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Activation of GABAA or glycine receptors, which are

anion-selective channels (Bormann et al. 1987), results in a

hyperpolarization of the membrane in most mature central

neurons. The direction of the underlying Cl_ current

depends on an active regulation of cytosolic Cl_ ([Cl_]i)

(Misgeld et al. 1986), which is accomplished by KCC2

(Rivera et al. 1999), a neuron-specific K+–Cl_ cotransporter

(Payne et al. 1996; Hübner et al. 2001b). Therefore, GABA

and glycine are best known as inhibitory neurotransmitters,

but they may excite neurons during development (Ben-Ari

et al. 1989; Garaschuk et al. 1998). In vitro studies revealed

that GABA induces Ca2+ influx in immature neurons,

which requires the existence of a driving force for a

depolarizing Cl_ current. Inward Cl_ transport by Na+–

K+–2Cl_ cotransport (Plotkin et al. 1997; Kakazu et al.
1999; Sung et al. 2000; Vardi et al. 2000; Jang et al. 2001)

and/or HCO3
_–Cl_ exchange (Kobayashi et al. 1994;

Rohrbough & Spitzer, 1996) have been suggested as the

mechanisms underlying the depolarizing GABA response

of immature neurons. The Ca2+ influx in response to

GABA disappears with maturation of most neurons (Yuste

& Katz, 1991; Leinekugel et al. 1995; LoTurco et al. 1995;

Chen et al. 1996; Eilers et al. 2001). The change is

accompanied by a progressive [Cl_]i depletion (Obrietan &

van den Pol, 1995; Li et al. 1998; Ganguly et al. 2001).

Developmental upregulation of KCC2 results in hyper-

polarizing inhibition of hippocampal neurons (Rivera et
al. 1999). Some mature neurons may, however, also

maintain depolarizing responses to GABA throughout

their life. An example is provided by dorsal root ganglion

cells in which the Cl_ gradient for depolarizing currents is

sustained by Na+–K+–2Cl_ cotransport (Sung et al. 2000).

Ganguly et al. (2001) suggested that GABA itself limits the

time period during which it elevates cytosolic Ca2+

([Ca2+]i) because chronic blockade of GABAA receptors

prevented the developmental change of the GABA response

and reduced the level of mRNA expression of KCC2 in

cultured hippocampal neurons. The relationship between

mRNA expression and transporter function, however, is

not linear. In cultured neurons we found KCC2 to become

functional in conjunction with a protein tyrosine kinase-

dependent mechanism (Kelsch et al. 2001). On the other

hand, GABA and glycine dissipate Cl_ gradients. Unless
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inward transport counteracts the [Cl_]i depletion, the

development of synapses releasing GABA shortens the

developmental period during which an outward Cl_

gradient exists and GABA elevates [Ca2+]i. The purpose of

the present study was to re-examine the role that GABA

might play in the developmental change of its own

response.

METHODS 
Cell culture and chronic treatments
All experiments were approved by the Animal Care and Use
Committees responsible for our institution and were in
accordance with the European Communities Council directive
regarding care and use of animals for experimental procedures. 

Pregnant Wistar rats were anaesthetized with ether and killed by
decapitation. The embryos were removed, placed in sterile, ice-
cold Gey’s buffered salt solution containing (mM): 137 NaCl, 5
KCl, 0.3 MgSO4, 1 NaH2PO4, 1.5 CaCl2, 2.7 NaHCO3, 0.2 KH2PO4,
1 MgCl2 and 5 glucose, pH 7.4, and immediately decapitated.
Ventral midbrain tissue from 14-day-old embryos was mechanically
dissociated and plated on a primary culture of glial cells from the
same area. Cell culture conditions were as previously described
(Jarolimek & Misgeld, 1992). 

Bicuculline and picrotoxin (Sigma-Aldrich, Taufkirchen, Germany)
were added from 5 mM stocks to a final concentration of 20 mM

each, 6-imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic
acid (SR 95531, gabazine) and strychnine (Sigma-Aldrich) to 10
and 1 mM, respectively. Tetrodotoxin (TTX, Alomone Labs,
Jerusalem, Israel, or Biotrend (Tocris), Köln, Germany) was
added from a 300 mM stock to a final concentration of 0.3 mM.
Concentrations were maintained throughout the whole culture
period. Cultures were fed twice a week by replacing half of the
medium with or without drugs. Chronic treatments were started
3 days after plating (DIV).

Calcium imaging
Neurons were loaded with the Ca2+-sensitive dye Fura-2-AM
(3 mM, Molecular Probes Europe BV, Leiden, The Netherlands) in
the presence of 20 mM DNQX (6,7-dinitroquinoxaline-2,3-dione,
Alexis, Grünberg, Germany) and 20 mM bicuculline for 30–40 min,
either at room temperature in Hepes-buffered saline solution
(Hepes) containing (mM): 156 NaCl, 2 KCl, 2 CaCl2, 1 MgCl2, 10
Hepes, 0.001 glycine and 15 glucose, pH 7.3, or at 35 °C in HCO3

