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Fluorescence image analysis using the calcium indicator 
flue-3 was used to examine changes in [Ca2+li induced by 
glutamate in mixed glia populations cultured from neonatal 
rat brains. [Ca2+li responses were correlated with glia type 
by performing immunohistochemistry using markers specific 
for type 1 and type 2 astrocytes on the same cells used in 
the imaging experiments. Glutamate (30-500 MM) induced 
two markedly different [Ca2+],responses in the two astrocyte 
types: the response in type 1 astrocytes consisted of an 
initial fast transient followed by varying degrees of oscilla- 
t,ions, whereas the predominant response in type 2 astro- 
cytes was a slow rise in [Ca*+], to a more or less sustained 
and nonoscillatory level. In some type 2 astrocytes, an initial 
spikelike transient similar to that in type 1 astrocytes was 
observed; the overall size of the spike, however, was smaller 
than in type 1 astrocytes. Two agonists for the ionotropic 
glutamate receptor, cu-amino-3-hydroxy-5methylisoxarole- 
4-propionate (AMPA) and kainate, elicited a 6-cyano-7-dini- 
troquinoxaline-2,3-dione (CNQX)-sensitive, external Ca*+- 
dependent, sustained [Ca2+], rise in type 2 but not type 1 
astrocytes. The initial spike in type 2 astrocytes was less 
dependent on external Ca2+ and not blocked by CNQX. [Na+&, 
as measured by the Na+-fluorescence dye SBFI, was ele- 
vated by kainate in both astrocyte types, though the increase 
was larger in type 2 astrocytes. This increase was reduced 
by CNQX, suggesting this [Ca2+li increase was mediated, at 
least in part, by ionotropic glutamate receptors. The results 
are discussed in terms of the relative distribution of two 
classes of glutamate receptors on these two astrocyte types: 
one, the ionotropic class, is linked directly to an ion channel, 
and the other, the metabotropic class, induces internal mo- 
bilization of Ca*+ via inositol phospholipid hydrolysis. 

Neurotransmitter receptors coupled to second messengers, as 
well as ligand- and voltage-gated ion channels, are membrane 
proteins employed by the CNS, notably in neurons, for signal 
processing. While brain signaling has been described in terms 
of neurons, recent studies have provided mounting evidence 
that these membrane proteins also are a property shared with 
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glia, another major cellular component in the brain that out- 
numbers neurons 10: 1 and forms one-half of the brain volume 
(Kuffler et al., 1984). First evidence came from studies of glia 
in vitro (see reviews by Pearce and Murphy, 1988; Barres et al., 
1990a). Further, evidence that glia express many of these mem- 
brane proteins in vivo is emerging. In situ hybridization histo- 
chemistry using probes from cloned glutamate receptors re- 
vealed the presence of messages in putative Bergmann glia in 
cerebellar sections (Keinanen et al., 1990), corroborating a sim- 
ilar conclusion drawn from studies using an antibody against a 
kainate (KA)-binding protein (Somogyi et al., 1990) and patch- 
clamp studies have revealed ligand- and voltage-gated ion chan- 
nels in freshly isolated glia and glia precursors (Barres et al., 
1989, 1990b). Indeed, brain glia may be as dynamically regu- 
lated as neurons, as illustrated by the developmental plasticity 
of ion channel and receptor properties (Gallo et al., 1989; Sont- 
heimer et al., 1989; Barres et al., 1990b), glia-type-dependent 
expression of ion channels (Barres et al., 1990a), and regional 
heterogeneity (Wilkin et al., 1990). 

Astrocytes are, by and large, the most abundant glia type. 
Classically, astrocytes in vivo have been classified into two major 
types, the protoplasmic type present in gray matter, and the 
fibrous type present in white matter. In vitro studies of the rat 
optic nerve (Raff, 1989) resulted in the characterization of two 
astrocytes that differ in cell lineage, in their interactions with 
other CNS cells (type 1 astrocytes form the glial limiting mem- 
brane and send end feet to blood vasculature, while the role of 
type 2 astrocytes is unknown), in antigenicity, and in ion channel 
properties (Barres et al., 1990a). While it is unclear how the in 
vitro classification corresponds with in vivo classification, type 
1 and type 2 astrocytes, collectively, provide a powerful in vitro 
system for exploring glial role in brain function and develop- 
ment. 

This article examines [Ca”], signaling induced in these two 
astrocyte types by an important CNS neurotransmitter, gluta- 
mate. Ligand-induced signaling often is characterized by cas- 
cades of intracellular second messengers (like IP3 and Ca2+), 
allowing a single stimulus to diverge into multiple cellular re- 
sponses. In particular, [Ca2+], signaling, which is often distinct 
between cell types and could even be regionally specialized with- 
in a single cell, now can be temporally and spatially resolved 
using calcium indicators and image analysis. Inferences on func- 
tion and receptor properties can be made by examining different 
features of [Ca2+], signaling. In recent studies on type 1 astrocyte- 
enriched cultures, the observed kinetics of a glutamate-induced 
[Ca*+], response are consistent with these cells expressing a class 
of glutamate receptor that is coupled to the IP3 second-mes- 
senger system (Cornell-Bell et al., 1990; Jensen and Chiu, 1990) 
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and the spatial variation of [Ca2+], has led to the suggestion of 
gap-junction-mediated long-range glial signaling (Cornell-Bell 
et al., 1990). Little is known about excitatory amino acid-in- 
duced [Cal+], signaling in type 2 astrocytes. In this article, we 
present a detailed comparison of glutamate-induced [Ca”], re- 
sponses in type 1 and type 2 astrocytes in the same coculture. 

Materials and Methods 
Materials 
Excitatory amino acids (L-glutamic acid, kainic acid) were purchased 
from Sigma (St. Louis, MO). Antagonist [6-cyano-7-dinitroquinoxaline- 
2,3-dione (CNQX)] was purchased from Cambridge Research Biochem- 
icals. The acetomethoxyester (AM) forms of the calcium indicator fluo-3 
(fluo-3/AM) and the sodium indicator SBFI/AM were purchased from 
Molecular Probes (Junction City, OR). Tissue culture media and fetal 
bovine serum were obtained from Gibco (Grand Island, NY). Tissue 
culture reagents and primary polyclonal rabbit IgG antibody to glial 
fibrillary acidic protein (GFAP) were purchased from Sigma. A2B5 
antibody supematant (American Type Culture Collection,-generously 
urovided bv Barbara Barres) was used at a dilution of 1:2. The GFAP 
primary antibody was viewed with a fluorescein (FITC)-conjugated 
F(ab’),lfragment goat anti-rabbit IgG secondary antibody, purchased 
from Sigma. The A2B5 primary antibody was viewed with a rhodamine 
(Rd)-conjugated F(ab’), goat anti-mouse IgG secondary antibody, pur- 
chased from Accurate Chemical (Westbury, NY). 

