
The Journal of Neuroscience, February 1992, 7.32): 664-673 

Transmitter-operated Channels in Rabbit Retinal Astrocytes Studied 
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Glutamate and GABA open ion channels in the membranes 
of astrocytes found on the vitreal surface of the rabbit retinal 
visual streak. The glutamate-operated channels are opened 
by kainate, quisqualate, and AMPA, but not by NMDA, as- 
partate, or the metabotropic agonist 1 -aminocyclopentane- 
lS,3/?-dicarboxylic acid. The effects of glutamate and its 
analogs can be blocked by 20 PM 6-cyano-7-nitroquinoxa- 
line-2,3-dione. The conductance increase evoked by 10 AM 
glutamate, a concentration of this transmitter near to that 
found in the vitreous humor that bathes these cells, was 
equivalent to 22% of the cell’s resting conductance. The 
conductance increase evoked by 1 PM GABA, a concentra- 
tion near that found in the vitreous, was equivalent to 131% 
of the cell’s resting conductance. The effects of GABA can 
be blocked by bicuculline. These data show that GABA, and 
non-NMDA-type glutamate receptors play an important part 
in determining the resting potential of visual streak astro- 
cytes in situ and that these channels may be of general 
importance for the functions of astrocytes in I&O. 

Glutamate and GABA are major neurotransmitters of the CNS, 
and their actions on neurons are well known. However, their 
effects on glia have largely been studied on cells in short- or 
long-term culture and are less well understood. In acutely dis- 
sociated amphibian and mammalian Mtiller cells, glutamate 
generates an inward current by activating an electrogenic uptake 
mechanism in which glutamate is transported into cells in as- 
sociation with an excess of sodium ions (Brew and Attwell, 1987; 
Sarantis and Attwell, 1990). Electrogenic uptake of glutamate 
has also been described for cultured type 1 cerebellar astrocytes 
(Cull-Candy et al., 1988). In cultured type 2 and also type 1 
cerebellar astrocytes held in longer-term culture (>7 d), gluta- 
mate produces an inward current by opening channels similar 
to those found in neurons operated by glutamate, quisqualate, 
AMPA, and kainate (Kettenmann and Schachner, 1985; Son- 
theimer et al., 1988; Usowicz et al., 1989; Wyllie et al., 1991). 
Like glutamate, GABA can also produce membrane currents 
either as the result of uptake driven by the sodium gradient as 
shown for skate horizontal cells (Malchow and Ripps, 1990) or 
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by opening chloride channels (Bormann et al., 1987). GABA 
has been shown to open chloride channels via an action on 
GABA, receptors in cultured rat cortical astrocytes (Ketten- 
mann and Schachner, 1985; Bormann and Kettenmann, 1988) 
and isolated skate Mtiller cells (Malchow et al., 1989). 

The transmitter uptake carriers found in astrocytes are thought 
to be important for the termination of transmitter action (Hertz, 
1979) and perhaps for transmitter release through reversal of 
the normal uptake mechanism (Schwartz, 1987; Szatkowski et 
al., 1990). The physiological significance of transmitter-oper- 
ated channels in glial cells is not understood, although roles in 
the regulation of excitability at nodes of Ranvier (Usowicz et 
al., 1989) potassium accumulation (Ballanyi et al., 1987), and 
long-range signaling between glial cells involving glutamate-me- 
diated calcium entry (Cornell-Bell et al., 1990) have all been 
suggested. 

The object of the work presented here was to investigate the 
properties of the transmitter-gated currents of retinal astrocytes 
in situ. The experiments were necessary for two reasons: first, 
to validate studies in culture, because glial cell phenotype, in- 
cluding the nature of the ion channels expressed, depends on 
culture conditions (Raff et al., 1983; Barres et al., 1988), and 
second, to determine the properties of this important class of 
glial cells associated with the retinal circulation. In this study, 
we have utilized a preparation of the rabbit retinal visual streak 
in which it is possible to whole-cell patch clamp astrocytes in 
situ in isolated flat-mounted retinas. 

