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ATP-Induced Cytoplasmic Calcium Mobilization in Bergmann

Glial Cells

S. Kirischuk,” T. Méller,? N. Voitenko," H. Kettenmann,2 and A. Verkhratsky"
'Bogomoletz Institute of Physiology, Kiev-24, GSP 252601, Ukraine and 2Max-Delbriick-Center of Molecular

Medicine, 13122 Berlin-Buch, Germany

ATP receptor mediated Ca?* signalling was recorded from
Bergmann glial cells in cerebellar slices obtained from
mice of different ages (postnatal days 6 to 45). To measure
the cytoplasmic concentration of Ca?* ([Ca?*],), either in-
dividual cells were loaded with the Ca?*-sensitive probes
using the whole cell patch clamp technique or slices were
incubated with the dye and the microfluorimetric system
was focused on individual cells. Signals were recorded ei-
ther with single-detector microfluorimetry of the dye fura-2
or by confocal laser scanning microfluorimetry (fluo-3-
based recordings). Extracellular application of 100 um ATP
caused a transient elevation of [Ca?+],, which amplitude
was significantly higher in Bergmann glial cell processes
as compared with their soma. The rank order of potency
for the purinoreceptor agonists was: ADP = ATP > UTP
>> AMP = adenosine = a«,B-methylene-ATP. ATP-trig-
gered Ca> transients were reversibly inhibited by the P,
purinoreceptor agonist suramin (100 um). The involvement
of P, metabotropic receptors is inferred by the observation
that ATP mediated cytoplasmic Ca?* transients were not
associated with a measurable change in membrane con-
ductance. The [Ca?*],, increase was due to release from
inositol-1,4,5-trisphosphate (InsP;)-sensitive intracellular
stores since responses were still observed in Ca?*-free ex-
tracellular solutions and were irreversibly blocked by the
inhibitor of the sarco(endo)plasmic reticulum Ca?+ ATPase,
thapsigargin, and by the competitive inhibitior of the InsP,-
gated intracellular Ca?+ channels heparin. Intracellular di-
alysis altered the refilling process of the InsP,-sensitive
stores, suggesting that cytoplasmic factors control ATP-
mediated Ca2+ signalling.

[Key words: cerebellum, glial cells, confocal microfluor-
imetry, calcium signalling, purinoreceptors, thapsigargin,
InsP;-induced calcium release]

Bergmann glial cells are important elements of the cerebellar
cytoarchitecture being in intimate contact with Purkinje neurons
and in particular with synaptic structures. While they play a
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defined role for the development of the cerebellum by forming
a pathway for granule cell migration (Hatten et al., 1990), their
function in the adult is not known. Recent experiments indicate
that Bergmann glial cells express transmitter receptors that may
enable these cells to sense synaptic activity. These receptors in-
clude those for the inhibitory neurotransmitter GABA (Miiller
et al.,, 1994) and for the excitatory glutamate (Burnashev et al.,
1992; Miiller et al., 1992). The glutamate-induced response is
due to the activation of AMPA/kainate-ionotropic receptors;
moreover, NMDA responses have also been detected (Miiller et
al., 1993). All these receptors are ionotropic thus mediating elec-
trical signalling. The AMPA/kainate receptor provides a path-
way for Ca** influx, participating thus in the generation of cy-
toplasmic Ca?* signals (Burnashev et al., 1992; Miiller et al.,
1992).

While the presence of ligand-gated channels in Bergmann
glial cells is well documented, metabotropic receptors have not
been described so far. These receptors could provide an alter-
native pathway for cytoplasmic Ca?" signalling in Bergmann
glial cells. Activation of metabotropic receptors controls the ac-
tivity of phospholipase C (PLC), which hydrolyses the mem-
brane-bound phospholipid phosphatidylinositol 4,5-biphosphate
(PIP,), forming diacylglycerol (DAG—an activator of protein-
kinase C) and inositol-1,4,5- trisphosphate (InsP,); InsP,, in turn,
activates Ca?" release from internal stores (see Ferris and Sny-
der, 1992; Berridge, 1993, for review). A number of metabo-
tropic receptors coupled with InsP; turnover have been discov-
ered in astrocytes and neurons (Fisher and Agranof, 1987; Ki-
melberg, 1988).

Recent studies demonstrated that the family of CNS neuro-
transmitters now includes ATP (Stone, 1981; Burnstock, 1990).
ATP was reported to act via two classes of purinoreceptors,
namely ionotropic (ATP-gated ionic channels; Bean, 1992; Ket-
tenmann et al., 1993) or metabotropic, coupled with InsP, turn-
over and subsequent cytoplasmic Ca?* release (Harden et al.,
1990; Illes and Norenberg, 1993). While cultured astrocytes and
microglial cells possess the ionotropic (P,,) receptor, the meta-
botropic (P,y,,) receptor is present in oligodendrocytes (Ma-
gowski and Walz, 1992; Walz et al., 1993; Kirischuk et al.,
1994). In the present article, we demonstrate the presence of
metabotropic purinoreceptors in Bergmann glial cells; the acti-
vation of these receptors by adenine nucleotides triggers the gen-
eration of a cytoplasmic calcium elevation.

Materials and Methods

Cerebellar slices preparation

Experiments were performed on cerebellar slices acutely isolated from
mice of various age groups (namely, postnatal day 6, 16-20, and 40~
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45). The experimental technique for electrophysiological recordings
from cells in cerebellar slices has been described elsewhere (Edwards
et al., 1989; Kano et al., 1992; Miiller et al., 1992). Briefly, mice were
decapitated and 150-200 pm thick sagittal slices were cut from the
cerebellum. Cerebellar slices were transferred to the experimental cham-
ber, mounted on the stage of an upright microscope (Axioscope, Zeiss,
Oberkochen, Germany), and continuously superfused with a salt solu-
tion. Cells were visualized by a long-distance water-immersion objec-
tive (40X, NA 0.75).

