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Mechanism Involved in Initiation and Propagation of Receptor-
Induced Intercellular Calcium Signaling in Cultured Rat Astrocytes

Laurent Venance, Nephi Stella, Jacques Glowinski, and Christian Giaume
Institut National de la Santé et de la Recherche Médicale, U114, College de France, 75231 Paris, Cedex 05, France

The mechanisms involved in the initiation and the propagation
of intercellular calcium signaling (calcium waves) were studied
in cultured rat astrocytes. The analysis of calcium waves, in-
duced either by mechanical stimulation or by focal application
of ionomycin, indicated that initiation was dependent on the
presence of external calcium. In addition, pharmacological ex-
periments indicate that intercellular propagation required PLC
activation, integrity of IP5-sensitive internal calcium stores, and
functional gap junctions. An extracellular action of ATP or
glutamate and participation of voltage-dependent Ca®* chan-
nels were tested by using enzymatic degradation, receptor
antagonists, and channel blockers, respectively. Because nei-
ther the speed of propagation nor the extent of the calcium
waves was affected by these treatments, these alternate mech-
anisms were excluded from playing a role in intercellular cal-

cium signaling. Biochemical assays and focal applications of
several agonists (methoxamine, carbachol, glutamate) of mem-
brane receptors to neurotransmitters and peptides (endothelin
1) demonstrated that their ability to trigger regenerative calcium
waves depended on phospholipase C activity and inositol
phosphate production. Thus, in rat astrocytes, initiation and
propagation of calcium waves involve a sequence of intra- and
intercellular steps in which phospholipase C, inositol trisphos-
phate, internal calcium stores, and gap junction channels play
a critical role. The identification of these different events allows
us to determine several targets at which the level of long-range
signaling in astrocytes may be controlled.

Key words: intercellular calcium waves; glial cells; gap junc-
tions; phospholipase C; IP5 receptors; internal calcium stores;
U-73122

Intercellular calcium signaling has been observed in a variety of
cells in culture, and it may represent a general feature for cell-to-
cell communication (see Sanderson et al., 1994). Recently, these
observations, which initially were obtained with primary cultures,
have been extended to more integrated systems, because the
occurrence of intercellular calcium waves has been described in
hepatocytes from the intact liver (Nathanson et al., 1995; Robb-
Gaspers and Thomas, 1995), in astrocytes from brain slice cultures
(Dani et al., 1992), and in neurons from cerebral cortical slices
(Yuste et al., 1995). Several cellular events involved in intercellu-
lar calcium signaling already have been identified in various prep-
arations, indicating a rather large diversity in the mechanisms.
Gap junction channels are an obvious candidate for mediating
intercellular calcium signals, because they provide a direct inter-
cellular route in most of the tissues (Bennett et al., 1991) and are
permeable to calcium ions (Ca®") and inositol trisphosphate (IP5)
(Saez et al., 1989). Their involvement in intercellular calcium
signaling has been demonstrated in several systems either by using
pharmacological agents (Christ et al., 1992; Enkvist and Mc-
Carthy, 1992; Finkbeiner, 1992; Venance et al., 1995; Yuste et al.,
1995) or by comparing Ca*>* responses in normal cell lines or
those transfected with gap junction protein cDNA (Charles et al.,
1992). Nevertheless, occasionally this intercellular pathway can be
shunted by or associated with the release of a factor in the
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extracellular space responsible for the activation of adjacent cells
(Enomoto et al., 1992; Osipchuk and Cahalan, 1992). A key
question concerning the mechanism of intracellular calcium sig-
naling is the participation of intercellular Ca** stores, which allow
an increase in intracellular Ca®" concentration ([Ca**]); to be
transmitted from a single cell to a number of its neighbors.
Depending on the cell type and the stimulus, increases in [Ca**];
originate from two main sources, either the extracellular space or
intracellular stores, which can be mobilized collectively or inde-
pendently (Clapham, 1995). Thus, a release from Ca®"-sensitive
internal calcium pools has been reported to play a critical role in
intercellular calcium signaling between osteoblasts (Xia and Fer-
rier, 1992), whereas IP;-sensitive calcium stores and voltage-
dependent Ca?* channels participate in this process in airway
epithelial cells (Boitano et al., 1992, 1995).

In the CNS, intercellular calcium waves have been observed
mainly among neurons (Yuste et al., 1995) and among glial cells,
including astrocytes (Cornell-Bell et al., 1990; Charles et al., 1991)
and oligodendrocytes (Takeda et al., 1995). Intercellular signaling
is believed to contribute to neuronal and neuro-glial interactions
(Attwell, 1994; Kandler and Katz, 1995) in addition to patholog-
ical processes such as spreading depression (Nedergaard et al.,
1995) and epilepsy (Cornell-Bell and Williamson, 1993). In astro-
cytes, intercellular calcium signaling is of special interest because
it could represent a glial form of cell excitability and a long-range
signaling system that may participate actively in neuronal infor-
mation processing (Cornell-Bell et al., 1990; Smith, 1994). Indeed,
astrocytes are anatomically in close relation with synaptic contacts
and express a variety of membrane receptors to neurotransmitters
that mediate increases in [Ca?"]; (Finkbeiner, 1995). Accordingly,
it has been reported that the stimulation of glutamatergic neurons
generates intercellular calcium waves in astrocytes from brain



1982 J. Neurosci., March 15, 1997, 17(6):1981-1992

slices in culture (Dani et al., 1992). In cocultures, intercellular
calcium waves induced in astrocytes can trigger Ca®" responses in
neurons (Charles, 1994; Nedergaard, 1994; Parpura et al., 1994).
Altogether, these observations suggest that intercellular calcium
signaling in astrocytic networks plays a critical role in information
processing by contributing to a loop of reciprocal interactions with
neurons (Attwell, 1994; Smith, 1994).

The present study was undertaken to detail the mechanisms
underlying the initiation and propagation of intercellular cal-
cium signaling in cultured astrocytes. The sequence of events
responsible for intercellular calcium wave propagation was
analyzed first with mechanical stimulation and focal application
of a calcium ionophore to induce [Ca®*]; increases from a
single cell. Then these results were used to determine the
critical steps necessary for regenerative intercellular calcium
waves when triggered by the stimulation of astrocytic mem-
brane receptors by neurotransmitters.

