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et al., 2008), but the developmental shift of GABAergic signaling has 
been postulated to induce their gradual disappearance (Garaschuk 
et al., 2000), with the subsequent appearance of a GABA-driven 
pattern [cortical giant depolarizing potentials (cGDPs)] with higher 
frequency and lower synchronization (Allene et al., 2008).

In a recent study Lischalk et al. (2009) suggest that temporal 
areas of the cortex function as pacemakers for the early network 
transients, which then propagate to the rest of the cortex (see also 
Garaschuk et al., 2000). Interestingly, lateral and dorsal regions of 
the cortex embryo differ in the developmental properties of their 
early neurons (Bellion et al., 2003). While lateral cortex explants 
hold GABAergic neurons with migrating characteristics of the gan-
glionic eminence lineage (Marin and Rubenstein, 2001; Wonders 
and Anderson, 2006), the dorsal cortex differentiates small bipolar 
GABAergic neurons, possibly of cortical origin, which migrated 
along axons in vitro (Letinic et al., 2002; Bellion et al., 2003). 
Because GABAergic neurons of different lineages also develop 
distinct physiological features (Butt et al., 2005; Batista-Brito and 
Fishell, 2009), neurons of the lateral cortex might form networks 
with physiological features and development different from those 
of dorsal cortex cultures. This leads to the question if the pacemaker 
function of the temporal cortex could be mediated by a unique 
development of the GABAergic circuitry. This is of interest because, 

Introduction
The electrical activity of immature neuronal networks is character-
ized by recurrent correlated activity, which has been observed in 
many structures and experimental conditions (O’Donovan, 1999; 
Ben-Ari, 2001; Blankenship and Feller, 2010), including the cerebral 
cortex in vivo (Chiu and Weliky, 2001; Minlebaev et al., 2007; Yang 
et al., 2009), in slices (Garaschuk et al., 2000; McCabe et al., 2006; 
Allene et al., 2008) and in culture preparations (Kamioka et al., 
1996; Opitz et al., 2002; Giugliano et al., 2004; Van Pelt et al., 2004; 
Chiappalone et al., 2006; Eytan and Marom, 2006; Wagenaar et al., 
2006a; Pasquale et al., 2008). The slow synchronous oscillatory activ-
ity has functional relevance during the formation of connections 
within the network (Ben-Ari, 2002; Owens and Kriegstein, 2002; 
Angenstein et al., 2004; Voigt et al., 2005; Ben-Ari et al., 2007).

GABAergic signaling and therefore gamma-aminobutyric acid 
(GABA) interneurons play an important role in the generation 
of spontaneous network oscillations in the developing neocortex 
and hippocampus (Moody and Bosma, 2005; Ben-Ari et al., 2007). 
Specifically, the emergence of early network activity in hippocampal 
slices depends on depolarizing action of GABA (Ben-Ari, 2001). 
The highly synchronous network activity recorded in acute cortical 
slices [cortical early network oscillations (cENOs)] is apparently 
not dependent on GABAergic drive (Garaschuk et al., 2000; Allene 
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first, the immature network patterns (cENOs) recorded in slices 
of the cerebral cortex occur in absence of GABAergic signaling 
(Garaschuk et al., 2000; Allene et al., 2008). Secondly, although cul-
tured networks have been extensively used as models for cortical 
network studies (Feinerman et al., 2007; Le et al., 2007; Rolston 
et al., 2007; Bakkum et al., 2008; Baruchi et al., 2008; Chao et al., 
2008; Pasquale et al., 2008; Raichman and Ben-Jacob, 2008; Shahaf 
et al., 2008), generating cultured cortical networks with a predicta-
ble activity pattern development has been difficult (Wagenaar et al., 
2006a). Finally, although early synchronized network activity is 
described as extremely robust behavior, due to homeostatic regula-
tion of intrinsic features (Marder and Goaillard, 2006; Blankenship 
and Feller, 2010), the limits of homeostasis might be reached along 
maturation if the local circuitry is abnormally constructed. In fact, 
many developmental neuropathologies show both network oscil-
lations abnormalities and alterations of interneuronal circuitry 
(Chagnac-Amitai and Connors, 1989; Lewis et al., 2005; Sudbury 
and Avoli, 2007; Gonzalez-Burgos and Lewis, 2008; Rheims et al., 
2008; Uhlhaas et al., 2008).

In the present study we compared the early synchronized activity 
of neocortical cultures generated from the lateral or dorsal embry-
onic rat cortex growing on substrate integrated micro-electrode 
arrays (MEAs). Additionally, we asked if developmental altera-
tions of the network activity are correlated with the GABA shift 
(Rivera et al., 2005; Blaesse et al., 2009) and if they are modified 
by the GABA

A
 receptor (GABA

A
R) signaling or by the structure of 

the GABAergic network. We show that the development of a vari-
able, less synchronized burst activity correlates with the gradual 
maturation of GABA

A
R signaling and depends on the presence 

of large GABAergic neurons with widespread connections in 
cultured networks.

Materials and Methods
Cell culture
Monolayer neuronal cultures were prepared from cerebral cortices 
of Sprague Dawley rats at embryonic day E16 (day after insemina-
tion was E1; birth = E22). We plated cells either on Petri dishes or 
on microelectrode arrays (see below). To keep culture conditions 
between MEA and Petri dish cultures as close as possible, these cul-
tures were derived from the same preparations (i.e., sister cultures). 
All experimental procedures were approved by local government 
(Landesverwaltungsamt Halle, Germany).

Petri dish cultures
For Petri dish cultures each plasma cleaned (Harrick Plasma, Ithaca, 
NY, USA) cover slip was fitted to a 20-mm hole in the bottom of a 
60-mm Petri dish. A 30-mm acrylic glass ring was glued with silicon 
grease around the hole, to restrict the culture size and the volume 
of necessary media. The cover slips were treated overnight with 
poly-d-lysine (0.1 mg/ml in borate buffer, pH 8.5, 36°C). Astroglial 
cultures were prepared from cerebral hemispheres of P0-P3 Sprague 
Dawley rats as reported in detail previously (de Lima and Voigt, 
1999). Purified astroglial cells were plated in the inner portion of the 
Petri dish (500 cells/mm2 inside the acrylic glass ring) 5 days before 
the neurons. The astroglia has neurotrophic effects and strongly 
reduces cell proliferation in culture (Schmalenbach and Müller, 
1993; de Lima and Voigt, 1999). We used upper (dCtx) and lateral 

portions (vCtx) of the dorsal telencephalic vesicles (excluding 
hippocampal and basal telencephalic anlagen) as neuronal donor 
tissue for the two distinct culture types. Neurons for dCtx and 
vCtx cultures were dissected from the dorsal and lateral aspects of 
the presumptive dorsal pallium domain (Puelles and Rubenstein, 
2003). Both donor regions were clearly situated above the pallial/
subpallial boundary (Campbell, 2003). The dorsal cortex, used 
as donor for dCtx cultures, included the whole antero-posterior 
extension of the sensorimotor neocortical anlage. The lateral side 
of the dorsal pallium, used as donor for vCtx cultures, included 
also temporal cortical areas and prospective limbic subdivisions, 
i.e., perirhinal, entorhinal and insular cortices (Barbe and Levitt, 
1991; Ferri and Levitt, 1995; Bellion et al., 2003). Similar to explants 
of the mouse cortex (Bellion et al., 2003; Bellion and Metin, 2005), 
networks derived from the dorsal and lateral regions of the rat 
embryonic cortex showed differences in their GABAergic neuronal 
populations (see Results).

The neocortical tissue was dissociated with trypsin/EDTA and 
seeded onto the poly-d-lysine coated glass cover slips in N2 medium 
(75% DMEM, 25% Ham’s F12, and N2 supplement; Invitrogen, 
Carlsbad, CA, USA). All cultures were maintained in a humidified 
5% CO2/95% air atmosphere at 36°C.

