of the changes in
the neuronal [Ca2�]i at the end of the second week (13 DIV)
showed that rhythmic synchronous neuronal activity had devel-
oped in the absence of glutamatergic transmission (Fig. 7A). The
synchronous activity could be blocked by bicuculline (Fig. 7B),
confirming GABA as the driving neurotransmitter. This result
indicates that the large GABAergic neurons can drive most
non-GABAergic neurons, which leads to a synchronous increase
of [Ca2�]i in these cells.

Identification of large GABAergic neurons in the
intact brain
BrdU pulse label studies indicate that most of the cultured nerve
cells dissociated from E16 rat cerebral cortex divide at least once
in the culture dish (de Lima and Voigt, 1997, 1999) and thus are
predominantly neurons destined for the future cortical plate

Figure 4. Exceptionally high density of
synapses onto large GABAergic neurons.
A, Light microscopic photograph of a cul-
tured neuron double-immunolabeled for
GABA (light gray) and synaptophysin
(dark gray). B, Electron microscopic pho-
tograph of a dendritic segment of a large
GABAergic neuron densely covered with
presynaptic boutons. C, D, Asymmetric
(supposedly glutamatergic) synapses onto
an immunolabeled GABAergic cell soma
(C) and dendrite (D). E, F, Example of a
GABAergic synapse onto a non-
GABAergic (E) and onto a GABAergic
(F) dendritic profile. Arrows in A–F point
to synaptic contacts. Scale bar: A, 20 �m;
B, 0.6 �m; C–E, 0.4 �m; F, 1.4 �m.
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(Berry et al., 1964; Miller, 1985). A few of the neurons are
postmitotic at the time of dissociation, among them the large
GABAergic cells, which can be immunocytochemically identified
just after attachment to the culture substrate (de Lima and Voigt,
1997). Consequently, these neurons should be present and iden-
tifiable in E16 embryos and should undergo mitosis at an earlier
date. To determine the birth date of this unique cell type in situ,
we labeled dividing cells within the embryos by applying the
DNA marker BrdU to pregnant rats at E12, E13, E14, E15, or
E16. Cell cultures were prepared from these embryos at E16, and
the percentage of BrdU-positive GABAergic neurons was deter-
mined at 2 DIV (before the generation of small GABAergic
neurons). These GABA-BrdU double-labeling experiments
showed that the large GABAergic cells were born in the embryonic

cortex between E12 and E15, with a peak of �70% of BrdU-
labeled large GABAergic neurons at E13 (Fig. 8A). Pulses of BrdU
applied to E12 embryos labeled �60% of the large GABAergic
neurons in culture. Already at E15, a BrdU pulse resulted in �15%
of double-labeled large GABAergic neurons. Although BrdU ap-
plication to E16 embryos resulted in a large number of BrdU-
marked cells, none of the large GABAergic neurons was stained.
This indicates that these neurons are postmitotic at E16, a time
point when the lower portion of the cortical plate had just begun to
form (Miller, 1985; Bayer and Altman, 1990; Ignacio et al., 1995;
Valverde et al., 1995).

To complement the birth-dating study, the distributions of
GABAergic neurons at E16 (when neurons were dissociated) and
at P0 (when synchronous synaptic activity has been demonstrated
in slices; Garaschuk et al., 2000) were determined. At E16, most
GABAergic neurons were found in the lower intermediate and
marginal zones, with a few GABAergic neurons scattered
throughout the ventricular and subplate zones (Fig. 8B). The
young cortical plate was virtually free of GABA cells. At birth
(P0), GABAergic neurons were distributed in the marginal zone,
deeper cortical plate, and subplate. The intermediate and ventric-
ular zones contained only a few GABAergic neurons. These
results are well in accordance with previous literature (Van Eden
et al., 1989; Cobas et al., 1991) and show the conspicuous pres-
ence of GABAergic neurons in the early cortical network.

