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Intracellular Calcium Transients and Potassium Current Oscillations
Evoked by Glutamate in Cultured Rat Astrocytes

Jianguo Chen, Kurt H. Backus, and Joachim W. Deitmer
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Glutamate responses in cultured rat astrocytes from cerebella
of neonatal rats were investigated using the perforated-patch
configuration to record membrane currents without rundown of
intracellular messenger cascades, and microfluorometric mea-
surements to measure the intracellular Ca®* concentration
([Ca®*],) and intracellular pH (pH,) with fura-2 AM and 2',7’-
bis-(2-carboxyethyl)-5,6-carboxyfluorescein acetoxy methyl-
ester respectively. In the perforated-patch mode, glutamate
evoked single or multiple outward current transients in 82% of
the cells, which disappeared when the recording technique was
converted into a conventional whole-cell mode. The outward
current transients were accompanied by [Ca®™], transients,
whereas pH; fell monophasically, without any sign of oscillation.
Pharmacological analysis of the glutamate-induced responses
indicated that ionotropic receptor activation evoked an inward
current but no outward current transients, and metabotropic

receptor activation (of the mGIuR1/5 type) elicited outward
current transients but no inward current. The outward current
transients were reduced in frequency, or even abolished, after
depletion of the intracellular Ca®*-stores by the Ca®*-ATPase
inhibitor cyclopiaconic acid (10 um). They reversed near —85
mV and were reduced by tetraethylammonium (10 mwm), sug-
gesting that they were caused by K™ channel activation. It is
concluded that glutamate evoked these K™ outward current
transients by oscillatory Ca2* release mediated by mGIuR
activation. The corresponding membrane potential waves
across the astroglial syncytium could provide spatial and tem-
poral dynamics to the glial K* uptake capacity and other
voltage-dependent processes.
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Changes in the intracellular Ca®* concentration ([Ca®*];) play a
crucial role in many processes involved in the modulation of
signal transduction, development, and plasticity in the CNS. At
present, multiple pathways have been demonstrated that can lead
to [Ca®*]; changes. The involvement of glutamate recep-
tors appears to play a key role. The activation of glutamate
receptors can change [Ca?"]; by two distinct mechanisms. First,
receptors of the ionotropic subclass, namely NMDA and a sub-
population of Ca?*-permeable AMPA /kainate receptors, di-
rectly mediate a Ca®" influx. Second, receptors of the metabo-
tropic glutamate receptor subclass (mGIuR), e.g., the mGluR1
and mGluRS5, induce the hydrolysis of phosphatidylinositol that
leads to the inositol triphosphate (IP;)-mediated release of Ca®*
from intracellular stores. In addition, the membrane depolariza-
tion mediated by ionotropic glutamate receptors could activate
voltage-dependent Ca**-channels that allow Ca®* influx.

Glial cells express ionotropic glutamate receptors in culture
(Bowman and Kimelberg, 1984; Kettenmann et al., 1984) and in
situ (Berger et al., 1992; Miiller et al., 1992; Seifert and Stein-
héiuser, 1995). In cultured cerebellar fusiform cells (Burnashev et
al., 1992), in cerebellar Bergmann glial cells in situ (Miiller et al.,
1992), in hippocampal glial cells in the CA1 region of the stratum
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radiatum (Jabs et al., 1994), and in hilar glial precursor cells
(Backus and Berger, 1995), evidence was found that the activa-
tion of AMPA /kainate receptors can also result in a Ca®* influx.

Monophasic and multiple intracellular Ca®* transients were
observed in cultured astrocytes after the application of glutamate
receptor agonists (Glaum et al., 1990; Jensen and Chiu, 1990,
1991; de Barry et al., 1991; Holzwarth et al., 1994; Brune and
Deitmer, 1995). The pharmacological profile of these responses
revealed that both Ca?* influx and intracellular Ca®* release
were responsible for the Ca?" transients. Recent results sug-
gested that glial cells might communicate with each other, or with
neurons, using waves of Ca®" elevation that spread via gap
junctions through the astrocytic syncytium. Ca2" waves were
propagated between glutamate-stimulated cells (Cornell-Bell et
al., 1990; Charles et al., 1991), indicating the occurrence of a
long-range oscillatory signaling mechanism in glial cells. In hip-
pocampal astrocytes, waves of [Ca®"]; could be induced by the
activity of neighboring neurons (Dani et al., 1992). Focal electri-
cal stimulation of astrocytes in mixed cultures of rat forebrain
cells induced intercellular Ca?* waves and large increases in
[Ca?"]; in neighboring neurons, suggesting the existence of glial—
neuronal signaling pathways (Nedergaard, 1994).