MATERIALS AND METHODS

Cell cultures. Pregnant Swiss mice and OFA rats (IFFA Credo, Lyon,
France) were killed by prolonged exposure to a high concentration of
carbon dioxide. Embryos were removed rapidly from the uteri and placed
in PBS supplemented with glucose (33 mMm). Primary cultures were
prepared as previously described (El Etr et al., 1989). Striata were
dissected from 16- and 18-d-old mice and rat embryos, respectively, and
then mechanically dissociated in a PBS—glucose solution with a flame-
narrowed Pasteur pipette. Cells were plated into (1) poly-L-ornithine-
coated (6 pg/ml) 35 mm diameter culture dishes (2.10° cells/dish)
(NUNC, Roskilde, Denmark) for the scrape-loading experiments, (2) 12
mm diameter dishes with 24 wells (3.10° cells/well) (NUNC) for the
measurement of [*H]inositol phosphate formation, or (3) onto glass slides
(3.10° cells/slide) (Rouvier-Gassalem, Paris, France) previously coated
with poly-L-ornithine (15 ug/ml) and natural mouse laminin (2 pg/ml) for
the intracellular calcium-imaging experiments. Culture medium consisted
of a 1:1 mixture of MEM and F-12 nutrient (Life Technologies, Gaith-
ersburg, MD) supplemented with (in mM): glutamine 2, NaHCO; 13,
HEPES 20, glucose 33, penicillin—streptomycin (5 U/ml and 5 ug/ml,
respectively), and 5% Nu-serum (Collaborative Research, Bedford, MA).
Cells were incubated at 37°C for 21-25 d in a humidified atmosphere of
95% air/5% CO,. The culture medium was changed once per week. On
day 8, cytosine arabinoside (2 uMm) was added for 60 hr to prevent
fibroblast and microglia proliferation. Under these conditions, after 21 d
in culture, >95% of the cells stained positive for glial fibrillary acid
protein (GFAP; ICN Biochemicals, Costa Mesa, CA) by the indirect
immunofluorescence staining of antibodies.

Measurement of intracellular calcium. Measurements of [Ca®*); in rat
cultured striatal astrocytes were achieved, as previously described (Mur-
phy et al., 1994), under dual-emission microfluorimetry with the cell-
permeant fluorescent calcium probe Indo1-AM (Sigma, St. Louis, MO).
Cells were loaded for 1 hr in the presence of Indo1-AM (12 uM) in a cell
incubator. After loading, the glass slide was placed in a perfusion cham-
ber. The cells were excited by a 75 W xenon light filtered at 340 nm with
a 10-nm-wide interference filter. Excitation and emission spectra were
separated by a 380 nm dichroic long-pass filter, and then the emission
spectra were divided into two halves by a dichroic long-pass filter
mounted on an inverted microscope (Nikon, Tokyo, Japan). Two dis-
criminant bands were selected from the two halves at 400-410 and
470-480 nm, and both fluorescent images were digitized (8 video frames/
image). The camera dark noise was subtracted from the recorded crude
image with an image processing system (Hamamatsu, Hamamatsu City,
Japan).

[Ca?*); was calculated from the fluorescence ratio (R) measured at
400-410 and 470-480 nm, according to the equation described by Grynk-
iewicz et al. (1985):

[Ca**]; = Kp * (Faso/ Fason) * [ (R = Ruin)/(Rinax — R) 1,

in which the K, of Indo1-AM for ionized calcium is 250 nm, F,g is the
fluorescence of free Indo1-AM, F,g, is the fluorescence of probe bound
to calcium, and R is the ratio between fluorescences measured at 405 and
480 nm. R,;;,, and R, were determined in the presence of ionomycin (5
uMm), with 1.1 mm CaCl, or 2 mm EGTA, respectively. The ratios were
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measured at 1 or 3 sec intervals in the cell bodies of individual astrocytes.
All measurements were given as ratios that ranged from 0.01 to 1.50 and
corresponded to estimated [Ca®"]; values of 10-2000 nM, respectively.

Measurement of [°Hl]inositol phosphate formation. Striatal rat astro-
cytes, grown in 24-well dishes, were incubated for 24 hr in the presence of
myo-[2-*H]inositol (4 wCi/ml). Cultures were washed three times with the
solution used for calcium experiments (1 ml/well) and then preincubated
for 15 min in the same solution supplemented with lithium (10 mm) and
adenosine deaminase (1 U/ml). After treatment, the incubation was
terminated by lysing the cells with successive additions of 0.1% Triton
X-100 in 0.1 M NaOH (400 ul) and then 0.1% Triton X-100 in 0.1 M HCI
(400 wl). [PH]IP was isolated in the lysate by adding 1.5 ml CHCl,/
CH;O0H (1:2 v/v), followed by 0.5 ml CHCl; and centrifugation at 1000 X
g for 5 min. All steps were performed at 37°C. An aliquot (1 ml) of the
upper aqueous phase was loaded onto Dowex AG 1 X 8 columns
(formate form, 200—400 mesh, Bio-Rad, Richmond, CA), and myo-[2-
SHlinositol was eluted with myo-inositol (5 mm, 4 ml). Then columns
were washed with formic acid (0.1 M, 10 ml), and total [*H]inositol
phosphates containing mainly [*H]monophosphate (>90% of the total
inositol phosphates) were eluted with 5 ml of ammonium formate (1
M)/formic acid (0.1 m). Radioactivity was measured by adding H,O (3 ml)
and Aquasol 2 (8 ml).

Determination of junctional permeability. Permeability of astrocyte gap
junctions was determined by the scrape-loading/dye transfer technique, as
previously described (El Fouly et al., 1987; Giaume et al., 1991b). Control
experiments were performed by incubating striatal mouse astrocytes for 9
min in a standard solution containing (in mm): NaCl 140, KCI 5.5, CaCl,
1.8, MgCl, 1, glucose 25, and HEPES 10, with the pH fixed at 7.35, and
then washed for 1 min with the same solution in which Ca®* was omitted
to prevent uncoupling of the cells during the scrape procedure. Scrape-
loading was performed with a razor blade in the calcium-free solution
containing 0.1% Lucifer yellow during 1 min (dilithium salt, Sigma).
Junctional permeability was measured 8 min after scraping by taking five
successive photomicrographs per trial (Kodak TMAX, 400 ASA) with an
inverted microscope (Diaphot, Nikon, Tokyo, Japan) equipped with
appropriate filters. When a drug was tested, it was present in the prein-
cubation solution and all other solutions until the photomicrograph was
taken. Negatives were digitized with an image analyzer system (Imstar
Software, Paris, France), and data were quantified by measuring diffusion
of the dye through the astrocytes by computation of the fluorescence
areas. Quantification of the effects induced by different treatments on gap
junction permeability was performed by expressing the computed fluo-
rescence area as a percentage of the internal control measured the same
day on the same culture (Giaume et al., 1991b).