MEA cultures
After plasma cleaning, each MEA dish was treated with poly-d-
lysine, followed by the same glial and neuronal culture procedures 
as described above. Cells were seeded at densities ranging from 
800 to 1300 cells/mm2, but the same density was used for different 
culture types within a preparation. No differences were observed 
in electrical activity patterns (i.e., irregular vs. regular bursting, see 
Results) among preparations within the cell density range used. 
The culture chamber was sealed by a screw cap to prevent infec-
tion and evaporation. Within the incubator the cap was loosened 
to allow gas circulation. Some MEA cultures were raised in the 
presence of the specific GABA

A
R blocker gabazine (20 μM), added 

3 h after plating.

MEA recording and data analysis
Recording of electrical activity was carried out by using microelec-
trode arrays [MEAs, Multi Channel Systems (MCS), Reutlingen, 
Germany] with 59 substrate embedded titanium nitride recording 
electrodes, arranged in a 10 × 6 rectangular array with one electrode 
missing in the first column. The electrodes, 30 μm in diameter, had 
an inter-electrode distance (center to center) of 500 μm. Signals 
were amplified 1100× and sampled at 25 kHz using a preamplifier 
(MEA1060-Inv-BC) and data acquisition card (both MCS). The 
spontaneous activity of individual cultures was monitored at 36°C 
for 20 min/day in vitro using MC_Rack software (MCS) at different 
stages of development (usually every 1–3 days, starting at 5 DIV) 
until at least 3 weeks after plating (i.e., ≥21 DIV). Recordings for 
different culture conditions (e.g., vCtx and dCtx cultures) within 
a preparation were always age-matched.

Spike detection
Spikes were detected on-line on the band-pass filtered (0.15–
3.5 kHz) signal, using a threshold of −5× standard deviation from 
background noise. Spike waveforms were stored and analyzed 
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Table 1 | All values are mean ± SEM of values pooled from different cultures. See Figure 8 for number of experiments, cultures and preparations.

Network	 vCtx control	 vCtx blocked

Age (DIV)	 5–10	 11–17	 18–24	 5–10	 11–17	 18–24

Burst frequency (Hz)	 0.010 ± 0.001	 0.045 ± 0.006	 0.200 ± 0.016	 0.009 ± 0.001	 0.029 ± 0.004	 0.048 ± 0.003

Total spike frequency (Hz)	 7.86 ± 1.30	 54.27 ± 7.22	 117.28 ± 12.13	 5.97 ± 0.98	 49.21 ± 5.06	 129.57 ± 9.92

Burst duration (ms)	 1431.35 ± 74.49	 1348.78 ± 66.29	 1078.71 ± 80.42	 1110.92 ± 40.25	 993.64 ± 53.10	 1718.29 ± 127.29

CV IBI	 0.39 ± 0.04	 0.49 ± 0.05	 2.39 ± 0.22	 0.34 ± 0.04	 0.39 ± 0.02	 0.29 ± 0.04

Mean electrodes in bursts	 15.35 ± 1.52	 29.81 ± 1.18	 23.04 ± 1.39	 13.06 ± 1.72	 36.66 ± 1.27	 42.38 ± 1.70

Max electrodes in bursts	 18.13 ± 1.57	 38.15 ± 1.49	 41.30 ± 2.34	 15.46 ± 1.82	 40.00 ± 1.20	 45.44 ± 1.80

accomplished by a top-down heuristic approach as follows. We first 
merged the spike times of all 59 electrodes onto a single virtual 
electrode, which accordingly contained all spike times for a given 
recording. We then searched on this virtual electrode for clusters 
of spikes with a maximal inter spike interval of 60 ms. If a cluster 
included at least 30 spikes and was a result of spikes detected on 
at least three electrodes, a burst was defined. The contribution of 
an electrode to a burst was assessed to be significant when at least 
three spikes were detected. This approach reliably detected bursts 
in our datasets, even in young cultures where the spike frequency 
during bursts was relatively low. The following parameters were 
quantified: the frequency of burst discharges, the coefficient of 
variation of the interburst interval (CV IBI), and the number of 
electrodes with spiking activity during bursts (‘electrode attend-
ance’). The latter was used as a measurement for the distribution 
of the activity through the network, i.e., synchronization of the 
bursts discharges along the electrode array.

Calcium imaging
We used calcium imaging to investigate developmental changes in 
GABA

A
R mediated synaptic transmission (Chen et al., 1996; Owens 

et al., 1996; Ganguly et al., 2001). Petri dish cultures were incubated 
in 5 μM fluo-3 pentacetoxy-methylester (Molecular Probes; pur-
chased from MoBiTec, Goettingen, Germany) dissolved in DMSO 
(Molecular Probes, Eugene, OR, USA) for 1 h, followed by several 
washes with artificial cerebrospinal fluid (aCSF). The ionic com-
position of the aCSF was (mM): 140 NaCl, 5 KCl, 1.5 CaCl

2
, 0.75 

MgCl
2
, 1.25 NaH

2
PO

4
, 20 d-glucose and 15 HEPES/NaOH (pH 7.4), 

and resembled the main components of the N2 culture medium 
except the pH buffering system (HEPES vs. bicarbonate). The cul-
ture dishes were transferred to an inverted microscope (Axiovert 
S100 TV, Zeiss, Oberkochen, Germany) equipped with a charge-
coupled device camera (Cool Snap ES, Visitron Systems, Puchheim, 

off‑line. Overlapping spike waveforms were commonly seen during 
bursts, supposedly due to high action potential firing of several cells 
near a particular electrode. Given that the cells rarely fired between 
bursts, automatic spike sorting procedures were less reliable. Spike 
sorting was therefore not attempted in the present study.

Data processing
Custom written MATLAB (version 2007b, MathWorks, Natick, 
USA) programs were used for off-line analysis. Different param-
eters (e.g., burst frequency, see below) were extracted from 20-min 
recordings. We divided the recordings in three distinct age groups, 
following developmental properties, i.e., the change in GABAergic 
synaptic transmission [before (5–10 DIV), during (11–17 DIV), and 
after (18–24 DIV) the GABA shift]. Generally, evaluated parameters 
for a given culture condition and age varied more between different 
preparations than between sister cultures (i.e., within a prepara-
tion) (see also Wagenaar et al., 2006a). Therefore, for each age and 
preparation the data was normalized by the mean of untreated 
vCtx networks and ultimately pooled for the different preparations. 
However, absolute datasets are given in Tables 1 and 2.

Burst detection
Recurrent population burst is the most common activity pat-
tern seen in developing cortical networks (Robinson et al., 1993; 
Maeda et al., 1995; Voigt et al., 2001; Marom and Shahaf, 2002; 
Opitz et al., 2002; Wagenaar et al., 2006a). The preposition ‘popu-
lation’ indicates that the activity of several, up to all, neurons in 
the network is modulated in synchrony into a ‘burst state’, whereas 
individual spikes are not necessarily synchronized (see Figure 2, 
for example). If not otherwise stated, such population bursts are 
simply called bursts. More precisely, we define bursts as transient 
episodes of repetitive spiking >400 ms apart, which show some 
distribution across the network. The detection of burst then was 

Table 2 | All values are mean ± SEM of values pooled from different cultures. See Figure 11 for number of experiments, cultures and preparations.

