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Abstract 

Differentiated glial fibrillary acidic protein-positive astro- 
cytes in homogeneous cultures of early postnatal rat cerebral 
hemispheres respond by membrane depolarization to y-ami- 
nobutyric acid (GABA), glutamate, and aspartate with a 
threshold concentration of approximately 10e5 M. The GABA- 
induced depolarization is antagonized by two blockers of the 
neuronal GABAA receptor, picrotoxin and bicuculline, but is 
not affected by the uptake blockers /I-alanine or nipecotic 
acid. An agonist of the GABAn receptor, muscimol, produces 
a dose-response curve similar to that of GABA, whereas the 
agonist of the GABAB receptor, baclofen, did not alter the 
membrane potential. When repetitive pulses of GABA are 
given to one cell, its responsiveness depends on the time 
interval between pulses. Within 30 set after termination of 
the first pulse the cell remains unresponsive to the second 
pulse. With increased time intervals between the pulses, 
reactivity toward GABA recovers. Five minutes after the first 
pulse the cell regains 75% of its initial depolarization peak. 
Aspartate results in a depolarization similar in size and time 
course to that induced by glutamate. The glutamate agonists, 
quisqualate and ibotenate, and kainate are less potent than 
glutamate. N-Methyl-o-aspartate has no effect on the mem- 
brane potential of astrocytes. The pharmacological features 
of the glutamate response are therefore similar to those of 
the receptor mediating neuronal glutamate transport. 

Astrocytes are the most abundant type of glial cell in the central 
nervous system of mammals. Their role in the regulation of the 
neuron’s extracellular environment has been assumed to involve the 
clearance of K+ released by electrically active neurons via spatial 
buffer currents (Orkand et al., 1966; Gardner-Medwin, 1983) and, 
as suggested by Walz et al. (1984) active uptake. Clearance of 
neurotransmitters released by neurons from the extracellular space 
is another function proposed for glia (for review, see Schousboe, 
1981). In addition to this neurotransmitter uptake mechanism, cul- 
tured glial cells have been shown to respond directly by membrane 
depolarization to the amino acid neurotransmitters GABA, aspartate, 
and glutamate (Kettenmann et al., 1984a, b). Although all astrocytes 
from neonatal ‘rat cerebral hemispheres showed a response to 
GABA, aspartate, and glutamate, but not to other neurotransmitters 
(Kettenmann et al., 1984b), only some oligodendrocytes from em- 
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bryonic mouse spinal cord responded to GABA, others only to 
glutamate, and some to both, whereas yet another population 
remained unresponsive (Gilbert et al., 1984). Furthermore, aspartate, 
glycine, serotonin, adrenaline, noradrenaline, acetylcholine, and 
bradykinin were not observed to affect the resting membrane poten- 
tial of these oligodendrocytes (Kettenmann et al., 1984a). More 
recently, a direct response of cultured astrocytes to glutamate and 
aspartate, but not to GABA, was reported by Bowman and Kimelberg 
(1984). A direct depolarizing effect of glutamate on pure glial prep- 
arations has been shown in the denervated Necturus and rat optic 
nerve (Tang and Orkand, 1982; Ranson and Yamate, 1984) and of 
bradykinin on a glioma cell line (Reiser and Hamprecht, 1982). These 
studies show that glial cells respond directly to neurotransmitters 
and not only indirectly via a neuron-mediated K’ release during 
electrical activity (Constanti and Galvan, 1978; H&Ii et al., 1981a, 
b). 

In the mammalian central nervous system, the effects of GABA 
and glutamate as the most prominent inhibitory and excitatory 
neurotransmitters on the neuronal membrane have been the topic 
of many physiologrcal and pharmacological investigations. GABA 
acts on two different receptive sites, the GABAn and GABAB recep- 
tors (Bowery et al., 1979; Dunlap, 1981). Receptors for glutamate 
can be subdivided into at least two, but probably five pharmacolog- 
ically drstinct classes (Foster and Fagg, 1984). Four of these receptor 
types are responsible for triggering conductance changes in the 
neuronal membrane, whereas one type is thought to mediate trans- 
mitter uptake. The ionic mechanisms involved in the glutamate- and 
GABA-induced depolarizations of neuronal membranes are begin- 
ning to be understood (e.g., Buhrle and Sonnhof, 1984, 1985; 
Sakmann et al., 1984). 

The scope of the present investrgation was to elucidate the 
pharmacological features of the astrocytic responses to GABA, 
glutamate, and aspartate and to compare these to the properties of 
neurons and oligodendrocytes. 