Astrocytes express a large repertoire of voltage- and ligand-
gated ion channels, e.g., Ca®*-activated K™ channels (Quandt
and MacVicar, 1986) or GABA ,-receptors (Stelzer et al., 1988),
which are sensitive to changes in [Ca®*];. Because the cytosol is
dialyzed rapidly during conventional whole-cell clamp recordings,
we used the perforated patch-clamp technique to characterize the
membrane responses evoked by glutamate receptor agonists. In
combination with the fluorescent imaging technique to measure
[Ca?"]; and pH;, we could show in single cells that the application
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of agonists of glutamate receptors evoked oscillations of mem-
brane currents associated with multiple [Ca?"]; transients.

A preliminary report of some of the results has been published
previously in abstract form (Chen et al., 1997).

MATERIALS AND METHODS

Cell culture. For preparing primary cultured astrocytes, the cerebellar
hemispheres of newborn rats (P0-P1) were rapidly removed. Cells were
isolated and cultured according to the method described by Fischer
(1984). Immunohistochemical staining confirmed that the cultures con-
sisted of enriched (>95%) glial fibrillary acidic protein-positive astro-
cytes (Brune et al., 1994). After the cells had reached confluence,
oligodendrocytes and macrophages were removed by a shaking proce-
dure, and the remaining cells were dissociated, plated on glass coverslips
coated with poly-D-lysine, and incubated in 7% CO, at 37°C. The
experiments were performed between 2 and 15 d after plating of the
astrocytes at room temperature (~22-24°C).

Experimental setup. For perforated patch-clamp recordings, the culture
dish was mounted on the stage of an inverted microscope (Zeiss). For the
combined electrophysiological and microfluorometric experiments, the
culture dish was mounted on an inverted fluorescence microscope (Dia-
phot, Nikon, Tokyo, Japan) equipped with a Nikon CF-Fluor 20X
objective. Recording patch pipettes were pulled from borosilicate glass,
and the tips were fire-polished (resistance 4—6 M(), when filled with the
pipette solution). Gramicidin—perforated-patch recordings were per-
formed following the method of Kyrozis and Reichling (1995). Briefly,
the electrode tip was filled for 1-40 sec with the gramicidin-free pipette
solution (see below) to avoid problems with seal formation, and then
back-filled with the gramicidin-containing pipette solution. After the
formation of a gigaseal (on-cell recording) (Hamill et al., 1981), short
steps in holding potential were applied continuously at 2 min intervals to
monitor the gradual decrease in series resistance. Drug application was
not started until the series resistance decreased below 50 M(), which
usually lasted 20-30 min. The reference potential for all measurements
was the zero-current potential of the pipette in the bath before estab-
lishment of the gigaseal.

Currents were recorded by an EPC-7 (List, Darmstadt, Germany)
patch-clamp amplifier. Before digitization (sampling rate 0.5-1 kHz),
currents were filtered at 3 kHz with a three-pole low-pass Bessel filter.
Data were stored and evaluated with the aid of the PCLAMP hardware
and software package (Axon Instruments, Foster City, CA) for a per-
sonal computer. To determine the agonist-induced current amplitudes,
the maximal deflection from the baseline was used. The difference of two
samples was tested using the two-tailed ¢ test.

Microfluorometric  recordings. The fluorescence microscope was
equipped with a dual excitation fluorometric imaging system (PTI,
Wedel, Germany). The illumination was generated by a 75 W xenon bulb.
Monochromator settings, chopper frequency, and complete data acqui-
sition were controlled by software (PTI) for microcomputer systems.
Astrocytes were loaded by incubating the cell cultures in 2',7'-bis-(2-
carboxyethyl)-5,6-carboxyfluorescein-acetoxy-methylester (BCECF-AM,;
25 pm) for 20 min or fura-2 AM (5 um) for 60 min at room temperature.
Dye-loaded astrocytes were excited by monochromatic light at wave-
lengths 350 and 380 nm (fura-2 AM) to measure [Ca>"]; or at 440 and
495 nm (BCECF-AM) to measure pH;. The fluorescence emission of the
cell under perforated-patch control, of another single cell, and the
emission of a selected area with a group of 5-10 cells on the coverslip was
recorded simultaneously with a video camera (SIT C-2400, Hamamatsu,
Garching, Germany), using a 495 nm longpass filter for fura-2 AM and
a 520 nm longpass filter for BCECF-AM. The signals were sampled at 3
Hz and computed into relative ratio units. Drug-induced changes of
[Ca?*]; were measured by determining the changes of the fluorescence
ratio of 350 nm: 380 nm. The BCECF-AM ratio of 440 nm: 495 nm was
converted into pH units according to calibration described by Brune et al.
(1994).