Cell stimulation. Mechanical stimulation was performed with a patch-
clamp pipette driven by a hydraulic micromanipulator to touch the top of
an astrocyte gently. Experiments were rejected when the cell membrane
was damaged, as revealed by a leak of the fluorescent probe from the cell.
Drugs were superfused with a multichannel perfusion device, which
allowed the complete change of the medium in <400 msec. Focal appli-
cation of drugs was performed by applying a pressure pulse (276 kPa, 20
msec) with a pneumatic Pico pump (PV800, World Precision Instru-
ments, New Haven, CT) connected to a patch-clamp pipette filled with
the external solution containing the tested compound. The control for the
focal application of drugs was achieved by using the external standard
solution alone. This resulted in no significant change in [Ca®*]; recorded
from the target cells (n = 6).

Solutions and chemicals. All experiments were performed at room
temperature (20-22°C) in a standard solution containing (in mm): NaCl
145, KCl1 5.5, CaCl, 1.1, MgCl, 0.9, glucose 20, and HEPES 20 (Calbio-
chem, San Diego, CA), with a pH of 7.35. The calcium-free solution
contained (in mm): NaCl 145, KC1 5.5, MgCl, 1.5, HEPES 20, glucose 20,
and EGTA 2, with a pH of 7.35.

All drugs used were purchased from Sigma, except for U-73122 and
U-73343 (Biomol, Plymouth, PA), ionomycin (Boehringer Mannheim,
Mannheim, Germany), myo-[2->H]inositol (Amersham, Les Ulis,
France), L(+)-2-amino-3-phosphonopropionic acid (L-AP;) and 6,7-
dinitroquinoxaline-2,3-dione (DNQX) (Tocris Cookson, Bristol, UK),
and endothelin-1 (Neosystem, Strasbourg, France).

Statistical analysis of the data are provided as mean * SEM, and
statistical significance was established by a one-way ANOVA, followed by
post-tests.
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Table 1. Effect of agents affecting gap junctions permeability, PLC activation, or Ca>* mobilization from internal stores on the properties of
intercellular calcium signaling and junctional communication in cultured astrocytes

Number of Ratio (F405/F480)
cells in the Number of Ratio (F405/F480)  of the cells of the Velocity of
field (no. of responding of stimulated cell first row ICW (um/sec)  Scrape-
Experimental conditions experiments) cells (%) (no. of cells) (no. of cells) (no. of cells) loading (%)
Control Mech. stim. 34 = 1(54) 28 £1(84) 1.17 = 0.02 (55) 0.81 = 0.02 (336) 16 = 0.7 (62) 1004
Focal iono. 32x1(33) 22 £1(68) 0.77 £ 0.04 (33) 0.53 £ 0.02 (184) 16 = 0.9 (46) 1008
18a-glycyrrhetinic  Mech. stim. 30 = 3 (4) 2+1(7) 1.06 = 0.12 (4) 0.16 =+ 0.08 (4) - 20 + 6 (5)
acid 10 uM Focal iono. 31 £2(14) 4 +2(13) 0.80 = 0.05 (15) 0.24 = 0.02 (36) -
U-73122 5 um Mech. stim. 31 =1 (26) 5+1(15) 1.03 = 0.03 (33) 0.48 = 0.04 (62) - 100 = 5* (3)
Focal iono. 32x1(6) 4+1(14) 0.54 * 0.07 (10) 0.27 * 0.05 (15) - 102 = 3B (3)
U-73343 5 uMm Mech. stim. 33 =1 (10) 29 £ 1(88) 1.18 = 0.03 (11) 0.88 = 0.04 (56) 16 = 0.5 (99) 100 = 8* (3)
Focal iono. 31215 21 £2(67) 0.85 = 0.09 (5) 0.55 £ 0.05 (29) 18 = 1.5 (24) 100 = 35 (3)
Dantrolene 10 um Mech. stim. 32 =1 (12) 29 + 2 (90) 1.02 = 0.05 (15) 0.67 £ 0.03 (67) 16 =1 (72) 106 + 34 (3)
Focal iono. 28 = 1(11) 16 +1(57)  0.56 = 0.06 (12) 0.41 + 0.03 (56) 17 =1 (26) 110 = 88 (3)
Thapsigargin 2 uM  Mech. stim. 31 + 1 (11) 2+03(5)  0.86=0.08 (14) 0.34 = 0.03 (17) - 91 = 124 (3)
Focal iono. 27 £2(12) 1+£03(3) 041 +0.02(12) 0.26 * 0.04 (9) -

Intercellular calcium waves (ICW) were induced either by mechanical stimulation (Mech. stim.) or by focal application of ionomycin (Focal iono.). For scrape-loading
experiments, numbers refer to the fluorescence area occupied by Lucifer yellow and are expressed as a percentage of the internal control values. Measurements of gap junction

permeability were performed at various times after treatment. A and B in index refer to 10 and 60 min of exposure.

RESULTS

Characteristics of intercellular calcium signaling
induced by mechanical stimulation and focal
application of ionomycin

The fluorescence ratio of Indol emissions (F,s/F,g,) monitored
in resting confluent cultured rat astrocytes was 0.11 = 0.02 (n =
2487), which corresponds to a basal [Ca®*]; of 89 = 9 nM. The
average number of cells present in the microscopic field was 31 =
1 (n = 313 fields). Thus, the cellular network observed around an
astrocyte selected in the center of this field was composed of
approximately six to seven cellular rows defined by concentric
rings around the stimulated cell (Fig. 1E, left).

Single-cell stimulation was performed either by mechanical
stimulation with a micromanipulator-driven glass pipette or by a
pressure application from a micropipette filled with ionomycin (50
uM). As indicated by the change in the ratio of Indol emissions,
both types of stimulation induced large increases in [Ca®*]; in the
stimulated cells (7- to 10-fold times the basal level). These re-
sponses were rapidly reversed because, after 3 min, [Ca®*]; re-
turned to its initial value in 71 and 92% of the trials performed
with mechanical stimulation and ionomycin focal application,
respectively. These single-cell stimulations always were followed
by delayed Ca®* responses in surrounding astrocytes (Fig. 14).
Under control conditions, after mechanical stimulation and iono-
mycin focal application, intercellular calcium signaling affected 84
and 68%, respectively, of the cells present in the microscopic field
and had similar speeds of propagation (~15-20 um/sec) at room
temperature (Table 1).