Cell cultures 
Cerebral cortices plus part of the underlying white matter from postnatal 
day 2 rats (Sprague-Dawley) were stripped of the meninges and cut into 
small pieces, then gently triturated through an 1 I-gauge syringe needle 
to yield a cell suspension. The cells were filtered through a 60-rrn Nitex 
mesh (Tetko, Elmsford, NY), pelleted by gentle centrifugation (5 min, 
400 x g), resuspended, and plated onto 75-cm2 T-flasks. Cells first were 
grown to confluence (= 7 d) in Dulbecco’s modified Eagle’s medium 
containing 10% fetal bovine serum, insulin (10 pg/ml), L-glutamine (2 
mM), transferrin (10 &ml), sodium selenite (60 nM), nonessential amino 
acids (0.1 mM), and gentamycin (50 @ml). Without mechanically shak- 
ing off the top layer of cells as in previous studies (Jensen and Chiu, 
1990) the cells were replated at a low density and treated with cytosine 
arabinoside (1 pm) to kill rapidly dividing cells (such as meningeal cells). 
Thereafter, the cells were passaged repeatedly every l-2 weeks. During 
the first month, the majority of the cells were flat and non-process 
bearing. Stellar, process-bearing cells started to appear with time in 
culture, and by 24 months following the initial plating, these cells made 
up roughly half of the cell population. Calcium and sodium imaging 
experiments usually were performed at this time by plating cells onto 
poly-L-lysine coated glass coverslips at a low density so that stellar cells 
and flat cells were spatially separated to allow individual cell imaging. 

In some experiments, cells following dissociation were plated directly 
onto coverslips (20 x lo4 cells/ml), and imaging experiments were 
performed 1 week later. 

Solutions 
Solutions were essentially similar to those used in a previous study 
(Jensen and Chiu, 1990). The normal Locke’s solution bathing cells 
during fluorescence measurements contained (mM) NaCl. 142: KCl. 5.4: 
CaCl, 1.8; M&l,, 0.8; glucose, 11; HEPES, IO (pH, 7.4) Two types of 
modified Locke’s solution were used: high-K+ (part or all of N&l re- 
nlaced bv KCl) and Ca2+-free (omitting Ca2+ and addina 2 mM EGTA). 
Excitatory ammo acid agonists and &agonists were added to either 
normal or modified Locke’s solution. Nifedipine and CNQX were made 
up as a stock solution (100 mM in dimethylsulfoxide) and added to 
Locke’s solution to yield the working concentration. The volume of the 
recording chamber was about 300 ~1, and astrocytes under study were 
superfused continuously with control or test solutions at a fixed rate of 
about 1 ml/min (giving an approximate 85% bath exchange in 30 set). 

taining the dye-loaded cells were mounted on a recording chamber 
(Jensen and Chiu, 1990) and washed continuously in normal Locke’s 
solution for at least 10 min before beginning fluorescence measurements. 
The recording chamber was secured tightly on the observation platform 
of a Nikon Diaphot inverted microscope equipped with mercury-lamp 
illumination (75 W) and an FITC filter set. The images were viewed 
through a 20 x Nikon Appo objective and captured by a silicon-inten- 
sifier target tube (SIT) camera (Hamamatsu C-008). In most cells, punc- 
tated fluo-3 fluorescence resulting from dye compartmentation within 
cell cytoplasm was not observed, cells that exhibited detectable dye 
compartmentation were not used in subsequent analysis. On-line image 
acquisition and shutter control and off-line analysis were performed 
with an IMB/AT-based imaae-urocessina nackaae (Imaae- 1 /AT and 
Fluorescence Package, Universal ImagingCbrp., PennsylGania). A flu- 
orescence image of the entire field of view of the camera (consisting of 
30-60 cells) was acquired every 5 sec. Between acquisitions, the shutter 
between the objective and the mercury lamp was closed to avoid bleach- 
ing. Each image was the average of 16 successive video frames (~30 
frames/set). Images were written onto a 150-megabyte hard disk and 
retrieved later for analysis. 

Following Cornell-Bell et al. (1990) agonist-induced changes in [Ca2+], 
were reported as changes in fluo-3 fluorescence, and calibrations for 
[Cal+], were not made. Flue-3 has several advantages over all available 
indicators: it has the largest optical signal per molecule (Kao et al., 1989) 
and is excited by wavelengths in the visible range, which is potentially 
less injurious to cells than the UV excitation required of other indicators. 
The drawback of fluo-3 is a lack of spectral shift on binding Ca2+, making 
calibrations for absolute [Ca2+], much more difficult than with ratio dyes 
like fura-2. Fluo-3 is thus ideal for studies in which the emphasis is on 
changes in [Ca2+], rather than on absolute [Ca2+], levels, as in the present 
report, in which the goal is to compare the shape of the agonist-induced 
changes in [Ca*+], in type 1 and type 2 astrocytes. Even though absolute 
[Ca*+], levels were not reported here, variations in dye concentrations 
and path length could be corrected for, as in Cornell-Bell et al. (1990), 
by normalizing the fluo-3 signals against the resting signals, pixel by 
pixel, before agonist application. The data were computed as AFIF,, 
where FO is the baseline fluorescence calculated as the average of 10 
images immediately prior to agonist application and AF is the change 
in fluorescence following agonist application. Note that the fluorescence 
signals were corrected for the video system offset before computation 
of AFIF,; this offset, recorded for each experiment, was measured by 
closing the shutter and measuring the camera signal using the same gain 
settings as for actual data acquisition. Images of AFIF, were plotted in 
pseudocolor (as in Fig. lA-D). Time course of changes in AFIF, was 
obtained by defining a region of interest and calculating the average 
values of AF/F,, inside that region. A typical region consisted of 20-100 
pixels, and in most cases the regions were drawn around the cell soma. 
All fluorescence experiments were performed at room temperature. 