Current recording

Membrane currents and transmembrane potential were recorded using
the standard whole-cell patch-clamp technique (Hamill et al., 1981) in
the voltage- or current-clamp mode. Seal resistances greater than 10
G() were obtained using patch pipettes with resistances of 3—-5 M
Morphologically identified Bergmann glial cells were approached with
patch pipettes under visual control with positive pressure applied to the
patch pipette solution; no cleaning of the cell somata was performed
prior to the experiment. In all experiments, compensation of the series
resistance was performed using the standard procedure of either RK-
300 (BioLogic, France) or EPC-7 amplifier (List Electronics, Darmstadt,
Germany). Current signals were filtered at 3 kHz and sampled at 3-5
kHz by an interface (TIDA, Battelle, Germany) connected to an AT-
compatible computer system, which also served as a stimulus generator.

[Ca?7 ], measurement

We measured [Ca>*],, fluorometrically using either a fura-2-based sin-
gle-detector technique or fluo-3—based laser confocal scanning micros-
copy.

Fura-2-based [Ca®*], measurements. Bergmann glial cells were
loaded with fura-2 via either incubation of cerebellar slices with fura-2
acetoxymethylester (bulk loading procedure) or by dialyzing the cell
through the patch pipette with a solution containing fura-2 pentapotas-
sium salt (fura-2K,). For bulk loading, cerebellar slices were incubated
in a physiological salt solution supplemented with fura-2/AM (5 uM,
diluted in DMSO) for 20 min at 35°C. Subsequently, slices were in-
cubated in physiological solution for an additional 60 min to ensure
fura-2/AM deesterification.

For fura-2 excitation, cells were illuminated with two alternating
wavelength at 360 £ 5 nm and 390 * 5 nm. Excitation filters were
mounted in a filter wheel set at 5 revolutions per second. The emitted
light was collected at 510 = 10 nm by a photomultiplier. Both the filter
wheel and photomultiplier output were controlled by the Fura-2 system
(by Luigs and Neumann, Rattingen, Germany). Signals corresponding
to both excitation wavelengths were fed to an IBM compatible PC via
the TIDA interface. [Ca?*],, values wefe calculated off line.

To reduce the background fluorescence and select the region of in-
terest, the UV illumination was attenuated by an adjustable diaphragm
installed in the light path. The 1 mm pinhole was inserted in front of
the photomultiplier housing such that fluorescence collection was equiv-
alent to a 40 wm spot at the object plane. Dye-loaded Bergmann glial
cells were positioned in such a way that the fluorescent signal was
collected from their soma and proximal dendrites (see Fig. 1). After
completion of [Ca?*],, recordings from bulk-loaded cells, they were ap-
proached with a patch pipette to measure their resting potential. Only
cells with RP more negative than —65 mV were considered for further
analysis. After 10 min of cell dialysis with dye-free intrapipette solution,
the background fluorescence (composed of cell autofluorescence, fluo-
rescence from compartmentalized dye and from neighboring tissue) was
determined. These values of background fluorescence were used to cor
rect the [Ca%*],, recordings.

In patch-clamp experiments, background fluorescence at both wave-
lengths was measured after seal formation in a cell-attached mode and
subtracted. After the establishment of the whole-cell mode the loading
of the cell with fura-2 took 10-15 min; therefore, we started [Ca2*],
measurements dialyzing the cell for 15 min. The [Ca®*],, was calculated
from the ratio (R) of fluorescence recorded at 360 and 390 excitation
wavelengths using the equation of Grynkiewicz, Poenie, and Tsien
(1985):

[Ca?*], = K,B(R — R
where R, is the fluorescence ratio of Ca?*-free fura-2 and R, is the
ratio of Ca?*-bound fura-2, while the constant KB was determined em-

pirically. The system was calibrated in vivo by dialyzing Bergmann cells
with various pipette solutions. R,;, was measured in cells loaded with

(R o — R),

min max

(in mm): KCI 130, EGTA 10, fura-2K; 0.1, HEPES 50, pH 7.3 (adjusted
with KOH); R,,., was measured in cells loaded with KCI 130, CaCl,
10, fura-2K; 0.1, HEPES 50, pH (KOH) 7.3. The constant K,B was
calculated using R values obtained from cells loaded with (in mm) KCI
50; EGTA 20, CaCl, 15, fura-2K; 0.1, HEPES 50, pH 7.4 (with KOH);
which had a calculated free Ca** concentration of 212 nm at 24°C. The
parameters KB, R, and R, characterizing the system were 3225 nMm,
0.9 and 9.7, respectively.