Materials and Methods 

Whole-ceNpatch-clamp recording. Flat-mount preparations ofthe visual 
streak region of the rabbit retina were prepared as described in detail 
elsewhere (Clark and Mobbs, 1990; Lightman and Mobbs, 1990). Brief- 
ly, a piece of retina was cut from the eye so as to include part of the 
visual streak. This was washed free of vitreous humor and then placed, 
vitreal surface up, over a window of coverslip glass inserted into a hole 
cut in a Millipore filter. The window allowed for substage illumination 
of the tissue and observation from above with a water-immersion ob- 
jective. Most retinas were treated for 5-20 min with a solution con- 
taining 2 mg/ml collagenase (Cooper-Biomedical L5000476), 1.2 mg/ 
ml hyaluronidase (Sigma H2376), and 0.3 mg/ml trypsin inhibitor (Sig- 
ma T9253). The enzymes were added to the normal Ringer’s solution 
used to superhrse the retina during whole-cell recording, the Ringer’s 
solution contained (in mM) NaCl, 140; KCI, 2.5; CaCl,, 3.0; MgCl,,-0.5; 
HEPES, 5; and glucose, 15 (the pH was brought to 7.4 using 1 M NaOH). 
Patch-pipettes were pulled from thick-wall borosilicate glass (Clark Elec- 
tromedical type GC 15OF- 10). Pipettes were filled with a solution con- 
taining (in mM) KCl. 120: M&l,. 7: K,-EGTA. 5: NaCl. 5: Na,-ATP. 
5; HEPES, 5; and &Cl, 1 (the $-I &as brought to 7.2 &th KGH). In 
experiments to establish the reversal potential of GABA-evoked cur- 
rents, the chloride concentration in the pipette was varied by substi- 
tution of K-acetate for KC1 to give solutions containing 10 mM and 37 
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mM chloride in addition to the normal internal solution chloride con- 
centration of 14 1 mM. All internal solutions additionally contained 1 .O 
mg/ml of Lucifer yellow CH. When filled with internal solution, patch 
pipettes typically had resistances of 5-10 MO. All voltages have been 
corrected for the junction potentials due to the difference in the ionic 
composition of internal and external solutions (Fenwick et al., 1982). 
The Ringer’s solution and solutions containing drugs were applied to 
the cells by perfusion of the space beneath the water-immersion objec- 
tive via a small-diameter pipette. Drugs used were GABA (Sigma A2 129), 
bicuculhne (Sigma B6889), glutamate (Sigma G1626), kainate (Sigma 
K0250), quisqualate (Tocris Neuramin, Bristol, U.K.), (S)-AMFA (To- 
cris), 6-cyano-7-dinitroquinoxaline-2,3-dione (CNQX) (To&), and 
1 -aminocyclopentane- 1 S, 3R-dicarboxylic acid @runs-ACPD) (Tocris). 

In the studies described below, we recorded from more than 300 cells. 
For 54 of these cells in which we measured the zero current potential, 
the apparent resting potential was -59 + 3.5 mV (more negative than 
- 75 mV in 3 1% of cells). After correcting for the shunt formed by the 
seal resistance (Tessier-Lavigne et al., 1988), the mean resting potential 
was -70 f 4.8 mV (more negative than -75 mV in 50% of cells). The 
input resistance and the cell membrane capacitance were determined 
from analysis of the current transients resulting from - 10 mV voltage 
pulses from a holding potential of -75 mV. The decay in the current 
transient following such voltage steps was well described by a single 
exponential, suggesting that the long (up to 75 pm) processes of the cells 
did not constitute a significant internal resistance and that the cells were 
adequately space clamped. The input resistance and membrane capac- 
itance were 558 & 63.6 MB and 19.5 f  1.8 DF. resnectivelv. Althouah 
we cannot rule out the possibility that visual streak astrocytes are cou- 
pled by gap junctions, we saw no evidence of dye-coupling in our ex- 
periments. Seal resistances were typically greater than 10 GS2. All data 
are taken from cells for which the access resistance was less than 30 Mn 
(mean for all cells was 45.5 ? 5.55 Ma). The data have been corrected 
for voltage errors caused by current flow through the access resistance. 
Numerical values quoted are means + SEM. 