Next we tried to find out whether large GABAergic cells in
culture could be identified as marginal zone or subplate neurons.
With a birth-dating study, we tried to determine in the intact
neonatal brain at P0 the position of GABAergic neurons gener-
ated at E12 or E14. Dividing cells were labeled by incorporation
of BrdU for 12 hr in E12 or E14 embryos, and brain sections were
analyzed at birth. BrdU injection at E12 labeled cells in the
subplate zone and to a lesser extend in the marginal zone.
Double-labeled neurons that were stained for GABA and BrdU
were found almost exclusively in the subplate (Fig. 8C). From 100
randomly inspected GABA neurons in the subplate zone, 43 were
double-labeled, whereas in the directly adjacent portion of the
lower cortical plate and the upper intermediate zone, only 2 and
3 of 100 GABA neurons, respectively, contained the mitotic
marker. All other cortical layers contained no double-labeled
neurons. The marginal zone was especially free of double-labeled
GABAergic neurons at this early injection time. The same result,
although with a slightly broadened profile across layers, was
obtained when embryos were treated with BrdU at E14. In this
case, 1 of 100 GABAergic marginal zone neurons, 11 of 100 lower
cortical plate neurons, 47 of 100 subplate zone neurons, and 8 of
100 intermediate zone cells were double-labeled.

As an additional attempt to characterize the large GABAergic
neurons, we used the low-affinity p75 nerve growth factor recep-
tor that is expressed during cortical development in many neurons
of the subplate (Allendoerfer et al., 1990; Koh and Higgins, 1991;
Kordower and Mufson, 1992; Meinecke and Rakic, 1993; Chen et
al., 1996; Mackarehtschian et al., 1999). To see whether the large
GABAergic neurons were among the population of cells that
expressed p75, we stained cell cultures obtained from E16 em-
bryos at 4 hr, and 2, 7, and 14 DIV with anti-p75 antibodies.
Regardless of the cultivation time, in none of the cultures inves-
tigated was there any detectable amount of p75 staining. As a
control, we stained rat brains at E16 and P0. Although specific
p75 immunoreactivity could not be detected in E16 cerebral
cortex at significant levels, clear immunoreactive neurons were
found in the intermediate and subplate zones of P0 cortices. This

Figure 5. Widespread axonal coverage of large GABAergic neurons. A,
Camera lucida drawing of a large GABAergic neuron. Dendrites are drawn
as thick lines; the axon is depicted by the thin line. The axonal field of this
neuron covers an area of 0.65 mm 2. B, Camera lucida drawing of another
large GABAergic neuron. Gray spheres depict somata of all other (non-
GABAergic) neurons in the field. Arrows point to clusters of neurons that
are intensely contacted by the GABAergic axon. Scale bar, 100 �m.
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is in accordance with previous studies in rats showing that in the
intact brain the expression of p75 in the cortical anlage is dra-
matically upregulated after E16 (Koh and Loy, 1989), with clear
subplate labeling by E19 and during the first postnatal week (Koh
and Higgins, 1991; Mackarehtschian et al., 1999). Accordingly,
P75 immunoreactivity could not be detected in cultures taken
from E16 rat brains 4 hr after plating, a time point when large
GABAergic neurons can be stained reliably for GABA (de Lima
and Voigt, 1997).

Because early marginal zone GABAergic neurons may also
express reelin (de Bergeyck et al., 1998; Meyer et al., 1998, 1999,
2000), we double stained cell cultures obtained from E16 embryos
at 4 hr and 2 and 7 DIV. Results showed that reelin is not
expressed by large GABAergic neurons in vitro. Instead we found
reelin expressed in a population of non-GABAergic nerve cells
(Fig. 8D,E). This reinforces the result of BrdU-GABA double
labeling in vivo, showing that the large GABAergic neurons in
culture may not correspond to marginal zone neurons.