Solutions and drug application. The pipette solution for perforated
patch-clamp recordings contained (in mm): KCI 140, NaCl 5, CaCl, 0.5,
MgCl, 1, EGTA 5, HEPES 10; pH adjusted to 7.2 with KOH. Gramicidin
(Sigma, St. Louis, MO), 5 mg/ml, was dissolved in dimethylsulfoxide
(DMSO), vortexed for 1 min, sonicated for 20 sec, and then added to the
pipette solution to give a final concentration of 25-50 ug/ml. In some
cells the conventional whole-cell configuration was established after
recording in the gramicidin—perforated-patch configuration. This re-
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sulted in a dialysis of the cell interior with the pipette solution listed
above.

During the experiments the cell cultures were superfused continuously
with a HEPES-buffered saline containing (in mm): NaCl 145, KC1 5,
CaCl, 2, MgCl, 1, glucose 10, HEPES 10; pH adjusted to 7.4 with
NaOH. In a few experiments we used a Ca?*-free salt solution in which
CaCl, was replaced by EGTA (1 mm). Stock solutions of glutamate,
quisqualate (100 mM in aqua bidest; both from Sigma), and kainate (100
mM in 100 mM NaOH; Sigma) were prepared. Stock solutions of cyclo-
piazonic acid (CPA, 50 mm; Sigma) and 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX, 50 mMm; Tocris Cookson, Bristol, UK) were dissolved in
DMSO and stored at —20°C. Kynurenic acid (Sigma) was dissolved in the
saline in the final concentration. Stock solutions of trans-(*)-1-
aminocyclopentane-1S,3R-dicarboxylic acid (t-ACPD; 20 mm in 50 mm
NaOH), (s) 3,5 dihydroxyphenyl-glycine (DHPG; 100 mM in aqua bid-
est), and L-2-amino-4-phosphonobutyric acid (L-AP4; 20 mM in 50 mm
NaOH) were prepared. t-ACPD, DHPG, and L-AP4 were purchased
from Tocris Cookson. All other drugs were obtained from Sigma. Drugs
were added to the saline shortly before use in defined concentrations.
Fura-2 AM and BCECF-AM were obtained from Molecular Probes
(Eugene, OR).

RESULTS

Glutamate evokes membrane current oscillations

The whole-cell membrane current of cultured cerebellar astro-
cytes was recorded in the gramicidin—perforated-patch configu-
ration at a holding potential (V) of —70 mV. In these cells 1 mm
glutamate, applied by bath superfusion for 10 sec, evoked differ-
ent current response patterns (Fig. 1). All of them showed a
distinct inward current (100% of the cells; n = 62), but they
differed in the frequency, shape, and time course of oscillating
outward current transients (Fig. 14-C, E) that were superim-
posed in most cells (82%; n = 51).

In 29 cells, multiple outward current transients (2-8) (Fig.
1A4,F) were observed after glutamate application. Although the
first outward current transient usually had the largest amplitude
(41 = 25 pA; mean = SD), the subsequent transients showed a
continuous but slow decrease in amplitude with time. When the
glutamate application was prolonged until up to 3 min, the out-
ward current transients persisted for several minutes (data not
shown). In some cells (16 of 62), only a single outward current
transient with a mean amplitude of 22 * 14 pA was superimposed
onto the rising phase of the inward current component (Fig. 1B).
No outward current transients were present in 11 of 62 cells, i.e.,
in 18% of the astrocytes (Fig. 1C). A few astrocytes (n = 6)
showed a mixed response where single and multiple outward
current transients could change from one to the next glutamate
application and vice versa. The presence of multiple current
oscillations in astrocytes showed a remarkable persistency, be-
cause they could be observed for up to 1 hr without any major
changes in shape, number, and amplitude of the current transients
(Fig. 1E).

Membrane current oscillations induced by glutamate, however,
could be observed only in the gramicidin—perforated-patch con-
figuration. Astrocytes exposed to glutamate (1 mm; 10 sec) in the
conventional whole-cell clamp configuration responded with an
inward current of 28 = 7.5 pA (n = 35) (Fig. 1D) that was
significantly (p < 0.01) larger than that recorded in the
gramicidin—perforated-patch configuration but never showed any
outward current oscillations. In eight cells that showed outward
current transients after glutamate application in the gramicidin—
perforated-patch configuration, the membrane patch was rup-
tured carefully to establish the conventional whole-cell clamp
configuration. After this procedure the glutamate-induced out-
ward current transients disappeared completely (Figs. 2, 3, top
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Glutamate-induced current response patterns in cultured cerebellar astrocytes. A—C, The membrane current was recorded in the gramicidin—

perforated-patch configuration (PPC), and glutamate (Glu, 1 mm) was applied by bath application for 10 sec as indicated. Glutamate evoked an inward
current that was superimposed by multiple (A), a single (B), or no outward current transients (C). D, In the conventional whole-cell clamp configuration
(WCC), glutamate exclusively induced an inward current without showing any outward current transients. £, Gramicidin—perforated-patch recording that

demonstrates the persistency of outward current transients in time.

traces), indicating the requirement of a functionally intact cytosol
for the occurrence of current oscillations in astrocytes as revealed
by the gramicidin—perforated-patch configuration.

