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ABSTRACT: Microfluorometric recordings showed
that the inhibitory neurotransmitters g-aminobutyric
acid (GABA) and glycine activated transient increases in
the intracellular Cl 2 concentration in neurons of the
inferior colliculus (IC) from acutely isolated slices of the
rat auditory midbrain. Current recordings in gramici-
din-perforated patch mode disclosed that GABA and
glycine mainly evoked inward or biphasic currents.
These currents were dependent on HCO3

2 and charac-
terized by a continuous shift of their reversal potential
(EGABA/gly) in the positive direction. In HCO3

2-buffered
saline, GABA and glycine could also evoke an increase in
the intracellular Ca21 concentration. Ca21 transients
occurred only with large depolarizations and were
blocked by Cd21, suggesting an activation of voltage-

gated Ca21 channels. However, in the absence of HCO3
2,

only a small rise, if any, in the intracellular Ca21 con-
centration could be evoked by GABA or glycine. We
suggest that the activation of GABAA or glycine recep-
tors results in an acute accumulation of Cl2 that is
enhanced by the depolarization owing to HCO3

2 efflux,
thus shifting EGABA/gly to more positive values. A sub-
sequent activation of these receptors would result in a
strenghtened depolarization and an enlarged Ca21 in-
flux that might play a role in the stabilization of inhib-
itory synapses in the auditory pathway. © 1999 John Wiley

& Sons, Inc. J Neurobiol 40: 386–396, 1999
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As a major relay station in the transmission and pro-
cessing of auditory information in vertebrates, the
inferior colliculus (IC) receives complex excitatory
and inhibitory inputs. These inputs are highly co-
chleotopically organized within the IC and thus re-
quire that the formation of neuronal connectivity is of
very precise order (Oliver and Beckius, 1992). The
major inhibitory transmitters in the IC areg-aminobu-
tyric acid (GABA) and glycine (Faingold et al., 1989,

1991). These transmitters exert their effect by activat-
ing a Cl2 conductance across the cell membrane.

In general, GABA and glycine mediate inhibtion
by hyperpolarizing the membrane potential, because
the chloride equilibrium potential (ECl2) is usually
more negative than the cells’ resting membrane po-
tential. However, it has also been shown that GABA
and glycine can evoke depolarizations in early devel-
oping neurons of different brain areas—for example,
in the spinal cord (Wu et al., 1992; Wang et al., 1994;
Nishimaru et al., 1996), cortex (Luhmann and Prince,
1991), brain stem (Kandler and Friauf, 1995), hip-
pocampus (Cherubini et al., 1990), and hypothalamus
(Chen et al., 1996). In some cases, these depolariza-
tions were sufficient to induce a Ca21 influx (Yuste
and Katz, 1991; Lin et al., 1994; Reichling et al.,
1994; Wang et al., 1994; Sorimachi et al., 1997). The
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mechanisms underlying these depolarizations were
attributed to developmentally regulated, active Cl2

accumulation leading to an intracellular Cl2 concen-
tration ([Cl2]i) higher than expected from passive
distribution. When high-frequency stimulations were
applied to inhibitory interneurons of the hippocam-
pus, in CA1 pyramidal neurons biphasic GABA-me-
diated postsynaptic membrane potential changes were
recorded that were characterized by a fast, transient
hyperpolarization followed by a delayed depolariza-
tion (Staley et al., 1995; Kaila et al., 1997). Although
the delayed depolarization was strongly dependent on
HCO3

2, the underlying ionic mechanism remained
controversial. On the one hand, it was suggested that
the delayed depolarizing phase is mainly caused by a
shift of the reversal potential of the GABA-induced
postsynaptic current (EGABA) due to an acute increase
in the intracellular Cl2 concentration ([Cl2]i) (Staley
et al. 1995); on the other hand, it was postulated that
an increase in the extracellular K1 concentration
[K1]o caused by the activity of the local GABAergic
interneuronal network primarily mediates the delayed
depolarization (Kaila et al., 1997).

Perforated patch-clamp experiments on neurons of
the lateral superior olive (Backus et al., 1998) and in
cultured rat cortical neurons (Dallwig et al., 1999)
showed that GABA and glycine activated primarily
biphasic or inward currents that were also strongly
dependent on the presence of HCO3

2. The underlying
mechanism was attributed to an acute and transient
Cl2 accumulation, similar to the mechanism postu-
lated by Staley and coworkers (1995). Since this
mechanism assumes an increase in the [Cl2]i evoked
by the activation of GABAA or glycine receptors, we
applied the patch-clamp technique in combination
with the [Cl2]i imaging technique to IC neurons of
acutely isolated midbrain slices. We show that the
activation of GABAA or glycine receptors indeed
results in a transient increase in the [Cl2]i. Further-
more, GABA and glycine activate an increase of the
intracellular Ca21 concentration ([Ca21]i) that is
strongly dependent on the presence of extracellular
HCO3

2. Our results suggest that in IC neurons, the
contribution of HCO3

2 is necessary for these depolar-
izations to activate voltage-dependent Ca21 channels.
Some of the results have been presented elsewhere in
abstract form (Frech et al., 1998).