Measurements of spatial [Ca?*],, distribution. For measuring the spa-
tial distribution of [Ca**],, we have used a confocal laser scanning mi-
croscope Sarastro 2000 (Molecular Dynamics, Sunnyvale, CA). The
scanner was mounted on an upright microscope {Axioscope FS from
Zeiss, Germany) equipped with 40X water immersion objective; nu-
merical aperture was 0.75. Optical excitation was at the 488 nm line of
an argon laser. Bergmann glial cells were loaded with the [Ca®*],, probe
fluo-3 (Minta et al., 1989) either using a bulk loading procedure (with
5 uM of fluo-3/AM; see above) or cell dialysis with 200 um fluo-3
pentapotassium salt containing intrapipette solution. Fluorescence of
fluo-3 was measured at an emission wavelength of 530 + 15 nm se-
lected with a narrow bandpass filter. The power of the laser was adjusted
to levels between 9 and 10 mW (the actual energy applied to the cell
was less than 1 mW) to avoid fluo-3 bleaching. The confocal system
was used in the image scan mode; typically the image was constructed
from 256 X 256 pixels; these images were acquired every 5 sec; in
some cases 128 X 128 pixel resolution was used, so the images could
be collected every 2.5 sec. At the beginning of each experiment a series
of sections of the stained cell was collected in the vertical direction to
find an optimal focal plane. Fluo-3 is a one-wavelength Ca%*-sensitive
dye (i.e., there is no spectral shift upon calcium binding) and therefore
fluorescence data could not be accurately calibrated as absolute values
of [Ca**],,. In order to obtain the fluorescence intensity ratio, the resting
fluorescence value was determined at the beginning of each experiment.
This resting fluorescence was obtained by averaging 10 images. All
images obtained during the experiment were divided by the average
resting fluorescence values. Subcellular topology of Ca?*-dependent
fluo-3 fluorescence could be analyzed by selecting regions from the
stored images and the pixels in these regions were averaged and ex-
trapolated to continuous traces. For constructing images of Lucifer yel-
low-loaded cells, fluorescence was excited at 457 nm and recorded at
wavelength 530 + 15 nm selected with an appropriate bandpass filter.
Acquisition of the fluorescence data and image analysis was performed
using the software provided by Molecular Dynamics for the Silicon
Graphics workstation. To analyze the fluorescent signals, a series of
programs for IBM PC connected with the Silicon Graphics workstation
were developed (S.K.).

Solutions and reagents

The physiological salt solution contained (in mm): NaCl 135; KCI 5.4;
CaCl, 2.5; MgCl, 1; NaHCO, 25, NaH,PO, 1.6; glucose 10; pH 7.4,
when continuously gassed by 5% CO, + 95% O,. To obtain calcium-
free solution, CaCl, was omitted, MgCl, was increased to 2 mm, and
0.5 mM EGTA was added, yielding an estimated Ca’* concentration of
about 30 nM. The intrapipette solution was (in mm): KCI 130; MgCl,
1.1; fura-2K; 0.1 (or fluo-3K; 0.2); HEPES/KOH 10; pH 7.4. Fura-2K,,
Fluo-3K;, Fura-2/AM, and Fluo-3/AM were obtained from Molecular
Probes, Eugene, OR, suramin was the generous gift from Prof. Haber-
corn, Bayer AG, Leverkusen, Germany, and all other chemicals were
from Sigma Chemical Co. (St. Louis, MO).

Results

Identification of Bergmann glial cells and experimental
paradigm

Bergmann glial cells in cerebellar slices could be easily identi-
fied based on their characteristic morphology (small cell bodies,
approximately 10 wm in diameter, and several processes termi-
nating at the pia) and their location in the Purkinje cell layer.
Figure 1 illustrates that morphological appearance; an individual
Bergmann glial cell and, for comparison, a Purkinje cell were
consecutively injected with the fluorescent dye Lucifer Yellow
via a patch pipette. The image was obtained with a confocal
microscope. We used two approaches to study Ca?* transients in
Bergmann glial cells:
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Figure 1. Bergmann glial cell and
Purkinje neuron in a mouse cerebellar
| slice. A, The 3D reconstruction of a
pair of neighboring Purkinje neurone
(PN) and Bergmann glial cell (BG)
loaded by Lucifer yellow via patch pi-
pettes. The circle shows an approxi-
mate position of the emitted light col-
lection for [Ca?*],, measurements using
fura-2-based single-detector microfluo-
rometry. The cerebellar slice was ob-
tained from a 16-d-old mouse. B,
1 nA Transmembrane ionic currents recorded
from the Bergmann glial cell shown in
A in response to de- and hyperpolariz-
ing voltage pulses (the voltage protocol

10 ms isgshowng‘::lr;nser). e
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Figure 2. ATP-induced Ca’* eleva- A

tion and dependence on resting
[Ca?*],,. A, Examples of ATP-mediated
[Ca?*],, transients recorded from three
fura-2/AM bulk-loaded Bergmann glial
cells. ATP (100 pM) was applied as in-
dicated by bars. The resting membrane
potential determined after the [Ca**],
measurements by means of whole-cell
current clamp was —68 mV, —77 mV,
and —70 mV (respective for the re-
sponses from left to right). B, [Ca**],
transients in response to increasing
concentrations of ATP measured from
two different fura-2/AM bulk-loaded
Bergmann glial cells with different lev-
els of basal [Ca*"], concentration. C,
The peak values of ATP-induced (100
) [Ca?<], transients measured from
112 fura-2/AM bulk loaded Bergmann
glial cells (filled circles) and resting
[Ca’*], (open circles) are plotted
against the cormresponding resting
[Ca?*], level. D, ATP-induced [Ca®*],
responses evoked at different levels of
[Ca’*],. [Ca®*],, transients evoked by
ATP (100 pm) were recorded from
fura-2/AM bulk-loaded Bergmann glial
cell in control conditions and during
the recovery phase of a kainate (100
pM)-triggered [Ca**],, elevation. Re-
cordings were separated by 3 min in-
tervals as indicated on the graph.
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(1) Individual cells were loaded via the patch pipette, and this
procedure confined the dye to one single cell. The whole-cell
patch-clamp technique allowed us to discriminate Bergmann
glial cell from neuronal elements by their distinct electrophysi-
ological characteristics (Fig. 1B). As shown previously, the dom-
inating conductance of the Bergmann glial cell membrane is
associated with potassium channels (Miiller et al., 1992). To ex-
clude Ca** recordings from damaged cells, we used the resting
potential (RP) as an indicator of the cell’s viability. Only the
cells with RP more negative than —65 mV were considered for
further analysis. Among these cells the resting potential aver-
aged at =73 = 6 mV (mean = SD, n = 112).