DISCUSSION
GABA contribution to the generation of synchronized
oscillatory calcium transients
Slow network oscillations with exactly the same properties as
found in culture (Murphy et al., 1992; Robinson et al., 1993; Voigt
et al., 1997) have been described in slices of the hippocampus and
cerebral cortex (Ben-Ari et al., 1989; Garaschuk et al., 1998,
2000). This network activity consists of intracellular Ca2� tran-
sients that occur at a low rate of 0.5–6.0/min, appear synchro-
nously in almost the entire population of neurons, and exhibit a
characteristic developmental profile, being present at birth and
disappearing with further maturation during the second postnatal
week (Khazipov et al., 1997; Leinekugel et al., 1997; Garaschuk
et al., 1998, 2000). As in hippocampal slices (Garaschuk et al.,
1998), synchronized calcium transients in cortical cultures are
TTX-sensitive (Voigt et al., 1997) and are blocked either by the
GABAA receptor antagonist bicuculline or by the NMDA and
AMPA receptor antagonists AP-V and CNQX. Although ini-

tially GABAA receptor antagonists block synchronous oscillatory
activity completely, they fail to do so in more mature networks
but reduce the frequency of synchronous events (T. Opitz, A. D.
de Lima, and T. Voigt, unpublished results). The failure of
GABAA receptor antagonists to block this activity completely in
older networks may be caused by an increase in the efficacy of
glutamatergic synaptic transmission rather than an alteration in
the effect of GABA on the membrane potential. This view is
supported by the fact that during the developmental period in
question, the number of synapses increases dramatically (de Lima
et al., 1997), whereas at the same time, GABA persists to act
depolarizing (Owens et al., 1996). In slices of postnatal rat cere-
bral cortex, bicuculline failed to block the synchronous activity
but reduced the frequency of the oscillatory events (Garaschuk et
al., 2000). This behavior is consistent with the observed results in
older cortical cultures and indicates that the GABA-sensitive
period ends in the intact cortex before birth. The difference in
bicuculline sensitivity observed between hippocampus and cortex
(Garaschuk et al., 2000) is thus likely the result from different
developmental time frames of both structures rather than from
fundamentally different cellular mechanisms.

Studies in culture suggested that cooperative interactions be-
tween GABAergic and glutamatergic cells are involved in the
generation of synchronized activity in neocortex (Murphy et al.,
1992; Robinson et al., 1993; Maeda et al., 1995). Because no
pacemaker potentials have been found to be associated with
synchronous activity (Robinson et al., 1993), the occurrence of
pacemaker cells is unlikely. However, different sets of data point
to the importance of specific or even minority populations in the
generation of synchronized activity. In the hypothalamus, for
example, Misgeld et al. (1998) reported that �5% of cultured
neurons direct rhythmic firing of the general population. In slices
of adult hippocampus, Cobb et al. (1995) showed that one type of
GABAergic neuron can synchronize spontaneous firing activity
of pyramidal cells. In layer 1 of the developing cerebral cortex,
Schwartz et al. (1998) suggested that Cajal-Retzius cells con-
trolled the correlated activity of non-Cajal-Retzius cells.