MATERIALS AND METHODS

Preparation of Midbrain Slices

Midbrain slices were prepared as described elsewhere (Ed-
wards et al., 1989). In brief, rat pups [postnatal day (P)1–10]

were decapitated and their brains were rapidly removed and
incubated in a chilled Na1-reduced saline (ca. 1–2°C; com-
position, given below) adapted from Barnes-Davies and
Forsythe (1995). This solution was continuously bubbled
with carbogen (5% CO2/ 95% O2) to supply the tissue with
oxygen and maintain the pH at 7.4. Frontal slices (thickness
250 mm) of the IC were cut on a vibratome (Campden
Instruments, Loughborough, UK). The slices were then
stored at 37°C for 60 min and transferred to the HCO3

2-
buffered standard salt solution (listed below), maintained at
room temperature (ca. 22–25°C) and bubbled with carbo-
gen. Electrophysiological experiments were started 1 h after
preparation of the slices.

Solutions and Drug Application

For preparation and preincubation of the slices, the salt
solution contained (in mM): KCl 2.5, NaHCO3 26, glucose
260, CaCl2 2, MgCl2 1, Na-pyruvate 2, myo-inositol 3,
kynurenic acid 1. The pH was adjusted to 7.4 with NaOH
and maintained with carbogen. During the experiments, the
slices were continuously superfused with a standard CO2/
HCO3

2-buffered saline containing (in mM): NaCl 125, KCl
2.5, NaHCO3 26, NaH2PO4 1.25, glucose 25, CaCl2 2,
MgCl2 1; pH adjusted to 7.4 with NaOH and maintained by
bubbling with oxycarbon. To investigate the influence of
extracellular HCO3

2 on GABA or glycine-induced [Ca21]i
changes, anN-(2-hydroxyethyl) piperazine-N9-(2-ethane-
sulphonic acid) (Hepes)-buffered solution was used that
contained (in mM): NaCl 151, KCl 2.5, NaH2PO4 1.25,
glucose 25, CaCl2 2, MgCl2 1, Hepes 10; pH adjusted to 7.4
with NaOH. Oxygen supply was maintained by bubbling
with 100% O2. The pipette solution used to load IC neurons
with 6-metoxy-N-(3-sulfopropyl) quinolium (SPQ) con-
tained (in mM): K-gluconate 150, MgCl2 2, Hepes 5, eth-
ylene glycol-bis(b-aminoethyl ether)-N,N,N9,N9- tetraacetic
acid (EGTA) 1.1; pH adjusted to 7.2 with KOH. The pipette
solution for conventional whole-cell patch-clamp record-
ings in combination with Fura-2 microfluorometry con-
tained (in mM): KCl 35, Kacetate 100, NaCl 5, MgCl2 4,
EGTA 0.2 , Fura-2 0.6, Hepes 10; pH adjusted to 7.2 with
KOH. For use in perforated-patch experiments, gramicidin
(Sigma, St. Louis, MO; 5 mg/mL) was dissolved in dimeth-
ylsulfoxide, vortexed for 1 min, sonicated for 20 s, and then
added to the pipette solution to give a final concentration of
5–30mg/mL. The pipette solution for gramicidin-perforated
patch-clamp recordings contained (in mM): KCl 140, NaCl
5, CaCl2 0.5, EGTA 5, Hepes 10; pH adjusted to 7.2 with
KOH. Stock solutions of GABA and glycine were prepared
(1 M in distilled water) and the drugs were added to the
saline shortly before the experiment in defined concentra-
tions. Fura-2, Fura-2-AM, and SPQ were obtained from
Molecular Probes.

Patch-Clamp Recordings

For patch-clamp recordings and combined electrophysio-
logical and microfluorometric experiments, the slices were
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fixed with a nylon grid in a recording chamber that was
mounted on the stage of an upright microscope (Axioskop
FS, Zeiss, Germany). Recording patch pipettes were pulled
from borosilicate glass and the tips were fire-polished (re-
sistances 4–6 MWV, when filled with the pipette solution).
Gramicidin-perforated patch recordings were performed us-
ing slight modifications of the method of Kyrozis and
Reichling (1995). For perforated patch-clamp recordings,
the electrode tip was filled for 5–90 s with the gramicidin-
free pipette solution (see below) to avoid problems with seal
formation, and then back-filled with the gramicidin-contain-
ing pipette solution. After the formation of a giga-seal
(Hamill et al., 1981), short steps in holding potential were
continously applied at 2-min intervals to monitor the grad-
ual decrease in series resistance. If not stated otherwise, the
holding potential (Vh) was set to260 mV. Drug application
was not started before the series resistance had decreased
below 50 MV, which usually lasted 20–30 min. The refer-
ence potential for all measurements was the zero-current
potential of the pipette in the bath before the establishment
of the gigaseal. Currents were recorded using an EPC-9
(HEKA, Lambrecht, Germany) or an Axopatch 1D (Axon
Instruments, Foster City, CA) patch-clamp amplifier. The
relatively slow membrane currents were sampled at 0.5 or 1
kHz and filtered at 3 or 5 kHz before digitization. Data were
acquired, stored, and evaluated with the aid of the PCLAMP
hardware and software package (Axon Instruments), or with
Pulse (Heka) for a personal computer.

