
tory significance by influencing the DNA 
binding affinity of the proteins (24). How 
these types of interactions might influence 
the activities of ITF-1 and ITF-2 remain to 
be determined. I t  is relevant to note that 
ITF-1 appears to function as a transcription 
factor on its own. It contains distinct ele- 
ments that dictate both efficient DNA bind- 
ing and transcription activation. Hence, it is 
unlikely that a second helix-loop-helix pro- 
tein is required to specifically supply either 
of those functions. Furthermore, ITF-1 is 
active in yeast where it is doubtful that such 
specialized regulatory proteins exist. 

globin 5' leader, ATG, and E2-2 coding region from 
PGE2-2. The pSVE2-5 construct was similarly 
made from pGE2-5. The bacterial tat gene reporter 
plasmids will be described elsewhere (33). CYC: E2- 
5 and CYC:E2-5R were constructed by replac~ng 
the GalK gene of YRpRl (15) with the E2-5 cDNA 
in both orientations. UAS,: pgal and AUAS,: Pgal 
are pLG669-Z and pLG670-Z (16), respectively. 
[ES-E2I4:pgal was constructed by replacing the 
UAS sequences of pLG669-Z with four copies of 
the bE5, + kE2 oligonucleotide. All plasmids es- 
pressing G f i 4  fusion proteins were derived from 
PGALI-147 (17). 
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Glutamate Induces Calcium Waves in Cultured 
Astrocytes: Long-Range Glial Signaling 

The finding that astrocytes possess glutamate-sensitive ion channels hinted a t  a 
previously unrecognized signaling role for these cells. Now it is reported that cultured 
hippocampal astrocytes can respond t o  glutamate with a prompt and oscillatory 
elevation of cytoplasmic free calcium, visible through use of the fluorescent calcium 
indicator fluo-3. Two types of glutamate receptor--one preferring quisqualate and 
releasing calcium from intracellular stores and the other preferring kainate and 
promoting surface-membrane calcium inflw-appear to  be involved. Moreover, 
glutamate-induced increases in cytoplasmic free calcium frequently propagate as waves 
within the cytoplasm of individual astrocytes and between adjacent astrocytes in 
confluent cultures. These propagating waves of calcium suggest that networks of 
astrocytes may constitute a long-range signaling system within the brain. 

A STROCYTES GUIDE NEURONAL DE- 

velopment, metabolize ions and 
neurotransmitters, and regulate cen- 

tral nenrous system vasculature (I), but until 
recently, there has been little indication that 
they play any role in rapid signal transmis- 
sion (2, 3). This situation has begun to 
change with the finding that astrocytes pos- 
sess ion channels opened on a millisecond 
time scale by glutamate, the common excit- 
atory neurotransmitter (3). In this report we 
describe another prompt form of astrocytic 
response to glutamate and observations sug- 
gesting that networks of astrocytes may 
constitute an extraneuronal pathway for rap- 
id long-distance signaling within the brain. 

We first examined intracellular free calci- 
um (Ca2+i) responses of cultured hippocam- 
pal astrocytes to prolonged applications of 
glutamate (4, 5)  (Fig. 1). Virtually all cells 
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responded to 100 pM glutamate with an 
initial spike-like increase in Ca2'i, but later 
phases of the response to the continued 
hresence of glutamate varied from cell to cell 
(Fig. 1, A to D). We have classified response 
types into three categories. (i) In the sus- 
tained oscillation response, cells exhibited a 
prolonged episode of Ca2+i oscillation, last- 
ing from 300 to 1800 s (mean ? SD = 850 
? 300 s; measurements on 24 cells, five 
experiments). In some cells, the oscillation 
frequency remained relatively constant (Fig. 
1E) (period of 13 -C 2 s; 192 measurements 
on seven cells, three experiments). In other 
cells, the oscillation frequency gradually de- 
creased (Fig. 1F) (period of initial cycle of 
oscillation is 9 ? 2 s, increasing to 2 3 i  5 s 
after 5 min, 31 measurements). (ii) In the 
damped-oscillation response, cells exhibited 
Ca2+i oscillations of decreasing frequency 
(Fig. 1G) (period of initial cycle of oscilla- 
tion is 12 -i-- 4 s) that damped to a steady, 
elevated base line within 115 ? 48 s (230 
measurements on 30 cells, three experi- 
ments). (iii) In the third response pattern, 
cells did not oscillate. but exhibited a step- 
response, where Ca2+i remained elevated 
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indefinitely (Fig. 1H). Even in the absence 
of applied glutamate, spontaneous Ca2+i 
oscillations occurred in a few astrocytes. 