Materials and Methods 

Cell culture. Cultures of enriched astrocytes were obtatned from 0- to 2- 
day-old rat cerebral hemispheres accordrng to the method of McCarthy and 
De Vellis (1980). They were approximately 98% pure as revealed by immu- 
nological criteria usrng glral frbnllary acidic protein as a marker for differen- 
tiated astrocytes. Cells were used for electrophysiological charactenzatron 
after they had been maintained for 9 to 11 days in vitro. They were then 
subcultured usrng 10 fig/ml of trypsin and 1 mM EDTA in Hanks’ balanced 
salt solutron for 5 to 10 min at room temperature and were used for 
electrophysiologrcal recordings 4 to 20 days after subculture. 

E/ectrophys/o/ogica/ procedures. For intracellular recordings electrodes 
filled with 3 M potassium acetate (resrstance, 50 megohms ) were used. The 
reference electrode consisted of an Ag-AgCI pellet connected to the bathing 
flurd vra a strrp of filter paper. For electrophysiological recording the culture 
dish was mounted on the stage of a Zeiss Inverted microscope and 
maintained at room temperature (Kettenmann et al., 1983). Cells were 
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penetrated wrth the ard of a step motor-driven micromanipulator (Sonnhof et recordings were taken from one cell to which pulses of GABA were 
al., 1982). Recordings were taken from penetrations which gave stable applied at increasing concentrations (1 PM, 5 PM, 10 PM, 100 FM, 1 
membrane potentials over many hours. Recordrng, storage, and display of 
data were accomplished with conventional electrophysiological equipment 

mM, 10 mM) at 5- or 1 0-min intervals to decrease desensitization (N 

and a microcomputer system. The bathing fluid contained the followrng salts 
= 8; Fig. IA). The lowest concentration which caused a recognizable 

in millimolar concentration: NaCI, 116; KCI, 5.4; CaC12, 1.8; NaHC03, 26; 
membrane reaction was 5 pM. The maximal depolarization response 

NaHP04, 1; MgS04, 0.8; glucose, 5.5. The pH of the bathing fluid was 
was found at 1 mM. At a higher concentration (10 mM) the depolar- 

controlled by a CO* atmosphere. The bathing fluid could be exchanged izing response in some cases even became smaller. The time course 
during experiments withrn 1 min by bath perfusion. Substances to be tested of the depolarization also varied with the concentration (Fig. 1A). 
were added to the bathing fluid. The speed of de- and repolarization (as expressed in volts per 

Neurotransmitters, agonists, and antagonists were obtained from Sigma second) was enhanced with higher concentrations. A typical dose- 
(Munchen, Federal Republic of Germany) and were used in the following response curve is displayed in Figure 1C. 
concentrations: GABA, L-glutamate, L-aspartate, quisqualate, kainate, and 
rbotenate at 0.001 mM, 0.005 mM, 0.01 mM, 0.1 mM, 1 mM, 10 mM (except 

Desensitization of GABA response. The GABA response of astro- 

for ibotenate and quisqualate); nipecotic acid, 1 mM; p-alanine, 1 mM; 
cytes showed a depolarization followed by a repolarization. This 

muscimol, 1 mM; picrotoxrn, 0.1 mM. Bicuculline was used as methobromide 
repolarization phase also occurred during sustained application and 

at a concentration of 0.5 mM. 
therefore was not induced by replacement of the bath with GABA- 
free solution. The membrane potential repolarizes either to the 

Results 
original value or to an intermediate plateau (Kettenmann et al., 
1984b). This response therefore has the features of a desensitization 

Dose-response curve of GABA-induced depolarization. Applica- process (Dunlap, 1981). By applying two GABA pulses of short 
tion of 1 mM GABA resulted in a transient depolarization of cultured duration (30 set) and varying the time interval between the pulses 
astrocytes as previously described (Kettenmann et al., 1984b). The (0.5 to 7 min), the recovery of the GABA response was determined 
depolarization was followed by a repolarization within about half a (Fig. 2). When GABA pulses were given within time intervals of less 
minute. To test the response of the cells to different concentrations, than 1 min, no second GABA response could be seen. After an 
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Figure I. Effect of GABA and muscimol on the membrane potential at different concentrations. During recording of membrane potential different 
concentrations of GABA (A) and muscimol (B) were applied to an astrocyte beginning with the lowest concentration (10m6 M). Concentrations are given in 
molar concentrations. Resting membrane potential was -75 mV. The substances were applied by bath perfusion as indicated by the bars. The time interval 
between applicatrons was 10 min. C, Dose-response curve of the GABA action. The change in membrane potential (A V,,,) was plotted against the molar 
concentration of the applied GABA. 
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interval of about 1 min a very small response of the cell was seen. 
After about 5 min the second reaction was 75% of the original 

response (Fig. 2). In some cases the GABA response became 
smaller after multiple application of different drugs and after record- 
ing for more than 4 hr. 