Microfluorometry

Experiments were performed using a Deltascan dual-exci-
tation spectrofluorometer (PTI, Wedel, Germany) in which
shutters, monochromator settings, and data acquisition were
controlled by software and interfaces from PTI.

Ca21 Imaging. In combined patch-clamp and microfluoro-
metric experiments, IC neurons were loaded with Fura-2
(0.6 mM dissolved in the appropriate pipette solution; see
above). Measurements were limited to a field of view
slightly larger than the soma of the patched cell. In mi-
crofluorometric measurements of intact neurons, cells were
preincubated with Fura-2-AM (4.76mg/mL; dissolved in
standard CO2/HCO3

2-buffered extracellular saline) for at
least 1 h. Measurements were limited to a field of approx-
imately 0.2–0.3 mm2 that contained ca. 5–10 morphologi-
cally identified IC neurons in the focal plane. It should be
mentioned that part of the fluorescence signal included the
fluorescence of some smaller glial cells present in the area
of interest. The dye was excited with light from a 75-W
xenon arc lamp alternately at 350 and 380 nm (bandwidth 4
nm) through the epifluorescence port of a Zeiss Axioskop
microscope with a340 water immersion objective. The
relative changes of [Ca21]i were measured by determining
the ratio of Fura-2 fluorescence at 350 and 380 nm excita-
tion.

Cl2 Imaging. Microfluorometric measurement of [Cl2]i
was performed using the Cl2-sensitive fluorescent dye SPQ
(cf. Chao et al., 1989; Engblom and Åkerman, 1991). Cells
were loaded with SPQ (2 mM; pipette solution; see above)
via the patch pipette. The cells were excited at 356 nm,
while fluorescence intensity at wavelengths. 420 nm was
measured using a photon-counting photomultiplier tube.
Measurements were limited to a field of view slightly larger
than the cell body of the injected neuron by a rectangular
diaphragm. The background fluorescence for the excitation
wavelength was obtained from each cell before the estab-
lishment of the whole-cell clamp configuration and sub-
tracted from the raw data. A decrease in the fluorescence
intensity emitted by SPQ indicated a relative increase in the
free Cl2 concentration. Relative changes in SPQ fluores-
cence were calculated by dividing the digitized absolute
values at the peak of the GABA- or glycine-evoked tran-
sient by the value measured before the corresponding
GABA or glycine response. An estimation of the absolute
changes in [Cl2]i could not be performed because a simple
determination of [Cl2]i via ratio measurements is not pos-
sible with SPQ.

Determination of Current–Voltage
Relations, Data Evaluation,
and Statistics

GABA or glycine was applied to the bath solution when the
holding current was stable for at least 3 min. The current–
voltage (I-V) relation of GABA- or glycine-evoked currents
were determined by applying voltage ramps (from 10 to 100
mV; duration 100 ms; 0.5 Hz) both in the presence and
absence of GABA or glycine, respectively. To eliminate the
contribution of leakage and voltage-activated currents, the
digitized response to a ramp before the GABA or glycine
application was subtracted from that during a GABA or
glycine application. Data are given as mean6 standard
deviation (S.D.). The significance of the difference between
mean values of two samples was determined using the
two-tailed t test. Means of two samples were regarded as
different with p # .01, if not stated otherwise.

RESULTS

GABA- and Glycine-Evoked
Depolarizations Elevate [Cl2]i
To investigate whether the activation of GABAA and
glycine receptors affects the [Cl2]i, the Cl2-sensitive
dye SPQ was included into the patch pipette solution
to load IC neurons. While [Cl2]i was measured by
monitoring changes in SPQ fluorescence, the mem-
brane current was simultaneously recorded in the con-
ventional whole-cell clamp configuration (pipette so-
lution contained 4 mM Cl2). At Vh # 50 mV, no
significant changes of the SPQ fluorescence were
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observed (n 5 5). When 1 mM GABA was applied for
30 s at a Vh of 240 mV, a decrease in the SPQ
fluorescence of 436 19% (range, 12–78 %;n 5 6)
[Fig. 1(A)] was observed, whereas glycine induced a
decrease of 66 3 (range, 3–9 %;n 5 4) [Fig. 1(B)],
indicating an increase in [Cl2]i in both cases. The
GABA- and glycine-activated [Cl2]i transients were
accompanied by outward currents of 1326 58 (n
5 6) [Fig. 1(A)] and 586 23 pA (n5 4) [Fig. 1(B)],
respectively. However, in eight IC neurons, GABA,
and in six neurons, glycine application induced cur-
rents without evoking a significant change in SPQ
fluorescence. When the holding potential was set to 0
mV to increase the driving force for Cl2 in these cells,
GABA decreased the SPQ fluorescence by 346 19%
(range, 4–70%; corresponding current amplitude: 363
6 320 pA; range, 60–955 pA;n 5 9) and glycine by
16 6 9% (range, 6–35%; 1396 82 pA; range, 60–
271 pA; n 5 7), respectively.
The decrease of SPQ fluorescence and the membrane
currents induced by GABA were blocked in the pres-
ence of the GABAA receptor antagonist bicuculline
(10 mM; n 5 3) [Fig. 1(A)] and those elicited by