Simultaneous measurement of [Ca®*];, pH;, and
membrane current oscillations

Recently it was reported that the application of glutamate on
astrocytes could evoke transient and complex oscillatory changes
in [Ca?*]; (Cornell-Bell et al., 1990; Glaum et al., 1990; Jensen
and Chiu, 1990, 1991; de Barry et al., 1991; Dani et al., 1992;
Holzwarth et al., 1994; Brune and Deitmer, 1995) and consider-
able increases in the intracellular H* concentration (Brune and
Deitmer, 1995). Because these experiments were performed ex-
clusively in intact cells, we supposed that the glutamate-induced
current oscillation we observed in the gramicidin—perforated-
patch configuration could be mediated by changes in [Ca*®"]; or
pH;, or both. To examine this issue, the changes in [Ca*"]; or pH;
were recorded simultaneously with the membrane current in the
perforated-patch and conventional whole-cell mode.

Glutamate (1 mMm) evoked a large inward current that was
superimposed by a number of distinct outward current transients
(Fig. 2). In the same cell we observed an equal number of
transient [Ca”"]; changes that were temporally associated with

the outward current transients. In addition, a small increase in
basal [Ca?®"]; was observed that followed roughly the time course
of the deactivating inward current component. In cells that re-
sponded only with a single outward current transient, only a
single large Ca®" transient was also apparent (Fig. 3). When the
whole-cell clamp configuration was subsequently established in
the same cell (n = 4), both outward current and multiple Ca>"
transients disappeared, leaving a strongly reduced single initial
Ca?" transient and a small tonic increase in basal [Ca>"]; (Figs.
2, 3, top right and middle right traces). Also in two cells in which
glutamate failed to induce current oscillations in the perforated-
patch configuration, no Ca>" transients were observed.

Changes in [Ca?"]; in a group of neighboring astrocytes, which
were not in contact with the patch pipette, are shown in the
bottom traces of Figures 2 and 3. In these cells glutamate also
induced changes in [Ca®"];, but oscillations were not observed,
indicating that the fura-2 AM fluorescence signal reflected the
integrated response of many cells that were not producing oscil-
lations in phase. Rather, these presumed [Ca?*]; oscillations
showed up as an initial transient and a sustained rise for >1 min
(Fig. 2) or a monophasic [Ca*"]; rise (Fig. 3).

A small decrease in pH; could be measured in single astrocytes
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Figure 2. Simultaneous recording of membrane current and [Ca®*]; using the digital imaging technique in fura-2 AM-loaded cerebellar astrocytes
showing multiple outward current transients. Left column, Gramicidin—perforated-patch configuration: glutamate (Glu, 1 mm), applied for 10 sec as
indicated, induced an inward membrane current that was superimposed by three outward current transients (fop). Each outward current transient was

preceded by a transient increase in [Ca>"]; (middle). The bottom trace represents the averaged change in [Ca

2], induced by glutamate recorded from

a group of cells in the vicinity of the cell displayed above. Right column, Responses of the same cells to glutamate after establishment of the conventional

whole-cell clamp configuration.

in which 1 mm glutamate evoked outward current transients, but
pH oscillations were never observed (Fig. 4). Similar results were
obtained in single astrocytes or in groups of “unpatched” cells
(n = 8), regardless of whether they showed multiple or single
outward current transients (Fig. 4). These results suggested that
there was probably no coupling between changes in pH; and the
different current and [Ca®*]; response patterns in these
astrocytes.

Effects of glutamate receptor ligands

The absence of glutamate-induced outward current transients
and [Ca?*]; oscillations in the whole-cell clamp configuration
suggested the involvement of an intracellular messenger system,
which was dialyzed in the conventional whole-cell mode but
persisted in the perforated patch-clamp mode. Because we had
observed a correlation in time between [Ca®*]; oscillations and
outward current transients, we attempted to identify the gluta-
mate receptor subtype and the mechanism underlying the mem-
brane current oscillations by recording the membrane current in
the gramicidin—perforated-patch configuration. The effects of
different glutamate receptor ligands on [Ca®"]; and pH; in rat
astrocytes had been studied previously (de Barry et al., 1991;
Holzwarth et al., 1994; Brune and Deitmer, 1995).