However, while loading the cell via internal dialysis, one re-
striction has to be taken into account: since the cell cytoplasm
was dialyzed with the patch pipette solution, the intracellular
machinery involved in [Ca®*],, homeostasis might be affected.

(2) Bergmann glial cells could also be labeled by incubating
the slice with the membrane-permeant forms of Ca2*-sensitive
dyes. This was feasible, since Bergmann glial cells accumulated
both fura-2 and fluo-3 considerably faster than the neighboring
Purkinje neurons. Thus, by varying the incubation time we pref-
erentially labeled Bergmann glial cells. After completion of the
[Ca?*],, measurements the cells were dialyzed with fura-2-free
internal solution to (1) measure their RP, and to (2) determine
the background fluorescence for correction of [Ca?*]., record-
ings. Only cells with RP more negative than —65 mV were
considered for further analysis. The resting [Ca?*],, determined
in bulk loaded Bergmann glial cells was in the range of 30-200
nM.

ATP triggers [Ca®*]
ATP (100 pMm) produced an elevation of [Ca**],, in the majority
of Bergmann glial cells (110 out of 112). The rise in [Ca®*],,
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reached a peak within 2—4 sec and [Ca®'],, recovered towards
the basal level in the continued presence of ATP. Washout of
ATP caused a drop in [Ca**],, to the resting level. Representative
examples of ATP-evoked [Ca®*],, transients are shown in Figure
2A. The amplitude of ATP-induced [Ca®*],, responses varied be-
tween 10 and 250 nm; this amplitude appeared to correlate with
the basal [Ca**],: at higher basal [Ca®>*],, we recorded the
smaller amplitudes of ATP-mediated [Ca*'];, responses (Fig.
2A,D).

To study the developmental regulation of the ATP-mediated
Ca?* signalling, we used Bergmann glial cells obtained from
mice of three age groups, namely, postnatal day 6, 16-20, and
40-45. There was no significant difference with respect to the
amplitude and shape of ATP-induced [Ca**],, transients. The ac-
tion of ATP on [Ca’~],, in Bergmann glial cells appeared to be
concentration dependent: examples of [Ca?'],, transients evoked
by increasing ATP concentrations are shown in Figure 2B. Sim-
ilarly, as described above, the amplitude of ATP-induced [Ca2"],,
transients was strongly modulated by the basal [Ca**].,, level: in
cells with resting [Ca*7],, in the range of 30-50 nm, 1 mm of
ATP elevated [Ca*],, to 400-500 nm (Fig. 2B, top trace); in
cells with basal [Ca?*],, of 150 nm the response to 1 mM ATP
did not exceed 200 nm.

The absolute value for the [Ca**],, elevation induced by 100
pM ATP peaked at about 150-250 nm. We observed a strong
variation in the resting Ca* levels among different Bergmann
glial cells ranging between 30 to 200 nM. As a consequence,
ATP-induced Ca?* transients from cells with a low basal [Ca**],,
level were larger and varied, while responses of cells with an
increased level were smaller. The relationship between the rest-
ing [Ca’"],, level and the ATP-induced increase is summarized
in Figure 2C.

Moreover, under experimentally increased [Ca®*],, levels, the
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amplitudes of the ATP responses were strongly attenuated. An
example of such an experiment is shown in Figure 2C. To ex-
perimentally increase [Ca’*],, we used externally applied 100
wM kainate, which is known to induce a transmembrane Ca’*
influx (Miiller et al., 1992). After the kainate application and
thus during the recovery phase of kainate-triggered {Ca?*],, re-
sponse, ATP was given at variable intervals. At higher levels of
[Ca?*],, the amplitudes of ATP-induced [Ca?*];, transients were
smaller. .

To test for the presence of ionotropic (P,y) receptors, we si-
multaneously recorded membrane currents in the whole-cell re-
cording configuration of the patch-clamp technique. To verify
our ability to record ligand-gated membrane currents, we com-
pared ATP responses with those-activated by kainate. The latter
involves transmembrane Ca?* influx via ionotropic glutamate re-
ceptors of the AMPA/kainate family (Burnashev et al., 1992;
Miiller et al., 1992). Figure 3 illustrates the simultaneous re-
cording of transmembrane currents and [Ca2*], obtained from
the same Bergmann glial cell in response to 100 uM ATP and
100 wM kainate. ATP triggers an increase in [Ca?*], only,
whereas kainate generated inward current in concert with a
[Ca?*],, transient. Moreover, while recording in the current-
clamp mode we never observed a measurable change in the
membrane potential upon ATP application.