_-
buffered saline solution (HCO3

_) containing (mM): 156 NaCl, 2
KCl, 2 CaCl2, 1 MgCl2, 26 NaHCO3, 1.25 NaH2PO4, 0.001 glycine
and 2 glucose, gassed with 5 % CO2, pH 7.3. In cultures chronically
treated with bicuculline, picrotoxin and TTX, 0.3 mM TTX was
also present during Fura-2-AM loading. Background-corrected
fluorescence was taken with a slow-scan CCD camera system with
fast monochromator (TILL Photonics, Gräfelfing, Germany)
coupled on an Axiovert 100 microscope equipped with a Neofluar
objective (10 w, Zeiss, Oberkochen, Germany). Fura-2-AM was
excited at 357 and 380 nm wavelengths, and fluorescence was
collected between 500 and 540 nm at a frequency of 0.5 Hz. The
change in [Ca2+]i is presented as the change in the fluorescence
ratio obtained at the two excitation wavelengths (F357/F380). This
experimental set-up allowed for the two-dimensional representation
of Ca2+ signals in all cells simultaneously. Averages of fluorescence
intensity from somatic regions were chosen for quantification
(~50–80 pixels) and analysed off-line with routines written in
Igor Pro software (Wavemetrics, Eugene, OR, USA). A neuron

was included in the analysis if the peak of the response from a 15 s
reference application of 20 mM KCl was larger than threshold,
defined as six standard deviations (S.D.) of the baseline noise
(Ganguly et al. 2001). The same baseline S.D. criterion was used to
count cells responsive to GABA and to calculate the average peak
amplitudes. Ratios between peaks of the responses from different
applications were calculated for each cell separately.

All recordings were carried out at room temperature (22–25 °C) in
the presence of 20 mM DNQX and 0.3 mM TTX unless otherwise
stated. In cultures chronically treated with bicuculline, picrotoxin
and TTX, 20 mM bicuculline was also present during recordings.
In solutions with raised KCl (20 mM KCl), NaCl concentration
was reduced by the same amount to maintain Cl_ concentration.
When HCO3

_ buffered the extracellular solution it was continuously
gassed with 95 % O2 and 5 % CO2. Solutions were exchanged using
a multibarrelled perfusion system (2.5–3 ml min_1). To block
L-type Ca2+ channels we used the specific antagonist D-600
(10 mM, Gallopamil-HCl, Knoll, Ludwigshafen, Germany). Ca2+

signals were enhanced by using the L-type Ca2+ channel agonist
FPL 64176 (1–3 mM, 2,5-dimethyl-4-[2-(phenylmethyl)benzoyl]-
1H-pyrrole-3-carboxlic acid methyl ester, Sigma-Aldrich).

Electrophysiological recordings
Electrophysiological recordings were carried out at room
temperature in the whole-cell voltage-clamp configuration with a
patch-clamp amplifier Axopatch 200B (Axon Instruments, Union
City, CA, USA) or List EPC7 (List-Medical, Darmstadt, Germany).
The composition of the extracellular solution was (mM): 156
NaCl, 1 CsCl (Jarolimek et al. 1999), 2 KCl, 2 CaCl2, 1 MgCl2, 15
glucose, 10 Hepes, pH 7.3. In experiments in which electro-
physiological recordings were combined with calcium imaging
the extracellular solution was Hepes-buffered saline solution as
described above. Composition of the patch pipette solution was
(mM): 3.5 NaCl, 5 KCl, 130 potassium glucuronate, 0.25 CaCl2, 0.5
MgCl2, 10 glucose, 10 Hepes, 5 QX314-Br, 2 Mg-ATP, 5 EGTA,
pH 7.3. For a more detailed description see Jarolimek et al. (1999).
Recordings of spontaneous IPSCs (sIPSCs) were performed with
10 mM DNQX and 1 mM DL-2-amino-4-methyl-5-phosphono-3-
pentenoic acid (Sigma-Aldrich) in the extracellular solution to
block glutamatergic synaptic currents. The remaining currents
could be completely blocked by application of 20 mM bicuculline
(Jarolimek et al. 1999). GABA (50 mM, Sigma-Aldrich) was diluted
in the extracellular solution and applied by the perfusion system.
Patch pipettes were fabricated from borosilicate glass (Hilgenberg,
Malsfeld, Germany) and their resistances to bath ranged from 2.5
to 4.5 MV. The access resistance was estimated from the amplitude
of the capacitive current evoked by a 5 mV rectangular pulse. Only
access resistances between 10 and 20 MV were accepted and
routinely checked during the recording. For a determination of
the liquid junction potential between the patch pipette and the
extracellular solution see Jarolimek et al. (1999). All values were
corrected by _14 mV. Recordings were started > 5 min after the
whole-cell configuration was established to allow adequate time
for QX314-Br (Sigma-Aldrich) to take effect and for anions to
equilibrate. After 5 min, no further change in dendritic or somatic
[Cl_]i was observed for the duration of recording. Data were
filtered at 1.3 kHz with a 4-pole Bessel filter and acquired with
pCLAMP6 or pCLAMP8 software (Axon Instruments). The
amplitudes of sIPSCs were analysed with a program written in our
laboratory (Jarolimek & Misgeld, 1997) and Igor Pro software.