Glutamate is a mixed agonist at both ionotropic receptors and
mGluRs. Therefore, we tested separately an involvement of iono-
tropic and metabotropic receptors in the induction of current

oscillations. Kainate (400 um, 10 sec), an agonist of the non-
NMDA glutamate receptor subtype, evoked an inward current,
but was unable to elicit outward current oscillations as did gluta-
mate in the same cell (n = 5) (Fig. 54). Kynurenic acid (1 mwm;
n = 4) (Fig. 5B), a broad-spectrum glutamate antagonist of
ionotropic receptors (Perkins and Stone, 1982), and CNQX (50
uM; n = 4) (Fig. 5C), a selective blocker of the AMPA /kainate
receptor subtype (Honoré et al., 1988), reduced the glutamate-
evoked inward current but failed to block the glutamate-induced
outward current transients (Fig. 5B,C).

Quisqualate, which is known to be an agonist of AMPA/
kainate as well as of mGluRs, evoked outward current transients
but no detectable inward current when applied in a concentration
of 200 uM for 10 sec (n = 5) (Fig. 64). The metabotropic agonist
t-ACPD (30 uM), an agonist reported to activate receptors of the
mGluR2/3 subtype but that also exerted weak agonistic activity at
mGluR1/5 receptors (Nakanishi, 1992; Tanabe et al., 1993), failed
to evoke an inward current but elicited one or multiple outward
current transients (n = 5) (Fig. 68). DHPG (100 uM), an agonist
reported to be selective for mGluRs including the mGIluR1/5
subtypes, also mimicked the glutamate-evoked outward current
transients (n = 5) (Fig. 6C). The agonist of receptors of the
mGluR4/6-8 subtypes, L-AP4 (Nakanishi, 1992; Tanabe et al.,
1993), however, had no effect on the membrane current in cul-
tured astrocytes when applied at 200 uMm for 10 sec (n = 5) (Fig.
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Figure 3. Simultaneous recording of membrane current and [Ca®*]; using the digital imaging technique in cerebellar astrocytes showing a single
outward current transient. Left column, Gramicidin—perforated-patch configuration: glutamate (Glu, 1 mm), applied for 10 sec as indicated, induced an
inward membrane current that was superimposed by a single outward current transient (fop). A transient increase in [Ca?"]; was followed by a slowly
decaying [Ca?*]; decrease (middle). The bottom trace represents the averaged change in [Ca?*); induced by glutamate recorded from a group of cells
in the vicinity of the cell displayed above. Right column, Responses of the same cells to glutamate after establishment of the conventional whole-cell

clamp configuration.

6D). These results indicate that the outward current transients
evoked by glutamate were attributable to the activation of
mGluRs. The pharmacological profile of the glutamate-evoked
outward current transients suggested the activation of mGluRs of
the mGluR1/5 or mGIuR2/3 subtypes.

Contribution of intracellular Ca®* mobilization
Glutamate receptors of the mGluR1/5 subtype are coupled via a
G-protein to the hydrolysis of phosphatidylinositol, which results
in the production of P, and the subsequent release of Ca** from
IP;-sensitive intracellular stores (Berridge and Irvine, 1989). To
test whether an intracellular Ca®* release was involved in the
activation of the glutamate-evoked outward current transients,
intracellular Ca®* stores were depleted using CPA (10 um),
which was preapplied for 5 min and then in combination with
glutamate (1 mm; n = 5). CPA alone elicited a transient [Ca®™];
rise, indicating reversible loss of Ca®* from intracellular stores
(n = 6).

In the presence of CPA the outward current transients evoked
by glutamate were strongly reduced, usually to a single transient
(Fig. 74), or when it was preapplied for 10 min, they were totally
abolished (Fig. 7B). The inward current component, however,
remained unaffected by CPA (Fig. 7). These results indicate that
the current oscillations were likely mediated by the release of
Ca?* from intracellular, CPA-sensitive stores.

The contribution of an influx of extracellular Ca®" to the

glutamate-induced current oscillations was examined by compar-
ing the current responses evoked in standard saline with those in
a Ca?*-free saline that contained 1 mmM EGTA. The initial
outward current transient observed in standard salt solution was
still prominent when glutamate was applied in Ca**-free salt
solution (n = 8; not shown). In cells expressing multiple current
oscillations, however, no consistent effect of the Ca?"-free salt
solution was observed. Usually the oscillatory outward current
transients were reduced or disappeared completely (n = 6). In
these cells, readdition of extracellular Ca?* did not result in a
recovery of outward current oscillations. The results suggest that
the sustained outward current transients required the presence of
extracellular Ca®* to continue, but the large initial transient
apparently did not depend on Ca*" influx and was presumably
caused by Ca?* release from intracellular stores.