Fura-2. In the above measurement, values of AFIF, from different 
cells would reflect a true difference in [Ca*+], changes only if the resting 
[Ca*+], is similar. In one set of experiments, the absolute level of resting 
[Ca2+], was estimated from fura- measurements. Cells were incubated 
in Locke’s solution containing fura-Z/AM (5 PM) and pluronic (0.07%) 
for 45 min at room temperature as in previous studies (Jensen and Chiu, 
1990). Cells were washed with normal Locke’s solution for 10 min before 
measurement of resting level. Cells were alternatively excited with 340 
and 380 nm wavelengths, and fluorescence was collected with an oil- 
immersion UV-F4OX objective (Nikon). The emission signals were 
filtered with a 5 IO-nm narrow-band-pass filter, and 16 frames were 
averaged for each wavelength. [Ca2+l, (nM) was calculated from the 
fluorescence ratios (340:380) using the following equation: 

levels. R max, Rmi,, and FdF, were determined by exposing the dye&aded 
cells first to Locke’s solution containine 1.8 mM Ca2+ and 10 ILM io- 

where K,, is 224 nM and R is the ratio of the fluorescence intensity 
excited by 340 and 380 nm, after first correcting for background fluo- 
rescence. Background fluorescence was measured at the end of each 
calibration procedure using the residual fluoresence after bath appli- 
cation of a Ca2+-free Locke’s solution (0 Ca*+, 2 mM EGTA) containing 
5 mM MnCl, and 10 PM ionomycin (Jensen and Chiu, 1990). F,JF, is 
the ratio of the 380-nm excitation fluorescence at 0 and saturating Caz+ 

Imaging of [Ca2+Jl 
Flue-3. Cells were loaded with fluo-3 (Kao et al., 1989) by incubation 
in Locke’s solution containing fluo-3/AM (5 PM) and pluronic (0.07%) 
for 45 min at room temperature. After incubation, the coverslips con- 

Y ~~- r--.- -- 
nomycin (saturating the cytoplasmic fura- with Ca2+), then to one 
containing 2 mM EGTA with Ca*+ omitted. Instead of using one set of 
R,,,, R,,,, and FdF, values to calibrate [Ca2+], in every cell in the camera 
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field. these oarameters were measured at the same uixel locations from Results 
which R was determined to eliminate possible camera nonuniformity. 
The average resting [Ca2+], for cells with flat and stellar morphologies 
was 150 f  12 nM (n = 54) and 183 + 16 nM (n = 81), respectively, 
and these values were not statistically different (t test, p < 0.05). Without 
antibody labeling (see below), we assumed that this reflected a similar 
resting [Ca2+], in type 1 and type 2 astrocytes. 

Imaging of [Na+], 

Cells were incubated in Locke’s solution containing the ester form of 
the sodium indicator dye SBFI/AM (20 PM) and pluronic (0.07%) for 
45 min at room temperature. The cells were washed and mounted for 
imaging using the same excitation wavelengths (3401380 nm), emission 
filters, and objective as for fura- (Harootunian et al., 1989). Each pair 
of images used in the ratioing was collected every 5-20 set, and the 
image at each wavelength was the average of 16 frames. No calibrations 
ofabsolute [Na+], were made, and changes in [Na+], were reported simply 
as ratios (340:380), after correcting for the video system offset in each 
wavelength as described in the fluo-3 section. 

Immunohistochemistry 
Following each [Caz+], experiment, the same cells were labeled with 
antibodies to distinguish between type 1 and type 2 astrocytes. Im- 
munochemistry was performed at room temperature in the recording 
chamber, and the resultant fluorescence maps of antibody labeling were 
captured and processed using the same software package as for [Ca*+], 
imaging. By being careful not to move the chamber during the labeling 
procedures, fluorescence images of antibody labeling (corrected for back- 
ground fluorescence due to cell autofluorescence and residual fluo-3 
fluorescence) could be superimposed precisely on the corresponding 
images of [Cal+], for classification of response with respect to antige- 
nicity. 

Cells first were surface labeled with A2B5. The cells were washed 
with a blocking solution (Locke’s solution containing 10% goat serum), 
followed by incubation in the primary A2B5 antibody (1:2 dilution in 
blocking solution, 20 min), and then washed with Locke’s solution (5 
min). Before application of secondary antibody, the cells were briefly 
illuminated with the mercury lamp, and a fluorescence image (16 video- 
frame average), viewed through a rhodamine filter cube (Nikon), was 
captured for background correction. The secondary antibody, rhoda- 
mine-coupled F(ab’),-fragment goat anti-mouse IgG, was applied (20 
min), cells were washed, and another fluorescence image was captured. 
The difference between these two images reflects A2B5 labeling (see Fig. 
1E). This was followed by intracellular labeling with anti-GFAP. Cells 
first were fixed at room temperature for 10 min with ethanol plus 5% 
acetic acid (precooled to -2O”C), washed with blocking solution (5 min), 
incubated in nrimarv GFAP antibody (rabbit IgG, in blocking solution, 
20 min), and washed (5 min). A fluorescence-image, viewed with the 
FITC filter, was then recorded. This image typically consisted of residual 
fluo-3 fluorescence from previous [Ca2+], imaging experiments because 
GFAP was viewed with a FITC-conjugated secondary body, which uti- 
lized the same filter cube as in fluo-3. The secondary antibody, fluo- 
rescein-coupled F(ab’),-fragment goat anti-rabbit IgG, was applied (20 
min), cells were washed, and another fluorescence image was captured. 
The difference between these images reflects GFAP labeling (Fig. 10. 
Only [Cal+], responses from cells that still adhered to the coverslip after 
this double-labeling procedure were included in the analysis; about 30% 
of the cells were lost following antibody labeling. 

Similar procedures were used in antibody labeling following [Ca*+], 
imaging experiments. 

Criteria for scoring a cell as GFAPpositive. Following GFAP labeling, 
the fluorescence usually increased substantially over the residual fluo-3 
fluorescence, allowing fairly unambiguous scoring of a cell as GFAP 
positive (GFAP’). This increase was examined quantitatively in 103 
cells (three experiments): the fluorescence increased by 740 ? 55% (n 
= 103) over the residual fluo-3 fluorescence following GFAP labeling, 
with 95% of the cells exhibiting at least 100% increase. In the case of 
identifying GFAP-positive cells following [Na+], imaging experiments, 
any residual SBFI fluorescence should not have contributed to GFAP 
fluoresence because SBFI, a UV dye (Harootunian et al., 1989) is not 
excited at the wavelength used to excite the FITC used to view GFAP. 

Simultaneous [Ca2+], imaging of type 1 and type 2 astrocytes 
in mixed cultures reveals d$erential responses to glutamate 
Figure 1 illustrates both the key observation in this study and 
the methodology used in arriving at the result. Briefly, a mixed 
culture from neonatal brain first was subjected to [Ca*+], image 
analysis (Fig. IA-D) in real time and was followed by antibody 
staining of the same cells (Fig. lE,F) for glial identification. 
Fluorescence signals of fluo-3-loaded cells, normalized against 
the preagonist signals, are shown in pseudocolor before (A) and 
10 set (B), 15 set (C), and 25 set (D) following a maintained 
bath application of 500 PM glutamate. Qualitatively, two major 
patterns of response were seen. The first was transient and os- 
cillatory, as illustrated by Figure lA, cells 1 and 2. [Ca2+li in- 
creased shortly after glutamate application (B), returned more 
or less to baseline (C), then either increased again (D, cell 1) or 
remained near the baseline level (D, cell 2). The second pattern 
of response, in contrast, was nonoscillatory and was character- 
ized by a more or less sustained rise in [CaZ+], throughout the 
entire period of glutamate exposure (Fig. 1, cells 3-6). 