Gramicidin perforated-patch recordings
The perforated-patch recording technique with the chloride-
impermeable ionophore gramicidin (gramicidin D, Dubos, Sigma)

S. Titz, M.Hans, W. Kelsch, A. Lewen, D. Swandulla and U. Misgeld720 J Physiol 550.3
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was chosen to monitor changes in [Cl_]i (Abe et al. 1994; Reichling
et al. 1994; Ebihara et al. 1995). The tip of the recording pipette
was immersed for a few seconds into the recording solution
(150 mM KCl; 10 mM Hepes) and subsequently back-filled with
the recording solution containing 10–50 mg ml_1 of gramicidin
(from a 50 mg ml_1 stock solution in DMSO). After the cell-
attached configuration had been attained, 10 mV hyperpolarizing
step pulses of 100 ms duration were periodically delivered to
monitor the access resistance. Resistance of the electrodes was
4–7 MV. After the access resistance had reached a steady level
between 20 and 80 MV the recording started. The resulting
currents were sampled at 5 kHz and filtered at 1.3 kHz. Since
neurons were loaded with the Ca2+-sensitive dye Fura-2-AM, the
fluorescence signal at 357 nm was used to monitor the stability of
the perforated-patch configuration. Additionally, in the conventional
whole-cell configuration after rupturing the gramicidin perforated-
patch membrane by applying greater negative pressure to the
pipette interior, EGABA shifted to near 0 mV.

RESULTS
Developmental change of the GABA response in
cultured midbrain neurons
Previous studies have shown that GABA depolarizes

immature CNS neurons and, thereby, elevates [Ca2+]i, but

hyperpolarizes most mature neurons (cf. Introduction).

The Ca2+ influx elicited by GABA depends on the

properties of the Ca2+ channels activated by membrane

depolarization (Chen et al. 1996; Owens et al. 1996;

Eilers et al. 2001; Ganguly et al. 2001). In line with a

developmental change of the GABA response, the

percentage of cultured midbrain neurons that responded

to GABA with an elevation of [Ca2+]i decreased with age. In

the nominal absence of HCO3
_ ions (Hepes-buffered bath

solution), the number of neurons that responded to GABA

(50 mM, 15 s pulse) declined within a few days after DIV 9

(at DIV 6–9: 92 %, n = 8, 1008 cells; at DIV 12–15: 50 %,

n = 11, 534 cells; after 3 weeks ≤ 10 %, n = 12, 227 cells).

In HCO3
_-buffered bath solution the developmental change

was somewhat slower, possibly reflecting a contribution of

HCO3
_ to depolarizing GABA responses (Kaila et al. 1993).

Before DIV 15 most neurons responded to GABA with an

increase in [Ca2+]i (Fig. 1; at DIV 5–10: 99 %, n = 29,

1008 cells; at DIV 12–15: 89 %, n = 20, 353 cells). After

3 weeks, the majority displayed no [Ca2+]i increases in

response to GABA (Fig. 2) and only 32 % of the neurons

(n = 5, 113 cells) remained responsive after 4 weeks. In

comparison, KCl-induced depolarizations (20 mM, 15 s)

elicited [Ca2+]i elevations (Hepes- and HCO3
_-buffered

solution) in both immature and mature neurons (Figs 1

and 2). In all these experiments, spontaneous synaptic

activity was blocked by the Na+ channel blocker TTX and

the AMPA receptor antagonist DNQX. Washout of TTX

and DNQX resulted in small elevations of [Ca2+]i

indicating spontaneous synaptic background activity.

Blockade of the GABAA receptors by bicuculline evoked

large synchronous [Ca2+]i oscillations in all neurons. These

oscillations increased in size and frequency with maturation

(Figs 1 and 2). We observed such oscillations invariably

after ≥ DIV 12 (HCO3
_ buffer: n = 3, 93 cells; Hepes buffer:

n = 3, 84 cells). The sensitivity of the spontaneous [Ca2+]i

oscillations to DNQX (10 mM) indicated that the underlying

network activity was mediated through AMPA receptors.

Thus maturation of neurons terminated [Ca2+]i elevations

by GABA but not those by KCl or synaptic activity.

Developmental change of the GABA response and of
GABAergic synaptic activity
It has been suggested that the developmental transformation

of the GABA response depends on GABAergic synaptic

activity elevating [Ca2+]i in hippocampal neurons (Ganguly

et al. 2001). We examined spontaneous GABAA receptor-

mediated synaptic potentials for their development and

their ability to elevate [Ca2+]i in HCO3
_-buffered solution.

At DIV 5–6 there were spontaneous [Ca2+]i elevations in a

small fraction of neurons (18 %, n = 4, 196 cells) which

disappeared upon wash-in of bicuculline or picrotoxin

(20 mM, Fig. 3A). The majority of neurons displayed either

no or very small spontaneous [Ca2+]i elevations (Fig. 3A)

that were insensitive to bicuculline or DNQX. At DIV 7–10,

spontaneous [Ca2+]i increases appeared in 40 % of all

neurons (n = 11, 435 cells). The increases were blocked by

DNQX (10 mM), whereas they increased or decreased in

size and frequency in the presence of bicuculline. Similar

results were obtained from recordings in Hepes-buffered

solution. This suggested that, before DIV 12, spontaneous

synaptic activity mediated by GABAA receptors depended

on an excitatory glutamatergic drive. To test this

assumption, we used whole-cell recording in Hepes-

buffered solution to compare the spontaneous synaptic

activity in neurons at DIV 7 (n = 22) and 16 (n = 16). At

DIV 7, spontaneous activity was rare, but could be

separated into outward and inward currents at appropriate

holding potentials suggesting that the underlying

conductance for outward currents was a Cl_ conductance.