Network	 vCtx	 dCtx	

Age (DIV)	 5–10	 11–17	 18–24	 5–10	 11–17	 18–24

Burst frequency (Hz)	 0.001 ± 0.001	 0.045 ± 0.004	 0.213 ± 0.012	 0.002 ± 0.0004	 0.018 ± 0.002	 0.065 ± 0.005

Total spike frequency (Hz)	 5.95 ± 0.88	 48.07 ± 5.14	 143.06 ± 11.87	 2.92 ± 0.56	 21.36 ± 1.89	 58.19 ± 5.64

Burst duration (ms)	 1172.56 ± 62.19	 1336.04 ± 43.24	 961.61 ± 51.96	 1349.75 ± 46.36	 1233.94 ± 27.20	 1031.02 ± 52.75

CV IBI	 0.37 ± 0.02	 0.42 ± 0.03	 1.90 ± 0.16	 0.40 ± 0.05	 0.38 ± 0.03	 0.43 ± 0.05

Mean electrodes in bursts	 13.96 ± 1.22	 26.30 ± 1.9	 24.68 ± 1.28	 16.78 ± 0.92	 27.26 ± 1.09	 30.38 ± 1.65

Max electrodes in bursts	 16.58 ± 1.30	 33.12 ± 1.53	 40.43 ± 1.79	 17.65 ± 0.96	 31.32 ± 1.15	 35.53 ± 1.6



Frontiers in Cellular Neuroscience	 www.frontiersin.org	 June 2010  | Volume 4  |  Article 15  |  �

Baltz et al.	 GABA neurons and network activity

Germany) and allowed to equilibrate for 20 min, a time when 
de-esterification of the dye takes place. Recording fields (usually 
890 × 665 μm2, 5–10 for each culture dish) were chosen randomly 
and sometimes marked with a diamond tool when repeated imaging 
was required. Fluorescence images were obtained with a frequency 
of 2 Hz during 90-s-long sessions using MetaMorph 7.0 software 
(Universal Imaging Corp., West Chester, PA, USA). Excitation 
wavelength was 470 ± 20 nm (Chroma Technology, Brattleboro, 
VT, USA). A differential interference contrast (DIC) image of each 
field was also acquired for later cell identification. During each 
recording session cells were locally perfused with an aCSF contain-
ing either high potassium (KCl, 60 mM) or the GABA

A
R agonist 

muscimol (200 μM) using a multibarreled perfusion system. The 
local application lasted 2 s, resembling prolonged activation as dur-
ing population burst activity. In young cultures muscimol elicits a 
large intracellular calcium response in many neurons (see Results), 
which was blocked by simultaneous application of high concen-
trations of the GABA

A
R antagonist gabazine (200–400 μM) (not 

shown). A second application of high potassium served as a control 
against possible bleaching of the dye during the recording session. 
Time points of pharmacological application are indicated by bars 
in Figure 4B. Images were processed off-line using MetaMorph 
software and custom written MATLAB programs. We calculated the 
maximal emitted fluorescence in response to local pharmacological 
application for each cell. These values were called F

K1
, F

M
 and F

K2
 

(a.u.) (see Figure 4B). The trace (∆F) then was normalized with 
respect to F

K1
 (F

N
 = ∆F/F

K1
). A cell was considered responsive to 

muscimol if the change of the normalized fluorescence (F
N
) was 

larger than an empirically determined threshold (F
N
/dt ≥ 0.05). 

Using the change in fluorescence, rather than F
M

 itself, rules out 
false positive detection in case a cell showed very slow recovery 
from the preceding potassium application (this was observed 
rarely). All imaging experiments were carried out in the presence 
of glutamatergic blockers [D(−)-AP-5 12.5 μM, 6-cyano-7-nitro-
quinoxaline-2,3-dione disodium (CNQX) 2.5 μM], to suppress the 
spontaneous bursting.

Drugs and drug application
All drugs were dissolved to 100–1000× stocks, stored at −20°C, and 
diluted to final concentration just before application. We purchased 
5-aminomethyl-3-hydroxyisoxazole hydrobromide (muscimol) 
and (−)-bicuculline methiodide (bicuculline) from RBI (RBI/
Sigma, Deisenhofen, Germany), and D-2-amino-5-phosphonopen-
tanoic acid (D(−)-AP-5), 6-imino-3-(4-methoxyphenyl)-1(6H)-
pyridazinebutanoic acid hydrobromide (gabazine) and CNQX 
and 3-(aminosulfonyl)-5-(butylamino)-4-phenoxybenzoic acid 
(bumetanide) from Tocris Cookson (Biotrend, Cologne, Germany). 
Drugs were applied either directly from the stocks in case of MEA 
recordings or via a magnetic valve controlled gravity-fed perfusion 
system (ALA Scientific Instruments, New York, NY, USA) during 
the calcium imaging experiments.

Immunocytochemistry
GABA immunocytochemistry was carried out as described previ-
ously (de Lima and Voigt, 1997, 1999; Voigt et al., 2001; de Lima 
et al., 2007). Briefly, Petri dish cultures were fixed for 30 min at 
36°C by adding 70% glutaraldehyde to the culture medium to 

make a final concentration of 3.5%. Aldehyde-fixed cultures were 
then thoroughly washed in 0.05 M Tris buffer containing 0.85% 
sodium metabisulfite (pH 7.5), and preincubated for 3 h at room 
temperature with 3% bovine serum albumin, 10% normal goat 
serum and 0.6% Triton X-100 in Tris/metabisulfite solution. After 
washing, successive antibody incubations were performed: mouse 
anti-GABA (Chemicon, Temecula, CA, USA; 1:200) in Tris/metabi-
sulfite solution containing 3% bovine serum albumin, 10% normal 
goat serum, 0.6% Triton X-100 overnight at room temperature; goat 
anti-mouse and mouse peroxidase-anti-peroxidase (1:200 in PBS 
containing 10% normal goat serum, 2% bovine serum albumin, 5% 
sucrose and 0.3% Triton X-100, 2 h, room temperature, Sternberger, 
Baltimore, MD, USA). After the primary antibodies, all washes were 
performed with PBS (0.1 M, pH 7.4). Peroxidase-anti-peroxidase 
antibody complexes were made visible by incubating with a solu-
tion containing 0.01% 3,3′-diaminobenzidine tetrahydrochloride, 
0.004% H

2
O

2
, 1% nickel ammonium sulfate and 50 mM imidazole 

in 50 mM Tris–HCl saline buffer. After a final PBS wash, coverslips 
were dehydrated in an ethanol series, cleared in two changes of 
xylene and mounted over clean slides with Fluoromount (BDH 
Laboratory Supplies, Poole, UK).

For double-immunofluorescence labeling, coverslips were 
fixed with 4% paraformaldehyde and 0.005% glutaraldehyde 
(20 min, 36°C). GABA immunocytochemistry was performed 
as described above, except that anti-mouse-Cy3 (1:400; Jackson 
ImmunoResearch, Dianova, Hamburg) was used as secondary 
antibody. After washing, coverslips were fixed again with 4% 
paraformaldehyde and stained for parvalbumin (polyclonal rab-
bit anti-parvalbumin, 1:5000, Swant, Bellinzona) followed by 
anti-rabbit-Cy2 (1:400; Jackson ImmunoResearch). Coverslips 
were shortly dehydrated and embedded with Fluoromount. Only 
cells with an intense GABA staining of soma and dendrites were 
considered for the analysis.

To estimate the density of GABAergic cells we counted GABA 
positive neurons at 200× magnification using bright field micro-
scopy with the aid of a grid in the microscope eyepiece on an 
inverse microscope equipped with a CCD camera (Axiophot, Zeiss, 
Oberkochen, Germany) (12 fields per cover slip, chosen at regularly 
spaced points over the cover slip surface). For each field the total 
cell number was counted at 400× magnification and phase contrast 
optics. We also quantified the overall intensity of GABAergic stain-
ing by taking digital images and computing the average luminance 
for each image. The data obtained from vCtx and dCtx cultures 
were normalized by the mean luminance of all dCtx cultures (see 
Results). All images were taken on the same day and microscope; 
no contrast or brightness correction was made. Cell soma size was 
estimated using 400× magnification with the aid of MetaMorph 
software.

Results
First we describe the development of spontaneous activity in lateral 
cortex networks (vCtx) in control conditions (Figures 1 and 2A). 
Then we compare this development (a) with the spontaneous activ-
ity development of similar vCtx networks chronically blocked with 
a GABA

A
R antagonist (Figures 2B, 7 and 8, Table 1), and (b) with 

the spontaneous activity development of dorsal cortex networks 
(dCtx), grown in control conditions (Figures 9–11, Table 2). The 
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GABAergic neurons developing in vCtx and dCtx networks are 
described in Figure 6. Figures 4, 5 and 12 show the developmental 
GABA shift in vCtx and dCtx networks.