As illustrated in Figure 2, quantitative analysis indicated that
the amplitude of Ca®* responses decreased with distance from the
stimulated cell and reached a stable value in distal cellular rows.
This feature was observed particularly for ionomycin application,
because the extension of intercellular calcium signaling was lim-
ited to the size of the microscopic field (Fig. 14). When mechan-
ical stimulations were performed, more cells responded, and in
most cases propagation went farther than the microscopic field
usually investigated, as indicated when an objective of lower
power magnification (20X instead of 40X) was used. Although the
amplitude of the Ca®" response in the stimulated cells was sig-

nificantly different according to the mode of stimulation, the
amplitude of [Ca®"]; changes in astrocytes of the seventh row was
similar. The ratio of Indo1 emissions was 0.35 £ 0.09 (n = 13) and
0.32 £ 0.18 (n = 13) for mechanical and ionomycin stimulations,
respectively. This [Ca®"]; level already was reached in cells of the
third row after ionomycin focal application, 0.31 = 0.02 (n = 113)
(Fig. 2B). Furthermore, Ca** responses monitored in astrocytes
located at the limit of the intercellular calcium waves were, in
most of the cases, all or none. Indeed, the variation of the ratio of
Indol emissions was close to either 0.3 or zero, indicating that
there was a threshold in Ca®* responses. Interestingly, speeds of
propagation measured between cells of the first and second rows,
the second and the third rows, or between the fifth and the sixth
rows were in the same range. For instance, speeds calculated from
five typical experiments performed with mechanical stimulation
were not significantly different: 14 * 2 um/sec (n = 22), 18 = 4
pm/sec (n = 21), and 13 = 3 um/sec (n = 9), respectively (p =
0.54, ANOVA). Taken together, these observations indicate that
in astrocytes the propagation of intercellular calcium waves in-
volves a regenerative, rather than a simple passive, process.

The requirement of functional gap junctions for intercellular
calcium signaling between cultured astrocytes was confirmed in
this study with the uncoupling agent 18-a-glycyrrhetinic acid (-
GA; 10 uMm) (Fig. 1B). In the presence of this compound, the
number of surrounding cells responding to mechanical and iono-
mycin stimulations was reduced drastically (4 and 2 cells, respec-
tively), whereas the amplitude of the [Ca®"]; responses evoked in
the stimulated cell was not affected (Table 1, Fig. 3).

After mechanical stimulation, the increase in [Ca®*]; in the
stimulated cell was attributable to an influx of Ca?*. Indeed,
mechanical stimulation failed to induce a Ca** response in stim-
ulated and surrounding cells (» = 14) when performed during the
first 5 min of superfusion with a Ca®*-free solution containing 2
mM EGTA. This lack of response was not attributable to a
depletion of internal calcium stores, because tests of their filling
levels with ionomycin (20 uMm) at different times after superfusion
with the Ca®"-free solution indicated that depletion started after
5 min and was completed after 10 min (Fig. 4). Moreover, the
absence of response was not attributable to a block of the perme-
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Figure 1. Properties of intercellular
calcium signaling induced by focal appli-
cation of ionomycin in cultured astro-
cytes. Changes in [Ca®"]; were moni-
tored by calcium imaging in cells loaded
with Indol-AM. Unitary cell stimula-
tions were achieved by brief pressure
application of ionomycin (50 uMm) in the
close vicinity of an astrocyte located in
the center of the microscopic field (ar-
rows). Sequential pseudocolor represen-
tations of [Ca®"]; are expressed as the
ratio of Indo1-AM emissions (F,s/F s
nm) caused by the excitation at 355 nm.
The number of astrocytes per field was
usually ~30, as shown in the example of
the fluorescent image taken at emission
at 480 (left-hand side in E). Shown is a
sequence of six pseudocolor images
taken before (Bef.), at the indicated
times after stimulation (t = 0s, 2s, 5s,
12s), and at recovery (Rec.) when
[Ca?*); returned to resting level (150 to
180 sec). A, Under control conditions,
most of the cells present in the field
responded to stimulation. B, In the pres-
ence of the gap junction blocker
18a-GA (10 um), only a few cells exhib-
ited a [Ca®"]; increase. C, The PLC in-
hibitor U73122 (5 uM) reduced the re-
sponse in the stimulated cell and
inhibited propagation of intercellular
calcium waves. D, Thapsigargin (2 um)
application blocked intercellular cal-
cium signals when ionomycin was ap-
plied after recovery of the initial [Ca®"];
increase evoked by this compound. E, In
the presence of dantrolene (10 uM), an
inhibitor of Ca?*-induced Ca®" release,
no significant changes were observed in
the extent of intercellular calcium sig-
naling when compared with control.
Pseudocolor scale refers to ratios from
0.01 to 1.00, which corresponded to es-
timated [Ca®"]; values of 10-1200 nm,
respectively. Calibration bar, 25 um.

ability of gap junction channels, because exposure for 10 min of
confluent astrocytes with a Ca®"-free solution containing 2 mm
EGTA did not affect intercellular dye diffusion significantly (Gi-

aume et al., 1992).
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PLC activation is a necessary step for regenerative
intercellular calcium signaling in astrocytes

Because in airway epithelial cells intercellular calcium signaling
involves IP; receptors (Boitano et al., 1992) and PLC activation
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Figure 2. Quantification of amplitude of intercellular calcium signals and
extent in cultured astrocytes. Analysis of intercellular calcium signaling
generated (A) by mechanical stimulation (n = 12) and (B) by focal
application of ionomycin (n = 21). Relative amplitude of [Ca*"]; increases
(left scales, open columns) and number of unresponsive cells (right scales,
dashed line) were plotted by identifying the cellular row from which they
were recorded. Cells were classified according to their location in refer-
ence to the stimulated cell, numbered 0. Typically, stimulation was per-
formed in the center of a microscopic field composed of ~30 cells forming
approximately six to seven cellular rows. As the distance from the stimu-
lated cell increased, the amplitude of the response decreased, and more
cells did not respond. For both modes of stimulation, the extent of
intercellular calcium signaling generally exceeded the investigated cell
population.

(Hansen et al., 1995), it is possible that a calcium-dependent
activation of PLC leading to the production of IP; also could
participate in the initiation and propagation of intercellular cal-
cium waves in astrocytes. To test this hypothesis, we used the PLC
inhibitor U-73122 and its inactive analog U-73343 (Smith et al,,
1990; Bender et al., 1993) in cultured astrocytes. Incubation of
astrocytes either with a low dose of ionomycin (5 uM, 5 min) or
with endothelin-1 (Et-1; 0.1 wM, 10 min), a potent activator of
PLC (Marin et al., 1991), increased the accumulation of inositol
phosphate (IP) derivatives, an index of PLC activity. In the pres-
ence of U-73122 (5 um), the ionomycin- and Et-1-induced accu-
mulation of IPs was reduced significantly, whereas U-73343 (5
mMm) was ineffective (Fig. 54,B).