These two patterns of response correlated with the known 
morphological and antigenic distinctions between type 1 and 
type 2 astrocytes. All cells were GFAP’ (Fig. 1F) and hence 
were astrocytes. Double labeling with A2B5 (E) allows a dis- 
tinction to be made between type 1 [A2B5 negative (A2BSm)] 
and type 2 (A2B5+) astrocytes (Raff, 1989). By comparing [Ca”], 
images (Fig. lA-D) with the corresponding antibody images 
(EJ), it became apparent that cells exhibiting the oscillatory 
response (A-D, cells 1,2) were type 1 astrocytes, in being GFAP+ 
(F) and A2B5- (E), as well as having the typical flatlike mor- 
phology. Likewise, cells with the sustained response (A-D, cells 
3, 4) were type 2 astrocytes, in being GFAP+ (F) and A2B5+ 
(E), as well as having stellar morphology. The two astrocytic 
responses are illustrated more clearly by the two rows of time- 
lapse [Ca*+], fluorescence images for cell 1 (oscillatory, type 1) 
and cell 4 (sustained, type 2) shown at the bottom of Figure 1. 
Note that, for type 2 astrocytes, glutamate-induced [Ca2+], rise 
was found on both the cell soma and the fine processes. A small 
population (= 13%) of the stellar, GFAP’ cells (F, cells 5, 6) 
were A2B5- (E). These cells, however, had similar responses to 
A2B5+ cells, suggesting that they might be type 2 astrocytes that 
had lost this surface marker due to culture age. 

Time-course plots for [Ca2+], for cells 1-6, shown in Figure 
2, illustrate the quantitative differences between the two astro- 
cytic responses. For type 1 astrocytes (left column) there was 
always an initial rapid transient that peaked within the first 10 
set following glutamate application, followed either by multiple 
oscillations (Fig. 2, cell 1) or a small secondary, less discrete 
increase (cell 2). Most type 1 astrocytes in this study showed 
varying degrees of oscillations that were between these two cases. 
In contrast, the most consistent response in type 2 astrocytes 
(right column) was a more or less sustained elevation in [Ca*+], 
that never showed discrete, rhythmic oscillations. Interestingly, 
the slow rise to this sustained level (cell 4) was, in some cells, 
preceded by a fast, spike-like transient (cell 3), which resembled 
the first spike seen in type 1 astrocytes (left column). However, 
even in the presence of such an initial spike, the overall response 
was distinguishable from a type 1 response (as in cell 2) in that 
[Ca2+li in type 2 astrocytes slowly rose again to a level higher 
than that reached by the first spike (201 out of 202 cells). Es- 
sentially similar response features were exhibited by the stellar, 
GFAP+ but A2B5- cells (Fig. 2, cells 5, 6). 



The Journal of Neuroscience, June 1991, ff(6) 1677 

!OO T 
A F/F0 
(o/o) 

100 

Figure 1. Images of [Caz+], (A-D) and glial marker labeling (E. F) in the same brain cell culture. [Ca*+], images are expressed as changes in fluo- 
3 fluorescence relative to the resting fluorescence before agonist application @F/F,; see Materials and Methods). The fluo-3 images were taken 
before (A), and 10 set (B), 15 set (C), and 25 set (0) after changing the bath perfusing solution to one containing 500 fir.4 glutamate. The perfusion 
rate was about 1 mUmin, and the bath volume was about 300 pl. Following [CY+], imaging experiments (A-D), the same cells were labeled with 
A2B5 (E) and anti-GFAP (F) primary antibodies. Images of glial marker labeling represent fluorescence arising from rhodamine- (E) or FITC- 
conjugated (F) secondary antibodies against the primary antibodies of interest. The same six cells (l-4) are numbered both in the [Ca*+], (A) and 
the GFAP (F) maps. More frames of time-lapsed fluo-3 images are shown at the bottom for cell 1 (GFAP-, A2BSm) and cell 4 (GFAP-, A2B5’) 
to contrast the oscillatory and nonoscillatory nature of the two astrocytic responses; starting from left, images for each row are shown at 10 and 5 
set before glutamate application. and afterwards at 10, 30, 50, 60, 75, 90, 105, 120, 135, and 155 sec. 
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Figure 2. Single-cell [CaZ+], responses 
elicited by glutamate in type 1 (left) and 
type 2 (right) astrocytes. Time-course 
data are plotted from cells 1-6 of Figure 
1. [Ca*+], is expressed as changes in fluo- 
3 fluorescence relative to rest @F/F,,). 
Responses were calculated by averaging 
signals within the cell body region. Cell 
morphology and antigenicity are flat, 
GFAP+, and A2B5- (cells I, 2); stellar, 
GFAP’, and A2B5+ (cells 3, 4); and 
stellar, GFAP+, and A2B5- (cells 5, 6). 
Glutamate (500 PM) was bath applied 
continuously throughout the period in- 
dicated by the horizontal bar. 

Type-i astrocytes Type-2 astrocytes 

0 2 4 6 0 2 4 6 

2 4 6 
Time (min) 

The distinguishing features of the two astrocyte responses 
(Figs. 1,2) were independent of glutamate concentration, at least 
in the range of 30-500 PM tested. A summary of the results is 
presented in Table 1. Here, in the oscillatory category, responses 
were delineated into two groups: those giving only one spike (as 
in Fig. 2, cell 2) and those giving multiple spikes (as in Fig. 2, 
cell 1) during 1.5-5 min of continuous glutamate application. 
Likewise, in the sustained category, responses were classified as 
either having (as in Fig. 2, cell 3), or not having (as in Fig. 2, 
cell 4) a resolvable initial spike before the slow rise to the plateau 
phase. The corresponding cellular morphology and glial marker 
antigenicity for each of the responses were evaluated. A strict 
correlation between glial type and response pattern emerged, 
oscillatory responses were restricted to type 1 astrocytes, and 
sustained responses, to type 2 astrocytes. The averages of re- 
sponses from all cells are shown in Figure 3 for 30 PM, 100 KM, 

and 500 PM glutamate. Note that rhythmic oscillations, seen in 
single type 1 astrocytes (Fig. 2, cell l), are no longer seen in the 
averaged response because of asychronous oscillations among 
different cells. The apparent reduction in the size of the first 
spike for type 1 astrocytes seen when glutamate concentration 
was increased from 100 to 500 PM may be related to the pre- 
viously reported depression of oscillations when high concen- 
trations (1 mM) were used (Cornell-Bell et al., 1990). Besides 
recapitulating the key distinctions between the two astrocytic 
responses, Figure 3 also reveals an additional quantitative dis- 
tinction; the first spike, though sometimes present in type 2 
astrocytes, was smaller than in type 1 astrocytes. 