glycine were inhibited by strychnine (10mM; n 5 4)
[Fig. 1(B)], indicating that the increases of [Cl2]i in
IC neurons were mediated by the activation of
GABAA or glycine receptors, respectively. When the
relative changes in SPQ fluorescence induced by
GABA and glycine were plotted as a function of the
corresponding current amplitudes, a significant corre-
lation was found (r 5 0.49;n 5 27; p , .01; GABA
and glycine data pooled from Vh 5 240 and 0 mV)
(Fig. 2), indicating that the changes of the [Cl2]i were
directly caused by the GABA- or glycine-induced
currents. These findings indicate that the activation of
GABAA and glycine receptors indeed result in a sig-
nificant transient increase of the [Cl2]i, and thus is
capable of shifting EGABA/gly in the positive direction.

GABA and Glycine Activate Mainly
Inward and Biphasic Currents

Our results described above and those of other studies
suggested that acute changes in [Cl2]i might provide
a basis for the occurrence of biphasic GABA or gly-

Figure 1 GABA- and glycine-induced changes of the fluorescence intensity of the Cl2-sensitive
dye SPQ and membrane current. GABA (1 mM) (A) and glycine (1 mM) (B) were applied as
indicated by the bars, while currents (lower traces) were recorded in combination with simultaneous
SPQ fluorescence measurements (upper traces) at a holding potential of 0 mV. GABA- and
glycine-activated outward currents were accompanied by transient increases in [Cl2]i. A decrease
in the fluorescence intensity indicates an increase of [Cl2]i. The GABA-activated current and
increase in [Cl2]i were inhibited by bicuculline [right traces in (A)], whereas the glycine-induced
changes were blocked by strychnine [right traces in (B)], indicating that these effects were mediated
by GABAA and glycine receptors, respectively.
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cine-activated responses (Staley et al., 1995; Backus
et al., 1998; Dallwig et al., 1999). Therefore, mem-
brane currents activated by GABA and glycine were
recorded in IC neurons using the perforated patch-
clamp technique. Gramicidin which forms pores of
negligible Cl2 permeability (Myers and Haydon,
1972; Kyrozis and Reichling, 1995) was used as the
perforating agent. GABA (1 mM; 30–60 s) evoked
biphasic [Fig. 3(A)] or inward currents [Fig. 3(B)] in
8 of 10 IC neurons. Glycine (1 mM; 30–60 s) showed
a similar response pattern in 7 of 10 IC neurons.
Biphasic currents were characterized by an initial
outward current followed by an inward current [Fig.
3(A)]. The other IC neurons investigated responded to
GABA or glycine with monophasic outward currents:
n 5 2 for GABA [Fig 3(C)]; n 5 3 for glycine (not
shown).

Current–voltage (I-V) relations of the GABA- and
glycine-induced currents were determined using the
voltage ramp method. Voltage ramp commands were
applied to 10 IC neurons in the absence of GABA or
glycine and subtracted from current responses ob-
tained in the presence of GABA (n 5 6) or glycine (n
5 6). The reversal potentials (EGABA or Egly, respec-
tively) of biphasic GABA- or glycine-induced cur-
rents obtained were significantly more positive during
the inward current components than during the out-
ward current component, as expected; the I-V rela-
tions for GABA are shown in Figure 3(D). Since there

was no difference in the shape and the time course of
GABA- and glycine-induced I-V relations within cor-
responding response phases, EGABA and Egly values
from single cells were pooled to calculate the mean
reversal potentials (EGABA/gly) at the different re-

Figure 3 Effect of GABA on IC neurons in acutely
isolated midbrain slices. (A–C) GABA-activated currents.
The gramicidin-perforated patch configuration was used to
continuously record membrane currents of IC neurons at a
Vh of 260 mV. GABA (1 mM; applied as indicated by the
bars) evoked biphasic (A), inwardly directed (B), and out-
wardly directed (C) currents. Horizontal lines indicate zero
current level. (D) Current–voltage relation of GABA-acti-
vated biphasic currents. GABA (1 mM) was applied in the
gramicidin-perforated patch configuration (Vh 5 260 mV) in
the presence of HCO3

2, as indicated by the bar in the inset.
EGABA was determined using the voltage ramp method.
Voltage ramps (from 10 to 100 mV, duration 100 ms; 0.5
Hz) were applied before (indicated as “con”) and during the
application of GABA (indicated by “a” and “b”). To create
the I-V relations, current responses to voltage ramps before
GABA applications (shown as the upward deflections in the
inset and indicated by “con”) were subtracted from those
during the outward and the inward phase of the GABA-
activated current (indicated as “a” and “b”). In this neuron,
EGABA was shifted toward more positive values during a
biphasic current response from268 to 260 mV.

