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SUMMARY

1. Patch-clamp methods have been used to examine the action of excitatory
amino acids on three types of glial cell in cultures of rat cerebellum, namely type-i-
like astrocytes, type-2 astrocytes and oligodendrocytes. In addition we have
examined glutamate sensitivity of the precursor cell (the O-2A progenitor) that
gives rise to type-2 astrocytes and oligodendrocytes.

2. Glutamate (30 ftM), quisqualate (3-100 ,tM), (S)-a-amino-3-hydroxy-5-methyl-
4-isoxazole-propionic acid (AMPA, 10-30 /SM) and kainate (10-500 ,uM) were applied
to cerebellar type-2 astrocytes examined under whole-cell voltage clamp. Each of
these agonists induced inward currents in cells held at negative membrane potentials.
The currents reversed direction near 0 mV holding potential. N-Methyl-D-aspartate
(NMDA, 30-100 /,M) or aspartate (30 ,tM) in the presence of glycine (1 /1M) did not
evoke any whole-cell current changes in type-2 astrocytes.

3. The distribution of glutamate receptors in type-2 astrocytes was mapped with
single- or double-barrelled ionophoretic pipettes containing quisqualate or kainate.
Application of these agonists (current pulses 100 ms, 50-100 nA) to cells held at
-60 mV evoked inward currents of 20-120 pA in the cell soma and 10-80 pA in the
processes. Responses could also be obtained at the extremities of processes (-% 60 ,um
from the soma).

4. Quisqualate or kainate (at 30 /tM) applied to O-2A progenitor cells from rat
cerebellum or optic nerve induced whole-cell currents (quisqualate 20-30 pA;
kainate 20-50 pA, holding potential, Vh = -60 mV) that reversed near 0 mV. In
common with type-2 astrocytes, the progenitor cells did not respond to NMDA
(30 /tM).

5. Type-I-like astrocytes produced large inward currents to glutamate (30 JiM).
These currents remained inward-going at holding potentials as positive as + 80 mV
and were not accompanied by any apparent noise increase. This result can be
explained by the presence of an electrogenic glutamate uptake carrier. In cells kept
up to 4 days in vitro, quisqualate, kainate and NMDA each failed to produce any
whole-cell current changes, indicating the absence of receptors in type-i-like
astrocytes at this stage in culture. Furthermore the glutamate uptake currents in
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type- 1-like astrocytes were inhibited when external Na+ was replaced by Li',
although Li+ was found to pass through the glutamate channel in type-2 astrocytes.

6. Oligodendrocytes in cerebellar cultures did not respond to glutamate,
quisqualate or kainate indicating a lack both of a detectable electrogenic glutamate
uptake mechanism and of glutamate receptor ion channels in these cells.

7. We conclude that, of the various macroglial cells, only the type-2 astrocyte and
its progenitor cell possess 'fast' glutamate receptor channels in short-term ( < 4 day)
cultures. Detectable uptake currents were confined to type-i-like astrocytes.
However, in older cultures (> 7 day) type-I-like astrocytes also developed glutamate
receptor channels, in addition to their uptake currents. The possible involvement of
glial glutamate receptors and glutamate uptake in neuronal-glial interaction is
considered.

INTRODUCTION

Investigations characterizing the properties of mammalian glutamate receptor
subtypes have been concerned, almost exclusively, with the receptor channels found
in central neurones (see Nowak, Bregestovski, Ascher, Herbet & Prochiantz, 1984;
Cull-Candy & Ogden, 1985; Cull-Candy & Usowicz, 1987; Jahr & Stevens, 1987;
Ascher & Nowak, 1988). However, glutamate also depolarizes glial cells (Bowman &
Kimelberg, 1984) and this has led to the suggestion that these cells may also possess
glutamate receptors. This remained uncertain in view of the fact that L-glutamate
was known to depolarize Muller glial cells from salamander retina (Brew & Attwell,
1987) and type-i-like astrocytes from rat cerebellum (Cull-Candy, Howe & Ogden,
1988) by activating an electrogenic uptake mechanism. Recent electrophysiological
experiments have indicated that glutamate receptors can occur in cortical astrocytes
(Sontheimer, Kettenmann, Backus & Schachner, 1988) and the presence ofglutamate
receptors in cerebellar type-2 astrocytes has been proposed from neurochemical
studies (Gallo, Giovannini, Suergiu & Levi, 1989). Furthermore, patch-clamp
recording has demonstrated directly that, in cerebellar type-2 astrocytes, glutamate
and related amino acids can evoke whole-cell and single-channel currents (Usowicz,
Gallo & Cull-Candy, 1989).