Effect of GABA agonists and antagonists. The response of 
astrocytes to muscimol, an agonist of the neuronal GABAA receptor, 
was tested at different concentrations and compared to the re- 
sponse to GABA. Depolarizations were similar in size and time 

course to those elicited by GABA (Fig. 1). At the lower concentrations 
of 5 x 10e6 to low4 M, muscimol was more effective than GABA. 
Similar to GABA, the muscimol response desensitized during appli- 
cation (N = 7; Fig. 1 B). The agonist of the neuronal GABAs receptor, 

baclofen, did not alter the membrane potential of astrocytes (N = 

5). 

Figure 2. A, Desensitization of the GABA 
response. GABA (1 mM) was applied several 
times in double pulses to an astrocyte dur- 
ing recording of membrane potential (V,,,) as 
indicated by the bar. The time between the 
double pulses was varied between 0.5 and 
3 min. The time Interval between each set 
of double pulses was 10 min. B, Quantitative 
determination of the refractory period of the 
GABA-induced response. The relative size 
(in percentage of the first response) of a 
second response after a GABA pulse as a 
function of time between the two pulses 
was determined as described in A. The inset 
at upper left shows the definition of At, the 
time interval (delay) between double pulses. 

Figure 3. Effect of picrotoxin on the 
GABA- and glutamate-induced membrane 
response. The reaction of the membrane 
potential (V,,,) to GABA (A) and glutamate 
(13) was measured after previous application 
(3 min) of 0.1 mM picrotoxin (AFTER HCRO- 
TOXIN) and compared to a control without 
previous application of picrotoxin (CON- 
TROL). The perfusion times are indicated by 
bars. 

When antagonists of the GABAA receptor, picrotoxin (0.1 mM) 

and bicuculline (0.5 mM), were added to the bath 2 min before a 
GABA pulse, the GABA response was reduced by more than 90% 
(N = 15; Fig. 3A for picrotoxin) when compared to the response to 

GABA before addition of antagonists. GABA responsiveness was 
recovered 10 min after washing out the antagonists. 

Blockers of the GABA uptake, nipecotic acid (1 mM) and p-alanine 

(1 mM), did not influence the GABA-induced depolarization (N = 5; 
not shown). 

Dose-response cures of glutamate- and aspartate-induced de- 
polarizations. In addition to GABA, cultured astrocytes also re- 

sponded to glutamate and aspartate by depolarization (Bowman 
and Kimelberg, 1984; Kettenmann et al., 1984b). A rapid application 
of the transmitter was necessary to give reproducible responses. 
The normal speed of exchange was about 80% within 20 set 
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Figure 4. A, Concentration dependence of the glutamate-, aspartate-, and kainate-induced depolarization. The effect of increasing concentrations of 
glutamate, aspartate, and kainate (beginning with 10e6 M) on membrane potential (in millivolts) was tested on one astrocyte. The resting membrane potential 
of the astrocyte was -85 mV. Concentrations are given in molar concentrations. Time of application of the drugs is indicated by bars. 6, Dose-response 
curves of glutamate-, aspartate-, and kainate-induced membrane depolarization as shown in A. Changes in membrane potential (AV,,,) were plotted against 
the concentration of applied glutamate, aspartate, and kainate (in millimolar concentration). 

(Kettenmann et al., 1983) and was kept constant during the experi- 
ments Reduction in the perfusion speed resulted in smaller depo- 
larizations with a slower de- and repolarization phase. 

The dose-response curve of glutamate and aspartate was deter- 
mined at increasing concentrations in IO-min intervals to decrease 
desensitization (Fig. 4). The threshold concentration for glutamate 
was slightly above 1 PM. The plateau of the response to glutamate 
was reached at 1 mM. Higher concentrations resulted in the same 
or even smaller depolarizations. The time course of the depolarization 
was concentration dependent. In addition, higher concentrations 
increased the speed of depolarization. Aspartate resulted in a de- 
polarization which was similar in time course, concentration depend- 
ence, and size to the glutamate-induced response (N = 14; Ketten- 
mann et al., 1984b). 