Figure 6. Large GABAergic neurons are
active at the onset of each synchronous os-
cillatory event. A, Fluorometric Ca 2� re-
cordings of 66 cells in a field of 380 	 380
�m 2. Inset, Onset of synchronous [Ca 2�]i
elevation at higher time resolution. The ar-
rows point to the trace of a large GABAer-
gic neuron that was identified by subsequent
immunocytochemistry. B, Phase-contrast
micrograph of the recorded field after im-
munolabeling of GABA. The large
GABAergic neuron in the center with its
dendrites can clearly be identified. Scale
bar, 50 �m. C, D, Histograms of the onset of
the Ca 2� transient in large GABAergic (C)
and all other (D) neurons in 21 different
fields relative to the onset of the synchro-
nous oscillatory population event. Zero on
the x-axis is the time point defined as the
onset of the synchronous oscillatory event
[i.e., when �10 neurons in each field (n �
21 fields) had significantly increased
[Ca 2�]i]. The arrow marks the statistical
median.
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In this study we show that in culture, the large GABAergic
neuron develops many features of neocortical basket cells (de Lima
and Voigt, 1997), including the widespread axonal arborizations
that target proximal sites of postsynaptic neurons and the charac-
teristic high density of excitatory inputs on the dendritic shafts and
their somata. The occurrence of synchronous activity is at least
during the early phase of synaptogenesis dependent on the pres-
ence of this neuronal cell type. Our calcium-imaging data analyz-
ing the [Ca2�]i of identified large GABAergic neurons in compar-
ison with the surrounding neuronal network show the leading role
of these cells during the onset of the synchronized calcium events.
Taken together, the physiological and morphological features of
large GABAergic cells strongly suggest that this cell type acts as a
collector and distributor of randomly generated activity, contrib-
uting decisively to the appearance of synchronous activity in cor-
tical networks. Our data provide additional evidence that even in
the absence of glutamatergic transmission, GABAergic neurons
may be able to generate synchronous activity in the network,
probably by upregulating the efficacy of GABAergic transmission.

Identity of large GABAergic neurons
The combination of GABA immunocytochemistry with the appli-
cation of 12 hr BrdU pulses at different gestational time points
allowed us to determine the period during which the large
GABAergic neurons detected in cell culture perform their final
mitosis in the intact embryo. Most large GABAergic neurons
become postmitotic between E12 and E15, a time point when the
neurons of the primordial plexiform layer are generated (Miller,
1985; Bayer and Altman, 1990; Ignacio et al., 1995; Valverde et al.,
1995). At E16, when the large GABAergic neurons are postmitotic,
GABAergic neurons reside in vivo in the marginal zone (future
layer 1) and in the intermediate zone (future white matter), with
few neurons present in the subplate and ventricular zone (this
study; Van Eden et al., 1989; Cobas et al., 1991). Between E16 and
birth, the population of GABAergic neurons in the intermediate
zone diminishes dramatically, and most GABAergic neurons are
instead present in the subplate, cortical plate, and marginal zone.
Recent evidence emphasizes the migration of neurons in the in-

termediate zone and provides a possible explanation for the tran-
sitory nature of GABAergic neurons in the prenatal intermediate
zone (DeDiego et al., 1994; Anderson et al., 1997, 1999). Thus, at
least part of the GABAergic neurons that reside at birth and
postnatally in the subplate and cortical plate may originate in the
ganglionic eminence and reach their positions through tangential
migration along the lower intermediate zone (DeDiego et al., 1994;
del Rio et al., 2000; Parnavelas, 2000).

In the present study, we considered especially the location of
early generated (E12-E14) GABAergic neurons at birth. Because
synchronous activity depends on synaptic activity, it develops in
vitro coincident with active synaptogenesis after at least 1 week of
cultivation time (Voigt et al., 1997). This corresponds approxi-
mately to the time of birth in the intact animal. Accordingly,
synchronous network activity is present during the first days after
birth, a time of active synaptogenesis in the cortical plate (Blue
and Parnavelas, 1983; Garaschuk et al., 2000). We found that
most early GABAergic neurons were located in the subplate
region at birth and concluded that these are in vivo correlates of
the large GABAergic neurons characterized in vitro. Because a
minor fraction of GABAergic neurons generated at E14 were also
located in deep cortical layers, we cannot exclude the possibility
that at least some of these later-born GABAergic neurons might
turn out to be cortical plate neurons (Miller, 1985; Bayer and
Altman, 1990; Ignacio et al., 1995; Valverde et al., 1995). Addi-
tional experiments showed that large GABAergic neurons in vitro
are not reelin-positive, indicating that these cells are not a cor-
relate of Cajal-Retzius neurons in the marginal zone. Because the
marginal zone (layer 1) is target of neurons generated during the
whole neurogenetic period (Fairén et al., 1986), it is feasible that
the GABAergic neurons present at birth in this layer are gener-
ated later than the earliest primordial plexiform layer cohorts.
Concerning the identification of the large GABAergic neurons as
subplate neurons, it would be very desirable to be able to label
these neurons in vitro with a marker specific for subplate neurons
(Allendoerfer et al., 1990; Wahle et al., 1994; Landry et al., 1998).
Unfortunately, markers such as subplate-1, low-affinity p75 nerve