In subsequent analysis, the cell type for each [Ca*+], mea- 
surement was antigenically and morphologically identified as 

0 2 4 6 
Time (min) 

type 1 (flat, GFAP’, and A2B5-) or type 2 (stellar, GFAP+, and 
A2B5+); the small class of stellar, GFAP+ but A2B5- cells (e.g., 
Fig. 1, cells 5, 6) was excluded. 

Short-term cultures 

We examined whether the differential [Ca*+], response in the 
two astrocyte types observed in cells l-5 months old (as dis- 
cussed above) was a reflection of properties that developed with 
time in culture. Accordingly, cells following dissociation were 
plated directly onto coverslips, and [Ca”], measurements were 
performed 1 week later. Cell phenotypes were antigenically iden- 
tified as above. Responses were elicited in 11 of 13 type 2 
astrocytes and 4 of 10 type 1 astrocytes. The type 2 responses 
displayed a slow rise to a sustained level and were not preceded 
by a spikelike transient. The type 1 responses exhibited an initial 
spikelike transient with little or no subsequent oscillations. Thus, 
at least qualitatively, the differential responses in the two as- 
trocyte types seen in long-term cultures were already present in 
l-week-old cultures. No further studies were made on these 
young cultures. 

KA and AMPA predominantly elicit [Ca2+], responses in type 2 
astrocytes 
Because glutamate is known to activate both ionotropic and 
metabotropic classes of receptors (Ascher and Nowak, 1988; 
Sugiyama et al., 1989), the sensitivity of the two astrocyte types 
to more specific analogs was examined. The analogs used were 
KA (specific for the KA-subtype receptor) and a-amino-3-hy- 
droxy-5-methylisoxazole-4-propionate (AMPA; specific for the 
quisqualate-subtype receptor), both ofwhich have been reported 
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Figure 3. Averaged [Ca2+], responses for type. 1 and type 2 astrocytes at different glutamate concentrations. Type 1 responses have the large initial 
spike, and type 2 responses have a much smaller initial spike and are followed by a prominent secondary slow rise for all concentrations indicated. 
Glutamate was bath applied during the period indicated by the horizontal bars. All cells included in each average were antigenically identified as 
type 1 (GFAP+ and A2B5-) or type 2 (GFAP+ and A2B5+). The numbers of cells in each averaged response for type 1 and type 2 astrocytes, 
respectively, are N = 28, 25 at 30 p.q N = 112, 98 at 100 PM, and N = 33, 88 at 500 PM. Only cells with stable preagonist baseline were included. 
Data were pooled from different cells maintained in culture for l-5 months. 

to elicit only ionotropic and not metabotropic responses (Su- 
giyama et al., 1989). By scoring for the percentage of cells that 
responded to 100 PM of agonists, it became clear that, whereas 
both cell types were sensitive to glutamate (Table 1, Fig. 4A), 
virtually only the type 2 astrocytes responded with an increase 
in [Ca2+], to analogs specific for the ionotropic receptor (Fig. 
4A). The corresponding averaged time course plots of [Ca2+li 
for the two astrocyte types are shown in Figure 4, B and C. 

The [Ca”], responses elicited in type 2 astrocytes by KA (Fig. 
4B) and AMPA (Fig. 4C’) resembled the responses elicited by 
glutamate (Fig. 40, control) in displaying a slow rise to a plateau 
phase. However, the responses (Fig. 4B,C) almost never exhib- 
ited the initial [Ca*+], spike that was seen in 29% of cells re- 
sponding to glutamate (Table 1, Fig. 40). 

Antagonist CNQX blocks glutamate-induced, sustained [Caz+l 
rise in type 2 astrocytes 
Antagonist experiments further suggested that the bulk of the 
response elicited by glutamate in type 2 astrocytes was mediated 
by ionotropic glutamate receptors. CNQX, an antagonist for the 
ionotropic non-NMDA glutamate receptor (Honore et al., 1988), 
which is ineffective against the metabotropic glutamate receptor 

(Sugiyama et al., 1989), was tested in type 2 astrocytes. Figure 
40 shows two averaged responses to a bath application of 100 
PM glutamate, one in the absence (control) and the other in the 
presence of CNQX (experiments with 5 and 10 PM were pooled). 
The plateau rise in [Ca2+], was eliminated completely; in con- 
trast, the initial fast spike remained. 

Glutamate-induced [Caz+J rise is more dependent on external 
Caz+ in type 2 than in type I astrocytes 
To examine the importance of external calcium, cells were in- 
cubated with a calcium-free Locke’s solution (0 Ca2+, 2 mM 
EGTA) for 3-5 min, followed by addition of 100 PM glutamate 
to the calcium-free solution. Under these conditions, the pro- 
portion of type 2 astrocytes that responded markedly decreased 
from a control value of 85% to 9% (Fig. 5A). Interestingly, most 
of the cells that responded in Caz+-free bath solutions showed 
an initial small [Ca2+], spike even though the secondary plateau 
phase virtually had disappeared (Fig. 5B). In contrast, type 1 
astrocytes showed significant sensitivity to glutamate in the ab- 
sence of external calcium (Fig. 5A), even though the [Ca2+], 
responses exhibited much less tendency to oscillate, as noted 
previously (Cornell-Bell et al., 1990; Jensen and Chiu, 1990). 

Table 1. Relation between cell morphology, cell antigenicity, and the form of glutamate-induced [Ca*+], response 

Oscillatory Sustained Antibody 

Glutamate (PM) Multiple Single 1st spike No spike” Morphology (GFAP) (A2B5) Number of cells! 

30 61% 39% Flat + - 23 (28) 
58% 42% Stellar + + 24 (25) 
100% 0% Stellar + - 1 (1) 

100 60% 40% Flat + - 84 (116) 
29% 71% Stellar + + 104 (123) 
8% 92% Stellar + - 13 (19) 

500 29% 71% Flat + - 28 (33) 
59% 41% Stellar + + 85 (88) 
20% 80% Stellar + - 5 (5) 

n As illustrated by Figure 5B, a transient response in the type 2 astrocytes could be masked by the sustained response. Thus, this column should actually denote “sustained, 
no resolvable first spike.” This may underestimate the actual percentage. 
b This column gives the number of cells that responded in each condition; the total number of cells tested is given in parentheses. 
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Figure 4. Different sensitivity of the two astrocytic [CY+], responses to 100 PM of glutamate and analogs. A, The percentage of cells that responded 
to glutamate (GUI), KA, and AMPA. Only cells with stable preagonist baseline were included, a cell was scored as responding by a rise in fluo-3 
signals @F/F,,) immediately following agonist application. The numbers of cells for type 1 and type 2 astrocytes, respectively, are N = 116, 123 
for GLU, N = 5 1,18 for KA; and N = 48,42 for AMPA. The corresponding averaged time course plots of responses for KA and AMPA are shown 
in B and C. D, The effect of CNQX on the averaged glutamate response in type 2 astrocytes. Upper truce, control (100 PM glutamate; N = 123); 
lower trace, CNQX added together with 100 PM glutamate (N = 137), preceded by a 3-5-min exposure to CNQX alone. The antagonist was used 
at 5 and 10 PM, and data were pooled from different experiments. Horizontal bars in B, C, and D indicate the duration of agonist application. 