Figure 2 Dependence of GABA- and glycine-activated
changes of SPQ fluorescence on the current amplitude.
GABA (triangles) or glycine (circles) induced relative
changes in SPQ fluorescence were plotted as a function of
the membrane current peak amplitudes. Analysis of the data
revealed a significant positive correlation (r 5 0.49;n 5 27;
p , .01; GABA and glycine data pooled from experiments
with Vh 5 240 and 0 mV), indicating that the change of
[Cl2]i was directly caused by the GABA- or glycine-acti-
vated currents.
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sponse phases. Biphasic current responses showed an
EGABA/gly of 2706 1 mV (n 5 5) during the outward
current phase and an EGABA/gly of 255 6 4 mV
during the inward current phase. GABA- or glycine-
evoked IV relations in neurons responding with an
outward current showed an EGABA/gly of 2686 6 mV
(n 5 3). Cells responding with a monophasic inward
current had an EGABA/gly of 245 6 3 mV (n 5 4),
suggesting that they might actively accumulate Cl2.

The IV relations of GABA- and glycine-induced
currents were also determined in the absence of
HCO3

2. When a nominally HCO3
2-free, Hepes/O2-

buffered saline was applied for at least 10 min, no
biphasic GABA- or glycine-induced currents were
observed. EGABA/gly, as determined in the same neu-
rons (n 5 4) in the absence of HCO3

2 (254 6 4 mV;
GABA and glycine data pooled), was significantly
different from that obtained in the presence of HCO3

2

(2456 3 mV), confirming the contribution of HCO3
2

to GABA- and glycine-induced inward currents in IC
neurons. The dependence of EGABA/gly on HCO3

2 has
been observed in several preparations (Kaila and Voi-
pio, 1987, 1990; Kaila et al., 1989; Backus et al.,
1998; Dallwig et al., 1999; also refer to Kaila, 1994).

GABA and Glycine Activate a Transient
Ca21 Influx Dependent on HCO3

2

g-Aminobutyric acid– and glycine-evoked inward
currents are expected to depolarize IC neurons, and
therefore could activate voltage-dependent Ca21-
channels. To address this point, the effect of GABA
and glycine on [Ca21]i was studied under conditions
that did not impair changes in the [Cl]i, by incubating
the tissue slices with Fura-2-AM, a membrane-perme-
able derivative of Fura-2. The frame of the photomul-
tiplier was set to cover a field of 0.2–0.3 mm2 within
the central nucleus of the IC comprising large IC
neurons and smaller glial cells. The changes in F350/
F380 were measured continuously while GABA or
glycine (1 mM; 60 s) was applied to the saline. In the
presence of HCO3

2, GABA evoked an increase in the
F350/F380 ratio of 0.066 0.03 (n 5 8) [Fig. 4(A), top
traces], and glycine an increase of 0.0236 0.014 (n
5 8) [Fig. 4(B), bottom traces], suggesting that in
intact cells both transmitters could trigger an influx of
Ca21 into IC neurons. Since our results have shown
that in IC neurons GABA- and glycine-evoked cur-
rents are at least partly mediated by an efflux of
HCO3

2, we tested the effect of GABA and glycine on
[Ca21]i in a nominally HCO3

2-free saline that was
buffered with Hepes (10 mM). In the absence of
HCO3

2, the GABA-induced change in F350/F380 ratio
was significantly reduced by about 66% (0.026 0.01;

n 5 8) [Fig. 4(A,B)] (p , .01), and that induced by
glycine by about 74% (0.0066 0.009;n 5 6) [Fig.
4(A,B)] (p , .05). These results suggest that there is
a significant contribution of HCO3

2 to the depolariz-
ing effect of GABA and glycine that leads to Ca21

influx into IC neurons.
The mechanisms underlying the GABA- and glycine-
activated [Ca21]i transients were investigated by mea-
suring changes of the membrane potential in current-
clamp mode of the conventional whole-cell
configuration, in cells loaded with Fura-2 to record
changes in [Ca21]i simultaneously. To mimic an acute
GABA- or glycine-induced Cl2 accumulation, these
recordings were performed with a 35-mM Cl2-con-
taining pipette solution (ECl2 5 235 mV). Thereafter,
application of GABA or glycine (1 mM; 20 s) induced
depolarizations to a membrane potential of220 6 12
mV (n 5 3) [Fig. 5(A)] and2216 13 mV (n 5 3) [Fig.
5(B)], respectively, that were accompanied by an el-
evation of [Ca21]i as indicated by an increase in
F350/F380 (0.166 0.06 for GABA;n 5 3) [Fig. 5(A)]
(0.416 0.29 for glycine;n 5 3) [Fig. 5(B)]. In six IC
neurons which were depolarized by GABA to229.4