Spontaneous activity development in vCtx networks
Spontaneous electrical activity of cultures obtained from lateral 
cortex at embryonic day 16 (E16) was monitored by means of 59 
substrate-integrated electrodes. At the earliest age studied (5 DIV) 
sporadic single spikes were detected on a few (∼1–5) electrodes. 
Afterwards spontaneous activity increased steadily. Figure 1A 
shows exemplar recordings of spontaneous activity in cortical net-
works from 13-, 17- and 22-day-old vCtx networks. The total spike 

frequency (integrated over all electrodes) increased from an average 
7.86 ± 1.30 Hz at 5–10 DIV (mean ± SEM, n = 28 recordings, eight 
cultures, three preparations) to 54.27 ± 7.22 Hz (n = 33) and 
117.28 ± 12.13 Hz (n = 20) at 11–17 and 18–24 DIV, respectively 
(Table 1). By the end of the first week in vitro the cultures devel-
oped recurrent synchronous burst discharges, i.e., transient clusters 
of spikes, which spread over several electrodes (see Materials and 
Methods; Figures 1 and 2A). Bursts that occurred at regular inter-
vals were observed until about the end of the second week in vitro 
(Figure 1A, DIV 13). Later bursts became irregular in their occur-
rence and synchronization along the electrode array (Figure 1A, 
DIV 17, DIV 22). During the first 3 weeks in vitro the interburst 

Figure 1 | Spontaneous network activity development of lateral cortex 
cultures (vCtx). (A) The total spike frequency is shown over time for the same 
culture at different stages of development (DIV, see labeling on the left side). 
vCtx cultures develop a heterogeneous pattern of burst discharges when 
maintained several weeks in vitro. The upper part of each graph indicates the 
global firing rate, which is defined as the number of detected spikes through all 
MEA electrodes per time unit (second). Spikes detected by individual electrodes 
are indicated by gray levels in the lower part. The same scale (see gray scale at 
13 DIV) was used for all graphs. Each of the vertically stacked horizontal lines 

corresponds to one electrode. For clarity only 5 min out of the 20-min recording 
sessions are shown. Arrows indicate bursts which are shown in higher temporal 
resolution in (B). (B) Individual population bursts in higher time resolution. Lower 
case letters correspond to labeling in (A). Dotted lines indicate detected burst 
limits. Time unit for the global firing rate is 0.1 s. (C) Histograms of the interburst 
interval (top) and electrode attendance in bursts (bottom) for a 20-min recording 
session for the culture shown in (A) at 13 DIV. Note the log scale for the 
interburst interval histogram (bin size is 1 s). (D) Same as (C) except for 17 DIV. 
(E) Same as (C) except for 22 DIV.
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Figure 2 | Features of spontaneous activity of vCtx networks. (A) 
Extracellularly recorded signals show three burst events of different magnitude 
from a 21-day-old vCtx culture. Gray lines above each raw trace indicate the 

band-pass filtered signal (2–10 Hz). The same burst event is shown on three 
different electrodes 1–2 mm apart. (B) Same as in (A), except that the vCtx 
culture was chronically blocked with gabazine (20 μM, added at 0 DIV).

interval (IBI) distribution steadily shifted toward lower values 
(Figures 1C–E, top graphs). The burst frequency was on average 
0.010 ± 0.001 Hz in 5- to 10-day-old vCtx cultures and increased to 
0.05 ± 0.01 Hz and 0.20 ± 0.02 Hz in 11–17 DIV and 18- to 24-day-
old cultures, respectively. During the IBIs, in the range of seconds to 
minutes, neurons showed virtually no spiking activity. The increase 
of variability of burst timing during the development is reflected in 
the CV IBI. The CV IBI was initially 0.39 ± 0.04 in 5- to 10-day-old 
vCtx cultures and increased to 0.49 ± 0.05 and 2.39 ± 0.23 in 11- to 
17- and 18- to 24-day-old cultures, respectively. Burst duration was 
on average 1431.35 ± 74.49 ms in 5- to 10-day-old vCtx cultures, 
and 1348.78 ± 66.29 ms and 1078.71 ± 80.42 ms in 11- to 17- and 
18- to 24-day-old vCtx cultures, respectively.

As a measure for burst synchrony, i.e., spread of burst firing across 
the electrode array, we determined the burst electrode attendance, i.e., 
the number of electrodes with spiking activity during each burst event. 
Note that the term synchronization does not apply at a time scale of 
single spikes, but on a longer time scale, i.e., firing rates of many cells 
are modulated in synchrony (see Figure 2A). The mean electrode 
attendance was on average 15.35 ± 1.52 electrodes in 5- to 10-day-old 
vCtx cultures, increased to 29.81 ± 1.18 electrodes at 11–17 DIV and 
decreased significantly (p < 0.001, t-test) to 23.04 ± 1.39 electrodes 
in 18- to 24-day-old cultures. The maximal electrode attendance 
during the recording session shows a steady increase from initially 
18.13 ± 1.57 electrodes at 5–10 DIV to 38.15 ± 1.49 and 41.30 ± 2.34 
electrodes at 11–17 DIV and 18–24 DIV, respectively. Thus, the 
decreased mean burst synchrony in 18–24 DIV old cultures is not 
due to a declining of neuronal health. An initial single peak in the his-
togram of the electrode attendance in 2-week-old cultures (Figure 1C, 
bottom) became broader and at least two peaks could be identified 
after approximately 3 weeks in vitro (Figure 1E, bottom). That is, the 
network activity ultimately comprised both very synchronous and 
partially synchronized bursts.

The spontaneous population burst activity was fully blocked 
by application of AMPA and NMDA glutamate receptor blockers 
(CNQX, 10 μM, and D(−)-AP-5, 50 μM, respectively) in 3-week‑old 

vCtx cultures (n = 3; one preparation, not shown). The acute GABA
A
R 

blockade with bicuculline (5 μM) changed the variable burst dis-
charges of vCtx cultures (>21 DIV) to more regular, stereotyped 
bursts (Figure 3A). Compared with unblocked controls the burst 
frequency was decreased by 61.71 ± 4.05% (p < 0.001), the number 
of electrodes in bursts was increased by 60.79 ± 9.17% (p < 0.001), 
the burst duration was increased by 144.08 ± 62.75% (p < 0.05), the 
overall spike frequency was increased by 55.02 ± 16.85% (p < 0.05), 
and the CV IBI was decreased by 69.75 ± 9.29% (p < 0.001, n = 8 
cultures, three preparations, t-test, Figures 3C–G, dark gray bars).

Next we asked if the maturation of the network activity pattern 
is correlated with the GABA shift. Early bursting activity in cortical 
neurons is accompanied by an increase of intracellular calcium 
(Opitz et al., 2002). Small increases of intracellular calcium con-
centration are usually associated with single spiking or subthresh-
old activation, whereas bursting leads to a very strong increase of 
intracellular calcium (Opitz et al., 2002; Cossart et al., 2005). The 
local application of the GABA

A
R agonist muscimol early in network 

development evokes a calcium transient due to the depolarizing 
action of GABA (Yuste and Katz, 1991; Lin et al., 1994; LoTurco 
et al., 1995; Garaschuk et al., 2000; Ganguly et al., 2001). In this 
set of experiments we locally applied short puffs of either high 
potassium (60 mM) or muscimol (200 μM, Figure 4), and recorded 
calcium transients by Fluo-3 imaging. The time course of the phar-
macological applications is shown in Figure 4B. In vCtx cultures, 
we found that the amplitude of intracellular calcium transients and 
the number of neurons with a significant increase of intracellular 
calcium decreased with development (Figures 4D–G). The fraction 
of cells that showed a significant increase of intracellular calcium 
in response to muscimol decreased from initially 95.98 ± 1.23% at 
5 DIV to 45.22 ± 4.10% at 29 DIV (Figure 4E). Interestingly, some 
cells already showed very weak response to muscimol as early as DIV 
5 (Figure 4G). Moreover, concurrent with observations in cortical 
slices (Garaschuk et al., 2000), after the GABA shift >40% of neu-
rons showed a small, but significant increase of intracellular calcium 
in response to the GABA agonist muscimol (Figures 4E–G).
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The results above suggest a causal relationship between the devel-
opment of the hyperpolarizing postsynaptic effect of GABA and the 
network activity heterogeneity in mature (∼3-week-old) vCtx cul-
tures. In the following we tested if a change in the polarity of GABA 
action can evoke a premature network activity differentiation in young 
cultures. The depolarizing effect of GABA in immature neurons is due 
to high intracellular chloride provided by the Na+, K+-2Cl− cotrans-
porter NKCC1 (Ben-Ari, 2002; Yamada et al., 2004; Dzhala et al., 2005; 
Ben-Ari et al., 2007). A blockade of NKCC1 with bumetanide in young 
neurons results in a hyperpolarization shift of the GABA

A
 reversal 

potential (Dzhala et al., 2005, 2008; Sipila et al., 2006; Balena and 
Woodin, 2008). In vCtx cultures (9–11 DIV) we blocked the NKCC1 
function with bumetanide (10 μM) and quantified the regularity 
of burst firing by the coefficient of variation of the intraburst fre-
quency (CV IBF) and the CV IBI. NKCC1 blockade led to a significant 
increase of bursting variability (Figure 5). Compared with controls 
the CV IBI (Figure 5G) and CV IBF (Figure 5H) were increased by 
105.85 ± 34.84% (p < 0.05) and 41.05 ± 14.87% (p < 0.05), respec-
tively. Thus, a shift of the postsynaptic effect of GABA from depo-
larizing into the hyperpolarizing direction induced a change of the 
network activity from regular, highly synchronized bursting to less 
synchronized and irregular bursting in vCtx cultures.