When intercellular calcium signaling was tested after treatment
of astrocytes with U-73122 (5 um, 10 to 60 min), there was a clear
reduction in the number of cells responding to either mechanical
stimulation or to focal applications of ionomycin (Figs. 1C, 3B,
Table 1). The initial [Ca®"]; increases in the stimulated cells were
reduced slightly for both types of stimulation, suggesting that
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Figure 3. Regulation of intercellular calcium signaling propagation in
cultured astrocytes. Different treatments were performed to identify
the intra- and intercellular steps involved in calcium waves. Effects of
the uncoupling agent /8a-GA (10 um), the PLC inhibitor U73122 (5
uM), and its inactive analog U73343 (5 uM) were tested separately.
Participation of the two main sources of intracellular Ca*>* fast mobi-
lization also was investigated by using thapsigargin (Thapsi.; 2 uM) and
dantrolene (Dantro.; 10 um). Intercellular calcium waves were gener-
ated either by mechanical stimulation (open columns) or by focal
application of ionomycin ( filled columns). Two parameters were con-
sidered in this analysis: (4) the amplitude of the Ca®" response in the
stimulated cell and (B) the number of responding cells in the field that
account for the extent of intercellular calcium signaling. Averaged
values were obtained from independent experiments, with an n ranging
from 5 to 54. Statistical analysis was conducted by one-way ANOVA,
followed by post hoc Dunnett’s multiple comparisons test. Significance
was established at *p < 0.05 and **p < 0.01.

Ca?" entry after both modes of stimulation activates PLC in the
target cells. However, this effect of U73122 did not account for the
lack of intercellular calcium signaling, because initial [Ca®"];
increases were still higher than those recorded in cells of the first
cellular row when intercellular calcium signals propagated to at
least six rows in the control condition (Fig. 2). Finally, the
U-73122-induced blockage of intercellular calcium waves did not
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Figure 4. Depletion of internal Ca®* stores after exposure of astrocytes
to an external calcium-free solution. The effect of a calcium-free external
solution containing EGTA (2 mMm) on the filling of internal Ca®" stores
was tested by using 30—-60 sec applications of ionomycin (20 uMm). At the
beginning of the perfusion, ionomycin indicated the amount of filling of
the internal stores in control conditions. With time, Ca** pools were
reduced progressively by the lack of external Ca** and were emptied
completely after 10 min. Note that depletion of internal Ca®* stores
started after 5 min of treatment. Data are pooled from 25 experiments in
which each measurement was performed independently on seven different
cells.

result from a decrease in the permeability of gap junction chan-
nels, because this PLC inhibitor was without effect on intercellular
dye diffusion (Table 1). As expected, the inactive compound
U-73343 affected neither the number nor the shape of Ca®"
responses nor the speed of intercellular calcium signaling propa-
gation (Fig. 34,B, Table 1).

Altogether, these data indicate that PLC activity is required for
the propagation of regenerative calcium waves in astrocyte net-
works, suggesting that IP; could participate in this process be-
cause its production results mainly from the activation of this
enzyme. Recently, it was reported that, in addition to PLC inhi-
bition, U-73122 depletes internal Ca** stores (Jin et al., 1994;
Willems et al., 1994). Although this has to be confirmed in
astrocytes, such a side effect of U-73122 does not rule out the role
of PLC and IP; in intercellular calcium signaling.

The involvement of internal calcium stores in intercellular
calcium signaling was studied by using thapsigargin and dan-
trolene, which are inhibitors of the Ca®>* ATPase from the endo-
plasmic reticulum and of the Ca?*-induced Ca*" release, respec-
tively. As previously reported (Charles et al., 1993), pretreatment
with thapsigargin (2 uM, 5 min) completely inhibited intercellular
calcium signaling, whereas dantrolene treatment (10 um, 10 min)
had no significant effect on the extent and speed of propagation of
intercellular calcium waves (Figs. 1D,E, 3B, Table 1). Both of
these treatments were followed by a slight reduction in amplitude
of the Ca®* response in the stimulated cells (Fig. 34). However,
by themselves these decreases cannot account for the blockage of
intercellular calcium signaling by thapsigargin. Finally, scrape-
loading experiments indicated that, under the conditions used,
these compounds did not affect junctional permeability (Table 1).

Exogenous factors are not implicated in intercellular
calcium signaling between rat astrocytes

As already indicated, functional gap junction channels are re-
quired for intercellular calcium signaling in astrocytes. However,
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alternate mechanisms also could be involved in this process, as,
for example a calcium-dependent release in the extracellular
space of an active factor, which, in turn, could stimulate mem-
brane receptors of astrocytes. Such a mechanism, which has been
described in mast cells (Osipchuk and Cahalan, 1992) and mam-
mary gland cells (Enomoto et al., 1992), cannot be excluded as
operating between astrocytes. In fact, these cells have the capacity
to release ATP (Bruner et al., 1993) and glutamate (Parpura et al.,
1994) and express purinergic and glutamatergic membrane recep-
tors linked to PLC (Stella et al., 1994) and glutamatergic iono-
tropic receptors (Finkbeiner, 1995).

Extracellular ATP was eliminated enzymatically by using an
ATP-degrading enzyme, apyrase (2 U/ml), a procedure that pre-
vents ATP receptor-mediated release of arachidonic acid in as-
trocytes (N. Stella, unpublished results). This treatment modified
neither the extent nor the speed of intercellular calcium waves
induced by mechanical stimulation but significantly reduced the
ratio of cells of the first row (Table 2). Rather than an effect of
ATP, this reduction was attributed to the effect of apyrase treat-
ment itself, which at such a concentration was found to affect the
permeability of gap junctions (Table 2). Glutamate pyruvate
transaminase (4 U/ml), an enzyme that degrades glutamate when
used in combination with pyruvate (2 mm), also led to a potent
inhibition of the permeability of gap junction channels and could
not be used to test the involvement of glutamate release in
intercellular calcium signaling. Alternatively, L-AP; (1 mm) and
DNQX (0.1 mwm), antagonists of glutamate metabotropic and
AMPA-kainate ionotropic receptors in astrocytes (Stella et al.,
1994), were applied. In the presence of these two compounds, no
alteration of intercellular calcium wave propagation induced by
mechanical stimulation was recorded (Table 2).

However, the participation of external ATP and/or glutamate
in intercellular calcium signaling could have been masked by
important intercellular communication because of open gap junc-
tion channels. Such a possibility was excluded by testing the effect
of apyrase and L-AP; plus DNQX when gap junction channels
were closed by 18a-GA, because the number of cells responding
to mechanical stimulation was similar with or without these treat-
ments (Table 2).

Finally, a contribution of voltage-dependent Ca** channels in
intercellular calcium signaling was excluded. First, superfusion of
astrocytes with a high KCI solution (50 mm) did not increase
significantly [Ca**]; (Aratio = 0.031 *+ 0.007; n = 77). Moreover,
substitution of Ca®*" by cadmium (250 um), a blocking agent of
voltage-dependent calcium channels, affected neither the extent
nor the speed of propagation of intercellular calcium signaling
(Table 2).