In the present study the effects of glutamate receptor agonists have been examined
on three types of glial cell from the mammalian central nervous system (CNS): type-
1-like and type-2 astrocytes and oligodendrocytes. We have also looked at the effects
of glutamate agonists on the precursor cell known to give rise to both
oligodendrocytes and type-2 astrocytes, the so-called O-2A progenitor (Raff, Miller
& Noble, 1983a). Two types of astrocyte-like cells have been described in the intact
optic nerve of the adult rat; one has predominantly radially oriented processes while
the other has predominantly longitudinally oriented processes (Miller, Fulton &
Raff, 1989). Immunohistochemical studies of rat optic nerve with the monoclonal
antibodies, HNK1, L2 and anti-NSP-4, have led to the suggestion that, in vivo, type-
2 astrocytes may have longitudinal processes associated with nodes of Ranvier
(ffrench-Constant & Raff, 1986). In vivo oligodendrocytes myelinate axons. It is thus
thought that oligodendrocytes and type-2 astrocytes, which share a common lineage,
may be intimately associated with the axons.
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A preliminary report of some of our findings on glutamate receptors in glial cells
has appeared (Cull-Candy, Mathie, Symonds & Wyllie, 1989).

METHODS

Isolation of cells
Cultures of cerebellar type-2 astrocytes were obtained as previously described (Gallo et al.

1989), with some modifications. Briefly, 8-day-old Sprague-Dawley rat pups were killed by cervical
dislocation and decapitated. Cerebella were aseptically dissected and meninges removed. The tissue
was chopped finely in two directions at right angles to each other on a Mcllwain tissue chopper
(micrometer 0-45 mm). Cerebellar cells were dissociated with trypsin and DNase and then plated
on poly-L-lysine coated cover-slips (10 jug/ml, MW 53000) at a cell density of 1-5 x 106 cells per dish.
The cells were cultured in Eagle's basal medium (GIBCO) supplemented with 10% fetal calf serum,
2 mM-glutamine and 100ltg/ml gentamycin. This culture medium was changed after 2 days.
Astrocytes with an antigenic phenotype similar to that of type- I astrocytes isolated from rat optic
nerve (Raff, Abney, Cohen, Lindsay & Noble, 1983b) were also present in cultures of cerebellar
type-2 astrocytes. We refer to these cells as 'type-I-like' astrocytes, as it is not yet clear whether
these cells are developmentally similar to type-I astrocytes isolated from rat optic nerve. Because
type-2 astrocytes divided infrequently in culture, while type-I-like astrocytes proliferated to form
a confluent monolayer, electrophysiological recordings, except where otherwise stated, were made
from cells after 3-5 days in vitro when individual cells could still be readily discerned. Some
neurones were present in these cultures and could be easily identified from their morphology and
by indirect immunofluorescence with the antibody RT97 (Wood & Anderton, 1981).

In some experiments recordings were made from astrocytes obtained from explant cultures of
cerebellar cells as previously described (Cull-Candy et al. 1988). Cerebella, aseptically removed from
8-day-old rat pups, were chopped with fine scissors in Dulbecco's minimum essential medium
(GIBCO), containing 10% fetal calf serum, penicillin (100 units/ml) and streptomycin (100
units/ml). The tissue was then passed through a 200 ,tm nylon mesh to produce a suspension of cell
clumps. This was then plated on cover-slips previously coated with poly-D-lysine. The explant
culture technique used no enzymes and therefore allowed the examination of non-enzyme-treated
cells. Such cultures contained clumps of neurones (mainly granule cells) as well as astrocytes.