In every instance, all synaptic activity was blocked by

DNQX (Fig. 3B). At DIV 16, spontaneous GABAA receptor-

mediated synaptic currents could be readily observed in

DNQX. In parallel to changes in synaptic transmission we

observed a hyperpolarizing shift of the membrane potential

at zero holding current (mean _64 mV vs. _73 mV,

min/max _54/_80 mV vs. _60/_92 mV at DIV 7 and 16,

respectively; P < 0.02). The increase in synaptic activity

and the shift to a more hyperpolarized membrane

potential coincided with the time period of the main

developmental change in the GABA response.

To examine whether GABAA receptor-mediated synaptic

activity accelerated the transformation of the GABA

response, we raised cultures in the continuous presence of

bicuculline and picrotoxin in a preliminary experiment

(20 mM each, Ganguly et al. 2001). In these cultures only a

few neurons survived up to DIV 20 and 73 % (n = 9, 116

cells) of these neurons were unresponsive to GABA

Developmental change of the GABA responseJ Physiol 550.3 721
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applications. When we added the GABAA receptor

antagonists together with TTX (0.3 mM), the cell number

in these cultures was comparable to control cultures and,

therefore, all other experiments with chronic blockade of

GABAA receptors were carried out in the presence of TTX.

In cultures treated chronically with GABAA receptor

antagonists we applied glycine rather than GABA, because

glycine or the GABAA receptor agonist muscimol (0.5 mM

or 10 mM, respectively, data not shown) also elevated [Ca2+]i

indicating that the responses were mediated by ionotropic

receptor channels. The time course of the developmental

change in the GABA response from chronically treated

cultures is compared to control cultures in Fig. 3C.

Depolarization-induced Ca2+ signals varied among cells,

but as a general rule amplitudes of GABA responses

declined before neurons became unresponsive. Since the

responses to 20 mM KCl remained largely unchanged, we

used the KCl-induced [Ca2+]i signal to normalize GABA-

induced responses (GABA/K20 ratio). The mean GABA/

K20 ratio in Hepes-buffered solution continuously declined

after DIV 9, and most neurons became unresponsive at

DIV 15 (Fig. 3C). In the chronically treated cultures many

cells at DIV 13 and 15 responded to glycine (0.5 mM,

Fig. 3D) or GABA (after washout of the antagonists) with

elevations of [Ca2+]i in Hepes-buffered solution, but most

neurons did not display [Ca2+]i elevations in response to

glycine after DIV 19 (Fig. 3C). [Ca2+]i rises in response to

KCl were larger in these neurons (Fig. 3D) than in neurons

of untreated cultures (cf. Ganguly et al. 2001), and synaptic

activity was drastically altered. Already from DIV 8 onwards,

washout of TTX revealed spontaneous synchronous [Ca2+]i

oscillations. The [Ca2+]i oscillations occurred even in the

absence of a GABAA receptor antagonist (Fig. 3D). To

exclude a contribution of glycine to the developmental

change of the GABA response we also incubated cultures

chronically with strychnine (1 mM), gabazine (10 mM) and

S. Titz, M.Hans, W. Kelsch, A. Lewen, D. Swandulla and U. Misgeld722 J Physiol 550.3

Figure 1. GABA-induced and spontaneous [Ca2+]i increases in immature cultured midbrain
neurons at DIV 12
A, somatic Ca2+ transients from 33 cells with decreasing and constant amplitudes were elicited by repetitive
applications of GABA (G, 50 mM, 15 s pulse) and KCl (K20, 20 mM, 15 s pulse), respectively, in the presence
of 0.3 mM TTX and 20 mM DNQX. Washout of TTX and DNQX (*) resulted in small spontaneous rises in
[Ca2+]i in a few cells. After blockade of GABAA receptor-mediated inhibition (Bic, 20 mM), cells displayed
spontaneous synchronized Ca2+ oscillations that were reversibly blocked by DNQX (20 mM). Synchronous
activity ceased after washout of bicuculline. B, average of the 33 traces shown in A. Ca2+ transients were
recorded in solutions buffered with HCO3

_. Inset shows fluorescence image of Fura-2-AM-loaded neurons
from this experiment excited at 357 nm; scale bar, 50 mm. The change in [Ca2+]i is presented as the change (D)
in the fluorescence ratio obtained at the two excitation wavelengths (F357/F380). D is given in arbitrary units in
this and all other figures.
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TTX (0.3 mM). The time course of the developmental

change of the GABA response was similar to the time

course found in cultures treated with bicuculline, picro-

toxin and TTX. After DIV 19, 94 % of neurons were

unresponsive to GABA (n = 9, 149 cells). The data indicate

that activation of GABAA or glycine receptors is not

required to terminate the time period during which GABA

elevates [Ca2+]i.

We also examined the neurons for the expression of

functional K+–Cl_ cotransport during development. Using

an assay which we described previously (Jarolimek et al.
1999; Kelsch et al. 2001), we could identify two groups of

midbrain neurons, one with and one without K+–Cl_

cotransport activity (cf. Kelsch et al. 2001). Neurons with

transport activity predominated in midbrain cultures at

DIV 22–28 (Fig. 3C, inset column b), whereas there were

only a few neurons exhibiting transport activity in cultures

at DIV 13–16 (Fig. 3C, inset column a). This indicated that

neurons with K+–Cl_ cotransport activity were abundant

in cultures in which [Ca2+]i elevations in response to GABA

had disappeared.