In vCtx cultures, 4.68 ± 0.21% of the neurons at 1 DIV and 
3.56 ± 0.54% of the neurons at 21 DIV (mean ± SEM, n = 8 cul-
tures, three preparations) were labeled with GABA antibodies. The 

soma size of GABAergic neurons (21–22 DIV) showed a bimo-
dal distribution (Figures 6A,D), and, on average, 72.25 ± 5.45% 
(434 of 578 analyzed cells) of the GABAergic neurons had a soma 
area above 100 μm2 and 27.75% (144 cells) had a soma area below 
100 μm2. Most large GABAergic cells in 21- to 22-day-old vCtx 
cultures were parvalbumin positive (77.11 ± 1.69%, 714 of 926 
cells, eight cultures, three preparations, Figure 6C). In contrast, 
small GABAergic neurons were invariably parvalbumin negative 
(Figure 6C). The morphological and immunocytochemical charac-
terization of GABAergic neurons are in line with previous findings 
in young neocortical cultures (de Lima and Voigt, 1997; de Lima 
et al., 2004, 2009).

Spontaneous network activity development with blocked 
GABAA signaling
After the GABA shift, the synchronization and regularity of spon-
taneous bursting decreases significantly (see above). The acute 
blockade of GABA

A
R signaling increased network activity syn-

chronization and regularity. Here we ask if the chronic blockade 
of GABA

A
Rs can prevent the maturation of the spontaneous activity 

pattern in vCtx networks.
We examined the effect of GABA

A
ergic signaling by comparing 

the spontaneous activity development of GABA
A
R-blocked vCtx 

cultures (gabazine 20 μM, added 3 h after plating, Figures 7 and 8, 
Table 1) with control vCtx sister cultures (see above, Figures 1 and 2). 

Figure 3 | Acute GABAAR blockade of 3-week-old networks. (A) Bursting 
activity of a 21-day-old vCtx culture under control conditions (left) and during the 
presence of the GABAAR blocker bicuculline (5 μM) in the culture media (right). 
(B) Same as in (A) but for dCtx networks (see Figures 9–11). (C–G) Dark gray 
bars in summary graphs show changes of burst properties of vCtx cultures in 

blocked compared with control conditions. Light gray bars show equivalent 
quantitative results for acutely blocked dCtx compared with control dCtx 
networks. Data were obtained from 20-min recording sessions of 20- to 28-day-
old cultures (vCtx cultures: n = 8, dCtx cultures: n = 7, three preparations, 
asterisks indicate significance: *p < 0.05; **p < 0.001; ***p < 0.0001; t-test).
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Similar to controls, GABA
A
R-blocked vCtx cultures showed regular 

bursting at the end of the first week in vitro. Unlike control cul-
tures, regular bursting persisted in the GABA

A
R-blocked cultures 

(Figure 7A). Interestingly, spontaneous bursts in older cultures 
showed prominent oscillatory discharges (circa 3–15 discharges, 
∼3–10/s) (Figures 2B and 7B).

Compared with control cultures, the total spike frequency was 
lower in the blocked networks until the middle of the second week 
in vitro (72.89 ± 5.99% of controls, p < 0.05, Figures 8D,I). In the 
following weeks total spike frequency was not significantly different 

from control networks (p = 0.08, 11–17 DIV; p = 0.21, 18–24 DIV, 
Figures 8D,I). The burst frequency of chronically blocked cultures 
did not differ significantly from that of the unblocked cultures 
until about the middle of the second week in vitro (5–10 DIV, 
p = 0.74, n = 28 recordings from eight unblocked cultures, n = 27 
recordings from eight blocked cultures, three preparations, t-test, 
Figures 8A,F). In older cultures, the burst frequency was decreased 
under the chronic GABA

A
R blockade (11–17 DIV: 73.20 ± 13.41% 

of controls, n = 33 recordings of unblocked cultures, n = 30 record-
ings of blocked cultures, p < 0.001; 18–24 DIV: 24.98 ± 1.72% of 

Figure 4 | Developmental change of the GABAAR mediated calcium 
response in vCtx cultures. (A) Schematic drawing indicates the local drug 
application pipette over the differential interference contrast image of a 5-day-old 
culture (Scale bar = 20 μm). (B) Fluorescence changes of an individual cell 
[white circle in (A)] in response to a short pulse of either a solution containing 
high potassium (60 mM) or the GABAAR agonist muscimol (200 μM). The three 
calcium transients correspond to the time points of drug application, indicated 
by bars at the bottom. The black dots denote the maximum fluorescence in 
response to the K+ pulses (FK1 and FK2). The gray dot denotes the maximum 
fluorescence in response to local muscimol application (FM). (C) Fluo-3 

fluorescence of the cells shown in (A) at FK1, FM and FK2. (D) Average ratio of the 
evoked calcium responses FM and FK1 at DIV 5, DIV 13 and DIV 29 (n = 1834, 
1922 and 1643 cells, respectively; each from three independent preparations; 
asterisks indicate significance, p < 0.0001; t-test). (E) The fraction of cells with a 
significant increase of fluorescence in response to muscimol in each recorded 
field is shown as a function of time. Each dot represents the average of several 
recorded fields (>15), pooled from three cultures per DIV, three preparations. 
Solid line is a Boltzmann fitted sigmoid. (F) Example traces of muscimol elicited 
calcium transients for different ages for the time interval indicated by a dotted 
line in (B). (G) Histograms of the ratio FM and FK1 at the indicated days in vitro.
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Figure 5 | Blockade of NKCC1 function by bumetanide. (A,B) The total 
network spike frequency over time is shown for a 9-day-old vCtx culture in 
control conditions (A) and in the presence of bumetanide (10 μM) in the culture 
media (B). (C,D) Histograms of the electrode attendance during bursts (C) and 
interburst interval (D) for a 20-min recording period, of which 600 s are shown in 

(A). Note the log scale for the interburst interval histogram (bin size is 1 s). (E,F) 
Same as (C,D) except for the recording shown in (B). (G,H) Bumetanide induced 
changes in the variability of the interburst interval (G) and intraburst frequency 
(H). Asterisks indicate statistical significance: *p < 0.05, n = 7, two preparations, 
t-test).

Figure 6 | GABAergic neurons in 3-week-old cultured networks. (A) The 
bright field image shows several large GABA immunostained neurons in a 21-
day-old vCtx culture (DAB staining). The arrowhead indicates a small GABAergic 
neuron. (B) Same as (A) except for dCtx culture. Two small GABAergic neurons 
can clearly be identified. (C1–3) Colocalization of gamma-aminobutyric acid 

(GABA) and parvalbumin (PV) immunofluorescence in a large GABAergic neuron 
(arrow) in a 21-day-old vCtx culture. The arrowhead indicates a small GABA+/PV− 
neuron. Scale bar is 20 μm. (D) Distribution of the soma size of GABAergic 
neurons in vCtx cultures (see main text for details). (E) Same as (D) except for 
dCtx cultures.
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controls, n = 20 recordings of unblocked cultures, n = 18 record-
ings of blocked cultures, p < 0.0001). The CV IBI in 5- to 10- and 
11- to 17-day-old blocked cultures did not differ significantly 
from age-matched controls (Figures 8C,H). In 18- to 24-day-old 
blocked cultures, however, the CV IBI was significantly decreased 
(12.58 ± 1.88% of controls; p < 0.0001). Furthermore, while the 
mean burst duration of blocked vCtx cultures was decreased at 
5–10 and 11–17 DIV (80.54 ± 4.25%, p < 0.001 and 76.51 ± 2.69%, 
p < 0.001, respectively), burst duration was increased in 18- to 24-
day-old blocked cultures compared with aged matched controls 
(154.64 ± 10.63%, p < 0.0001) (Figure 8E).