To test whether the ATP response in the Bergmann glial cell
is mediated by indirect effects involving neuronal spiking or the
GABA, or kainate/ AMPA receptors, slices were incubated with
the Na* channel blocker tetrodotoxin (1 uMm), and the receptor
antagonists CNQX (10 pum) and bicuculline (1 wm); as compared
to controls, these substances did not influence the ATP-induced
[Ca?*],, elevation (n = 9).

in

Subcellular heterogeneity of ATP-induced [Ca**],, responses

To investigate the spatial distribution of the ATP-evoked [Ca?*],,
responses we used the high-resolution laser scanning confocal
microscopy. Cells were loaded with either fluo-3 pentapotassium
salt (fluo-3K;) or fluo-3/AM using the bulk-loading procedure,
and confocal images of fluo-3 fluorescence were taken every 5
sec. The [Ca?*],, increased much more rapidly and reached high-
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Figure 3. [Ca**],, transients and trans-
membrane ionic currents recorded from
fura-2K~loaded Bergmann glial cell in
response to stimulation of the ATP-sen-
sitive pathway and glutamate ionotrop-
ic receptors. A, Extracellular applica-
tion of kainate (KA, 100 um) induced
the generation of an inward current
(bottom) and a [Ca?*],, elevation (top).
B, Application of ATP (100 pM) gen-
erated a [Ca?*],, transient (fop) that was

20s

not accompanied by measurable

100 pA changes in the transmembrane ionic

current (bottom). The holding potential

— was —75 mV throughout the experi-
ATP ment.

er levels in distal processes as compared to the soma (Fig. 4).
The amplitude of the [Ca?*],, increase was significantly larger
in the processes, namely 2.1 = (.8 times (n = 12) as compared
to the soma. Figure 4 shows the distribution of [Ca?*],, in a fluo-
3K,-loaded Bergmann glial cell during ATP application.

ATP-induced [Ca?* ], elevation is due to Ca*" release from
InsP,-sensitive internal stores

As shown above, ATP-induced [Ca?*],, transients were not ac-
companied by the generation of a detectable membrane current,
suggesting that transmembrane Ca?* influx is not involved in the
generation of the ATP-mediated [Ca?*],, response. To substan-
tiate the finding that the [Ca?*],, elevation produced by ATP
originates not from transmembrane Ca?* influx, but from Ca?*
release from internal stores, we compared ATP-mediated [Ca?*],,
responses in Ca’*-containing versus Ca’*-free extracellular so-
lution. After incubating the slice for 5 min in a Ca?*-free solu-
tion, ATP (100 pM) produced a [Ca?*],, elevation similar to the
one recorded in normal bathing solution (Fig. 5A; n = 12). In
contrast, Ca**-free superfusion (for 5 min) completely abolished
kainate-induced [Ca2*],, responses (n = 9), indicating that ex-
tracellular Ca** in the slice could be lowered to levels preventing
influx via plasma membrane pathways.

Prolonged incubation in Ca?*-free solution, however, caused
a reduction in the ATP response amplitudes: superfusion of slic-
es with Ca?*-free solution for 15 min reduced the amplitude of
ATP-mediated [Ca2*],, transients to about 20% of control levels
(n = 7). This was reversible, since the reintroduction of Ca?*
ions into the external medium completely restored the ampli-
tudes of ATP-triggered [Ca?*],, transients.

To characterize the intracellular pool involved in ATP-trig-
gered [Ca?*],, signalling, we used the tumor promoter thapsi-
gargin, a specific blocker of sarco(endo)plasmic reticulum cal-
cium ATPase (SERCA) pump (Thastrup, 1990; Lytton et al.,
1991). Thapsigargin treatment prevented accumulation of Ca?*
ions by intracellular pools, thereby decreasing the amount of
releasable calcium. As illustrated in Figure 5B, extracellular ad-
ministration of thapsigargin (500 nm) did not change the resting
[Ca?*],,. However, 5 min after thapsigargin application, ATP-
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Figure 4. Spatial distribution of the ATP-induced [Ca®*],, signal. A, Pseudocolor images of a fluo-3K.-loaded Bergmann glial cell during ATP
application (100 pm). Images were aquired using a laser scanning confocal microscope and then normalized (with pixel by pixel ratioing) to the
images taken from the resting state of the cell (see Experimental Procedures). The increases in [Ca**], were color coded; low [Ca’'],, levels
correspond to blue, high [Ca2*],, levels to red. B, Top: the relative increase of fluo-3 fluorescence (corresponding to the [Ca’*],, elevation) in
response to ATP application (100 M) measured separately from distal (a) and proximal (b) processes and from the soma (c) of the Bergmann glial
cell shown in A. The selected regions for the measurements are indicated by white boxes in A. Images shown in A were taken at points indicated
by arrows. Bottom: simultaneous recording of transmembrane current (holding potential —75 mV) shows no changes in membrane permeability
upon ATP application.
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Figure 5. ATP induces Ca?* release from internal stores in Bergmann
glial cells. A, The [Ca?*],, was recorded from a fura-2/AM bulk- loaded
Bergmann glial cell. Applications of ATP (100 pum) induced a [Ca?**];,
elevation in control conditions and after 5 min slice superfusion with
Ca**-free, EGTA-containing extracellular solution. The RP of the cell
determined after the end of [Ca?*],, recording was —74 mV. B, Thap-
sigargin inhibits ATP-induced [Ca?*],, transients in a fura-2/AM bulk-
loaded Bergmann glial cell. The ATP (100 pm)-induced [Ca?*],, re-
sponses are compared in control solution and after slice superfusion
with 500 nm thapsigargin-containing solution. The RP of the cell de-
termined at the end of [Ca**],, recordings was —70 mV. C, Intracellu-
larly applied heparin (1 wM) blocks ATP-induced [Ca**],, signals in a
Bergmann glial cell. The control [Ca?*],, transient was recorded from
the fura-2/AM bulk-loaded cell; then the cell was dialyzed with heparin-
containing pipette solution and 5 min later the second record (shown
on the right) was taken. The ATP-induced [Ca?*],, transient activated
slower and the peak amplitude was considerably smaller.

evoked [Ca?*],, transients were considerably smaller as com-
pared to controls. Moreover, a consecutive application of ATP
failed to elicit any changes in [Ca?*],,. The action of thapsigargin
was almost irreversible: 30 to 45 min washout with control so-
lution restored the amplitude of ATP-induced [Ca?*],, transients
to only 10~15% as compared to the control levels at the begin-
ning of the experiment. Thapsigargin effectively inhibited ATP-
mediated [Ca?*],, transients in all cells studied (n = 10).