Prolonged and repetitive application of glutamate. Prolonged 
application of glutamate resulted in repolarization to an intermediate 
level (Fig. 5). After replacing glutamate by normal bathing medium, 
the membrane potential repolarized to the value prior to glutamate 
application. Repetitive applications of glutamate with increasing 
intervals between applications are shown in Figure 6. The second 
application results in a depolarization smaller than the previous one. 
Since the series of measurements was performed on one cell, time 
intervals between double pulses were 10 min. Note that the first trial 
resulted in a larger depolarization than the last one. This was always 
the case when glutamate was applied in several trials on one cell. 

Effect of glutamate agonists. The responses of astrocytes to 
agonists of the neuronal glutamate receptors were studied. Kainate 
at a concentration of 1 mM depolarized astrocytes similar to gluta- 
mate. The time course of the initial slope of depolarization, however, 
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Figure 5. Effect of prolonged glutamate application on membrane depo- 

larization. A pulse of glutamate was given for 7 min to an astrocyte during 
recording of membrane potential (V,,,). 

was slower. At lower concentrations glutamate was more effective 
than kainate, the threshold being 50 pM (N = 18; Fig. 4). lbotenate 
(N = 3) and quisqualate (N = 4) (Fig. 7) resulted in a smaller 
depolarization than that induced by glutamate. N-Methyl-D-aspartate 
(1 mM) did not change the membrane potential of astrocytes (N = 
21) (Fig. 7). 

The antagonists of the neuronal GABAn receptor, picrotoxin and 
bicuculline, did not alter the glutamate- and aspartate-induced de- 
polarization (Fig 6B for picrotoxin and glutamate application). 

Effect of glutamate on the responsiveness to GABA. In this set 
of experiments it was tested whether the GABA reaction could still 
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be evoked during application of glutamate. The responses to GABA 
before and during application of glutamate were compared. As seen 
in Figure 8, GABA induced a depolarization during glutamate appli- 
cation. When the peak of the glutamate-induced depolarization was 
much larger than the GABA-evoked depolarization, addition of GABA 
during glutamate action resulted in a less than additive depolarization 
(Fig. 8A). When the glutamate-induced depolarization was smaller 
than that evoked by GABA, the values of the GABA- and glutamate- 
induced depolarizations were additive (Fig. 88). We conclude that 
the GABA- and glutamate-induced depolarizations are induced by 
two distinct mechanisms which may interfere with each other. 
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figure 6. Desensitization of the glutamate response. Glutamate was 
applied twice during recording of membrane potential (V,) with an increasing 
interval between the two pulses as indicated by bars. The interval was varied 
between 0.5 and 3 min. The recordings were performed on one cell with a 
time in between each set of double pulses of 10 min. To decrease desensi- 
tization, time intervals between sets of double pulses were kept at a minimum 
of 10 min. 
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figure 7. Effect of quisqualate, ibotenate. and N-methyl-D-aspartate 

(NMDA) on membrane potential. During recording of membrane potential, 
glutamate, quisqualate, ibotenate, and N-methyl+aspartate were applied by 
bath perfusion (1 mM) as indicated by bars. Time interval between appllca- 
tions was 10 min. Resting membrane potential was -80 mV. 

Discussion 

The present study has confirmed and extended previous obser- 
vations that cultured astrocytes are able to react directly to the 
neurotransmitters GABA, glutamate, and aspartate by depolarization 
(Kettenmann et al., 198413). Since the cultures have a high purity 
with respect to cell type (>98%; Keilhauer et al., 1985), an influence 
of other cells could be excluded (see also Kettenmann et al., 198413). 
Bowman and Kimelberg (1984) also described glutamate- and as- 
partate-induced depolarizations in cultured astrocytes. In the con- 
centration range of glutamate and aspartate from 10e6 to 10e3 M, 
we obtained similar results, whereas with higher concentrations of 
glutamate (10 mM) we found a decrease in the size of the response. 
However, their results are based on measurements from only two 
cells. Also, in contrast to our observations, these authors did not 
detect GABA-induced depolarizations in their astrocyte cultures. It is 
noteworthy in this respect that, after repetitive application of different 
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B 

Figure 8. Effect of GABA on membrane potential in the absence of and 
during a glutamate pulse. Concentrations of GABA and glutamate were in all 
cases 10m3 M. Application times are indicated by bars. Resting membrane 
potential was -75 mV. A, Application of GABA during a glutamate pulse led 
to a depolanzlng level similar to that induced by GABA alone. B, In another 
cell, GABA induced a smaller depolarization when applied alone, whereas 
application of GABA during the glutamate pulse resulted in a superimposed 
depolarization of similar size. 

drugs to one astrocyte, the GABA response was found to be 
decreased. If GABA had been tested at the end of a series of 
experiments in our cultures, a response of the cell could have been 
overlooked. It is also possible that the developmental stage of the 
astrocytes under investigation and their origin with regard to brain 
region plays an important role. 