Identification ofcells. The endothelial cells that form the capillaries 
of the visual streak are associated with two other cell types, pericytes 
and astrocytes. These two cell types can be distinguished using both 
morphological and immunohistochemical criteria. All astrocytes ex- 
press glial fibrillary acidic protein (GFAP), while other CNS -cells do 
not (Bianami and Dahl. 1977). The mornholoaical criteria under which 
astrocytes can be differentiated from pe-ricytei have been described in 
detail elsewhere (Stensaas, 1975; Lightman and Mobbs, 1990). In brief, 
the cell bodies of pericytes lie on capillaries, and their processes (which 
have a characteristic peglike appearance) wrap around, and are confined 
to, the capillary surface. These cells are GFAP negative. The astrocytes 
we recorded had cell bodies located away from the capillaries and had 
branches that terminated in endfoot processes on nearby capillaries. 
Using the technique and the antibody to GFAP developed by Watanabe 
and Raff (1988), we were able to show that all cells with this morphology 
are GFAP positive and can thus be classified as astrocytes (Fig. 1B). 
Schnitzer and Karschin (1986) have previously described GFAP-posi- 
tive cells in similar locations in the rabbit retina, and a recent study of 
astrocyte morphology in the rabbit retina has shown that rabbit visual 
streak astrocytes fall into several distinct anatomical classes (Robinson 
and Dreher, 1989). The cells we recorded were ofRobinson and Dreher’s 
classes B and C, none were “perivascular astrocytes” (their class A 
GFAP-positive cells). These were excluded by choosing to record cells 
with their cell bodies located away from capillaries to avoid any possible 
confusion with pericytes, which have cell bodies in similar positions to 
“perivascular astrocytes.” We used the Lucifer yellow incorporated in 
the internal solution to check routinely upon the identity of our cells. 
Figure 1A shows a typical visual streak astrocyte filled with Lucifer 
yellow. The responses of astrocytes to GABA and glutamate were similar 
regardless of morphology. 

Results 
GABA-operated chloride channels 
We examined the responses of the rabbit visual streak astrocytes 
to GABA. GABA produced responses in all 28 cells tested. With 
14 1 mM chloride in the patch pipette, the GABA-evoked current 
was inward at negative potentials, reversed at +0.4 mV (n = 
2), and became outward at more positive potentials (Fig. 2A). 
The Z-V relation for GABA was linear (Fig. 2B). 

Several lines of evidence show that the GABA-evoked current 
in these cells results from the opening of chloride channels as 
it does in mammalian central neurons (KrnjeviC and Schwartz, 
1967) and cultured astrocytes (Bormann and Kettenmann, 1988) 
rather than from the operation of an uptake carrier. The reversal 
potential for the GABA-gated conductance showed an approx- 
imately Nernstian dependence on the chloride concentration 
gradient: with normal Ringer’s solution outside and 141 mM 
chloride (E,, = + 1.4 mV) in the patch pipette, the reversal 
potential was +0.4 mV (n = 2); with an internal solution con- 
taining 37 mM chloride (EC, = -34.1 mV), it was -25.5 f 2.3 
mV (n = 3); and for 10 mM chloride (E,, = -67.7 mV), it was 
-59.6 + 1.9 mV (n = 3). Deviation from perfect Nernstian 
behavior may be explained by the permeability of GABA-gated 
chloride channels to acetate (Bormann et al., 1987), the anion 
used to replace chloride in these experiments. Bicuculline, a 
potent antagonist of the GABA, channel found in neurons, 
applied at a concentration of 50 PM caused a 77% reduction in 
the size of the GABA-evoked current in the cell shown in Figure 
3. The residual current reversed at the same potential as the 
current produced by GABA in the absence of bicuculline (data 
not shown), suggesting that it arises from the operation ofGABA 
channels that remained unblocked by the antagonist rather than 
from the operation of an electrogenic uptake mechanism similar 
to that described for skate retinal horizontal cells (Malchow and 
Ripps, 1990). The application of GABA was associated with an 
increase in membrane current noise (Fig. 4) as expected to result 
from the operation of ligand-gated channels. 