Receptor-induced intercellular calcium signaling

Detailed analysis of the Ca®" responses to ionomycin application
indicated a variability in the amplitude of the [Ca®"]; increase
induced by the ionophore in the astrocyte stimulated initially.
Interestingly, a correlation was found between the amplitude of
this initial Ca®" response and the number of cells involved in
calcium waves, suggesting that the extent of intercellular calcium
signals may depend on the stimulus strength triggering the prop-
agation of the waves (Fig. 74, top diagram). However, in addition
to a large influx of Ca?* and a partial depletion of internal Ca®*
stores because of its ionophore property, ionomycin stimulation
was associated with an activation of PLC in the stimulated cell, as
indicated by a reduced amplitude of the Ca?* response after
treatment with U-73122 (Fig. 34). This observation was confirmed
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Inhibition by U-73122 of inositol phosphate formation and calcium responses in cultured astrocytes. 4, B, Biochemical assays of inositol

phosphates (IPs) derived from formation induced by (A) ionomycin (5 uM, 5 min) and (B) Et-1 (0.1 um, 10 min). Data are shown under control
conditions (open columns) in the presence (5 uM, 10 min preincubations) of the PLC inhibitor U-73122 ( filled columns) and of its inactive analog
U-73343 (dashed columns). C, Typical Ca®* responses recorded in astrocytes perfused with Et-1 (0.1 uM, 10 sec) under control conditions (open
circle) and with U-73122 (5 uw; filled circle). Note that, in the presence of the PLC inhibitor, the initial peak is suppressed, whereas the plateau
is conserved. Each trace is averaged from seven astrocytes recorded in the same microscopic field. D, Effect of 5 um U-73122 ( filled columns) and
U-73343 (dashed columns) on basal [Ca®"]; (left scale) and on the relative amplitude of Ca>* peak induced by Et-1 perfusion (right scale). Data are
averaged from 243 cells in control, 160 cells with U-73122, and 106 cells with its inactive form.

by biochemical assays indicating that ionomycin (5 uM, 5 min)
increased the formation of inositol phosphates (Fig. 54). Conse-
quently, with the use of focal application of ionomycin to generate
intercellular calcium signals, it was difficult to identify the critical
intracellular event (Ca®* entry or PLC activity) that triggers
and sets the extent of intercellular calcium waves.

Astrocytes are targets for numerous neurotransmitters and
peptides that produce receptor-mediated [Ca®*]; elevation via
the activation of PLC. These compounds differ by their potency
to stimulate PLC activity and to produce IP;-induced Ca** re-
sponses (Finkbeiner, 1993). Accordingly, the ability of Et-1, glu-
tamate, and al-adrenergic and muscarinic agonists (methoxamine
and carbachol, respectively) to stimulate PLC and to induce
intercellular calcium waves were compared to study the relation
between the level of PLC activation and the initiation of intercel-
lular calcium signaling.

Biochemical assays indicated that in cultured rat astrocytes both
carbachol (3 mm) and methoxamine (0.1 mm) slightly stimulated
IPs accumulation (31 = 7% and 70 = 7%, n = 3, respectively),

whereas glutamate (0.1 mm) and Et-1 (0.1 um) were more potent
(328 £ 39%, n = 3 and 569 * 59%, n = 6, respectively). As
expected, these biochemical responses were blocked by U-73122
(5 uM, 10 min). For example, Et-1-induced IPs accumulation was
reduced completely by the PLC inhibitor (Fig. 5B). When used on
the Et-1-induced Ca®* response, U-73122 selectively inhibited the
initial Ca®* peak without affecting the plateau (Fig. 5C,D) known
to be attributable to a Ca?* influx (Marin et al., 1991). These
observations indicated that the initial [Ca®*]; increase was attrib-
utable to the production of IP; by PLC and that the amplitude of
this Ca?* peak could be taken as an index for the activity of the
enzyme.

In agreement with the biochemical assays, focal application
of muscarinic and adrenergic agonists produced weak eleva-
tions in [Ca®*]; in the stimulated cells. Interestingly, the am-
plitude of these Ca®* responses was always below a relative
ratio of Indo1 emissions of 0.3 (Fig. 7B, horizontal dashed line),
and they always failed to induce calcium waves (n = 42 and n =
35, respectively). Indeed, focal application of these compounds
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Table 2. Effects of extracellular ATP or glutamate and voltage-dependent Ca®>* channels on the properties of intercellular calcium signaling and gap

junction permeability

Number of Ratio (F405/F480)  Velocity of
cells in the Number of Ratio (F405/F480)  of the cells of the  ICW
field (no. of  responding cells  of stimulated cell first row (nm/sec) Scrape-
Experimental conditions experiments) (%) (no. of cells) (no. of cells) (no. of cells) loading (%)
Control 34 =1(54) 28 = 1(84) 1.17 = 0.02 (55) 0.81 = 0.02 (336) 16 = 0.7 (62) 100*
1008
Apyrase 2 U/ml 32 +1(10) 26 = 2(81) 1.13 £ 0.03 (10) 0.56 + 0.03 (62) 14 £ 0.8 (34) 104 = 12 (6)
50 = 29€(3)
24 = 6B (3)
Apyrase 2 U/ml 34109 32109 1.01 = 0.05 (14) 0.40 = 0.11 (6) - -
+18a-glycyrrhetinic acid 10 uM
L-AP; 1 mMm + DNQX 0.1 mm 38x1(14) 29 = 2(75) 1.13 £ 0.03 (14) 0.67 = 0.04 (79) 18 £ 0.8(70) 90 = 10 (3)
91 + 10% (3)
L-AP; 1 mM + DNQX 0.1 mm 35 +1(10) 4+1(13) 1.09 = 0.05 (12) 0.35 £ 0.04 (26) - -
+18a-glycyrrhetinic acid 10 um
Cadmium 250 uM 35=3(6) 29 =2(81) 1.17 = 0.03 (7) 0.97 = 0.05 (31) 17.8 £ 0.5 (53) -

In scrape-loading experiments A, B, and C indicate that time of application was 10, 30, and 60 min, respectively.