To examine the intracellular mechanism responsible for ATP-
induced [Ca?*],, signalling we used the specific blocker of InsP;-
gated Ca?* channels of the endoplasmic reticulum, heparin (Hill
et al., 1987). As heparin is a membrane impermeant agent, we
delivered it by intracellular dialysis via patch pipette. Control
responses were measured from fura-2/AM-loaded Bergmann

The Journal of Neuroscience, December 1995, 15(12) 7867

glial cells; then these cells were approached with patch pipette
containing intracellular solution supplemented with 100 um
fura-2 pentapotassium salt and 1 pM heparin. Five minutes of
internal dialysis with heparin strongly reduced the amplitude (in
heparin treated cells the amplitude of ATP-induced [Ca**],, el-
evation was only 11 * 3% (n = 7) of the control) and attenuated
the rising phase of the ATP-mediated [Ca?*],, signal. In contrast,
5 min of internal dialysis with heparin-free intrapipette solution
reduced the amplitude of ATP-evoked Ca?* transient to only 93
* 3% of the control (Fig. 5C, n = 8).

Refilling of ATP-sensitive internal Ca** stores is metabolically
dependent

To test for the ability of the intracellular Ca** pool for repetitive
signalling, ATP was applied twice separated by a 60 sec interval.
As shown in Figure 64, the second ATP application induced a
smaller Ca?* signal (58 = 4% from the control; n = 6). Further
applications separated by 60 sec led to a progressive decrease,
and the [Ca?*],, response was abolished after four to six se-
quential ATP applications. Such a decrease presumably reflects
the depletion of intracellular stores. After a recovery period of
10 min, ATP again induced Ca* signals comparable to the first
control, indicating that the stores were refilled.

This recovery was irreversibly blocked by thapsigargin, sug-
gesting that the SERCA pumps are responsible for the restora-
tion (n = 4). Moreover, the recovery process also required the
presence of extracellular Ca?* ions: changing to Ca**-free bath-
ing solution after a series of successive ATP applications did not
allow for the recovery of the ATP-induced [Ca?*];, increase (n
= 5).

The intracellular dialysis via the patch pipette also affected
the recovery of the ATP-induced [Ca?*],, increase. In dialyzed
cells, ATP induced [Ca?*],, elevations not more than two or three
times, and even after long recording times a response could no
longer be elicited (n = 11). Figure 6B shows an example of
ATP-induced [Ca?*],, transients measured from an internally di-
alyzed Bergmann glial cell. It is evident that two successive
applications of ATP depleted internal Ca?* stores, and responses
could not be elicited even after long recovery times.

Characterization of the type of ATP receptor

To characterize the type of purinergic receptor linked to the lib-
eration of Ca?* from internal stores, we tested the effect of dif-
ferent purine and pyrimidine nucleotides that have been de-
scribed to discriminate between different types of purinergic re-
ceptors (O’Connor et al., 1991; Illes and Norenberg, 1993). Ag-
onists, at a concentration of 100 uM, were successively tested
on one cell separated by 10 min intervals. For this series of
experiments, bulk-loaded cerebellar Bergmann glial cells were
tested to avoid a rundown of the response as observed with the
patch-clamp experiments. Figure 7A shows the result of repre-
sentative experiments in which the amplitude of the fluorescence
signal in response to adenosine, AMP, ADP, ATP, «,3-methylene
ATP (Me-ATP) and UTP were compared. The rank order of
potency for the purinoreceptor agonists was: ADP = ATP >
UTP >> AMP = adenosine = Me-ATP (n = 9), thus sug-
gesting the involvement of P, purinoreceptor subtype (Illes and
Norenberg, 1993).

The involvement of P, purinoreceptors was further confirmed
by the blockade of the ATP-induced response by the selective
P, receptors antagonist, suramin (Dunn and Blakeley, 1988). In-
cubation of cerebellar slices with suramin significantly inhibited
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Figure 6. Recovery of the ATP-in- A

duced Ca’* transients in bulk-loaded
and dialyzed Bergmann glial cells. A,
ATP-induced [Ca?*],, transients record-
ed from a fura-2/AM bulk-loaded
Bergmann glial cell. Subsequent appli-
cations of 100 uMm ATP separated with
50 sec intervals caused a progressive
decrease of the amplitude of [Ca?*],, ATP
responses, presumabely due to the de-

pletion of internal Ca?* stores. The am- B
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ATP-triggered [Ca?*],, elevation in Bergmann glial cells (Fig.
7B). In the presence of suramin (100 M, 30 sec preapplication)
the amplitudes of ATP-induced [Ca?*],, responses were 21 =+
7% (n = 6) of the control level. The suramin-induced blockade
of the ATP-mediated [Ca?*],, mobilization was reversible: wash-
out with standard bathing solution completely restored [Ca?*],,
responses within 10—-15 min. In comparison, concentrations of
up to 500 uM suramin failed to attenuate the kainate-induced
[Ca**],, mobilization (n = 4; data not shown).
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Discussion

Bergmann glial cells express P, metabotropic purinergic
receptors

In the present study we have demonstrated that ATP increased
[Ca®*],, in Bergmann glial cells indicating the presence of ATP
receptive sites. ATP is a ligand for a family of purinergic recep-
tors, the P, receptors. These comprise the Py, P,,, and P, re-
ceptors coupled with plasmalemmal ionic channels (Bean, 1992)
and P,; and P,, receptors linked to PLC-driven formation of

o soma
u processes

40s

100 pM AMP

100 uM Me-ATP

100 uM ADEN.