The initial increase in Ca2+i observed in 
all cells was spatially uniform, however, the 
Ca2+i changes underlying both sustained 
and damped oscillations could be resolved 
into spatially propagating ca2+i waves. In- 
tracellular waves traveled approximately 19 
prnls, eventually involving every portion of 
the cytoplasm before a subsequent wave 
began (Fig. 2). Also, decreases in oscillation 
frequency corresponded to decreases in the 
underlying intracellular wave velocity. 

In confluent astrocytes, waves of Ca2+i 
increase propagated from cell to cell (Fig. 
3). The spread of ca2+i increase is described 
as a propagating wave because the shape of 
temporal ca2+i change is characteristic and 
is similar for each point in the path (Fig. 
3F). Propagation between cells proceeds 
with no obvious discontinuity at nearly the 
same velocity as propagation within cells. 
Even at the level of individual cells, intercel- 
lular waves are distinguished from simple 
oscillations by the comparatively larger am- 
plitude and the associated plateau phase of 
the ca2+i peaks (Fig. lH ,  asterisks). The 
fiaction of intracellular waves that propagat- 
ed intercellularly varied, although in one 
fairly typical set of experiments 62 * 9% of 
the intracellular waves propagated partially 
or completely into a neighbor (40 intracellu- 
lar waves, five experiments). The most ex- 
tended intercellular wave recorded traveled 

ed with spatial propagation is illustrated with traces made from two diffen 
the cell marked by an arrow in (H). F, fluorescence. Scale bar, 100 pm. 

772 pm in 5 1 s and involved 59 cells before 
moving beyond the field of view. 

Astrocytes produced Ca2+i spikes at glu- 
tamate concentrations of 100 nM or higher 
(Fig. 4A) with 50% responding at approxi- 
mately 300 nM. Glutamate concentration 
also influenced whether oscillations oc- 
curred, the frequency of oscillations, and 
whether both intracellular and intercellular 
waves were observed. We compared oscilla- 
tion periods of 20 astrocytes at four gluta- 

c Fig. 1. Glutamate-induced vari- 
ations in fluorescence (F) of cul- 
tured hippocampal astrocytes 
loaded with the Ca2+ indicator 
dye fluo-3. Increased fluores- 
cence intensity indicates in- 

D- creased Ca2+i. (A through D) 
- Digital fluorescence micro- 

giphs: (A) 6 s before gluta- 
mate application, (B) 2 s, and 
(C) 10 s afker glutamate applica- 
tion. (D) A time series of micro- 
graphs, sampled at 2-s intervals 
from the area of the box in (C), 
showing the initial response to 
glutamate application (arrow- 
head) followed by sustained os- 
cillation. (E through H) Traces 
showing fluorescence of four 
individual cells, normalized to 
base-line values, as a function of 
time. Glutamate application 
(100 pM) is indicated by the 

w solid bar between the trace and 
the horizontal axis. Four differ- 
ent glutamate response patterns 

-25- . - 

0 I & - %  300 400 
-25- ,w ma 44W are illustrated (E) A sustained- 

(8) oscillator cell [same cell as (D)], 
showing the constant frequency 

form of this response. (F) Another sustained-oscillator cell [solid arrow in (C)], demonstrating the 
decreasing frequency characteristic. (G) A damped-oscillator cell [curved armw in (C)]. (H) A step- 
responder cell [open arrow in (C)]. This cell participates in two intercellular waves appearing in the 
trace as two peaks, indicated by asterisks. Scale bar, 200 pm. 

Fig. 2. Waves of Ca2+i 
elevation propagating 
within glutamate-stimu- 
lated astrocytes. (A) Flu- 
orescence of four fluo-3- 
loaded cells before gluta- 
mate exposure. (8 
through H) Fluorescence 
change images produced 
by subtracting the digi- 
tized base-line image (A) 
from images digitized at 
6-s intervals (6, 12, 18, 
24, 30, 36, and 42 s) 
after the cell had been 
exposed to glutamate 
for 40 s. Arrows indi- 
cate propagating wave 
fronts. Intracellular 
wave velocities range 
from 9.4 to 61.2 pm/s 
(mean velocity = 19 2 

9 pmls; 20 cells from 
five experiments). (I) 
The phase shift associat- 

:nt points 67 pm apart in 

mate concentrations and found that average 
oscillation periods decreased with increasing 
agonist (glutamate concentrations and asso- 
ciated periods were as follows: 0.1 pM, 24.7 
s; 1 pM, 16.5 s; 10 pM, 14 s; and 100 pM, 
11.3 s), in agreement with studies of similar 
oscillations in other cell types (6, 7). At low 
concentrations (< 1 pM), distinct areas of an 
astrocyte flickered asynchronously, and in- 
tracellular waves typically propagated only 
through portions of cells. At higher concen- 
trations (1 to 10 pM), ca2+i waves more 
commonly propagated through entire cells, 
and intracellular waves began to propagate 
into neighboring cells. At still higher con- 
centrations (10 to 100 pM), intercellular 
waves began to propagate over long dis- 
tances. At 1 mM glutamate, however, most 
cells showed a step-rise in Ca2+i with few 
oscillations and no intercellular waves. 