In contrast to the development in control cultures, the aver-
age electrode attendance during bursts increased during the first 
2 weeks in vitro and remained stable afterwards in cultures with 
blocked GABA

A
Rs (Figure 8B). The electrode attendance of blocked 

vCtx cultures was lower than controls (77.65 ± 4.83% of controls, 

p < 0.001) until the middle of the second week in vitro. This reversed 
with further development of the cultures. The average electrode 
attendance was 127.92 ± 5.53% (p < 0.0001) of control in 11–17 
DIV old blocked vCtx cultures and 184.10 ± 9.72% (p < 0.0001) of 
controls in 18- ������������������������   to 24-day-old�����������   cultures (Figures 8B,G). The maximal 
electrode attendance showed no significant differences (p = 0.11) 
between blocked and unblocked 3-week-old networks (Figure 8J). 
The single peak in the electrode attendance histogram of blocked 
cultures mirrors the temporal regularity of burst firing and suggests 
the recruitment of the whole network during each burst event (see 
Figures 7C–E, bottom plots).

The population of GABAergic neurons in cultures grown under 
GABA

A
R blockade was similar to control cultures (not shown). This 

is in accordance with previous results showing that the chronic 
blockade of GABA

A
R did not decrease the density of GABAergic 

neurons (de Lima et al., 2004, 2007).

Figure 7 | Spontaneous activity development of vCtx networks with 
chronically blocked GABAA receptors. (A) The total spike frequency is shown 
over time for vCtx cultures chronically treated with gabazine (20 μM, added at 0 
DIV) at different stages of development (13, 17, 22 DIV). These networks develop 
a regular bursting pattern, which persists throughout their lifetime. See Figure 1 
for graph description. Arrows indicate bursts which are shown in higher 
temporal resolution in (B). (B) Individual population bursts in higher time 

resolution. Oscillatory discharges emerge during the third week in vitro. Lower 
case letters correspond to labeling in (A). Dotted lines indicate detected burst 
limits. Time unit for the global firing rate is 0.1 s. (C) Histograms of the interburst 
interval (top) and electrode attendance in bursts (bottom) for a 20-min recording 
session for the culture shown in (A) at 13 DIV. Note the log scale for the 
interburst interval histogram (bin size is 1 s). (D) Same as (C) except for 17 DIV. 
(E) Same as (C) except for 22 DIV.
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Spontaneous activity development of dCtx networks
In the previous experiments, the embryonic tissue dissociated 
from the lateral cortex was limited to the lateral aspect of the 
neocortex, which, at E16, was populated by GABAergic neurons 
migrating upwards from the ventral telencephalic origins. Here 
we compared a set of vCtx cultures with sister cultures grown 
from more dorsal cortical tissue (dCtx cultures) (Figures 9–11, 
Table 2). The development of spontaneous network activity of 
this set of vCtx cultures was indistinguishable from the control 
vCtx cultures described above (Figures 1 and 2A). In contrast to 
vCtx cultures, the network activity in dCtx cultures comprised 
regular burst firing throughout the culture period (Figure 9A) 
and, similarly to experiments with chronic GABA

A
R blockade, 

intraburst oscillations emerged at an age of approximately 3 weeks 
in vitro (Figures 9B and 10).

When compared with vCtx cultures, the overall spike rate was 
low in dCtx networks (54.54 ± 4.80% of vCtx cultures, 5–10 DIV, 
p < 0.0001; 65.01 ± 7.61%, 11–17 DIV, p < 0.0001 and 57.82 ± 7.45%, 
18–24 DIV, p < 0.0001) (Figure 11G). Similarly, the burst frequency 
of dCtx networks was lower than in vCtx networks throughout 
the culturing period (p < 0.0001, 5–10 DIV; p < 0.0001, 11–17 DIV; 
p < 0.0001, 18–24 DIV; Figures 11A,E). The CV IBI of dCtx cul-
tures did not differ significantly from vCtx controls in 5–10 DIV 
and 11–17 DIV old cultures, but was significantly lower in 18- to 
24-day-old cultures (27.18 ± 3.81% of vCtx cultures, p < 0.0001, 
Figure 11H).

The histogram of electrode attendance during burst firing had a 
single peak (Figures 9C–E, bottom plots), suggesting little variabil-
ity in the synchronization of the burst discharges along the electrode 
array compared with vCtx cultures (Figures 1C–E). The average 
number of electrodes with spikes during burst was higher than in 
vCtx cultures (Figures 11B,F), indicating more synchronized burst 
firing in dCtx cultures. The average electrode attendance of dCtx 
cultures at 5–10 DIV was 124.32 ± 10.05% of age-matched vCtx 
cultures’ electrode attendance (p < 0.05, t-test, n = 36 recordings 
from 12 vCtx cultures, n = 31 recordings from 12 dCtx cultures, five 
preparations), 119.65 ± 6.42% of vCtx cultures attendance at 11–17 
DIV (p < 0.05, n = 56 recordings from vCtx cultures, n = 59 record-
ings of dCtx cultures) and 133.39 ± 7.85% of vCtx cultures attend-
ance at 18–24 DIV (p < 0.001, n = 44 recordings from vCtx cultures, 
n = 47 recordings of dCtx cultures). The maximum electrode 
attendance in dCtx and vCtx cultures did not differ significantly 
(p = 0.31, 5–10 DIV; p = 0.09, 11–17 DIV; p = 0.39, 18–24 DIV, 
Figure 11C). The mean burst duration of dCtx cultures was signifi-
cantly higher than in vCtx cultures at 5–10 DIV (116.55 ± 6.22% 
of vCtx cultures, p < 0.05) and 18–24 DIV (154.636 ± 10.626% of 
vCtx cultures, p < 0.05) (Figure 11D).

The spontaneous population burst activity in 3-week-old dCtx 
networks was fully blocked by application of the glutamate recep-
tor blockers CNQX (10 μM) and D(−)-AP-5 (50 μM; not shown, 
n = 2, one preparation). The acute blockade of GABA

A
R signaling 

in dCtx cultures with bicuculline (5 μM) had no significant effects 
on burst frequency (p = 0.87), total spike frequency (p = 0.67), 
spikes in bursts (p = 0.16), electrode attendance in burst (p = 0.41) 
and CV IBI (p = 0.26), but significantly increased the burst dura-
tion (p < 0.05, n = 7 cultures, 21 DIV, three preparations, t-test) 
(Figures 3B–G, light gray bars).

Figure 8 | Quantitative features of spontaneous activity development: 
GABAAR-blocked compared with control vCtx networks. (A–D) Graphs 
show the development of spontaneous network activity features in control 
vCtx cultures and in sister vCtx cultures grown with GABAAR blocker gabazine 
(20 μM) added to the medium. (A) Shows the development of the burst 
frequency, (B) the average number of spiking electrodes during a burst event, 
(C) the coefficient of variation of the interburst interval (CV IBI) and (D) the 
total spike frequency for cultures obtained from one preparation. (A–D, n = 4, 
cultures per age group, shaded areas in this and subsequent figures indicate 
SEM). (E–J) Summary graphs of parameters of spontaneous activity 
development of blocked vCtx cultures pooled from different preparations 
normalized to values of age-matched control cultures in each preparation. Data 
were obtained from 20-min recording sessions per day in vitro. Asterisks 
indicate significance: *p < 0.05; **p < 0.001; ***p < 0.0001; t-test; 5–10 DIV 
n = 28 recordings of unblocked cultures/n = 27 recordings of blocked cultures; 
11–17 DIV n = 33/n = 30; 18–24 DIV n = 20/n = 18; eight cultures per group; 
three preparations. Data are given in mean ± SEM.
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The immunocytochemical analysis showed that in 1-day-old dCtx 
cultures, no more than 0.04 ± 0.02% of the neurons were GABAergic 
(six cultures, three preparations). At 21–22 DIV, 1.79 ± 0.49% of 
the cells were GABAergic (seven cultures; three preparations). The 
vast majority of these GABAergic neurons had a very small soma 
size, a fusiform or bipolar morphology, and were not parvalbumin 
immunoreactive. The soma size distribution of GABAergic neurons 
was unimodal (21–22 DIV, Figures 6B,E). On average 91.61 ± 2.97% 
(496 of 548 analyzed cells) of GABAergic neurons had a soma area 
below 100 μm2 and only 8.39% (52 cells) had a soma area above 
100 μm2. The developmental increase of the smaller GABAergic neu-
rons’ fraction concurs with the finding that GABAergic precursors 
are mitotically active in culture (de Lima and Voigt, 1997, 1999).