o soma
& processes

25s

100 pM suramin

Figure 7. Pharmacological properties of ATP-induced [Ca?*],, responses. A, [Ca?*],, transients were recorded as fluorescence ratio (F/F,) from the
fluo-3/AM bulk-loaded Bergmann glial cell in response to application of 100 wm adenosine (ADEN), AMP, ADP, ATP, o,3-methylen-ATP (Me-
ATP), and UTP. Recordings were separated by 10 min intervals to ensure the refilling of ATP-sensitive Ca?* stores. [Ca?*],, levels were separately
measured at the soma (a) and in the processes (b) of the cell. The RP of the cell determined at the end of [Ca**], recordings was —68 mV. B,
Inhibition of the ATP-induced [Ca?*],, transients by suramin. [Ca?*],, transients (as the fluo-3 fluorescence ratio) were recorded from the soma (a)
and processes (b) of the fluo-3/AM bulk-loaded Bergmann glial cell. As a control, 100 um ATP was applied. After 10 min, 100 pMm ATP was
applied in the presence of 100 uM suramin. The response was markedly reduced. After a 15 min washout, 100 uM ATP induced a similar response
as in the control. The RP of the cell determined at the end of [Ca®*],, recordings was —75 mV.



InsP, (Illes and Norenberg, 1993). Alternatively, ATP may act
through its metabolites AMP and adenosine via activation of P,
purinoreceptors.

In the present study on Bergmann glial cells, we demonstrated
that the ATP-induced [Ca®*],, elevation was mimicked by ADP
and (to certain extents) UTP, but not by AMP or adenosine,
suggesting, therfore, the involvement of P, purinoreceptors.
Moreover, the selective blocker of metabotropic P, receptors,
suramin, caused a reversible inhibition of ATP-mediated [Ca**],,
responses. A similar action of suramin on P,-metabotropic re-
ceptors-driven [Ca?*],, transients has been found in a number of
other systems (Inoue et al., 1991; Kalthof et al., 1993; Salter
and Hicks, 1994; Kirischuk et al., 1995). The lack of P,y recep-
tors is inferred by the observation that (1) the selective agonist
of P,y receptors, o,B-methylene-ATP, did not produce a [Ca?*],,
elevation and (2) that ATP did not activate membrane currents
as expected after P,, receptor activation. We thus conclude that
Bergmann glial cells express P, metabotropic purinergic recep-
tors.

ATP causes Ca** release from InsP,-sensitive internal pools

Activation of metabotropic P, purinoreceptors is commonly
linked to Ca?* release from cytoplasmic pools (Harden et al.,
1990; O’Connor et al., 1991). This is in line with our observa-
tions that (1) the ATP-induced signal can still be recorded in the
absence of extracellular Ca**, suggesting the involvement of in-
tracellular calcium release; and that (2) we did not observe an
ATP activated ionic current across the plasma membrane.

Based on the observation that intracellular administration of
heparin antagonized the effects of ATP on [Ca?*],,, we can con-
clude that ATP action is mediated by the intracellular second-
messenger InsP, and involves the activation of [Ca®*], release
from an InsP;-sensitive calcium pool.

Fura-2 was reported to act as a competitive inhibitor of InsP,
binding to its receptor with a K, of ~120 um (Richardson and
Taylor, 1993). The estimated cytoplasmic fura-2 concentration
in our experiments on bulk-loaded Bergmann glial cells was in
the range of 50-60 pM, while in patch-clamp experiments we
used intracellular solutions supplemented with 100 pum fura-2.
Thus, our experiments were performed in a fura-2 concentration
range in which the inhibitory action of fura-2 on InsP;-gated
Ca?* channel might lead to an underestimation of the amplitudes
of ATP-triggered [Ca?*],, transients. This may also explain why
the EC,, of the ATP dose-response curve was unusually high
for P, purinoreceptors (see Fig. 2B).

The intracellular Ca?* pool responsible for the InsP,-mediated
calcium release accumulates Ca* by the activity of the SERCA
pumps. Several ATP challenges applied within short time inter-
vals almost completely depleted internal Ca** stores; however,
within 10 min, the pool of releasable Ca** was restored. Block-
ing the SERCA pump with the specific blocker thapsigargin
(Thastrup, 1990) did not prevent a first ATP-induced release, but
subsequent ATP applications did no longer elicit a Ca?* signal,
since the Ca?* gradient could no longer be restored. This inhi-
bition was almost irreversible: ATP responses recovered only
partially during 3045 min after thapsigargin removal. These
findings are consistent with the previously reported irreversibil-
ity of the thapsigargin-induced blockade of SERCA pumps, pre-
sumably via covalent modification (Lytton et al., 1991). Dialyz-
ing the cell interior with the patch pipette impaired the ability
of restoring the Ca** pools. This suggests that intracellular per-
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fusion removes critical (yet unknown) factors controlling Ca?*
uptake into intracellular Ca?* pools.