The GABA dose-response relationship 
Dialysis probe measurements show that GABA occurs in the 
preretinal vitreous fluid of the rabbit eye at concentrations of 1 
MM (Gunnarson et al., 1987). The GABA content of vitreous 
taken from eyes used in our experiments 10 min postmortem 
was much higher (15.5 f 3.7 pM; n = 4) (M. Neal and J. Cun- 
ningham, personal communication), probably reflecting the in- 
crease in release of GABA known to occur in the brain during 
an anoxic insult (Hagberg et al., 1985). 

We examined the relationship between concentration and the 
size and time course of the GABA response. No densensitization 
was apparent for GABA applications of 3 PM and less over a 
period of 40 sec. Desensitization was apparent in currents evoked 
by GABA concentrations of greater than 10 I.LM (Fig. 5A). How- 
ever, after 20 set, the time taken for the response to high con- 
centrations of GABA to reach steady state, a substantial GABA- 
evoked current remained and was maintained for 5 min, the 
longest period for which high concentrations of GABA were 
applied. The densensitization produced by GABA was long last- 
ing and reduced the size of subsequent responses to applications 
of the drug for several minutes. The dose-response curve for 
the steady-state GABA-evoked current is shown in Figure 5B. 
The EC,, for GABA was 18.5 PM. 

The conductance change produced by application of 1 PM 

GABA (Gd, a concentration similar to that found in the 
vitreous, was calculated as 

G GAB.4 = Z GASA~VHOLD - VRE”, 

where ZGABA was the current evoked by 1 PM GABA, V,,, was 
the reversal potential for the GABA-evoked current, and V,,,, 
was the holding potential (-75 mv). G,,,, represented 131 f 
26.3% (n = 6) of the cells’ resting conductance estimated from 



666 Clark and Mobbs l Transmitter-gated Currents in Rabbit Retinal Astrocytes 

Figure 1. Identification of visual streak astrocytes. A, A visual streak astrocyte filled with Lucifer yellow from the patch pipette and viewed by 
light from the epifluorescence illuminator. Processes radiate out from the cell body to make contact with a nearby capillary (CAP). B, A visual 
streak astrocyte (arrow) labeled with an antibody to GFAP. Two nearby capillaries (CAP) are indicated. GFAP-labeled cells had the same range 
of morphologies as those labeled with Lucifer yellow during whole-cell recording. Scale bars, 20 pm. 
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Figure 2. The current-voltage relationship for the GABA-evoked current. A, the response of a visual streak astrocyte to local perfusion of 100 
PM GABA at a series of different holding potentials. The timing of GABA application is shown by the bar below each trace. The increased noise 
in the traces at positive potentials is probably due to the activation of voltage-gated potassium channels. The internal solution contained 141 mM 
Cl-. B, The current-voltage relation for the GABA-evoked current measured at the end of the shortest period of application (1.75 set). Sample 
data for this cell are shown in A. The solid line is a least-sauares fit to the data. The mean reversal potential for two cells with 141 mM Cl- internal 
was +0.4 mV. 

the current evoked by voltage steps (- 10 mV at a holding po- 
tential of -75 mV) in the absence of the drug. 

Distribution of GABA receptors 

We examined the possibility that GABA receptors might be 
spatially localized in the astrocyte membrane. To test this hy- 
pothesis we used ionophoretic applications of GABA to map 
the distribution of GABA receptors. Figure 6 shows the results 
of one experiment in which GABA was ejected at five different 
locations near the membrane of an astrocyte. The cell was filled 
with Lucifer yellow to facilitate location of its processes. The 
ionophoretic pipette was maneuvered up to the cell using a 
combination of UV light to illuminate the dye-filled cell and 
dim white light to position the ionophoretic pipette. The cells 
were continuously superfused with Ringer’s solution to reduce 
the background level of the drug in the bath and its diffusion 
to other regions of the cell. The left side of Figure 6 shows the 
cell we mapped filled with Lucifer yellow; the positioning of the 
ionophoretic electrode during GABA delivery is indicated on 
the right side. 