Cerebellar O-2A progenitor cells were obtained from I-day-old rat pups. These cells were isolated
as described for type-2 astrocytes but were cultured in a conditioned serum-free medium obtained
from cultures of confluent type- I -like astrocytes. Type- I astrocytes release platelet-derived growth
factor, which is necessary for O-2A progenitor cell division, which in turn controls the timing of
oligodendrocyte differentiation (Lillien & Raff, 1990). Recordings were made from cerebellar O-2A
progenitor cells within 3-5 days of plating. Recordings were also made from rat optic nerve
progenitor cells (Lillien & Raff, 1990) that were kindly supplied by Dr Laura Lillien (Biology
Department, UCL). These were obtained from 17-day-old rat embryos and were used 5-6 days after
plating.

Oligodendrocytes were obtained from 1-day-old rat pups and isolated as described for type-2
astrocytes. However, these cells were plated on top of a confluent layer of type- I-like astrocytes
and grown in a culture medium that did not contain any fetal calf serum. Oligodendrocytes were
used 3-4 days after plating. Occasionally, recordings were made from oligodendrocytes that were
present in the same cultures as type-2 astrocytes or O-2A progenitors.

Identification of cells
For electrophysiological experiments individual cover-slips were placed in a small recording

chamber (volume 1 ml), and cells were identified morphologically under phase contrast optics (total
magnification x 640, water immersion). Type-2 astrocytes were process-bearing, phase-bright cells
with a stellate morphology; type-I-like astrocytes were phase-dark and had a flattened polygonal,
epithelioid morphology. O-2A progenitor cells were identified by their characteristic small size and
bipolar (or occasionally multipolar) morphology and also by the fact that they tended to occur in
clusters reflecting the fact that they continued to divide in our cultures. Oligodendrocytes had a
characteristic appearance and possessed networks of radial processes (Raff, Mirsky, Fields, Lisak,
Dorfman, Silberberg, Gregson, Liebowitz & Kennedy, 1978).
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Our criteria for identification were confirmed by labelling cover-slips from the same cultures with
rabbit antibodies to cow glial fibrillary acidic protein (GFAP, Dako Ltd.) which is characteristic
of astrocytes (Bignami & Dahl, 1977; Raff, Fields, Hakomori, Mirsky, Pruss & Winter, 1979),
mouse monoclonal antibodies to galactocerebroside (Gal-C) which is characteristic of oligo-
dendrocytes (Raff et al. 1978) and the mouse monoclonal antibody LB1 (Levi, Gallo & Ciotti,
1986), which binds to the GD3 glycolipid expressed by type-2 astrocytes and O-2A progenitors
(Curtis, Cohen, Fok-Seang, Hanley, Gregson, Reynolds & Wilkin, 1988). The antibodies were

detected by immunofluorescent labelling (GFAP with fluorescein conjugated swine anti-rabbit
immunoglobulins, Dako Ltd, Gal-C with fluorescein conjugated goat anti-mouse immunoglobulins,
(Dako Ltd) and LB1 with a rhodamine conjugated goat anti-mouse immunoglobulin, Dako Ltd).
Cells were viewed with a Zeiss Universal Incidence Fluorescence microscope under both phase
contrast and fluorescence optics. Cells were identified as follows: type-2 astrocytes were

GFAP positive-LB1 positive; type-i-like astrocytes were GFAP positive-LB1 negative; O-2A
progenitors were GFAP negative-LB1 positive; and oligodendrocytes were Gal-C positive (see
Raff, Abney & Fok-Seang, 1985; Raff et al. 1978). Gal-C and LB1 were kindly supplied by Dr
Barbara Ranscht and by Dr Jim Cohen respectively.

Electrophy8iological recording8 and patch pipette8
Whole-cell recordings and single-channel current recordings from outside-out patches were made

either with a List L/M-EPC 7 or Axopatch 1A patch clamp amplifier (Hamill, Marty, Neher,
Sakmann & Sigworth, 1981). Patch-pipettes were made from hard (borosilicate), thick-walled
(outside diameter 1-50 mm, inside diameter 0-86 mm) glass capillary tubing containing a filament
(Clark Electromedical). When filled with intracellular solutions the pipettes had resistances of
5-10 MQ. To reduce their electrical capacitance, pipette tips were coated with Sylgard 184 resin
(Dow Corning) which was cured by passing the tip into a heated coil. Pipette tips were fire-polished
with a heated platinum wire.Ionophoretic pipettes were made from hard (borosilicate) glass using
a Campden moving coil microelectrode puller; they had resistances of 200 MQ, when filled with
either 100 mM-kainate or 100 mM-quisqualate solutions.
When recording from type-I-like astrocytes it was necessary to correct membrane potentials for

the voltage errors arising from the currents flowing across the series resistance of the pipette. Thus,
for a series resistance, R., and a clamp current, ii, a potential of amplitudeiCR8 was subtracted from
the command potential, VKom, to give the correct value of membrane potential, V.. Thus Vm =