Figure 5B shows a type 2 astrocyte experiment in which cal- 
cium was added back to the bath while glutamate was being 
applied continuously. Clearly, this resulted in a large rise in 
[CaZ+],, further supporting the idea that the lack of response in 
the previous Ca2+-free portion was due simply to a lack of ex- 
ternal CaZ+ ions to carry the influx. 

The role of voltage-gated calcium channels in 
glutamate-induced [Caz+], rise in type 2 astrocytes 

Because glutamate induces membrane depolarization in astro- 
cytes (Bowman and Kimelberg, 1984; Kettenmann et al., 1984), 
one route for calcium influx is through voltage-gated calcium 
channels activated secondarily by this depolarization. Indeed, 
type 2, but not type 1, astrocytes express L-type calcium chan- 
nels in normal culture medium (for review, see Barres et al., 
1990a). The effects of nifedipine (100 PM), an L-type calcium 
channel blocker, was examined in type 2 astrocytes by first 
perfusing the bath with glutamate (100 PM) to elicit a [Ca2+li 

response. At the peak of the response (2.5 min after glutamate 
perfusion), nifedipine was added to the perfusing solution. This 
resulted in an accelerated return of [Ca2+], toward the baseline. 
When measured at 5.5 min (3 min after nifedipine application), 
the [Ca*+], signal was reduced by 27 + 1% (n = 10 cells) relative 
to the signal immediately before nifedipine was added. Corre- 
sponding measurements at the same time point (5.5 min) in 
control glutamate experiments in the absence of nifedipine 
yielded only an 11 f 4% (n = 14 cells) reduction. This reduction 
by nifedipine was significantly different from control (t test, p 
< 0.01). 

The presence of voltage-gated calcium channels in type 2 
astrocytes was suggested further by the increase in [Ca*+], seen 
when cells were depolarized by high-K+ solutions (Fig. 6). Here, 
bath application of 147 mM K+-Locke’s solution (Na+ replaced 
by K+) elicited a [Ca”], response that was similar to the plateau 
phase seen in a glutamate response. The major difference was 
that the K+-induced [Ca*+], rise was monotonic and was never 
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preceded by an initial spike. Interestingly, type 1 astrocytes in 
the same coverslip also showed a [Ca2+], rise that, in comparison, 
was transient (Fig. 6). This increase is probably not due to cal- 
cium channels because they normally are not present in type 1 
astrocytes (for review, see Barres et al., 1990a). It is further 
unlikely that this [Ca2+], increase was mediated by the Na+/Ca2+ 
exchanger because replacement of bath Na+ by choline did not 
result in any increase (Jensen and Chiu, 1990). This increase 
may be attributable to the formation of IP3 caused directly by 
depolarization (Larocca et al., 1987). Similar responses were 
observed in the two astrocyte types when 75mM K+ solutions 
were used. 

Kainate elicits an increase in [Na+], in type 1 and type 2 
astrocytes 

The observation that KA and AMPA elicit [Ca*+], responses 
only in type 2 astrocytes raises the issue of whether ionotropic 
receptors are absent in type 1 astrocytes. However, the lack of 
response in type 1 astrocytes may result from Caz+-impermeable 
non-NMDA channels in combination with an absence of volt- 
age-gated calcium channels. Because KA-gated channels are 
highly permeable to Na+ (Ascher and Nowak, 1988; Sontheimer 
et al., 1988), we took advantage of the recently introduced Na+ 
fluorescence dye SBFI (Harootunian et al., 1989) to monitor 
changes in [Na+], following channel activation, which is a more 
direct indication of the presence of this type of receptor than 
that offered by measurement of [Ca2+],. Figure 7, A and B, shows 
that bath application of KA (100 MM) elicited a rise in [Na+], in 
both types of astrocytes, with the rise being higher in type 2 
than in type 1 astrocytes. Tetrodotoxin (TTX; 1 MM) was present 
in the bath solutions to block voltage-gated sodium channels. 
In the presence of the antagonist CNQX (experiments with 5 
and 10 PM were pooled), the K&induced rise in [Na+], was 
reduced in both astrocyte types (Fig. 7A,B). Quantitatively, the 
reduction was examined by least-square fitting a straight line to 
the preagonist baseline and calculating the [Na+], change relative 
to this line at a fixed time after agonist application. The rise in 
ma+], signal was reduced by 66% (t test, significant at p < 0.093) 
relative to the control at 2.4 min after KA perfusion for type 1 
astrocytes, as compared with a significant reduction by 63% in 
type 2 astrocytes (t test, p < 0.01). Figure 7C shows the portion 
of the [Na+li response blocked by CNQX in both astrocyte types; 

a calcium-free Locke’s solution for 3- 
5 min before glutamate application. B, 
Single-cell [Ca*+], response in a type 2 
astrocyte. Calcium was initially absent 
from the bath, but reintroduced (1.8 
mM) during a continuous application of 
100 PM glutamate. 

the CNQX-sensitive component was clearly larger in the type 
2 astrocytes. As regarding the CNQX-insensitive response, which 
has a slow time course, it seems possible that this could arise 
from an incomplete antagonism or a component of the Na+/ 
CaZ+ exchanger. 

Discussion 
In this article, calcium image analysis and glial-specific antibody 
labeling were performed in conjunction to compare glutamate- 
induced [Ca*+], responses in type 1 and type 2 astrocytes in 
cocultures. While glutamate-induced [Ca2+], responses already 
have been measured in type l-enriched cultures (Cornell-Bell 
et al., 1990; Jensen and Chiu, 1990), correlation of [Ca*+], re- 
sponses with glial markers, on a cell-by-cell basis, has not been 
attempted. By performing immunohistochemistry and imaging 
experiments on the same cells, two distinct [Ca”], responses 
linked to glial phenotype were identified in cocultures. One is 

150 r 
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0 

I I I 
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Time (min) 