The change in the GABA response from Ca2+ influx
to Ca2+ decrease
Data reported so far have shown that the developmental

decline of the GABA response took place in parallel to

three processes: membrane hyperpolarization, increase

in GABAergic synaptic activity and the appearance of

neurons with outward Cl_ transport activity. Apparent

unresponsiveness to GABA or glycine when measuring

[Ca2+]i does not distinguish between a decrease in driving

force for anionic currents or an increase in negativity of the

membrane potential and can also result from changes in

Ca2+ channel properties or cellular Ca2+ homeostatic

mechanisms. Only decreases in [Ca2+]i in response to

GABA would indicate that the gradient for chloride

currents has reversed in sign. A substantial fraction of the

Ca2+ influx was through L-type Ca2+ channels as the

L-type-specific Ca2+ channel antagonist D-600 reversibly

Developmental change of the GABA responseJ Physiol 550.3 723

Figure 2. KCl- but not GABA-induced and spontaneous [Ca2+]i increases in mature cultured
midbrain neurons at DIV 31
A, GABA applications (G, 50 mM) failed to induce Ca2+ transients while KCl (K20, 20 mM) induced responses
with similar properties to those shown in Fig. 1. Responses were recorded in the presence of 0.3 mM TTX and
20 mM DNQX. Washout of TTX and DNQX (*) resulted in small spontaneous rises in [Ca2+]i in all cells.
Blockade of GABAA receptors by bicuculline (Bic, 20 mM) led to synchronized Ca2+ oscillations with higher
frequency and amplitudes than those at DIV 12 (Fig. 1). Ca2+ oscillations were reversibly blocked by DNQX
(20 mM). B, average of the 10 traces shown in the top panel. Ca2+ transients were recorded in solutions
buffered with HCO3

_. Inset shows fluorescence image of Fura-2-AM-loaded neurons from this experiment
excited at 357 nm; scale bar, 50 mm.
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inhibited the increase in [Ca2+]i (10 mM, 49 ± 8 % reduction

of the ratio 2nd over 1st response as compared to controls,

n = 1, 41 cells). To allow activation of L-type Ca2+ channels

at more negative membrane potentials, we applied the

L-type Ca2+ channel agonist FPL 64176 (1–3 mM), which

prolongs channel openings and shifts channel activation

in hyperpolarizing direction (Kunze & Rampe, 1992).

Application of FPL 64176 alone increased resting [Ca2+]i

levels (Fig. 4A and B2). In the presence of FPL 64176, a

larger fraction of immature neurons responded to GABA

with transient increases in [Ca2+]i compared to control

(DIV 8: n = 1, 49/51 cells; DIV 15: n = 1, 29/35 cells, data

not shown). In mature neurons (DIV 28–30) which were

unresponsive under control conditions, it was possible to

detect GABA- or glycine-induced transient decreases of

[Ca2+]i (Fig. 4; n = 7, 126/274 cells). We observed [Ca2+]i

decreases in mature neurons regardless of whether they

had been raised in the presence or absence of GABAA

receptor antagonists. Although measurements of [Ca2+]i

do not directly address [Cl_]i, the change of the GABA

response from elevating to decreasing [Ca2+]i in Hepes

buffer strongly suggests that a gradient for depolarizing

Cl_ currents reversed to a gradient for hyperpolarizing Cl_

currents during development. Ca2+ channels which are

open in the presence of FPL 64176 close upon membrane

hyperpolarization resulting in a decrease in [Ca2+]i.

S. Titz, M.Hans, W. Kelsch, A. Lewen, D. Swandulla and U. Misgeld724 J Physiol 550.3

Figure 3. Chronic blockade of GABAA receptors does not prevent the developmental change
of the GABA response
A, spontaneous GABAA receptor-mediated calcium transients in developing neurons at DIV 8. The majority
of neurons exhibited no spontaneous Ca2+ transients (bottom trace), but some neurons showed bicuculline-
sensitive (top trace) Ca2+ signals. In addition we observed signals that were neither bicuculline nor DNQX
sensitive. B, spontaneous synaptic currents in developing neurons (DIV 7) recorded at a holding potential
(VH) at which spontaneous IPSCs and EPSCs were outward and inward currents, respectively. Application of
the AMPA receptor blocker DNQX reversibly abolished all synaptic activity indicating that at this
developmental stage most GABAergic neurons were not spontaneously active in the absence of an excitatory
drive. C, time course of the GABA/glycine responses in control cultures (Con) and in cultures chronically
treated (BPTTX: 20 mM bicuculline, 20 mM picrotoxin, 0.3 mM TTX). GABA/glycine-evoked Ca2+ signals were
divided by the mean 20 mM KCl-induced Ca2+ signal (control 590 ± 8, n = 40, 1678 cells; BPTTX 1322 ± 16,
n = 11, 907 cells). Before DIV 9, responses remained largely unchanged in control. Therefore ratios were
normalized to the value at DIV ≤ 9 and plotted against the age of culture (n = 1–12 cultures, 51 in total).
Inset shows that the relative abundance of neurons (columns a and b) with K+–Cl_ cotransport activity
increases in parallel with time in culture as revealed by patch-clamp recording (Kelsch et al. 2001). Times
during which neurons with and without transport activity were sampled are indicated by the horizontal bars
a and b in the plot of the GABA/glycine responses. The number of cells is indicated for each point in the plot
and the columns in the inset. D, average Ca2+ signals induced by glycine and KCl and by spontaneous activity
in three BPTTX-treated cultures at DIV 10. Left panel, responses from three different cultures to glycine
(0.5 mM) and KCl (20 mM) in the presence of bicuculline, DNQX and TTX. Under these conditions no
spontaneous calcium transients could be observed (right, middle trace, average of 135 cells). Neurons
displayed spontaneous synchronized Ca2+ oscillations upon removal of antagonists (right, bottom trace,
average of 79 cells). These oscillations were enhanced in the presence of bicuculline (right, top trace, average
of 79 cells).
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The change of the [Ca2+]i response induced by GABA
itself
Upon repetitive GABA applications the amplitude of