[Ca?*],, homeostasis and ATP-induced Ca** signalling in
Bergmann glial cells

In previous studies on nonexcitable cells outside the CNS, the
blockade of the SERCA pump by thapsigargin produced a sig-
nificant elevation in [Ca?*],, (see Petersen et al., 1994 for re-
view); in Bergmann glial cells resting [Ca?*];, levels were not
affected. This discrepancy might be due to a different interplay
between the various [Ca?*],, homeostasis mechanisms: the rest-
ing [Ca’*],, levels are determined by a competition between Ca?*
leakage (from internal stores and the extracellular space), the
efficiency of the Ca?* buffer systems, and by the activity of the
Ca?* pumps (transferring Ca?* ions into internal pools or to the
extracellular compartment). The absence of thapsigargin-in-
duced [Ca?*];, elevation in the Bergmann glial cells makes it
likely that the levels of [Ca?*],, are strongly controlled by mech-
anisms other than SERCA pumping, such as highly efficient
cytosolic Ca** buffer mechanisms, Ca?* uptake into mitochon-
dria or Ca?* extrusion into the extracellular space. The impor-
tance of the latter mechanism is inferred by the observation that
prolonged exposure of cerebellar slices in Ca?*-free solution
markedly depressed ATP-mediated [Ca?*],, responses. These ob-
servations indicate that Ca** extrusion from the Bergmann cell
dominates over the Ca?* turnover between the cytoplasm and
internal pools; the latter might be depleted by removal of extra-
cellular calcium. This may also suggest the involvement of trans-
membrane Ca®* transport in supplying stores with releasable
Ca?* (“capacitative Ca?* entry;” Penner et al., 1993; Fasolato
et al., 1994).

We found a significant variation in resting [Ca®*],, levels
among the individual Bergmann glial cells. It is conceivable that
elevated [Ca?*],, might indicate cell damage; however, this
seems to be unlikely due to the fact that we analyzed [Ca**],,
signals only in cells with high resting potential (RP more neg-
ative than —65 mV). We found that the amplitudes of ATP-
induced [Ca**],, responses of Bergmann glial cells appeared to
be controlled by the resting [Ca?*],, level: in cells that possessed
higher resting [Ca?*],,, the amplitudes of the ATP-mediated re-
sponses were usually smaller. If the [Ca?*],, levels exceeded
170-180 nMm, ATP was almost unable to elevate [Ca?*],, even
when applied in high doses. The mechanisms controlling this
ceiling concentration remain unresolved. One possibility would
be that Ca?* ions serve as coagonists of InsP,-gated Ca?* release
channels, stimulating them at low and moderate concentrations
and inhibiting at high concentrations as described for InsP;-gated
channels derived from endoplasmic reticulum of cerebellar neu-
rons (Bezprozvanny et al., 1991). However, Ca** ions block
InsP,-gated channels in a micromolar range, whereas we have
seen inhibition of ATP-induced responses at [Ca?*],, in a range
of 150-200 nm. It is even likely that the resting [Ca?*],, levels
may control the responsiveness of the entire ATP-sensitive
[Ca?*],, signalling machinery; interaction with any component
of this pathway (including purinoreceptors, Ca?*-release chan-
nels, SERCA pumps, etc.) may be responsible for the observed
phenomena.

Physiological relevance of ATP-mediated [Ca’*],, signals in
Bergmann glial cells

The role of ATP in intracellular metabolism is well established;
however, in addition, ATP plays an important role as an inter-
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cellular signalling molecule. It has been shown that ATP acts as
an excitatory chemical mediator in both the PNS and CNS
(Burnstock, 1990; El-Moatassim et al., 1992). ATP-mediated ex-
citatory synaptic transmission was found in neuromuscular junc-
tions (Benham, 1989) in neuron—neuron synapses in coeliac gan-
glion (Evans et al., 1992), dorsal horn (Salter et al., 1993), and
in the medial habenula (Edwards et al., 1992). In addition, ATP
was found to increase [Ca?*],, in a variety of excitable and non-
excitable cells including osteoblasts and osteoclasts (Reimer and
Dixon, 1992; Yu and Ferrier, 1993), cultured renal cells (Cejka
et al., 1993), smooth muscle cells (Droogmans et al., 1991; Car-
ter and Ogden, 1992; Kalthof et al., 1993), and dorsal horn neu-
rons and astrocytes (Salter and Hicks, 1994).

ATP can be released alone or coreleased with other neuro-
transmitters from synaptic vesicles (Sawynok et al., 1993), and
in addition, it could be liberated from neurites during electrical
activity (Maire et al., 1982). In different types of glial cells ATP
was found to be the most reliable and widespread agent, which
induces cytoplasmic Ca*>* mobilization (see Finkbeiner, 1993;
Kastritsis and McCarthy, 1993; Kirischuk et al., 1995). In Berg-
mann glial cells we have demonstrated that ATP induced a cy-
toplasmic Ca?* signal with distinct spatial organization: the
ATP-mediated [Ca®*],, responses are higher in Bergmann glial
processes versus the soma. This subcellular heterogeneity could
be functionally important, taking into account the intimate in-
teraction of the Bergmann glial processes with the Purkinje neu-
ron’s dendritic tree. We can speculate that ATP released from
synaptic endings of paraliel and climbing fibers, which innervate
Purkinje neurons, may generate [Ca?*],, signals in Bergmann
glial cells. This signal may trigger or regulate several unknown
cytoplasmic events or participate in the regulation of interstitial
Ca?* levels. It is known that neuronal activity may induce a
significant drop of extracellular calcium: it was demonstrated
that during electrical stimulation of hippocampal slices [Ca**],
fell from 2 to 1.4 mM (Benninger et al., 1980); and spreading
depression caused [Ca?*], to fall from 2.2 to 0.8 mm (Kraig and
Nicholson, 1978). One possible function of Bergmann glial cells
may be to serve as dynamic Ca?* pools during intense synaptic
activity by releasing Ca?* from their internal stores into the ex-
tracellular compartment involving purinergic receptor activation,
cytoplasmic Ca?* increase, and Ca?* extrusion.
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