Responses were obtained to ionophoretic pulses of GABA 
applied along the length of processes (position l), to the soma 
(position 3), and to the ends of branches (positions 4 and 5). 
No response was obtained either when the pipette was with- 
drawn from the cell membrane a short distance (position 2) or 

when the electrode was lifted 25 pm above the retinal surface 
(not shown). This result indicates that the responses seen during 
application of GABA to cell processes did not arise from dif- 
fusion of the drug to the soma. We have not attempted to es- 
timate the density of receptors at different points on the cell 
surface. However, while GABA receptors appear to be present 

50 NM 
bicuculline 

100 pM GABA - 

@J!/cz70~~ -1; 

5&i&z V= -6OmV 
Figure 3. Bicuculline blocks the GABA-evoked current. (a), The re- 
sponse to GABA application of a visual streak astrocyte held at -60 
mV with 141 mM Cl- in the patch pipette. (b), Response to GABA in 
the presence of 50 PM bicuculline. The residual current in bicuculline 
reversed at the same potential as did the GABA-evoked current in 
Ringer’s, suggesting that it arises from channels that remain unblocked 
(data not shown). (c), Response to GABA on return to normal Ringer’s 
solution. The timing of drug application is shown by the bars above the 
traces. 
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Figure 4. The response to GABA is associated with a large increase 
in membrane current noise. The top truce shows the response evoked 
by 30 PM GABA (the timing of the application is shown by the bar) at 
-75 mV with 14 1 mM Cl- in the pipette. The data have been low-pass 
filtered at 256 Hz. The lower truce shows the same data as above but 
at higher gain after high-pass filtering at 1 Hz (eight-pole Butterworth) 
to better show the noise increase. 
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in the surface membrane of all regions of the cell, the response 
at position 4 is nearly as large as that from the cell body, although 
the surface area of the process affected by the drug at this point 
must have been small. This suggests that the receptor density 
on cell processes may be greater than at the cell body. 

Glutamate-operated ion channels 
We examined the responses of astrocytes held in whole-cell 
voltage clamp to the application of glutamate and glutamate 
analogs. Glutamate, kainate, quisqualate, or AMPA produced 
inward currents at negative potentials in 89% of the 86 cells that 
we tested. Four lines of evidence show that these currents must 
arise from the opening of glutamate-gated channels rather than 
from the operation of an uptake mechanism such as that de- 
scribed for cultured type 1 astrocytes (Cull-Candy et al., 1988) 
and Mtiller cells (Brew and Attwell, 1987). First, the current- 
voltage (Z-k’) relationships for glutamate and kainate-evoked 
currents (Fig. 7A,B) were ohmic or outwardly rectifying with a 
reversal potential of 0 f 2.3 mV (n = 10). Second, application 
of glutamate was associated with a substantial noise increase 
(Fig. 8), as expected for the opening and closing of ion channels. 
Third, applications of 100 PM kainate, quisqualate, and AMPA 
all produced inward currents at negative potentials (Fig. 9B) 
with an Z-V relationship and reversal potential similar to those 
produced by glutamate (data not shown). Application of 100 
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Figure 5. The GABA dose-response relationship. A, The responses of an astrocyte to the application of increasing concentrations of GABA. 
Holding potential, -74 mV. The timing of a drug application is shown by the bar above each trace. B, A steady-state dose response curve for 
GABA constructed from data like those shown in A (100 nM, n = 2; 300 nM, n = 1; 1, 3, and 10 PM, n = 3 each; 30 PM, n = 8; 100 and 300 PM, 
IZ = 5 each). The results are shown normalized to the response at 30 PM. The line through the data is the logistic equationf= I,,,,,[ 1 .O/l.O + (EC,,J 
dose)]Hill with an EC,, for GABA of 18.5 PM and a Hill coefficient of 0.8. 
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25 pm [ 400pA 

0.4 set 
Figure 6. The distribution of receptors on an astrocyte mapped by means of the ionophoretic application of short-duration pulses of GABA. The 
cell shown on the left was filled with Lucifer yellow from the patch pipette, which can be seen attached to the cell on the left side of its cell body. 
GABA was applied at six locations, five of which are indicated (I-5). The current responses are shown on the right. Large responses were obtained 
from the cell body (position 3), along the length of branches (position 4), and also from terminal processes (positions 1 and 5). In position 2, the 
ionophoretic electrode was withdrawn 20 PM from the cell membrane; no response was obtained at this distance. Lifting the electrode 30 pm also 
abolished the response. The timing of the ionophoretic constant current pulse (retain current, 30 nA, eject current, 15 nA) is shown on the right 
above the current traces. 