[Ca2+]i elevations declined in immature neurons whereas it

remained constant for repetitive KCl applications. The

[Ca2+]i signal also declined if GABA was substituted by

glycine (0.5 mM) or GABA and glycine were applied

alternately (Fig. 5C; n = 13, 255 cells). This indicated that

the observed decline in [Ca2+]i transients was not due to

receptor desensitization (identical results in Hepes- and

HCO3
_-buffered solution). In gramicidin perforated-patch

recordings (n = 13), Cl_ currents induced by GABA

applications declined in parallel to [Ca2+]i elevations

(Fig. 5A), but a driving force for GABA-induced Cl_

currents could be immediately recovered by changing the

holding potential. In contrast, in whole-cell recording in

which [Cl_]i was defined by the pipette solution, repetitive

applications of GABA elicited inward currents without

decline (Fig. 5B; n = 5, all in Hepes-buffered solution).

Therefore, the decrementing Ca2+ response reflected a

reduction of the underlying Cl_ current which resulted

from a fading of the driving force for Cl_ currents. Taken

together these findings indicated that GABA or glycine

receptor activation dissipated the Cl_ gradient underlying

the membrane depolarization and that there was no

inward transport efficient enough to compensate [Cl_]i

losses during these GABA responses. We examined whether

GABA present in physiological concentrations activates

Cl_ conductance sufficiently to reduce the [Ca2+]i response.

We applied low GABA concentrations for 20 min (in

Hepes-buffered solution) to cells that had been raised and

maintained permanently in the presence of bicuculline,

picrotoxin and TTX up to the time point at which the test

was performed. The [Ca2+]i elevation by the second response

to glycine was drastically reduced if concentrations of

GABA higher than 0.1 mM were applied after the first pulse

(Fig. 5D). The Cl_ conductance induced by 0.3 mM GABA

sufficed to reduce [Ca2+]i elevations within 20 min. This

requires that leak Cl_ conductance of these neurons was

very low in the absence of GABA. Membrane depolarization

may open voltage-dependent Cl_ channels thereby allowing

elevation of [Cl_]i (Smith et al. 1995). We therefore tried to

reverse the decline of the Ca2+ response by membrane

depolarization through prolonged application of KCl

Developmental change of the GABA responseJ Physiol 550.3 725

Figure 4. [Ca2+]i decreases in response to glycine in the presence of the L-type Ca2+ channel
agonist FPL 64176
A, fluorescence ratio images (F357/F380) of typical [Ca2+]i in neurons at DIV 29 from a BPTTX-treated culture
during the first glycine application (Gly/con), during application of 20 mM KCl (KCl), after adding
FPL 64176 (FPL, 1 mM), during the first glycine application in the presence of FPL (Gly/FPL) and after the
pulse of glycine (Wash). Calibration bars: 50 mm; higher intensity represents higher [Ca2+]i. B, averages of
[Ca2+]i responses to glycine or KCl applications (Gly, 0.5 mM; K20, 20 mM; 15 s pulses, 63 cells) obtained
from the culture shown in A under control condition (B1) and in the presence of 1 mM FPL (B2). Note that
elevation in basal [Ca2+]i by FPL allows monitoring of the glycine-induced [Ca2+]i decrease, although these
cells had been treated chronically with GABAA receptor antagonists and TTX. Same calibration for B1 and
B2. All cells were monitored in Hepes buffer.



Jo
u

rn
al

 o
f P

hy
si

ol
og

y

(20 mM, 5–8 min). After returning to normal [K+]o, [Ca2+]i

elevations in response to GABA were indeed larger (Fig. 6A
and B). Activation of GABAA receptors was not required as

similar results were obtained with glycine in the presence

of bicuculline (20 mM). If cells were not exposed to high

[K+]o, the GABA response did not recover (15 min, Fig. 6B)

in immature neurons. In contrast, in mature neurons

(DIV 29), repetitive GABA or glycine applications resulted

in transient decreases in [Ca2+]i with constant amplitudes

(Fig. 6C). Following depolarization by KCl (20 mM,

3–5 min), the amplitude of the agonist-induced decreases

in [Ca2+]i was reduced and recovered during subsequent

agonist applications (Fig. 6C). Thus, in contrast to immature

neurons, mature neurons were capable of maintaining a

gradient for the Cl_ currents that reduced [Ca2+]i.

DISCUSSION
The main result of our study is that, despite its [Ca2+]i

elevating action in early development, GABAA receptor

activation is not required for the developmental switch of

the GABA response from depolarizing to hyperpolarizing.