Besides counting GABAergic somata, we compared the staining 
intensity of the GABAergic neuropil of dCtx and vCtx cultures. 
We determined the average staining intensity for each culture type 

Figure 9 | Spontaneous network activity development of dorsal cortex 
(dCtx) cultures. (A) The total spike frequency is shown over time for the 
same culture at different stages of development (DIV, see labeling on the left 
side). dCtx cultures develop a regular bursting pattern, which persists 
throughout their lifetime. See Figure 1 for graph description. Arrows indicate 
bursts which are shown in higher temporal resolution in (B). (B) Individual 
population bursts in higher time resolution. Oscillatory discharges emerge 

approximately during the third week in vitro. Lower case letters correspond to 
labeling in (A). Dotted lines indicate detected burst limits. Time unit for the 
global firing rate is 0.1 s. (C) Histograms of the interburst interval (top) and 
electrode attendance in bursts (bottom) for a 20-min recording session for the 
culture shown in (A) at 13 DIV. Note the log scale for the interburst interval 
histogram (bin size is 1 s). (D) Same as (C) except for 17 DIV. (E) Same as (C) 
except for 22 DIV.

With Fluo-3 imaging, we monitored the GABA shift in dCtx 
cultures. We quantified the amplitude of the transients elicited by 
locally applied short puffs of either a solution containing high potas-
sium (60 mM) or muscimol (200 μM, Figure 12), and counted the 
cells showing calcium transients. Similar to what was observed in 
vCtx cultures (see Figure 4), in dCtx networks the amplitude of 
intracellular calcium transients decreased between 10 and 17 DIV 
(Figure 12). The fraction of cells showing a calcium transient in 
response to muscimol decreased from initially 94.17 ± 0.86% to 
14.87 ± 1.86% (Figure 12A). The data shows that GABA action 
changes in dCtx cultures, despite a reduced amount of GABAergic 
neurons (see below). Interestingly, the percentage of cells showing a 
calcium transient after muscimol application was lower than in vCtx 
cultures (Figures 4E and 12A). Whether this discrepancy is due to a 
homeostatic regulation due to GABA signaling differences, or due to 
a GABA independent mechanism, remains to be investigated.
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Figure 10 | Features of dCtx spontaneous network activity. 
Extracellularly recorded signals from three burst events of a recording from a 
dCtx culture (21 DIV). Gray lines above each raw trace indicate the band-pass 
filtered signal (2–10 Hz). The same burst event is shown on three different 
electrodes.

Figure 11 | Quantitative features of spontaneous activity development: 
dCtx compared with vCtx networks. (A,B) Graphs show the development 
of spontaneous network activity features in control vCtx and in sister dCtx 
cultures from one preparation (n = 3 cultures per culture type). (A) shows the 
development of the burst frequency and (B) the electrode number in burst 
events as a function of time. (C–H) Summary graphs of parameters of 
spontaneous activity development of dCtx cultures pooled from different 
preparations normalized to values of age-matched vCtx sister cultures in each 
preparation. Data are obtained from 20-min recording sessions per day 
in vitro. Asterisks indicate significance: *p < 0.05; **p < 0.001; ***p < 0.0001; 
t-test; 5–10 DIV n = 36 recordings of vCtx cultures/n = 31 recordings of dCtx 
cultures; 11–17 DIV n = 56/n = 59; 18–24 DIV n = 44/n = 47; 12 cultures per 
group; five preparations.

(i.e., the attenuation of the light intensity due to stained regions) 
and normalized to the average values of dCtx cultures. We found 
that the GABA staining of vCtx cultures was on average 8.05 ± 0.73 
times stronger than that of dCtx cultures (19–22 DIV, p < 0.0001, t-
test; n = 55 and 58 fields of dCtx and vCtx cultures, respectively).

Discussion
Patterns of network activity
In all cultured networks recurrent network bursting started approxi-
mately at the end of the first week in vitro, continued throughout 
the culturing period and was absent in the presence of AMPA and 
NMDA glutamatergic receptor blockers. This is in line with previous 
observations on similar E16-donor cultures (Voigt et al., 2001, 2005; 
Opitz et al., 2002) or cultures grown from older cortices (Maeda et al., 
1995; Kamioka et al., 1996; Marom and Shahaf, 2002; Chiappalone 
et al., 2006; Wagenaar et al., 2006a,b; Shahaf et al., 2008). Early large 
scale bursts characteristically have IBIs up to minutes and reach 
maximal neuronal attendance during the second week in vitro. These 
large scale network bursts resemble the immature bursting activity 
in slices of the neonatal rodent cortex, called ‘cortical early network 
oscillations’ (cENOs) (Garaschuk et al., 2000), recorded by calcium 
imaging or patch clamp in acute or cultured slices of the cerebral 
cortex (Garaschuk et al., 2000; Corlew et al., 2004; McCabe et al., 
2006; Allene et al., 2008; Sheroziya et al., 2009).

Population bursts with lower neuronal attendance and hence with 
decreased overall spiking appeared in culture several days after the 
appearance of the first large transients, and were unique to mature 

vCtx cultures (∼3-week-old). This kind of activity was blocked by acute 
application of GABA

A
R antagonists and was absent in cultures lack-

ing large interneurons or in cultures chronically blocked by GABA
A
R 

antagonists. Notably, also in acute neocortical slices network events 
with small amplitudes and less participating neurons, cGDPs, develop 
later than the early network oscillations (cENOs) and were compared 
to the GDPs described in the hippocampus (Allene et al., 2008).
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Characteristic of mature dCtx cultures and GABA
A
R-blocked 

vCtx cultures was a regular burst pattern with widespread burst 
synchrony (Figures 7 and 9) and intraburst oscillatory discharges 
(see Figures 2B and 10). These bursts are mediated by ionotropic 
glutamatergic receptors activity and are reminiscent of intraburst 
oscillatory activity in spinal cord slices or disinhibited spinal cord 
cultures (Streit, 1993; Bracci et al., 1996; Yvon et al., 2007), picro-
toxin induced afterdischarges in hippocampal slices (Miles et al., 
1984) or endogenous spindle-burst activity in developing neocortex 
in vivo (Minlebaev et al., 2007, 2009). In the neonatal barrel cortex, 
GABAergic synapses contribute minimally to the pace of the ubiq-
uitous spindle-bursts activity (Minlebaev et al., 2007). Yvon et al. 
(2007) suggested that this kind of intraburst oscillation might be 
generated by the depolarization-induced modulation of inactiva-
tion dynamics of Na+ channels. This is in line with the observation 
that during oscillatory discharges the spike amplitudes progres-
sively decrease during each intraburst episode and partially recovers 
until the next episode (Figures 2B and 10).

Temporal clustering of network activity in lateral  
cortex cultures
In all vCtx cultures older than 17–20 DIV a gradual but predict-
able change in the network activity was observed, consisting of 
alternating periods of higher and lower burst incidence. Periods 
characterized by high burst incidence were observed in long-term 
E18 cortical cultures by Wagenaar et al. (2006a), who termed 
such events ‘superbursts’, and in mega-slice co-cultures by Baker 
et al. (2006) who called them ‘network bursts’. The appearance of 
organized clustering of bursting activity in cultured cortical net-
works, however, hardly followed a predictable growing condition 
(Wagenaar et al., 2006a).