Identification of the outward current transients

To identify the type of ion channel underlying the glutamate-
induced outward current transients we determined their reversal
potential. Therefore, 1 mm glutamate was applied when V. was
altered to more hyperpolarized values during the glutamate-
induced inward current. As shown in Figure 8A4,B, the outward
current transients decreased or reversed their polarity at a hold-
ing potential of —90 or —100 mV. The current amplitudes were
fitted by linear regression to yield a rough estimate of the reversal
potential of these outward current transients (Fig. 8C). The
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Figure 4. Simultaneous recording of membrane current in the
gramicidin—perforated-patch configuration and pH; using the digital im-
aging technique in BCECF-AM-loaded cerebellar astrocytes. Top, Cur-
rent responses induced by glutamate (Glu, 1 mm, applied for 10 sec as
indicated) of an astrocyte showing multiple outward current transients
(A) and another showing a single outward current transient (B). Second
row from top, Corresponding glutamate-induced pH; changes to the
current traces on top. Third row from top, Simultaneous measurement of
the glutamate-induced pH; change in another single cell in the vicinity
that was not under perforated-patch control. Bottom, Simultaneous mea-
surement of the glutamate-induced pH; change averaged over a group of
cells in the vicinity. A decrease in pH; is displayed as an upward
deflection.

resulting reversal potential of —84.9 mV (n = 4) was close to the
calculated K™ equilibrium potential (Ey + = —83 mV), indicating
the involvement of K* channels during the glutamate-evoked
current transients.

This was confirmed by the sensitivity to tetraethylammonium
(TEA) of the outward current transients. TEA (10 mm; n = 5), a
K™ channel blocker (Rudy, 1988), reduced the outward current
transients evoked by glutamate in cells showing multiple oscilla-
tions (Fig. 94) and also in those with a single outward current
transient (Fig. 9B).

DISCUSSION

Perforated-patch recordings reveal glutamate-induced
current oscillations

To minimize the washout of regulatory molecules that could
modulate ion channel activity (Korn et al., 1991), we have used
perforated-patch recordings with gramicidin, which forms pores
selective for monovalent cations but impermeable for anions and
divalent cations (Myers and Haydon, 1972). The use of this
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Figure 5. Effect of ionotropic glutamate receptor ligands. 4, Kainate
(KA, 400 mmM, applied for 10 sec as indicated) did not elicit any current
oscillation. B, Kynurenic acid (1 mM, preapplication time: 5 min), and C,
CNQX (50 um, preapplication time: 5 min) reduced the glutamate-
induced inward current but not the outward current transients.

technique revealed that glutamate receptor agonists evoked an
inward current that was superimposed by a single or multiple
outward current transients. Many preceding studies on glutamate
receptors in glial cells in culture (Sontheimer et al., 1988; Usowicz
et al., 1989; Wyllie and Cull-Candy, 1994) and in brain slices
(Berger et al., 1992; Miiller et al., 1992; Jabs et al., 1994; Backus
and Berger, 1995; Seifert and Steinhduser, 1995) missed the
current oscillations, presumably because of the use of the con-
ventional whole-cell clamp configuration. In another study in
which the perforated-patch technique was used in hilar glial
precursor cells, Ca®*-dependent K™ channels were observed
after Ca®" influx through Ca**-permeable AMPA /kainate re-
ceptors (Backus et al., 1995).

Identification of the mGluR subtype

The application of the ionotropic agonist kainate evoked an
inward current but no superimposed outward current transients,
whereas the mixed agonist quisqualate and agonists selective for
mGluR subtypes, DHPG and t-ACPD, induced outward current
transients but no inward current component. These findings,
together with the lack of effect of blockers of ionotropic glutamate
receptors, kynurenic acid and CNQX, indicate that the outward
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Figure 6. The effect of metabotropic glutamate receptor agonists. A4,
Quisqualate (QQ, 200 uMm, applied for 10 sec as indicated), B, t-ACPD (30
mM, 10 sec), and C, DHPG (100 um, 10 sec) evoked outward current
transients but no detectable inward currents. D, L-AP4 (200 uM, 10 sec)
had no effect on the membrane current of cultured cerebellar astrocytes.

current transients were caused by the activation of mGluRs. The
inward current component was evoked only by glutamate or
kainate, in either conventional or perforated patch-clamp mode,
but not by t-ACPD, DHPG, or L-AP4, indicating that it was
mediated by ionotropic glutamate receptors, most likely of the
AMPA /kainate subtype, which are expressed in astrocytes in
culture (Sontheimer et al., 1988; Backus et al., 1989; Usowicz et
al., 1989; Burnashev et al., 1992; Wyllie and Cull-Candy, 1994;
Telgkamp et al., 1996) and in brain slices (Berger et al., 1992;
Miiller et al., 1992; Jabs et al., 1994; Backus and Berger, 1995;
Seifert and Steinhiuser, 1995).