Figure 4 Effect of HCO3
2 on GABA- and glycine-acti-

vated [Ca21]i transients. IC cells in acutely isolated mid-
brain slices were loaded with the membrane-permeable,
Ca21-sensitive dye Fura-2-AM. GABA (1 mM) and glycine
(1 mM) were applied as indicated by the bars. In the
presence of HCO3

2 (left and right traces), GABA or glycine
evoked an increase of [Ca21]i. In the absence of HCO3

2, in
a Hepes-buffered saline, these [Ca21]i transients were re-
duced (middle traces). Calibration bars indicate the ratio of
F350/F380. (B) Mean effect of the withdrawal of HCO3

2 on
GABA- and glycine-induced [Ca21]i transients in IC cells.
Bars and numbers on top of each bar indicate the S.D. and
number of experiments, respectively.
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6 12.6 mV and in seven neurons depolarized by
glycine to239.4 6 6.3 mV, no change in F350/F380

was observed. However, these depolarizations were
smaller and only reached less positive values than
those that were accompanied by an increase in [Ca21]i

(p , .01). When GABA (n 5 4) and glycine (n 5 2)
were applied in the presence of 100mM Cd21, a
nonspecific blocker of voltage-dependent Ca21 chan-
nels, the depolarizations of the membrane potential
still occurred, whereas the elevation of [Ca21]i was
blocked (Fig. 5). These results indicated that the
GABA- and glycine-evoked increases of [Ca21]i were
primarily mediated by Ca21 influx through voltage-
dependent Ca21-channels expressed in IC neurons.

DISCUSSION

In the present study, we have combined the patch-
clamp technique with microfluorometry to measure
membrane currents, [Cl2]i, and [Ca21]i in neurons
from acutely isolated slices of the rat auditory mid-
brain. For current recordings, the gramicidin-perfo-
rated patch configuration was used, because this al-
lows recording without buffering the physiological
changes of [Cl2]i (Kyrozis and Reichling, 1995) that
might occur after the activation of ligand-gated recep-
tor channels permeable to Cl2. For the majority of IC
neurons, we show that the application of GABA or
glycine activates inwardly directed or biphasic cur-

rents mediating a depolarization of the membrane that
is accompanied by an increase in the [Cl2]i. In addi-
tion, these transmitters elevate [Ca21]i in an HCO3

2-
dependent way, by activating a Ca21 influx through
voltage-dependent Ca21-channels.

GABA and Glycine-Activated Responses
in IC Neurons

Several alternative ionic mechanisms underlying
GABA- and glycine-mediated depolarizations are cur-
rently under discussion. One mechanism is based on
an active Cl2 accumulation that results in an ECl2
more positive than the resting potential (Misgeld et
al., 1986; Rohrbough and Spitzer, 1996). The activa-
tion of GABAA receptors would then lead to a depo-
larization. Indeed, GABA and glycine showed depo-
larizing responses during early developing stages in
many different preparations, e.g., in hippocampal neu-
rons (Ben-Ari et al., 1989; Cherubini et al., 1990), in
neocortical neurons (Luhmann and Prince, 1991), in
hypothalamic neurons (Chen et al., 1996), in embry-
onic and early postnatal neocortical cells (Owens et
al., 1996), and in spinal cord neurons (Wu et al., 1992;
Reichling et al., 1994; Wang et al., 1994; Rohrbough
and Spitzer, 1996) that was attributed to an active
intracellular Cl2 accumulation in these neurons
(Cherubini et al., 1991). The expression of transport
mechanisms, such as the Na1-K1-Cl2 cotransport,
identified in rat sympathetic neurones (Ballanyi and
Grafe, 1985), the Cl2/HCO3

2 exchange system found
in rat cerebellar Purkinje cells (Gaillard and Dupont,
1990), or the Na1-dependent Cl2 cotransport found in
Rohon-Beard spinal neurons ofXenopuslarvae (Ro-
hrbough and Spitzer, 1996), could maintain the per-
manently elevated [Cl2]i required for this mechanism.
We conclude that a subpopulation of IC neurons could
possess a similar active intracellular Cl2 accumula-
tion mechanism, giving rise to inwardly directed cur-
rents or membrane depolarizations when GABAA or
glycine receptors are activated. This mechanism
would also work in the absence of HCO3

2, but does
not necessarily exclude a contribution of HCO3

2 in its
presence. GABAA receptors and glycine receptors are
permeable to Cl2 and HCO3

2 (Bormann et al., 1987;
Kaila and Voipio, 1987; Kaila, 1994). Thus, the acti-
vation of GABAA or glycine receptors can give rise to
a HCO3

2 efflux that results in an additional inward
current (Kaila and Voipio, 1987; 1990). The contri-
bution of HCO3

2 to GABA- and glycine-induced in-
ward currents in IC neurons is likely because, in its
presence, EGABA/gly is shifted toward more positive
values.