Burst clustering in E16 cultures of the neocortex reliably devel-
ops in the presence of large GABAergic neurons and functional 
GABA

A
R mediated synaptic transmission. This activity pattern 

radically differed from network activity of vCtx cultures under 

chronic or acute pharmacological blockade of the GABA
A
Rs or 

from cultures lacking large GABAergic cells. In these cultures, burst-
ing was stereotyped with little IBI variation. Therefore, GABAergic 
signaling provided by the large GABAergic neurons, either alone 
or together with other GABAergic neurons, promotes temporally 
clustered network activity.

Timing of network activity differentiation
In cultured networks, the differentiation of early network activity, 
i.e., the increase of bursting frequency has been correlated with 
the increase of synaptogenesis and the functional maturation of 
synapses (Muramoto et al., 1993; Voigt et al., 2005). In slices and 
slice cultures, the regression of calcium transients with high attend-
ance (Corlew et al., 2004), the disappearance of large scale calcium 
transients (Garaschuk et al., 2000), and the sequential development 
of more localized activity (Allene et al., 2008) have been described. 
The GABA shift, which occurs temporally correlated with these 
changes (Garaschuk et al., 2000), was proposed as the mechanism 
triggering spontaneous activity maturation.

The decrease in the number of neurons showing intracellu-
lar calcium transients upon GABA

A
R activation with muscimol 

(Figures 4 and 12) reflects the time course of the GABA shift (Lin 
et al., 1994; LoTurco et al., 1995; Chen et al., 1996; Owens et al., 
1996; Garaschuk et al., 2000; Ganguly et al., 2001), which is typical 
for the early postnatal development of cortical and hippocampal 
networks (Ben-Ari et al., 2007; Blaesse et al., 2009). Our results 
show that both the decrease in large-scale synchronicity and the 
appearance of clustered burst activity with age were temporally 
correlated with the GABA shift. Accordingly, we asked if in cultures 
the maturation of network activity patterns might depend on the 
development of the GABA action.

The developmental change of the mode of GABA action is medi-
ated by a decreased expression of the sodium-potassium-chloride 
cotransporter NKCC1, which accumulates chloride in young 
neurons, and an increased expression of the potassium‑chloride 

Figure 12 | Developmental change of the GABAAR mediated calcium 
response in dCtx cultures. (A) Graph shows the fraction of neurons in dCtx 
cultures with a significant increase of fluorescence in response to muscimol, as 
a function of time. Each dot represents the average of several recorded fields 
(>15), pooled from three cultures from three preparations per time point. Solid 
line is a Boltzmann fitted sigmoid (see also Figure 4 for a more detailed 

description of the experimental configuration). (B) Histograms of the ratio FM 
and FK1 at the indicated days in vitro. (C) Example traces of muscimol elicited 
calcium fluorescence at the indicated ages. (D) Average ratio of the evoked 
calcium responses FM and FK1 at DIV 5, DIV 13 and DIV 29 (n = 1297, 2142 and 
1613 cells, respectively; each from three independent preparations; asterisks 
indicate significance, p < 0.0001; t-test).
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cotransporter KCC2, which extrudes chloride from mature neurons 
(Ben-Ari et al., 2007; Blaesse et al., 2009). Bumetanide, at doses 
that selectively block the chloride-importing by NKCC1, results 
in a hyperpolarization shift of the GABA

A
R reversal potential 

(Dzhala et al., 2005, 2008; Sipila et al., 2006; Balena and Woodin, 
2008; Zhu et al., 2008). The blockade of the NKCC1 function in 
young vCtx cultures induced a premature attenuation of burst 
regularity, including the appearance of less synchronized events 
(Figures 5B,E). Taken together, these data suggest that the depo-
larizing to hyperpolarizing shift of GABA contributes significantly 
in shaping the early synchronized activity of neocortical networks 
in vitro.

GABAA signaling and GABA shift
Previous studies provide conflicting evidence as to the role of 
GABA

A
 signaling in the causation of the GABA shift (for a review 

see: Ben-Ari et al., 2007). In the model put forward by Ganguly 
et al. (2001), GABA

A
 signaling acts as a self-limiting trophic fac-

tor during hippocampus development, causing its own shift from 
depolarizing to hyperpolarizing. According to this model, GABA

A
 

depolarization increases KCC2 expression, which then diminishes 
the intracellular chloride concentration. Although the general idea 
of the shift being modulated by depolarizing activity has been con-
firmed (Sernagor et al., 2003; Leitch et al., 2005), the concept that 
KCC2 expression and the GABA shift specifically depend on GABA 
signaling and GABA

A
 mediated depolarization remains contro-

versial (Ludwig et al., 2003; Titz et al., 2003; Wojcik et al., 2006; 
Sipila et al., 2009).

In the present study the dCtx networks show rare GABAergic 
neurons and GABA

A
 signaling had only minor effects on the net-

work activity. According to the Ganguly model, a GABA shift should 
be impaired or delayed in the absence of GABAergic neurons, as in 
dCtx networks. Contrary to this prediction, a shift of GABAergic 
action occurs in both vCtx and dCtx networks, independently of the 
GABAergic neuronal content. This is in line with previous results 
in hippocampal and midbrain cultures showing that a GABA shift 
and the up-regulation of KCC2 expression can take place in the 
complete absence of GABA

A
R signaling (Ludwig et al., 2003; Titz 

et al., 2003; Wojcik et al., 2006), or of depolarizing GABA signaling 
(Sipila et al., 2009).

Contribution of GABAergic neurons to network  
activity patterns
The activity dynamics of mature vCtx cultures with a well devel-
oped network of large GABAergic neurons remarkably differed 
from that of dCtx cultures with deficient GABAergic innervation. 
The presence of GABA interneurons with long-range connection 

seems necessary for the development of less synchronized and 
temporally clustered network activity pattern. With an exception-
ally high density of synapses onto their dendrites and a widespread 
axonal arborization, large GABAergic neurons can effectively inte-
grate inputs from presynaptic cells and propagate their output to 
close-by and distant neurons simultaneously (Voigt et al., 2001).

At this point it is not entirely clear if the small fraction of bipo-
lar/bitufted GABAergic neurons contribute to the network activ-
ity development in vCtx or dCtx cultures. In dCtx cultures, small 
GABAergic neurons are present in very low density and fail to build 
a continuous network. dCtx networks thus represent a prototype 
of an immature network with predominantly glutamatergic cir-
cuitry that becomes spontaneously active with a local deficiency in 
GABAergic neurons from the ventral telencephalic lineage. Besides 
providing information about the role of GABAergic signaling to the 
development of network activity, these networks might be used to 
interrogate how the earlier development of the more lateral regions 
influences the development of dorsal regions. Lischalk et al. (2009) 
showed that temporal areas of the cortex may function as pacemak-
ers for the early network transients, which then propagate to the 
rest of the cortex. Because GABAergic neurons invade the cortex 
from ventral to dorsal (Marin and Rubenstein, 2001), it is feasible to 
assume that these neurons differentiate faster in more lateral parts 
of the cortex, e.g., the temporal cortex. Given that vCtx cultures 
develop a faster pace of recurrent burst activity than age-matched 
dCtx cultures, more lateral cortical regions could prematurely drive 
the more dorsal cortex. If vCtx and dCtx cultures are grown in 
separate compartments, they connect to each other (see Voigt et al., 
2005), and dCtx cultures show similar patterns of activity as vCtx 
cultures (de Lima and Voigt, unpublished results). Also in a local 
cortical network, this type of early functional interaction might 
be relevant for the development of, for example, layers of neurons 
with different GABAergic populations.

The development of spontaneous activity in cultures obtained 
from the embryonic cortex consistently varies in correlation with 
the content of GABAergic neurons. Although differences between 
the developing vCtx and dCtx cultures might not be limited to the 
GABAergic system (Bellion et al., 2003), our data suggest that the 
early GABAergic system sculptures early network activity dynam-
ics, predictably influencing the microstructure and regularity of 
burst firing.
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