PM NMDA (Fig. 9A) and 100 PM aspartate (not shown) was 
without effect even when NMDA was applied in the presence 
of 1 PM glycine and the absence of magnesium. The “metabo- 
tropic” agonist truns-ACPD (30 MM) also had no effect on the 
membrane current (data not shown). Fourth, the response to 
glutamate and its analogs was greatly reduced in the presence 
of the glutamate antagonist CNQX (Fig. 9c). In contrast, the 
1-V relation for glutamate uptake shows strong inward rectifi- 
cation and does not reverse even at potentials as positive as 
+ 80 mV, and in addition, operation of the uptake carrier is not 
associated with a large increase in noise, is not activated by 
kainate, and is not inhibited by CNQX (Barbour et al., 1991). 
For these reasons we attribute the currents evoked in our as- 
trocytes by glutamate and its analogs to the presence of receptors 
similar to the AMPA/kainate types found in neurons (for review, 
see Watkins et al., 1990) and cultured type 2 astrocytes (Usowicz 
et al., 1989; Wyllie et al., 1991). 

Glutamate dose-response relationship 
Analyses of the amino acid content of the preretinal vitreous 
space in the eye of rabbits using dialysis probes has shown that 

glutamate is found at a concentration of approximately 10 PM 
in the vitreous fluid that bathes visual streak astrocytes (Gun- 
narson et al., 1987). The concentration of neurotransmitters in 
the extracellular space of the brain rises massively during isch- 
emia (Hagberg et al., 1985); such increases probably also occur 
in the eye and may account for the much higher concentrations 
of glutamate (170 PM) reported to be present in vitreous fluid 
withdrawn from postmortem eyes (Reddy et al., 1961). 

We investigated the relationship between concentration and 
the size and time course of the glutamate-evoked current in our 
cells. Responses to 10 PM glutamate, the concentration found 
in the vitreous, showed no signs of desensitization (longest pe- 
riod of application, 70 set), and produced conductance increases 
(calculated as described above for GABA) equivalent to 22 f 
5.5% (n = 4) of the cell’s resting conductance (Fig. lOA). Slow 
desensitization was apparent in the responses of some cells to 
doses of 100 PM glutamate and was present in all cells at con- 
centrations of 300 PM and 1 mM (Fig. lOA). However, a sub- 
stantial steady-state response was reached after 10-20 set of ap- 
plication, and this was sustained for 20 min, the longest period 
for which recordings were continued in these experiments. The 
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Figure 7. Current-voltage relationship for the glutamate-evoked current. A, Responses of an astrocyte held in whole-cell voltage clamp to the 
local perfusion of 100 PM glutamate at a series of different holding potentials. The traces at more positive potentials are noisier than those at 
negative ones presumably due to the activation of voltage-gated potassium channels. The timing of glutamate application is shown by the bars 
beneath each trace. B, The current-voltage relation for the glutamate-evoked current measured at the offset of the shortest period of application 
(6.5 set). Sample data for this cell are shown in A. The solid line is a least-squares fit to the data. The mean reversal potential for the glutamate- 
evoked current was 0 + 2.3 mV (n = 10). 
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Figure 8. The glutamate-evoked increase in membrane current noise. 
The response to glutamate and its analogs is associated with a large 
increase in membrane current noise. The top truce shows the response 
produced in an astrocyte held at -75 mV application of 100 PM glu- 
tamate (timing of application shown by the bar above). The data have 
heen low-pass filtered at 256 Hz. The bottom truce shows the same 
glutamate-evoked current at higher gain after high-pass filtering at 1 Hz 
(eight-pole Butterworth). 

dose-response curve for glutamate is shown in Figure 1 OB. The 
EC,, for glutamate was 2 1.5 JLM. 