The pharmacological profile of mGluR subtypes (Nakanishi,
1992; Tanabe et al., 1993; Pin and Duvoisin, 1995) suggests that
the induction of outward current transients by glutamate is me-
diated by the mGluR1/5 subtypes, because their selective agonist
DHPG was effective. t-ACPD, an agonist of mGluR2/3 and
mGluR1/5 subtypes (Pin and Duvoisin, 1995), was also effective.
The selective mGIluR4/6-8 agonist L-AP4 did not induce any
response. Because the depletion of intracellular Ca?"-stores by
CPA led to a reduction of outward current transients, it is likely
that the mGluR subtype involved in the mechanism underlying
the outward current oscillations is coupled to intracellular Ca?*
release. At present, mGluR1/5 receptors are the only mGIluR
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Figure 7. Effect of CPA on glutamate-induced currents in cultured
cerebellar astrocytes. CPA (10 um, preapplied for 5 min) inhibited the
outward current transients induced by glutamate (1 mm, applied for 10 sec
as indicated) in cells responding with multiple oscillations (A) or with a
single oscillation (B), but had no effect on the inward current component.

subtypes that are linked to the IP;-mediated intracellular Ca>*
mobilization (Abe et al., 1992; Aramori and Nakanishi, 1992).
Therefore, mGluR1/5 receptors are likely involved in the induc-
tion of these outward current oscillations.

Glutamate-induced [Ca®*]; changes and oscillations
Glial cells respond to various neurotransmitters with changes of
[Ca?*];. Monophasic changes in [Ca?"]; are caused by an eleva-
tion of the extracellular K* concentration or by the activation of
ionotropic receptor agonists, €.g., kainate (Jensen and Chiu, 1990;
Salm and McCarthy, 1990; Brune and Deitmer, 1995) or GABA
(Kirchhoff and Kettenmann, 1992). These responses are thought
to be caused by an influx of Ca®* through Ca?"-permeable
ionotropic receptors or voltage-dependent channels (Finkbeiner,
1995). Polyphasic responses evoked by glutamate receptor ago-
nists are characterized by sustained [Ca>"]; oscillations preceded
by an initial transient [Ca®*]; rise that is caused primarily by a
release of Ca®* from IP;-sensitive intracellular stores (cf. Fink-
beiner, 1995; Verkhratsky and Kettenmann, 1996).
Gramicidin—perforated-patch recordings in combination with
fura-2 AM digital imaging disclosed several types of [Ca®"];
changes in cultured cerebellar astrocytes. In a subpopulation of
cells, polyphasic changes in [Ca®*]; were prominent and were
characterized by two to eight transient rises in [Ca*"]; and a
simultaneous increase in the [Ca?"]; baseline. In a small group of
cells (<10) glutamate application resulted in an initial transient
rise of [Ca*"]; that was followed by a sustained plateau reflecting
the averaged oscillatory response of a group of cells that closely
resembled the response pattern reported recently for a large
group of cells (>20) (Brune and Deitmer, 1995). The nonoscil-
latory increase in baseline Ca?" might be caused by a Ca*" influx
through Ca**-permeable AMPA receptors that are expressed in
cultured rat cerebellar astrocytes (Telgkamp et al., 1996).
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Figure 8. Determination of the reversal potential of glutamate-evoked
outward current transients. When the holding potential was changed
during a glutamate-induced current response from —70 to =90 mV (A4) or
from —70 to —100 mV (B) as indicated, the outward current transients
reversed their polarity. C, The current amplitude of glutamate-induced
current oscillations was plotted as a function of the membrane potential.
To estimate the reversal potential of the current transients, all data points
were fitted by linear regression (reversal potential: —84.9 mV; n = 4; the
different symbols represent the different cells).

In another subpopulation of cerebellar astrocytes, glutamate
induced an initial transient rise that was followed by a plateau
without showing distinct oscillations (Fig. 3). In these cells the
initial increase in [Ca®*]; might have been insufficient to induce
subsequent oscillations; however, the response type of glutamate-
induced [Ca®"]; changes strongly depends on the mGIluR sub-
type. In stably transfected cell lines expressing recombinant re-
ceptors of the mGluR 1« subtype, monophasic changes in [Ca®*];
were observed, whereas in cells expressing the mGluR5a subtype,
oscillatory responses with an increasing number of [Ca?"]; tran-
sients were found (Kawabata et al., 1996). Therefore, different
populations of cerebellar astrocytes might exist: one population
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Figure 9. The effect of TEA on glutamate-induced outward current
transients. TEA (10 mM, preapplied for 5 min) reduced the glutamate-
induced outward current transients in cerebellar astrocytes expressing
multiple current oscillations (A) as well as a single current oscillation (B),
indicating that they were mediated by K* channels.

expressing primarily the mGluR1la subtype and another the
mGluR5a subtype.