To determine whether glutamate elicits 
the initial Ca2+i spike and subsequent waves 
by means of the glial Na+- or C1--depen- 
dent glutamate uptake systems, we replaced 
these ions with choline and isethionate. In 
Na+-free saline solution, astrocytes showed 
an initial spike and the same three categories 
of cellular responses as they did in normal 
saline (Fig. 4B). Similarly, C1--free saline 
did not block the response of astrocytes to 
glutamate. It appears that glutamate acts 
through a receptor distinct from the known 
astrocytic glutamate uptake systems. 

Experiments were carried out in Ca2+- 
free saline (with EGTA added) to assess the 
role of surface membrane Ca2+ fluxes in the 
observed responses. Glutamate was still able 
to elicit ca2+i increases and a few cycles of 
oscillation in Ca2+-free saline (Fig. 4C), 
indicating that glutamate can liberate ca2+ 
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from inmacellular stores. Neither the lasting required for either sustained Ca2+i elevation kainate and quisqualate but not N-methyl- 
base-line elevations nor the sustained oscilla- or sustained oscillation. DaSpartate (NMDA). Quisqualate (100 
tions were seen when extracellular ca2+ was Specific glutamate receptor agonists con- C1M) mimicked a response to glutamate by 
absent, implyingxhat surface Ca2+ fluxes are firmed the presence of receptors preferring inducing an initial Ca2+ spike, followed by 

oscillations, although sustained responses 

Propaga 

,+..' 

7 
Origin 

initiates the wave. (E) Line dralving of succcsqi\.c n..~\.c front$ ~ n a d c  from ( A )  through (D). The 
dashed line represents a 0-fim trajectory crossing eight diticrcnt astrocytcs. (F) Time-course traces 
from eight positions at  50-fim intenals along the tmlecton in (E)  were plotted in three dimensions. 
The disrancc axis represents the distance from the cell of origin ( A )  along the trajectory. As Ca" rises. 
the gray scale at left, expressed in At:/):(%) (normali7xld) mo\.cs from black to white. At time zero. after 
a 40-s base line, glutamate initiates a spike in all eight cells simultaneously. Fluoresccnce of each cell 
returns to  an elevated base Line and then s l o ~ l y  rlses n.ith time. At 180 s after the application of 
glutamatc began, the first of nvo interccllular waves is initiated, indicated by the white peaks. Here, the 
dashed line indicates the time point when the first cell initiated the wave. A second intcrccllular wave is 
initiated in thc same cell at 250 s and follo\v~ rhc samc path. Intercellular \\.aves propagate with an 
average \.elocity of 15 2 3 pm/s (ten different waves in eight experiments). Scale bar, 200 fim. 

tor that E not activated by kainate. NMDA 
(100 CcM) with glycine (10 CcM) had no 
effect (Fig. 4F). The different responses to 
quisqualate and kainate in Ca2+-free saline 
suggest that a quisqualate-preferring recep- 
tor mainly releases Ca2+ from internal 
stores, whereas a kainate-preferring receptor 
mainly activates Ca2+ influx through the 
surface membrane. 

We fiuther tested for glutamate receptor 
subtypes with antagonis&. 6-cyano-7-nitro- 
quinoxaline-2,3-done (CNQX) had little 
effect at a concentration (10 pM) that effec- 
tively antagonizes a quisqualate receptor- 
gated ionophore of neurons (8). However, 
at 100 pM, CNQX blocked the initial spike 
in most cases, depressed damped oscillator 
responses, and decreased the oscillator fre- 
quency and amplitude (Fig. 4G). This re- 
ceptor resembles a second, relatively 
CNQX-insensitive metabotropic quisqua- 

f& on mroqes.-ine application of &onis& B - ~~utamate C - ~~utamate 
antagonist, or change of superfused saline is indi- 
cated in each graph by a bar or set of bars between 
the trace and the horizontal axis. (A) Glutamate 
dose-response curve (each point represents data 
pooled from 80 to 400 cells from three to five 5 experiments). Cells were scored as responding if g 20 

0 they showed a C$+i spike on application of 8 
glutamate. (6) A single cell's fluorescence (F) 10-lo 10.~ 10.' -30 
response to glutamate (100 phf) in Na+-free 0 100 200 300 400 