Distribution of glutamate receptors 
Glutamate, in addition to being found in the vitreous fluid bath- 
ing rabbit retinal astrocytes, is released from the axons of glu- 
tamatergic neurons (Wheeler et al., 1966; Weinreich and Ham- 
merschlag, 1975; Lieberman et al., 1989). We considered the 
possibility that glutamate receptors might be localized on the 
branches of astrocytes with processes on, or near, the ganglion 
cell axon bundles en route to the optic nerve. We used iono- 
phoretic application of glutamate to map the distribution of 
receptors on astrocytes (procedure as for GABA above). Glu- 
tamate receptors were present at all regions tested, and there 
was no indication that they were concentrated on processes 
proximal or distal to the capillaries with which the cells were 
associated. Responses of similar magnitude were obtained from 
both cell bodies and some cell processes, suggesting, as for the 
distribution of GABA receptors, that the receptor density may 
be greater on certain branches than on the cell body. 
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Figure 9. The pharmacology of the glutamate-evoked current. A, Whole-cell current responses of an astrocyte to application of 100 PM glutamate 
(GLU) and 100 PM NMDA in the presence of 1 PM glycine and the absence of Mg*+. Holding potential, - 66 mV. Z3, The responses of an astrocyte 
to the application of 100 PM glutamate, kainate (Z&UN), quisqualate (QUZS), and AMPA at a holding potential of -75 mV. C, The current evoked 
by glutamate is blocked by CNQX. The traces show the response of an astrocyte to ionophoretic application of glutamate at a holding potential 
of -74 mV: in Ringer’s (top), in Ringer’s plus 20 PM CNQX (middle), and on return to Ringer’s solution (bottom). The top and bottom truces are 
averages of 12 responses, and the middle trace is the average of 6 responses. The timing of the ionophoretic pulse (holding current, + 30 nA, eject 
current, -30 nA) is shown at the bottom of the figure. 

Discussion 
Efects of the presence of GABA- and glutamate-gated 
channels on resting potential and potassium regulation 
In this study we have shown that GABA- and glutamate-gated 
channels exist in the membranes of rabbit visual streak astro- 
cytes. The high percentage of cells responding to each of the 
transmitters shows that receptors for GABA and glutamate must 
coexist in the majority of these cells. 

The membranes of rabbit visual streak astrocytes are exposed 
to the vitreous humor. Studies of the amino acid content of the 
rabbit vitreous have shown that glutamate and GABA are pres- 
ent at concentrations of between 10 and 170 PM and 1 and 15 
PM, respectively (see above). These concentrations of glutamate 
and GABA will induce significant conductance changes in the 
astrocyte membrane, 10 PM glutamate and 1 PM GABA evoking 
conductance increases equivalent to 22% and 131%, respec- 
tively, of the cell’s resting conductance. 

It is normally assumed that the resting potential of astrocytes 
is largely determined by their resting conductance to potassium. 
However, the results presented here suggest that channels op- 
erated by glutamate and GABA will be tonically activated and 
this may play a major role in determining the resting potential 
of visual streak astrocytes in vivo. The reversal potential for the 
glutamate-evoked current for normal internal and external ion 

concentrations lies near 0 mV (Hablitz and Langmoen, 1982); 
any glutamate present in the vitreous will depolarize the cells 
from the resting potential measured in isolated retinas perfused 
with Ringer’s solution. However, the chloride equilibrium po- 
tential in glial cells lies near the resting potential (Ballanyi et 
al., 1987), and thus tonic activation of GABA receptors will 
tend to counteract the effects of glutamate. These results may 
be important for astrocytes elsewhere in the nervous system 
because astrocytes from a variety of sources have been shown 
to express glutamate-gated ion channels in culture. The micro- 
dialysis experiments of Graham et al. (1990) and Hagberg et al. 
(1985) show that GABA and glutamate are present in the ex- 
tracellular space of the CNS at concentrations of between 0.2 
and 1 MM and 1.5 and 9 KM, respectively, these levels rising 
several fold during periods of anoxia. 