resulted in a very limited number of cells (<4) exhibiting Ca**
increase around the stimulated astrocyte. Further, the ampli-
tude of these responses was very low (Fig. 6C). In contrast,
focal application of glutamate (0.1 mm) and Et-1 (0.1 um)
evoked large increases in [Ca?*]; in the target cells and induced
regenerative intercellular calcium waves (Figs. 6A4,B, 7B).
Quantitative analysis of Et-1 responses also demonstrated a
linear relationship between the [Ca®*]; rise in the stimulated
cell and the extent of intercellular calcium signaling (Fig. 74,
bottom diagram). Because the amplitude of the initial calcium
response can be taken as an index of PLC activity, this obser-
vation suggests a correlation between the receptor-mediated
production of IP; and the extent of intercellular calcium sig-
naling. The speed of calcium wave propagation induced by
focal application of either glutamate or Et-1 was in the same
range (15 = 1 um/sec, n = 28 and 14 £ 1 um/sec, n = 27,
respectively) as those estimated for mechanical or focal iono-
mycin stimulation (see Table 1). Although the propagation of
intercellular calcium signals occurred in all directions when
astrocytes were stimulated mechanically or by ionomycin (Fig.
1A4), focal application of either glutamate or Et-1 was charac-
terized by more complex pathways, suggesting that some direc-
tions in calcium wave propagation were favored (Fig. 6A4). As
already shown for glutamate (Venance et al., 1995), inhibition
of gap junction channels with 18a-GA (10 uM) blocked the
propagation of intercellular calcium signaling induced by focal
application of Et-1 or ionomycin (Figs. 64, 74,B), while the
initial increase in [Ca®"]; was not altered. In both cases, Ca*"
responses were restricted to the same cellular areas as with
methoxamine or carbachol application (Fig. 7B), which con-
firmed the absence of regenerative intercellular calcium waves
when these two agonists are applied locally.

DISCUSSION

The aim of this study was to identify the intra- and intercellular
events involved in intercellular calcium signaling between cul-
tured rat astrocytes. Two main steps were distinguished in this
analysis: the initiation phase in a single stimulated cell and the
propagation of calcium signals through astrocytic networks. This
question was addressed by taking advantage of different stimula-

tion protocols to generate intercellular calcium signals. The mech-
anism of propagation was studied by generating large and tran-
sient [Ca®"]; elevations in a selected astrocyte. Both mechanical
and ionomycin stimulations markedly increased [Ca®*]; in the
targeted cell and were followed by concentric propagation of
intercellular calcium signals. These two modes of stimulation
induced [Ca®*); elevations in the stimulated cells, which resulted
partly from a Ca®* influx. This is apparent because, with mechan-
ical stimulation, no significant rise in [Ca®"]; was observed in the
absence of extracellular Ca®*, and ionomycin is well known to act
as a Ca" ionophore. However, a limited but significant reduction
of the Ca®" responses was observed in stimulated cells pretreated
with either PLC inhibitor U-73122 or with compounds that af-
fected internal Ca®" stores. The initiation phase was investigated
with single-cell pharmacological stimulation induced by focal ap-
plication of several receptor agonists known to produce different
levels of PLC activation.

Treatment of astrocytes with U-73122 or thapsigargin pre-
vented intercellular calcium signals, whereas dantrolene had no
effect. As previously reported (Charles et al., 1993), the experi-
ments with compounds that affect the release of Ca®* from
internal stores suggest that a Ca®*-induced Ca®" release mecha-
nism does not participate in intercellular calcium signaling,
whereas IP;-induced Ca®" release seems more likely to be in-
volved. Inhibition of PLC activity, which represents the main
source of IP; production, reinforces this statement, because it
indicates that activation of this enzyme is required for the prop-
agation of intercellular calcium waves in astrocytes. Functional
gap junction channels are also necessary for the propagation of
intercellular calcium signaling in astrocytes (Charles et al., 1992;
Finkbeiner, 1992; Venance et al., 1995). Although junctional
permeability for IP; has not yet been tested in these cells, gap
junction channels composed of connexin 43, the main junctional
protein in astrocytes (Dermietzel et al., 1991; Giaume et al.,
1991a), have been reported to be permeable to IP; in aortic
endothelial cells (Carter et al., 1994). In addition, the range of
diffusion and lifetime of IP; in cytoplasm are much higher than
that of ionized Ca** (Allbritton et al., 1992). Thus, IP; could
represent the signaling molecule that plays a major role in the
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Figure 6. Distribution and pattern of [Ca**]; responses to focal applications of receptor agonists. 4, Pseudocolor sequence of images showing [Ca™];
changes in a population of astrocytes loaded with Indo1-AM and stimulated by a focal application (arrow) of Et-1 (0.1 um). Times after Et-1 application
are indicated in the fop part of each image. A fluorescent image obtained from emission at 480 nm indicates the location of the cells in the investigated
field. Calibration bar, 25 um. B, Quantification of [Ca®*]; responses in several neighboring astrocytes after the focal application of Et-1, as illustrated in
A. The colors of the lines in the graph correspond to the cells identified in the top left images by asterisks of the same color. Note that the upper astrocytes
(yellow) did not show a [Ca®"]; response, indicating that intercellular calcium signaling did not occur in this direction. C, Pattern of [Ca®"]; changes after
a focal application of methoxamine (0.1 mm). Note that the amplitude of the stimulated cell is much lower than with Et-1 and that only one adjacent cell
responded at a delayed time. Inset, Fluorescent image at 480 nm emission of the investigated field. Colored asterisks indicate cells from which
measurements of [Ca®"]; were performed and plotted on the graph. Calibration bar, 25 pm.



1990 J. Neurosci., March 15, 1997, 17(6):1981-1992 Venance et al. ¢ Intercellular Calcium Signaling in Rat Astrocytes

>
=

1,0 ;
- = E
g g '
5 T 0.8 +Iono/uGA
< & Iono
':g £l
G '5,0,6_ i Et-1/aGA
8 Iono 8 ; Et-1
2 0.0 J J ) 2 E lono(18trow)
& 1,29, & 1 r{-ﬁ Glu
A L] ~ 0,41 '
ln 1

2 g
& 0,84 TS e m e
‘o o Carb
= 2 0,21 »  Methox
> 0,4 ‘-' !
< ’ <« '