Figure 6. Different effects of high-K+ solutions on [Ca>+], in the two 
astrocyte types. A 147-mr+K+ Locke’s solution (equal osmotic substi- 
tution of all external Na+ by K+) was bath applied as indicated by the 
horizontal bar. Responses were averaged from 10 type 1 astrocytes and 
eight type 2 astrocytes in the same coverslip. 
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Figure 7. Averaged [Na’], responses induced by KA in type 1 (A) and type 2 (B) astrocytes. The bath was perfused with normal Locke’s solution 
(142 mM Na+) to which drugs were added. A and B: upper truces, control (100 PM KA plus 1 PM TTX). Lower truces, CNQX added together with 
100 PM KA, preceded by l-l.2 min exposure to CNQX alone. C, CNQX-sensitive component calculated from A and B by taking the difference 
between the corresponding control and CNQX traces for each astrocyte type. The antagonist was used at 5 and 10 PM, and data were pooled from 
different experiments. Horizontal bars indicate the duration of agonist application. Number of cells in each averaged response for type 1 are N = 
27 (control) and N = 14 (CNQX), and for type 2, are N = 12 (control) and N = 12 (CNQX). [Na+], signals are expressed as the ratio of the emissions 
at 340- and 380-nm excitation (340:380). Note that the preagonist baseline 340:380 level, computed from the average of 16 images prior to KA 
application, was subtracted from each corresponding trace so that only changes in 340:380 values are shown. Type 1 and type 2 astrocytes were 
from the same coverslips in each experiment, and the results were from four coverslips of cells from the same 5-week-old culture. 

transient and oscillatory, bearing the hallmark of action of the 
metabotropic class of glutamate receptor, and could be elicited 
in both types of astrocytes even though the response is more 
pronounced in type 1 astrocytes. The other is nonoscillatory and 
sustained, suggestive of the ionotropic class of glutamate recep- 
tors, and was found only in type 2 astrocytes. 

Injlux and internal mobilization contribute to 
glutamate-induced [CaZ+Ii rise in the two astrocytes 
That internal mobilization contributed to the response in type 
1 astrocytes was suggested by the observation that these cells 
still responded to glutamate in the absence of external calcium 
(Fig. 5), even though the tendency for oscillations was depressed. 
This depression of oscillations may be accounted for either by 
the elimination of a calcium influx that normally interacts in 
some fashion with internal mobilization to yield oscillations, or 
by a partial depletion of the internal calcium pools during the 
calcium-free incubation prior to agonist application. Similar 
observations were obtained in previous studies on type 1 en- 
riched cortical cultures (Cornell-Bell et al., 1990; Jensen and 
Chiu, 1990). 

The plateau phase of the glutamate response in type 2 astro- 
cytes is due to calcium influx, because it was completely abol- 
ished when glutamate was applied without calcium present in 
the bath (Fig. 5B). This influx could be due either to influx 
through voltage-gated calcium channels activated secondarily 
by membrane depolarization, and/or via the glutamate-gated 
ion channel itself. Indeed, recent patch-clamp studies have dem- 
onstrated that glutamate activates a channel in type 2 cerebellar 
astrocytes (Usowicz et al., 1989). However, the channel is cou- 
pled to the non-NMDA glutamate receptor subtype, which tra- 
ditionally is thought to be impermeable to calcium, though two 
recent studies have suggested that a type of KA-gated channel 
is more permeable to calcium than previously thought (Murphy 
and Miller, 1989; Iino et al., 1990). Finally, the observation 

that nifedipine (100 PM) reduced the [Ca2+], response suggests 
that part of the influx is due to L-type calcium channels; how- 
ever, we cannot rule out nonspecific actions due to the high 
concentration of nifedipine used. 

The initial [Ca2+li spike in type 2 astrocytes is due to internal 
mobilization, as suggested by the following observations. First, 
this spike, unlike the plateau phase that followed, was not com- 
pletely eliminated in the absence of external calcium (Fig. 5B). 
The spike still was found in about 8% of cells tested with 100 
PM glutamate, as compared with 25% in control (bath Ca2+ 
present). This reduction in the frequency of observing the first 
spike may be due to depletion of the internal pool by the 3-5- 
min preincubation in Ca2+-free solution before glutamate ap- 
plication, as discussed earlier regarding the depression of oscil- 
lation in type 1 astrocytes. Second, the spike resembles the first 
spike seen in the oscillatory response in type 1 astrocytes that 
is presumed to be linked to glutamate-induced IP3 turnover. 
Indeed, the order of potency of eliciting this spike is glutamate 
(24% of cells) >> KA (7%) > AMPA (0%) when tested at 100 
PM, which is similar to that seen in type 1 astrocytes (data not 
shown), as well as to the relative potency in inducing inositol 
lipid hydrolysis in cultured cortical astrocytes (Nicoletti et al., 
1990). Specifically, AMPA at 1 mM did not induce detectable 
inositol phosphate hydrolysis (Nicoletti et al., 1990). Finally, 
CNQX, a glutamatergic antagonist shown to be ineffective on 
the metabotropic glutamate receptor, did not block this spike 
(Fig. 40). 

Ionotropic and metabotropic glutamate receptors in the two 
types of astrocytes 
Even though glutamate-gated ion channels have been demon- 
strated electrophysiologically in type 2 astrocytes (Usowicz et 
al., 1989), evidence for their existence in type 1 cells is so far 
inconclusive. For example, glutamate-induced whole-cell cur- 
rents in cerebellar type 1 astrocytes were consistent with a carrier 
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mechanism (Cull-Candy et al., 1988) and in type 1 astrocytes 
from rat optic nerves, whole-cell patch-clamp recordings did 
not reveal signs of these channels (Ban-es et al., 1990~). How- 
ever, in cortical cultures, the macroscopic currents exhibited 
characteristics of underlying activation of discrete glutamate- 
gated channels (Sontheimer et al., 1988). In the present study, 
two non-NMDA glutamate analogs (KA and AMPA) that are 
known to activate ion channels in neurons were found to elicit 
a [Ca2+], response preferentially in type 2 astrocytes. However, 
the lack of response in type 1 astrocytes may be due to Ca2+- 
impermeable non-NMDA channels in combination with the 
absence of voltage-gated calcium channels. Because non-NMDA 
channels are permeable to monovalent cations like Na+ (Ascher 
and Nowak, 1988; Sontheimer et al., 1988) measurement of 
[Na+],, rather than [Ca2+],, may be more appropriate for assaying 
non-NMDA channel activation. Figure 7 shows that KA in- 
duced a rise in [Na’], in both astrocyte types, which was reduced 
by CNQX. Interestingly, in type 2 astrocytes, the same CNQX 
concentrations completely eliminated the plateau portion of the 
glutamate-induced [Ca”], response (Fig. 40) but only partially 
blocked the LA-induced [Na+], response (Fig. 7B). One expla- 
nation is that partial block of a population of non-NMDA chan- 
nels is sufficient to reduce the membrane depolarization to a 
degree so that voltage-gated calcium channels are not activated. 
Another possibility is that the remaining [Na+], rise in CNQX 
is mediated by a transport mechanism like the Na/glutamate 
cotransporter; however, KA is thought not to be a substrate for 
this transporter (Kimelberg et al., 1989). The size of the CNQX- 
sensitive [Na+], component (Fig. 7C), being larger in type 2 than 
in type 1 astrocytes, is consistent with a higher density of KA- 
gated channels in the former astrocyte type. 