The presence of GABA and glutamate in the vitreous will 
affect the way in which astrocytes handle potassium when it 
becomes elevated during neuronal activity or periods of isch- 
emia. Raised external potassium will lead to potassium accu- 
mulation in addition to the redistribution predicted by the “spa- 
tial-buffering hypothesis” (O&and et al., 1966; Gardner-Medwin, 
1983a,b) for cells with a potassium-specific membrane. In the 
presence of GABA, the movement of potassium into retinal 
astrocytes will be accompanied by the influx of chloride and 
water, leading to swelling, the GABA-operated channels fulfill- 



672 Clark and Mobbs * Transmitter-gated Currents in Rabbit Retinal Astrocytes 

A 6 
GLU 

0.01 mM 

lc/c 0-03mM 
0.1 mM 

0.3 mM 

w 
1.0 mM 

v= -75mV L- 0.1 1 10 100 1000 10000 

40sec Glutamate concentration (FM) 

Figure 10. The glutamate dose-response relationship. A, The responses of an astrocyte to the application of glutamate at a series of increasing 
concentrations at a holding potential of -75 mV. The timing of glutamate application is shown by the bar above each trace. B, A dose-response 
curve produced from a series of experiments like that shown in A. Each point is the mean of three cells (points at 3 and 1000 PM are the mean of 
two cells). The bars indicate SE. The line through the data is a least-squares fit of the logistic equation (see Fig. 5 caption) with EC,, = 21.5 PM 
and a Hill slope of 2. 

ing a role similar to that suggested by Gray and Ritchie (1986) 
for the voltage-gated chloride channels present in cultured rat 
astrocytes. 

The role of glial transmitter-gated channels in intercellular 
signaling 
Several interesting putative functions have been suggested for 
glutamate-operated channels in astrocytes. These include sig- 
naling between neurons and glial cells, glial cells and other glial 
cells, and glial cells and capillary endothelial cells (for review, 
see Barres et al., 1990a,b). 

Neuronal-glial signaling has been suggested for sites at which 
glutamate is released along the length of axons as has been 
demonstrated for the squid giant axon (Lieberman et al., 1989) 
and vertebrate and invertebrate nerve trunks (Wheeler et al., 
1966; Weinreich and Hammerschlag, 1975). If glial cells at sites 
of axonal glutamate release have glutamate receptors, then it 
has been suggested that they might serve to regulate neuronal 
excitability via changes in the concentrations of Na+ and K+ in 
the extracellular space of active nerve cell membrane (Usowicz 
et al., 1989). This is a possible function for the glutamate re- 
ceptors of astrocytes in the rabbit visual streak because some 
of these cells’ processes make close contact with bundles of 
myelinated ganglion cell axons; ganglion cells are thought to use 

glutamate as a transmitter (Ehinger et al., 1988; Marc et al., 
1989). 

In hippocampal and cortical astrocytes there is evidence from 
calcium-imaging experiments that glutamate receptor activation 
in these cells leads to an increase in internal calcium; this is 
thought to occur via a “metabotropic” receptor linked to the 
production of inositol-1,4,5-trisphosphate and diacylglycerol 
(Cornell-Bell and Finkbeiner, 199 1). Glutamate-evoked oscil- 
lations in internal calcium propagate between astrocytes in con- 
fluent culture and may form the basis of a long-range signaling 
mechanism between glial cells (Cornell-Bell et al., 1990). We 
do not believe that the glutamate-evoked current seen in our 
cells is due to the activation of a metabotropic receptor because 
the metabotropic agonist trans-ACPD was without effect on the 
membrane current. 

The possibility that glial cells form a link between neuronal 
activity and the vascular system remains to be demonstrated. 
However, the possibility that increased metabolic activity in 
neurons is linked to an increase in regional blood flow via the 
release of either neuronal potassium or neurotransmitters such 
as GABA and glutamate is worthy of further investigation. K+, 
which is released from astrocyte endfeet (Newman et al., 1984; 
Paulson and Newman, 1987) that lie near blood vessels, could 
potentially form the messenger in any such interaction. 
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