In addition, inward Cl_ transport is not effective in immature
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Figure 5. [Ca2+]i elevations and Cl_ currents in response to GABA and glycine
A, combined gramicidin perforated-patch recording and calcium imaging at DIV 8. Amplitude of the Cl_

current of a single cell obtained by perforated-patch recording (top trace, VH = _60 mV) and the
simultaneously recorded Ca2+ transients of the whole cell population (bottom trace, average of 32 cells)
declined exponentially with repetitive application of GABA (50 mM, 15 s pulse). B, combined whole-cell
patch recording and calcium imaging at DIV 13. Amplitude of current responses from a whole-cell patch
recording (top trace, VH = _75 mV) remained constant during repetitive application of GABA (50 mM, 15 s
pulse). In contrast the Ca2+ transients recorded in parallel (bottom trace, average of 15 cells) declined.
C, average of Ca2+ transients elicited by alternating GABA and glycine applications (50 mM and 500 mM,
respectively, 15 s pulse, 12 cells) from a culture at DIV 7. D, nanomolar concentrations of GABA suffice to
reduce glycine-evoked Ca2+ transients. Between two glycine applications, BPTTX-incubated cultures
(DIV 9–13) were superfused for 20 min with low GABA concentrations (0.1–3 mM). The ratios between the
amplitudes of the second (Gly2) and the first (Gly1) glycine responses were plotted against the GABA
concentration. Insets show averaged responses for control (n = 17), 0.3 mM GABA (n = 35) and 0.5 mM

GABA (n = 23). Number of cells indicated for each point.
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cultured midbrain neurons although the response to GABA

is depolarizing.

During an early developmental period, GABAA receptor-

mediated synaptic potentials induced elevations of [Ca2+]i

in immature midbrain neurons. [Ca2+]i elevations by GABA-

ergic synaptic activity have been reported previously,

e.g. for hypothalamic (Obrietan & van den Pol, 1995) and

cortical (Owens et al. 1996) neurons. A pharmacological

identification of Ca2+ signals driven by GABAergic synapses

was possible only in immature neurons before DIV 12. The

Ca2+ signals were reduced by a GABAA receptor antagonist.

They did not, however, persist in the presence of antagonists

for glutamatergic excitation suggesting that most immature

GABAergic neurons were only spontaneously active if

driven by glutamatergic excitation. With maturation,

blockade of GABAA receptors promoted the appearance of

spontaneous AMPA receptor-mediated Ca2+ signals and

produced, from DIV 12 onwards, large [Ca2+]i oscillations

which are due to synchronous burst discharges (Rohrbacher

et al. 1998). Thus, even if GABA depolarizes neurons,

GABAergic synapses can have an inhibitory action (Lamsa

et al. 2000). Synaptic activity in midbrain cultures which

we raised under blockade of GABAA receptors and in the

presence of TTX differed from synaptic activity in control

networks. The differences may result from influences on

network maturation by GABA-mediated [Ca2+]i rises

(Lipton & Kater, 1989; LoTurco et al. 1995; Marty et al.
1996; Obrietan & van den Pol, 1996; Barker et al. 1998;

Kneussel & Betz, 2000; Maric et al. 2001).

As in other brain regions (cf. Introduction), there was a

developmental change in the GABA response in midbrain

culture which terminated the period of [Ca2+]i-elevating

responses. An attractive hypothesis put forward by
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Figure 6. Prolonged depolarizations restore GABA responses in immature neurons, but
reduce GABA responses in mature neurons only transiently
A, averaged (7 cells) GABA-induced Ca2+ responses are shown for cells at DIV 10. During repetitive
applications of GABA (G, 50 mM, 15 s pulses) [Ca2+]i responses decreased. After an elevation of [K+]o

(horizontal bar, K20, 20 mM, 8 min) the GABA-induced [Ca2+]i responses re-increased and declined again
with further GABA applications. The decrement was reversed for a second time by a second elevation of [K+]o

(5 min). B, reduction of [Ca2+]i signals induced by repetitive GABA applications can be reversed by
intermediate elevation of [K+]o (K20, 8 min, hatched bar) but not by a 15 min wash period (15‚, open bar).
The amplitude of the second response elicited by two subsequent GABA applications was on average reduced
to 60 % of the first response under control conditions (Con, filled bar, n = 6). A washout period of 15 min
between the two applications did not restore the response (15‚, open bar, n = 4). However, elevation of [K+]o

to 20 mM (K20, 8 min, n = 9) between GABA applications led to an increase of the following responses.
C, averaged (13 cells) glycine-induced [Ca2+]i responses are displayed for cells at DIV 29. Repetitive
applications of glycine (Gly) induced transient decreases in [Ca2+]i. Transient elevation of [K+]o (K20,
3–5 min) led to a reduction of the glycine-induced Ca2+ signals that recovered despite repetitive glycine
applications. In this experiment, GABAA receptors were blocked by bicuculline (20 mM).
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Ganguly et al. (2001) describes the developmental change

of the GABA response as a self-limiting process which is set

in motion by GABA. The proposed mechanism is an

increase in [Ca2+]i through the GABAA receptor-mediated

membrane depolarization which up-regulates KCC2 gene

expression. KCC2 in turn will reduce or reverse the gradient

which underlies Cl_ efflux and, thereby, membrane

depolarization and elevation of [Ca2+]i. The proposal was

based on the observation that hippocampal neurons treated

chronically with GABAA receptor blockers permanently

displayed [Ca2+]i elevations in response to GABA.