Metabotropic glutamate receptors are best assayed by mea- 
suring the second messengers generated intracellulary upon re- 
ceptor activation, for example, IP3 and calcium. Glutamate- 
induced liberation of IP3 has been well established in cortical 
astrocytes (for review, see Pearce and Murphy, 1988). The cor- 
tical cultures used in the studies were likely type l-enriched 
because most culture procedures were based on the McCarthy 
and De Vellis (1980) methods. Relatively unexplored is whether 
type 2 astrocytes express glutamate receptors linked to second 
messengers. This study suggests that a metabotropic response 
to glutamate (i.e., the first [Cal+], spike of Fig. 2, right column) 
is present in some type 2 astrocytes and that the response appears 
less robust than in type 1 astrocytes. Thus, the first [Ca2+], spike 
was much smaller in the type 2 astrocytes (Fig. 3), and discrete 
[Ca2+], oscillations, a hallmark of IP3-linked receptors (Berridge 
and Galione, 1988), were never observed superimposed on the 
plateau phase of the response. Such oscillations are a key feature 
in the type 1 astrocytic responses (Fig. 2, left; Cornell-Bell et 
al., 1990; Jensen and Chiu, 1990). Finally, in the absence of 
external calcium so that only a metabotropic response was elic- 
ited, the proportion of type 1 astrocytes responding to glutamate 
vastly outnumbered type 2 astrocytes (Fig. 54). Whether this 
represents a higher receptor density in type 1 astrocytes or dif- 
ferences in internal calcium pools poses an interesting issue for 
further studies. 

Comparisons with other studies on glutamate-induced [Caz+], 
changes in astrocytes 
In previous studies of cortical astrocytes that were presumably 
type 1 enriched, significant sensitivity to KA was found (Comell- 
Bell et al., 1990; Jensen and Chiu, 1990). In contrast, in this 
study very few type 1 astrocytes were found to respond to KA 

(Fig. 4A,B). In our previous study on whole populations of 
cortical astrocytes (Jensen and Chiu, 1990) we raised the pos- 
sibility that type 2 astrocytes were present to some degree in 
the type 1 cultures; the results of this study suggest that the 
reported KA sensitivity in that study may have originated from 
those contaminating type 2 astrocytes. Another possibility is a 
difference in culture conditions with regard to cell-cell inter- 
actions; in the present study, type 1 astrocytes are less confluent 
and are cocultured with type 2 astrocytes, whereas in previous 
studies, type 1 astrocytes are highly purified and confluent (Cor- 
nell-Bell et al., 1990; Jensen and Chiu, 1990). Expression of 
glial receptors, like that demonstrated for voltage-gated ion 
channels (Corvalan et al., 1990), may be modulated by cell-cell 
interactions. Furthermore, in this study regional brain differ- 
ences were not controlled and may contribute to some differ- 
ences when comparisons are made with studies using astrocytes 
from known brain regions (Cornell-Bell et al., 1990). However, 
time in culture does not appear to alter the form of [Ca2+], 
responses reported here; the differential response in the two 
astrocyte types (Fig. 2) was already evident in cells cultured for 
only 7 d after dissociation, as compared to the majority of the 
cells, which had been repeatedly passaged for up to 5 months. 

Functional implications of glutamate receptors in type 1 and 
type 2 astrocytes 
Type 1 astrocytes are known to continue to proliferate for at least 
a week after they develop, but type 2 astrocytes, like neurons, 
show little if any postmitotic activity once they are formed from 
precursors (Raff, 1989). Recent studies have suggested a role for 
neurotransmitters in regulation of astroglial proliferation, in 
particular, those that activate the receptor class linked to IP 
hydrolysis. Ashkenazi et al. (1989) have shown that, in cultures 
of presumably type 1 astrocytes, carbachol stimulates DNA syn- 
thesis via muscarinic ACh receptors in a cell-age-dependent 
fashion. On the other hand, glutamate has been shown to reduce 
proliferation of cells in type l-enriched cortical cultures (Ni- 
coletti et al., 1990). Relatedly, Hatten and co-workers have 
shown that astroglia proliferation is inhibited by neuronal con- 
tact (Hatten, 1987), but a role for trophic factors cannot be ruled 
out. Astrocytes guide neurons, but unchecked glia proliferation 
may impede neuron migration and outgrowth. A form of neu- 
ronal regulation ofastrocyte proliferation may be achieved using 
glial metabotropic receptors as sensors for neuronal cues (in the 
form of released glutamate, etc.). 

Astrocytes are coupled via gap junctions to form extensive 
syncytiums in the brain (Gutnick et al., 1981). While the distri- 
bution of gap junctions among the two astrocyte types has not 
been addressed, recent studies suggested that immunoreactivity 
against a gap-junction protein, connexin 43, was found exten- 
sively along the glial limitans of cerebal cortex (Dermietzel et 
al., 1989), suggesting that these gap junctions may be a property 
of type 1 astrocytes. Metabotropic glutamate receptors may be 
uniquely suitable for long-range signaling in glia syncytium (Cor- 
nell-Bell et al., 1990); second messengers generated within one 
cell (IP3 and calcium) may pass into neighboring cells via sec- 
ond-messenger-permeable gap junctions (Saez et al., 1989). As- 
trocytes are the major source of glycogen stores in the brain 
(Cataldo and Broadwell, 1986), and this glial energy reserve may 
reside in the extensive syncytium. Indeed, neurotransmitter- 
regulated glia glycogen metabolism has been demonstrated 
(Magistretti, 1988). Second messengers generated consequent to 
metabotropic receptor activation, like IP3 and calcium, may be 
involved in the glycogenolytic pathway (Ververken et al., 1982). 
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Indeed, the recruitment of metabolic responses via intercellular 
diffusion of second messengers, as suggested for the gap-junc- 
tion-coupled liver cells (Saez et al., 1989), may also play a role 
in mobilizing glial energy reserves in the brain. 

It has been demonstrated that excessive exposure to glutamate 
is toxic to neurons and not to glia (Choi et al., 1987), and it has 
been proposed that the toxicity is related to calcium overloading. 
It has been suggested that glia are protected from this toxicity 
because the calcium increase elicited by glutamate in type 1 
astrocytes is transient and oscillatory (Fig. 2, left) which is less 
injurious than the sustained increase seen in neurons (Jensen 
and Chiu, 1990). The observation here that type 2 astrocytes 
responded with a sustained elevation of calcium (Fig. 2, right), 
resembling that seen in neurons (Murphy et al., 1987), raises 
the interesting issue of whether these two brain glia might have 
different susceptibilities to glutamate toxicity. 
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