Comparison of GABA- and glutamate-induced depolarization in 
oligodendrocytes. GABA and glutamate depolarize cultured oligo- 
dendrocytes from embryonic mouse spinal cord (Gilbert et al., 1984; 
Kettenmann et al., 1984a). For a given concentration the size of the 
depolarization is significantly smaller in oligodendrocytes than in 
astrocytes, both for glutamate and GABA. The time course of the 
depolarization curves is similar to that observed in cultured astro- 

cytes from rat cortex (Bowman and Kimelberg, 1984; Kettenmann 
et al., 1984b), and the GABA response in oligodendrocytes and 
astrocytes can be mimicked by muscimol and antagonized by 
bicuculline and picrotoxin. The pharmacological properties of the 
glutamate response have not been studied in oligodendrocytes. In 
contrast to astrocytes, however, only a percentage of all oligoden- 
drocytes tested responded to GABA and glutamate. We therefore 
conclude that, despite many similarities in electrophysiological and 
pharmacological features of astrocytes and oligodendrocytes, some 
differences in membrane properties in response to neurotransmitters 
are evident. Whether these are due to different culture conditions or 
to developmental, brain region-specific, or functional differences 
remains to be elucidated. 

Pharmacological properties of the GABA response with relation 
to the neuronal GABA receptor. In neurons, two different GABA- 
receptive sites can be pharmacologically distinguished (Dunlap, 
1981). The pharmacological properties of the astrocytic GABA re- 
sponse are similar to those of the GABAn receptor site of neurons, 
regarding the depolarizing effect of muscimol and the antagonizing 
effect of bicuculline and picrotoxin. They do not match with the 
pharmacological properties postulated for the GABAB receptor site 
or with a GABA uptake process (Schousboe, 1981). The ionic 
mechanisms underlying the membrane depolarizaton of glial cells to 
GABA are presently unknown. 

Pharmacological propelties of the glutamate and aspartate re- 
sponse with relation to the neuronal glutamate receptor. The phar- 
macological properties of the neuronal transport binding site for 

glutamate and aspartate (Foster and Fagg, 1984) show the best 
agreement with the reactions of astrocytes reported here: the de- 
polarizing response in astrocytes is induced by glutamate and 
aspartate and the cells are less sensitive to ibotenate, quisqualate, 
and kainate (at lower conentrations). N-Methyl-D-aspartate shows no 
effect. The transport binding site is also dependent on extracellular 
Na+ as shown for the astrocytic glutamate-induced depolarization 
(Bowman and Kimelberg, 1984). The depolarizing response of oli- 
godendrocytes and astrocytes to glutamate could therefore reflect 
a glial counterpart of the neuronal uptake mechanism. 

Possible function and mechanism of transmitter-induced depo- 
larization in glial cells. The functional role of GABA and glutamate 
in participating in the information transfer between neurons is well 
established. The action of the neurotransmitters is mediated by a 
change of ionic conductances of the neuronal membrane causing 
de- or hyperpolarization of the cell. Similar to the GABA response of 
oligodendrocytes (Gilbert et al., 1984), the observed depolarization 
of astrocytes, however, may not be due to conductance changes. 
A possibility for the depolarization mechanism is the activation of a 
pump or a carrier system. For glial cells Na+-dependent transmitter 
transport mechanisms have been described (Schousboe, 1981). 
The movement of Na+ into the cell could thus lead to the observed 
depolarization (Krnjevic, 1984). The GABA-induced depolarization in 
oligodendrocytes (Gilbert et al., 1984) and the glutamate-induced 
depolarization of astrocytes is dependent on extracellular Na+ (Tang 
and Orkand 1982; Bowman and Kimelberg, 1984). Shank and 
Campbell (1984) found that a cell fraction containing astrocytes from 
the mouse cerebellum possess higher affinity carriers for glutamate 
and GABA in comparison to other fractions. We therefore favor the 
hypothesis that the transmitter-induced depolarization in astrocytes 
and oligodendrocytes is due to an uptake process driven by the 
Na+ gradient across the membrane. The uptake of GABA would be 
different from that of the nipecotic acid-sensitive system. However, 
no convincing experimental evidence is yet provided to link the 
observed membrane reaction with a functional role. 
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