Et-1

0,0 T T T 0,0 T T
0 10 20 30 40 0 10 20 30

Number of responding cells Number of responding cells

Figure 7. Relationship between the amplitude of [Ca®*]; increases induced by pharmacological stimulation and the extent of intercellular calcium
signaling. A, Top diagram, Plot of [Ca®"]; changes generated by focal application of ionomycin (50 uM) against the number of responding cells in
the absence ( filled circles) and in the presence (open circles) of 18a-GA (10 uM). In control conditions, the extent of the intercellular calcium
signaling was correlated with the magnitude of the initial [Ca**); response in the stimulated cells, as indicated by a linear regression fit. 4, Bottom
diagram, Plot of [Ca®"]; changes evoked by focal application of Et-1 (0.1 uM). Data were fit with the plot of a linear regression equation. B, Average
plot of the extent of intercellular calcium signaling, indexed by the number of responding cells, against the amplitude of the [Ca®"]; response in
the cells stimulated by specific pharmacological agents. Experiments performed with 18a-GA (10 um) defined a restricted area in which no
intercellular calcium signaling occurred (vertical dashed line). Note that in the presence of the uncoupling agent intercellular calcium signaling is
blocked without any change in amplitude of the [Ca®*]; response. With methoxamine (Methox) and carbachol (Carb), no intercellular calcium
signaling was triggered, as indicated by the low number of responding cells, which is similar to that observed with endothelin-1 (E¢-1) and ionomycin
(Iono) when gap junctions are inhibited. With glutamate (Glu), endothelin-1, and ionomycin focal applications, higher [Ca**]; responses in the
stimulated cells were monitored, and intercellular calcium signals were recorded. For these three trials, the averaged initial [Ca®"]; increase was
greater than threshold values of ~0.3 (horizontal dashed line) to trigger intercellular calcium signaling. Note that, for experiments performed with
ionomycin application, the number of responding cells also was plotted against the amplitude of [Ca**); changes in cells of the first row. This
corresponds exactly to the situation obtained with application of Et-1. Averaged data were obtained from a number of independent experiments
ranging from 11 to 33.

intercellular step of the propagation process, although this does of responding cells with distance. The amount of IP; produced by

not rule out the possibility that Ca?* also could diffuse through
gap junction channels.

The constant speed of propagation found between two proximal
and two distal cells suggests that intercellular calcium signaling is
not attributable to a simple intercellular passive diffusion of a
signaling molecule but, rather, to a decremental regenerative
process. This statement is supported by the existence of a thresh-
old in the amplitude of the Ca®** response monitored in cells
located at the limit of the calcium wave. To provide a regenerative
mechanism, we have to produce new IP;. The observed accumu-
lation of IPs induced by ionomycin and its block by U-73122
indicate that a Ca?*-dependent activation of PLC occurs in as-
trocytes. Accordingly, intercellular calcium wave propagation in
astrocytes could involve, successively, a Ca®"-dependent forma-
tion of IP; in donor cells and an intercellular diffusion of 1P,
(and/or Ca®") through open gap junction channels, followed by
an IP;-induced release of Ca®* in adjacent receiving cells. This
sequence of events is repeated as long as the amount of IP;
crossing gap junction channels is high enough to induce a rise in
[Ca?*]; capable of reaching a threshold level for PLC activation in
receiving cells. Thus, this threshold level of [Ca®*]; represents a
limiting factor that may account for the reduction in the number

PLC also may be critical because in astrocytes a minimal concen-
tration of IP5 has to be reached to evoke the release of Ca?" from
internal stores (Khodakhah and Ogden, 1993). These two limiting
steps could explain why a plateau is reached when the amplitude
of the Ca®" response is plotted versus the cellular rows. Such an
all-or-none responsiveness was particularly clear with ionomycin
application, because the size of cellular field involving intercellu-
lar calcium signaling was smaller and allowed for monitoring a
large number of nonresponding cells.

Alternative mechanisms, such as the activation of voltage-
dependent Ca** channels or the release of compounds into the
extracellular space, also have been reported to participate in
intercellular calcium signaling propagation in several systems
(Enomoto et al., 1992; Boitano et al., 1995). Glutamate and ATP
are known to be released by astrocytes (Bruner et al., 1993;
Parpura et al., 1994) and to act as agonists on astrocytic mem-
brane metabotropic receptors coupled to PLC and ionotropic
receptors permeable to Ca®* (Finkbeiner, 1995). However, nei-
ther enzymatic degradation nor the use of receptor antagonists or
channel blockers has affected the speed and the extent of inter-
cellular calcium signaling in the present study. Thus, these alter-
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nate mechanisms do not participate in the propagation of inter-
cellular calcium waves in rat cultured astrocytes.

When the ability of various receptor agonists to evoke regen-
erative intercellular calcium waves was tested in astrocytes, a
threshold in [Ca®"]; elevation in the stimulated cell was found.
Interestingly, the relative ratio of Indo1 emissions for this thresh-
old was estimated at 0.3, a value similar to that monitored in cells
located at the limit of calcium waves (see above). When measure-
ments of IPs formation and the amplitude of agonist-induced
Ca®" responses are taken as indices of PLC activity, they suggest
that the triggering and the extent of intercellular calcium signaling
depend on the level of PLC activation. Consequently, the potency
of an agonist to stimulate PLC activity and to produce IP; deter-
mines its ability to trigger a regenerative intercellular calcium
wave. This indicates that, in addition to its participation in prop-
agation, PLC activation plays a critical role in the initiation of
intercellular calcium signaling induced by pharmacological stim-
ulation of membrane receptors.

The identification of multiple steps involved in astrocytic inter-
cellular calcium signaling suggests that their initiation and prop-
agation can be regulated at different levels. These include recep-
tor coupling to PLC, cross-talk between signal transduction
pathways interfering with PLC activation, filling or depletion of
IP;-sensitive internal Ca®™ stores, regulation of IP; receptors, and
permeability of gap junctions. Such a diversity in regulation sites
suggests that a certain degree of selectivity and plasticity may
occur in the triggering and the patterning of pathways taken by
intercellular calcium signals. Indeed, circuitous paths already had
been described for calcium waves induced by glutamate applica-
tions (Finkbeiner, 1992; Venance et al., 1995) and also were
observed in the present study after focal application of Et-1. This
indicates that preferential routes are selected when intercellular
calcium signaling is generated by the activation of membrane
receptors. Increases in [Ca®*]; within astrocytes have been shown
to activate some, but not all, contacting neurons (Charles, 1994;
Nedergaard, 1994; Parpura et al., 1994). Therefore, these selective
astrocyto—neuronal interactions may depend on the pattern of
astrocytic pathways taken by intercellular calcium signals. The
drawing of such preferential astrocytic networks could be deter-
mined by regulatory processes acting on the multiple steps con-
tributing to the initiation and propagation of intercellular calcium
signaling.

Finally, differences in kinetics of the various effects induced by
receptor stimulation should be taken into account when interac-
tions among astrocytes are considered. For instance, both endo-
thelins and glutamate have been reported to control gap junc-
tional communication among astrocytes (Giaume et al., 1992;
Enkvist and McCarthy, 1994; Miiller et al., 1996). However, this
regulation occurs with a different time scale, as compared with the
propagation of intercellular calcium waves (minutes vs seconds).
Thus, receptor stimulation may have several time-dependent ef-
fects on intercellular glial signaling: first the triggering of inter-
cellular calcium signaling and then the inhibition or facilitation of
the permeability of gap junction channels, which could exert a
delayed control on the propagation of further intercellular cal-
cium signals.
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