The finding that the HCO3
2 permeability of

Figure 5 GABA- and glycine-activated [Ca21]i tran-
sients are blocked by Cd21. Conventional whole-cell patch
recordings in the presence of HCO3

2. Pipette solution con-
tained 35 mM Cl2 and 0.6 mM Fura-2 to measure mem-
brane potential and depolarization-induced changes of
[Ca21]i simultaneously. GABA (1 mM) (A) and glycine (1
mM) (B) were applied as shown by the bars and evoked
depolarizations that were accompanied by increases in
[Ca21]i. In the presence of 100mM Cd21, these [Ca21]i
transients were blocked, indicating that they were mediated
by the activation of voltage-dependent Ca21 channels.
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GABA-gated channels expressed in crayfish muscle
fibers led to a significant deviation of EGABA from
ECl2, and thus to a depolarizing effect of GABA in
the absence of an inwardly directed Cl2 transport
(Kaila et al., 1989), suggests another possible mech-
anism: Biphasic GABA- and glycine-mediated re-
sponses could be caused by a change of the opposing
gradients for Cl2 and HCO3, thus shifting EGABA/gly

transiently to more positive values. Such a mechanism
could also explain the reversal of the current or mem-
brane potential polarity during the response and has
been suggested for the high-frequency stimulation-
induced GABA-mediated responses in CA1 pyrami-
dal neurons (Staley et al., 1995), for GABA-mediated
biphasic responses in cultured cortical neurons (Dall-
wig et al., 1999), and for biphasic glycine-mediated
responses in the lateral superior olive (Backus et al.,
1998). GABA and glycine-mediated biphasic re-
sponses in IC neurons are most likely also due to such
a mechanism, because (a) the activation of GABAA or
glycine receptors induces an increase of the [Cl2]i, (b)
GABA- or glycine-activated currents are dependent
on HCO3

2, and (c) EGABA/gly is shifted in the positive
direction during the activation of GABAA or glycine
receptors. The polarity of GABA- and glycine-in-
duced currents is determined by the difference of
EGABA/gly and the resting membrane potential (Vr),
which equals Vh in voltage-clamp experiments. Thus,
EGABA/gly is given by the following equation:

EGABA/gly 5 ~RT/F! ln ~~@Cl2#e

1 b @HCO3
2#e! / ~@Cl2# i 1 b @HCO3

2# i !!

where R, T, and F have their usual meanings, and
[Cl2]e and [Cl2]i are the extra- and intracellular Cl2

concentrations; [HCO3
2]e and [HCO3

2]i are the extra-
and intracellular HCO3

2 concentrations; and b repre-
sents the relative permeability, PHCO3

2/PCl2 (Kaila and
Voipio, 1990), which was calculated to be 0.18 for
GABAA receptors and 0.11 for glycine receptors ex-
pressed in cultured spinal cord neurons (Bormann et
al., 1987).

We have shown by measuring GABA- and gly-
cine-activated changes of SPQ fluorescence that the
activation of GABAA or glycine receptors leads to an
increase of the [Cl2]i. According to Equation (1), this
increase will result in a shift of EGABA/gly toward more
positive values. When EGABA/gly becomes more pos-
itive than Vr, the polarity of the GABA- or glycine-
induced currents will change from the outward to the
inward direction, resulting in a change from a hyper-
polarization to a depolarization of the membrane po-
tential.

The question arises as to what degree of increase in
the [Cl]i is required to shift EGABA/gly more positive
than Vr. The experiments with SPQ were done in the
nominal absence of intracellular HCO3

2 using the
whole-cell voltage-clamp configuration, thus prevent-
ing a depolarization of the membrane potential. Be-
cause of the low driving force, and the buffering
capacity of SPQ, no significant changes of the [Cl]i

were observed at Vh # 250 mV. However, under
physiological conditions, the membrane potential is
not clamped and the [HCO3

2]i is influenced by the
activity of the enzyme carbonic anhydrase (Staley et
al., 1995). Therefore, a continuous HCO3

2 efflux de-
polarizes the cell, thereby enhancing Cl2 influx and
shifting EGABA/gly further in the positive direction.
This contribution of HCO3

2 is pivotal, because it is
required to shift EGABA/gly beyond Vr. If GABA A2 or
glycine receptors were not permeable to HCO3,
EGABA/gly would not shift to values more positive than
Vr. Accordingly, it has been shown previously that an
increase of the [Cl2]i of only about 4 mM is sufficient
to change the polarity of GABA-induced biphasic
current responses in cultured cortical neurons (Dall-
wig et al., 1999).