Surprisingly, the GABA response of midbrain neurons

changed from elevating to reducing [Ca2+]i regardless of

whether we raised cultures in the presence or absence of

GABAA receptor antagonists. A possible explanation for

this discrepancy between the two studies may reside in the

fact that different brain regions were studied. However, in

our hands hippocampal neurons raised in the presence of

GABAA receptor antagonists also developed hyperpolarizing

responses with maturation (unpublished observations).

Another possibility is that chronic GABAA receptor

blockade induces cell damage (Choi, 1992). Cell damage,

in turn, may reduce the expression of the KCC2 gene (van

den Pol et al. 1996).

In the adult brain in vivo , ambient GABA concentrations

of up to 3 mM and even higher concentrations for glycine

have been measured (Lerma et al. 1986; Tossman et al.
1986; Kennedy et al. 2002). The developmental change in

the response to exogenous GABA has been shown to reflect

a developmental decrease of [Cl_]i (Chen et al. 1996; Owens

et al. 1996). We found that nanomolar concentrations of

GABA reduced the [Ca2+]i response within 20 min in

cultures in which GABAA receptors had been blocked until

the cells were exposed to the low GABA concentrations.

Our study also shows that repetitive GABA or glycine

applications in the presence of Hepes as well as HCO3
_

buffer reduce the response. The decline of the response

suggested that the gradient driving depolarizing Cl_

currents decreased because, in the nominal absence of

HCO3
_ ions, the current induced by GABA or glycine is

carried by Cl_ ions. We excluded the possibility that

changes in receptor properties were responsible as GABA

and glycine could replace each other in this effect. In

gramicidin perforated-patch recordings which do not

control [Cl_]i (Ebihara et al. 1995; Kyrozis & Reichling,

1995), the Cl_ currents declined in parallel to the decline of

[Ca2+]i rises in response to GABA. In contrast, in parallel

whole-cell recordings, currents induced by repetitive

GABA applications were unchanged because [Cl_]i was

fixed by the solution in the recording pipette.

Inward transport has been suggested as a mechanism

establishing the gradient for depolarizing Cl_ currents in

immature neurons (for a review see Delpire, 2000).

Supporting this assumption, mRNA for NKCC1 is expressed

in neurons as it is in our cultures (W. Kelsch, S. Hormuzdi,

E. Straube, A. Lewen, H. Monyer & U. Misgeld, unpublished

observation). However, reports on NKCC1 in neurons are

not unanimous with respect to its presence, developmental

regulation and location of the protein (Plotkin et al. 1997;

Clayton et al. 1998; Sun & Murali, 1999; Hübner et al.
2001a; Yan et al. 2001; Marty et al. 2002). Our data indicate

that cultured midbrain neurons have no efficient inward

transport which compensates losses of [Cl_]i resulting

from activation of GABAA receptors by nanomolar

concentrations of GABA as long as they are immature.

Therefore, when Cl_ channels are opened by a ligand,

[Cl_]i will assume a passive distribution with a time course

given by the amount of charge flowing through the

channels. The developmental change of the GABA

response in cultures treated chronically with GABAA

receptor blockers did not reveal a strong contribution of

a GABA-activated Cl_ conductance under culturing

conditions. In contrast, once neurons are mature, they can

keep [Cl_]i below a concentration given by the passive

equilibrium, even if repetitive GABA applications induce

an increase in [Cl_]i. Moreover, an elevation of [Cl_]i by a

prolonged [K+]o elevation was compensated by mature

neurons.

Our data suggest that depolarizing responses to GABA

arise even in the absence of an effective Cl_ inward

transport. Based on our experiments with transient

elevations of [K+]o, we suggest a contribution of an

alternative mechanism. Elevation of [K+]o leads to an

increase in [Cl_]i, if a pathway exists for Cl_ to enter the

cells. Such a pathway can be provided by GABA- or

glycine-gated Cl_ channels, but we observed this effect

also in the presence of the GABAA receptor antagonist

bicuculline. Another possible pathway is KCC2, which

reverses its direction if [K+]o is elevated (Jarolimek et al.
1999). KCC2 is probably the main pathway in mature

neurons, but is not functional in immature neurons. In

immature neurons a pathway could be provided by

voltage-dependent Cl_ channels, i.e. ClC3 channels (Smith

et al. 1995). Indeed, a Cl_ conductance can be activated in

these neurons at _30 mV (W. Jarolimek, H. Brunner,

A. Lewen & U. Misgeld, unpublished observation). We

suggest that the high [Cl_]i leading to depolarizing GABAA

responses is caused by electrogenic, channel-mediated Cl_

uptake that takes place during membrane depolarizations

created by other mechanisms such as glutamatergic

transmission or increases in [K+]o.

In conclusion, blockade of GABAA receptors does not

prevent the developmental change of the GABA response

in cultured neurons. An acceleration of the developmental

change by GABA could be secondary to dissipation of the

Cl_ gradient. Nanomolar concentrations of GABA diminish
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the Ca2+-elevating response indicating that there is no

inward Cl_ transport in immature cultured neurons,

which is as effective as is outward transport in mature

cultured neurons. However, membrane depolarizations

and/or [K+]o increases can elevate [Cl_]i and, thereby,

support gradients for depolarizing GABA responses.
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