Figure 7. Large GABAergic neurons
are capable of mediating synchronous
[Ca 2�]i oscillations in cultured cortical
neurons under blocked glutamatergic
transmission. A, Fluorometric Ca 2� re-
cordings of six representative neurons
from a culture that was raised and re-
corded in the presence of ionotropic glu-
tamate receptor blockers (10 �M CNQX
and 50 �M AP-V). A mitotic inhibitor
was applied on the second DIV, thus
suppressing the generation of small
GABAergic neurons. B, Activity histo-
gram of all the 54 neurons in the re-
corded field. C, Fluorometric Ca 2� re-
cordings of the same six neurons as in A
after application of 20 �M bicuculline.
D, Activity histogram of all neurons in
the recorded field after application of 20
�M bicuculline.
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growth factor receptor, and golli proteins are transient in their
expression in the subplate region and may depend critically on the
influence of extrinsic afferences (Koh and Loy, 1989; Wahle et al.,
1994). Additionally, although undoubtedly useful as cytoarchitec-
tonic markers, they may not label all neuronal elements in the
subplate, a necessary characteristic to make them useful as cellular
markers (Meinecke and Rakic, 1993; Wahle et al., 1994). In the
monkey, for example, p75 did not label an ultrastructurally distinct
subpopulation of neurons (Meinecke and Rakic, 1993). Consider-
ing these facts, our failure to label early prenatal rat cortices or
neurons growing in vitro with an antibody directed against p75 was
predictable and may not invalidate the interpretation of the birth
dating and GABA double-labeling experiments.

In summary, we conclude that most neurons developing in
culture to large GABAergic neurons are derived from the pri-
mordial plexiform layer. On the basis of the double labeling with
GABA and BrdU at birth, we hypothesize that large GABAergic
neurons in vitro correspond to GABAergic cells that reside pre-
dominantly in the subplate at birth. Classic Golgi studies showed
that early nonpyramidal neurons (putative GABAergic neurons)
with long ascending axons (Martinotti cells and similar types) are
quite common in the deep young rodent cortex, some of them
clearly having basket-like axonal morphological features
(Valverde, 1976; Fairén et al., 1984). The axons of these neurons
show local arborization and reach with long branches the mar-
ginal zone, where they innervate with horizontally directed ram-
ifications the apical dendrites of developing pyramidal cells
(Marin-Padilla, 1984). These morphological features, which are
astonishingly similar to the features of large GABAergic neurons
developing in culture, put these neurons in the position to dis-
tribute activity in the local networks of the subplate and early
differentiating cortical layers. In addition, with the horizontal
ramification in the marginal zone, these neurons can innervate all
future cortical neurons that reach this structure obligatorily with

their leading processes, the future apical dendrites, when they
terminate cell migration. Given the massive synaptic innervation
large GABAergic neurons receive in culture, it is tempting to
speculate that their in vivo correlates might also be targets for
ingrowing axons. By contacting the elements that are responsible
for the distribution of early cortical synchronous activity, the
ingrowing axons would gain access to the developing cortical
plate long before they invade this structure, and synchronization
between subcortical and cortical activity as well as between cor-
tical areas could be established. Alternatively, the correlates of
large GABAergic neurons could form a horizontally connected
network in the subplate region while the vertical output to the
cortical plate is transmitted by glutamatergic neurons.

Finally, independent of their exact position in the primordial
anlage in vivo, we hypothesize that early GABAergic neurons are
a relatively homogenous population of basket-like neurons essen-
tial for the synchronization of neuronal activity during the devel-
opment of the cerebral cortex.
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