Glutamate (M) 
saline, preceded and followed by the cell's re- -rime (S) Time (s) 

sponse to glutamate in n o d  saline. The am li Dzo0 P+- Elno I Kainate 
tude and duration of glutamate-induced Ca u ca2+-free saline - ~~utamate 
spikes were almost invariably enhanced in Na+- 150 120 
free saline (16 out of 18 cells). Removal of Na+ - - 
without glutamate application also caused a Ca2+i 8 I 60 
rise in many cells. (C through E) Glutamate (100 5 
phf) (109 out of 146 cells), quisqualate (100 0 

% 0 

phf) (17 out of 22 cells), and kainate (100 phf) -50 
- - -  

-60, 
(63 out of 67 cells) effects, respxtively, in Cat+- 0 100 200 300 100 200 300 
free saline followed by the same agonists in -mfm (s) -rime (0) 
normal saline. Cells were perfused in Cat+-free G 

-rime (0) 

saline for 80 s before the beginning of these I ~lutamate H - Glutamate 
100 APB 

I I Glutamate 
recordings. After exposure to agonist in Cat+-free 1501 1 "". CNQx 1 I loOl- APV I 
saline thire was a $-min breakin recordmg (not 
shown) where the cells were perfused with Ca2+- 
free saline without agonist. (F) NMDA (100 FM) 
and glycine (10 phf) were unable to elicit a 
response (73 out of 76 cells). Glutamate (100 
CLM) was added later to show that the cell was 
capable of responding. (G through I) Effects of 
glutamate receptor antagonists on glutamate (10 l k f ~ e  (s) ~ i m e  (s) Time (s) 
CLM)-induced Caz+i oscillations. CNQX [lo0 pM in (G); 21 out of 22 cells] 
reduced both the fresuency and amplitude, APB [ l  mMin (H); 31 out of 33 amplitude. Antagonist was added for 1 min &re application of glutamate 
cells] had relatively little effect, and APV [ l  mM in (I); 19 out of 21 cells] and was allowed to remain for another minute after glutamate application 
caused a reduction in the frequency of the oscillation with little effect on ceased. 



late receptor (9). DL-2-Amino-4-phosphon- 
obutyric acid (APB) (1  rnM) antagonizes 
the glutamate receptor of the C1--depen- 
dent glutamate uptake system (10) but had 
no effect on glutamate (10 pM)-induced 
Ca2+ spikes or waves (Fig. 4H).  DL-& 
Amino-5-phosphono-valeric acid (APV) (1 
mM), an NMDA-receptor antagonist, par- 
tially attenuated the response (Fig. 41). 

Our studies are consistent with reports 
showing that astrocytes possess glutamate 
receptor-operated ion channels of the kain- 
ate- and quisqualate-preferring subtypes, 
but not of the NMDA-preferring subtype 
(3, 11). Kainate could raise Ca2+i by depo- 
larization and voltage-gated Ca2+ channels 
(12) or by second messenger systems that 
promote Ca2+ entry (13). Quisqualate's ef- 
fects, on the other hand, are reminiscent of a 
receptor that activates inositol 1,4,5-tris- 
phosphate (IP3) production and release of 
Ca2+i from internal stores (9). In fact, quis- 
qualate stimulates inositol turnover in astro- 
cytes (14), and the average oscillation fre- 
quencies reported here are consistent with 
systems where Ca2+i oscillations are attrib- 
uted to IP3 turnover (15). 

The Ca2+i waves may propagate between 
cells by passage of a second messenger 
through gap junctions (16). Gap junctions 
are a prominent feature of astrocytes in 
brain (17) and have also been observed in 
our cultures bv means of electron microsco- 
py (18) and by dye photobleaching experi- 
ments (19). Potential mediators of the sig- 
naling postulated here include IP3, some 
other PI metabolite, the Ca2+ ion itself, and 
the flow of electric current (15, 20). Al- 
though electric current flow may somehow 
act as a junctional coupling factor, the slow 
propagation of intercellular Ca2+i waves 
probably rules out any simple cable propa- 
gation mechanisms. 

We have seen a varietv of oscillatorv and , 
nonoscillatory Ca2+i responses of cultured 
astrocytes to the neurotransmitter gluta- 
mate. Because glutamate-releasing nerve ter- 
minals are close to astrocvtic membranes. 
neuronally released glutamate may trigger 
Ca2+i responses in astrocytes in situ similar 
to those we have observed in cell culture 
(21). Also, the apparent encoding of gluta- 
mate dose into various forms of oscillation 
and spatial propagation suggests a system 
adapted to the long-range transmission of 
information. 

Note added in pvooj It has come to our 

attention that glutamate-induced Ca2+i os- 
cillations have now been observed in cul- 
tured astrocytes by using hra-2, a fluores- 
cence-ratio Ca2+i indicator (22). 
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