VCom - i,Rs. By plotting clamp current against membrane potential (corrected for series resistance)
in the presence and absence of glutamate and subtracting the control current-voltage (I-V) curve

from the glutamate I-V curve, the net glutamate-evoked I-V curve was obtained. Series resistances
were typically in the range 12-22 MQ and cell capacitances were between 15-30 pF for type-2
astrocytes and generally 50 pF or greater for type-I-like astrocytes.

Solution8
For whole-cell recording from type-2 astrocytes the patch pipettes were back-filled with an

'internal' solution of the following composition (mM): CsF, 110; CsCl, 30 (or CsCl, 140); NaCl, 4;
EGTA, 5; K-HEPES, 10; CaCl2, 0-5; pH 7-2. In some experiments on type-I-like astrocytes the
'internal' solution contained (mM): KCl, 140; MgCl2, 2-0; EGTA, 0 5; K-HEPES, 5; ATP(Mg), 0-5;
pH 7-2. When filled with these solutions pipettes had resistances in the range 5-10 MCI. The cells,
and the extracellular faces of outside-out patches, were bathed in an 'external' solution of
composition (mM): NaCl, 150; KCl, 2-8, Na-HEPES, 10; CaCl2, 1'0; pH 7-2. In some experiments
NaCl was replaced by LiCl. For bath application of drugs, solutions were perfused through a fine
plastic tube placed beneath the water immersion objective (flow rate 1-5 ml/min). Solutions were

switched manually by means of a two-way Hamilton tap, while ensuring the bath was completely
exchanged with control solution between applications. The following drugs were used: L-glutamate
(Cambrian Chemicals Ltd), quisqualate (Tocris), (S)-ac-amino-3-hydroxy-5-methyl-4-isoazole
propionic acid (AMPA; Tocris), tran8-D,L-1-amino-1,3-cyclopentane-dicarboxylic acid (trans-
ACPD; Tocris), kainate (Sigma or Tocris), N-methyl-D-aspartate (NMDA; Cambridge Research
Biochemicals), L-aspartate (Tocris), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Tocris). All
solutions were passed through a 0-22,um filter before use.
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RESULTS

Glutamate receptors in cerebellar type-2 astrocytes
Astrocytes (type-2 and type- 1-like) were identified on the basis of their

morphology, and by labelling the cells with the antibody to GFAP. Figure 1A is a

Fig. 1. A, photomicrograph of three cerebellar type-2 astrocytes seen under phase contrast
optics. Note the phase-bright cell bodies and the stellate morphology. B, a- field of
astrocytes labelled with the antibody to GFAP and visualized with indirect immuno-
fluorescence with fluorescein-labelled immunoglobulin. Note the fine extensive processes
of the type-2 astrocyte (centre of field). The fiat cells in the micrograph are type-i-like
astrocytes. Cells were isolated -from a 7-day-old rat pup and kept for 3 days in vitro.

photomicrograph of a group of three type-2 astrocytes under phase contrast optics.
These cells usually occurred in groups and had a characteristic morphology in
culture; their cell bodies were phase-bright ("'- 15 ,sm in diameter) and gave rise to
many fine processes of up to 100 ,sm in length. Figure IlB shows a field containing a

type-2 astrocyte (centre of the field) and several type-i-like astrocytes stained with
the antibody to GFAP and viewed with fluorescence optics. To confirm the reliability
of our morphological identification of type-2 astrocytes, cells were double labelled
with antibody to GFAP and with LBI. In all cases cells identified morphologically
as type-2 astrocytes were GFAP positive--LBI1 positive while those identified as

type-i-like astrocytes were GFAP positive-LB 1 negative.
Glutamate (30 /Lm), quisqualate (3-100 ,Sm), AMPA (10-30 /tm) and kainate