The delayed depolarization of the biphasic GABA-
mediated response in CA1 pyramidal neurons evoked
by high-frequency stimulation of the hippocampal
interneuronal network was accompanied by an in-
crease of the [K1]o (Kaila et al., 1997). This K1

transient was attributed to be the primary cause of the
delayed depolarization of the membrane potential
(Kaila et al., 1997). In our study, a contribution of K1

transients to the delayed depolarization of GABA-
and glycine evoked biphasic responses in IC neurons
appears unlikely, because no high-frequency stimula-
tion was applied that could have caused an activity-
driven increase of the [K1]o. Moreover, the biphasic
responses in IC neurons were similar to that described
in cultured cortical neurons (Dallwig et al., 1999) and
neurons of the lateral superior olive (Backus et al.,
1998) with respect to time course, ion dependence,
and shift in current reversal potential during the re-
sponse. These findings show that biphasic GABA- or
glycine-induced depolarizations also occur if the
[K1]o is maintained by continuous perfusion of the
culture (Dallwig et al., 1999) or in the presence of
nominally Ca21-free saline that contained 10 mM
Mg21 and 300 nM tetrodotoxin to block neuronal
activity (Backus et al., 1998). Therefore, we conclude
that the depolarizations induced by GABA or glycine
application in IC neurons might be caused by two
mechanisms: one due to the expression of transporter
molecules that maintain an active Cl2 accumulation,
and another characterized by an acute but transient
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uptake of Cl2 that is compounded by the depolarizing
effect of HCO3

2 efflux. The latter requires a powerful
[Cl2]i regulation mechanism, such as the neuronal
Cl2 extruding K1/Cl2 cotransporter, that has recently
been shown to influence EGABA in pyramidal neurons
of the rat hippocampus (Rivera et al., 1999).

g-Aminobutyric acid– or glycine-induced outward
currents which were observed in a small subpopula-
tion of IC neurons would be expected to arise when
EGABA/gly is more negative than Vr. This subpopula-
tion of IC neurons might represent cells in which Cl2

is actively extruded. Alternatively, the activation of
GABAA or glycine receptors in these cells was not
sufficient to induce a Cl2 accumulation. It is also
possible that some IC neurons express different
GABAA or glycine receptor subtypes (Wisden and
Seeburg, 1992; Kuhse et al., 1995) that differ in their
relative permeability to HCO3

2, but at present, there is
no evidence that their molecular diversity includes
differences in permeability properties.

The different GABA and glycine-induced current
responses we found might reflect neuronal subpopu-
lations representing different developmental stages.
However, similar to findings reported for neurons of
the lateral superior olive (Backus et al., 1998), in IC
neurons we found no correlation between response
type and age of the animals. The variation of GABA-
and glycine-evoked current amplitudes and Cl2 tran-
sients in IC neurons thus may be caused by develop-
mentally dependent changes in the number of
GABAA or glycine receptors and Cl2 transporters.
Differences in the number and the spatial distribution
of receptors and Cl2 transporters might provide a
considerable contribution to the polarity and time
course of GABA- and glycine-mediated currents dur-
ing synaptic transmission.

The GABA/Glycine-Induced Ca21 Influx
Is Dependent on HCO3

2

The depolarizing action of GABA and glycine has
been shown to be excitatory (Nishimaru et al., 1996)
and to increase the [Ca21]i (Reichling et al., 1994;
Owens et al., 1996). When we mimicked a GABA- or
glycine-activated Cl2 accumulation by using a pipette
solution containing 35 mM Cl2, IC neurons re-
sponded with a pronounced depolarization and an
increase of the [Ca21]i. These increases of the [Ca21]i

required a depolarization above a certain threshold
and were blocked in the presence of Cd21, indicating
that they were likely mediated by voltage-dependent
Ca21 channels. GABA- or glycine-induced activation
of voltage-dependent Ca21-channels has also been
found in neurons of the spinal cord (Wang et al.,

1994), of the cortex (Yuste and Katz, 1991; Lin et al.,
1994), of the hippocampus (Cherubini et al., 1990),
and in chick ciliary ganglion cells (Sorimachi et al.,
1997). However, it should also be mentioned that it is
also possible to evoke Ca21 transients by short, high-
frequency trains of hyperpolarizing inhibitory
postsynaptic potentials (Aizenman et al., 1998).

When IC neurons were loaded with the membrane-
permeable Ca21-indicator dye Fura-2-AM, we ob-
served that GABA or glycine application could also
increase the [Ca21]i in intact cells with a physiolog-
ical [Cl2]i and in the absence of neuronal excitation.
Most interestingly, this effect was strongly attenuated
or even blocked in the absence of HCO3

2. These
results show that in developing IC neurons the con-
tribution of HCO3

2 to GABA- or glycine-induced
currents appears to be necessary to induce depolariza-
tions large enough to activate voltage-dependent
Ca21-channels. The mechanisms underlying the mat-
uration of precisely organized inhibitory connections
in the central nervous system are still unknown.
GABA or glycine-activated depolarizations that in-
crease the [Ca21]i by the activation of voltage-depen-
dent Ca21-channels might play a crucial role in the
establishment and refinement of perspective inhibi-
tory synaptic connections, analogous to mechanisms
suggested for the development and the plasticity of
excitatory synapses (Malenka et al., 1989; Segal,
1993).
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