Glutamate-induced changes in pH;

Intracellular acidifications induced by glutamate were small and
non-oscillatory and therefore could not be correlated to either the
current or the [Ca?"]; oscillations. The pH; measurements might
have been impaired by the H* permeability of the gramicidin
pores (Myers and Haydon, 1972), which could have caused a
dampening of the pH; changes. The mechanisms of this acidifi-
cation are discussed elsewhere (Brune and Deitmer, 1995; Rose
and Ransom, 1996; Deitmer and Schneider, 1997).

Is there a link between [Ca2*]; and outward

current oscillations?

The [Ca?"]; oscillations observed in the astrocytes likely induced
the outward current oscillations, because (1) the number of Ca®*
oscillations always exactly matched the number of outward cur-
rent transients (Fig. 2) and (2) the Ca?* oscillations always
started shortly before the corresponding outward current tran-
sient, suggesting that an increase of [Ca>"]; directly caused the
current transients. Because the outward current transients were
blocked by TEA and reversed close to the estimated K™ equilib-
rium potential, we conclude that they were mediated by Ca>"-
dependent K™ channels.

The withdrawal of extracellular Ca®* did not affect the initial
outward current transient in most astrocytes, suggesting that it
was mediated by an intracellular Ca®* release. In addition, main-
tained oscillatory outward current transients required the pres-
ence of extracellular Ca®*. Recent findings have indeed shown
that the initial transient rise in [Ca®"]; was mediated by an
intracellular Ca®* release and that the sustained [Ca>"]; oscil-
lations required the presence of extracellular Ca** (Cornell-Bell
et al., 1990; Glaum et al., 1990; Jensen and Chiu, 1990; de Barry
et al., 1991; Holzwarth et al., 1994; Kim et al., 1994; Brune and
Deitmer, 1995). In contrast, nonglutamate-evoked oscillations in
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[Ca*"]; also persisted in the absence of extracellular Ca®* (me-
chanical stimulation: Charles et al., 1991; P, -purinergic stimu-
lation: Kastritsis et al., 1992); however, it cannot be discounted
that the reduction of oscillatory outward current transients was
attributable to a depletion of intracellular Ca?™ stores caused by
the withdrawal of extracellular Ca®*.

Kainate did not induce current oscillations, although it did
evoke distinct changes in [Ca?"]; in astrocytes (Enkvist et al.,
1989; Jensen and Chiu, 1990, 1991; Holzwarth et al., 1994; Brune
and Deitmer, 1995). A monophasic increase in [Ca®*];, however,
would give rise to a monophasic Ca*"-activated K* current.
Therefore, the kainate-induced current represents the sum of a
large inward current through kainate-activated AMPA receptor/
channels and a K* outward current. Perforated-patch recordings
in hilar glial precursor cells in situ in acute hippocampal slice
preparations have shown that kainate could also induce biphasic
current responses that were composed of an AMPA receptor/
channel-mediated inward current and a subsequent delayed
Ca?*-activated K* current (Backus et al., 1995).

This is the first report of glutamate-induced current oscillations
in glial cells. Glutamate-induced depolarizations of the mem-
brane potential have been reported previously in cultured rat
brain astrocytes (Bowman and Kimelberg, 1984; Kettenmann et
al.,, 1984) and were attributed to the activation of non-NMDA
receptors (Backus et al., 1989). In these studies the changes in
membrane potential were measured with sharp intracellular mi-
croelectrodes, which should not affect [Ca®*]; transients. Al-
though our experimental conditions are comparable, none of
these studies has shown any oscillatory changes in membrane
potential after glutamate application. In cultured cortical rat
astrocytes, however, quisqualate induced biphasic changes in
membrane potential (compare Fig. 1C of Backus et al., 1989),
characterized by an initial transient hyperpolarization and a
delayed depolarization mediated by non-NMDA receptors.
Moreover, oscillations of the membrane potential were observed
in glial cells of rat hippocampal slices (Walz and MacVicar, 1986)
and in astrocytes of kainic acid-lesioned hippocampal slices after
the application of a phorbol ester (MacVicar et al., 1987).

Oscillatory changes in [Ca®"]; can spread across the glial
syncytium like waves (cf. Finkbeiner, 1995) and thus by activation
of Ca?"-activated K™ channels could give rise to wave-like
changes of the glial membrane potential. In astrocytes such po-
tential waves could arise at sites of increased neuronal activity,
where an elevation of the extracellular K™ concentration and the
exposure to glutamate depolarize the membrane potential and
evoke an increase in [Ca®*], K" uptake into the astrocytic
syncytium could travel in phase with a hyperpolarizing potential
wave, thus providing spatial dynamics to the glial K* buffer
capacity.
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