(10-500 /Lm) each evoked large inward currents in type-2 astrocytes held at negative
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membrane potentials. Typical whole-cell currents evoked by these agonists in cells
held at -60 mV were in the range 40-80 pA for glutamate and quisqualate (30 ftM),
40-100 pA for AMPA (30 ftM) and 200-400 pA for kainate (100 /tM). Figure 2A shows
I-V plots for whole-cell responses to quisqualate (30 JtM) and glutamate (30 /M); both

A ,

+120

Membrane potential (mV)
-80 -60 -40 -20

Quisqualate

B Glutamate

+40 mV

0 mV w

-20 mV

-40 mV

-80 mV

C Quisqualate

+10 mV

0 mV

-10 mV

-60 mV w*I e

50 pAJ
5 s

25p]
10 s

Fig. 2. A, current-voltage relationship for whole-cell currents evoked by 30/M-glutamate
(0) or 30 /SM-quisqualate (O) in a type-2 astrocyte. Currents reversed near 0 mV holding
potential and showed some outward rectification. B, whole-cell currents induced by
30 ,SM-glutamate in a type-2 astrocyte voltage clamped at + 40, 0, -20, -40 and
-80 mV. C, whole-cell currents evoked by 30 /tM-quisqualate in a type-2 astrocyte at Vh
values of + 10, 0, -10, and -60 mV. Note the increase in noise during the application
of glutamate and quisqualate.

curves show rectification. All agonists produced similar reversal potentials; pooling
data gave a mean value of 0-4+ 0-5 mV (mean+s.E.M., n = 25 cells). Figure 2B and
C shows examples of whole-cell currents produced by 30 ,tM-glutamate and 30 /SM-
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quisqualate applied to two different cells over a range of membrane potentials. The
currents reversed near 0 mV membrane potential and were accompanied by a clear
noise increase.
The application of NMDA (30 and 100 fM) in the presence of glycine (1 ftM), which

is known to potentiate the NMDA response in neurones (Johnson & Ascher, 1987),
failed to evoke whole-cell current changes in type-2 astrocytes at either negative or
positive membrane potentials (n = 6 cells). These experiments were- all carried out in
nominally Mg2+-free solutions to eliminate the possibility of Mg2+ block of the
channel, of the sort described for NMDA channels in neurones (Mayer, Westbrook &
Guthrie, 1984; Nowak et al. 1984). In neurones, NMDA responses can be potentiated
by reducing proton concentration below normal physiological levels (Traynelis &
Cull-Candy, 1990). However, when the pH of the extracellular medium was changed
from 7-2 to 8'6, NMDA (30 /tM) still failed to produce any whole-cell current changes
in type-2 astrocytes (n = 5 cells). Similarly, type-2 astrocytes in explant cultures (i.e.
prepared without the use of enzymes) did not respond to NMDA, confirming the
previous observation (Usowicz et al. 1989) that the lack of sensitivity to NMDA was
not due to the normal enzyme treatment used in the cell dissociation (see Akaike,
Kaneda, Hori & Krishtal, 1988; Allen, Brady, Swann, Hori & Carpenter, 1988).
NMDA receptors were present in granule cells both in the enzyme-treated and
explant cultures.

Distribution of quisqualate and kainate receptors in type-2 astrocytes
There is indirect evidence to suggest that type-2 astrocytes may be one of the cells

which send processes to the nodes of Ranvier in vivo (ffrench-Constant & Raff, 1986),
raising the possibility that receptors in these cells may be activated by glutamate
released from axons. It was therefore of interest to investigate whether type-2
astrocytes possessed glutamate receptors in their processes and at their extremities.
From earlier work, it was clear that receptors were present in patches removed from
the cell soma (Usowicz et al. 1989). In the present experiments the distribution of
glutamate receptors in type-2 astrocytes was mapped with ionophoretic pipettes
containing quisqualate or kainate. In some experiments kainate and quisqualate
were applied from adjacent barrels of double-barrelled pipettes. The cells were
continuously perfused with control solution to reduce the background level of
agonist and the diffusion of ionophoretically applied drug to other regions of the cell.
Application of these agonists (current pulses 20-100 ms, 50-100 nA) evoked currents
both in the cell soma (20-120 pA; Vh =-60 mV, n = 22 cells) and in the processes
(10-80 pA; n = 15 cells).

Figure 3A shows a drawing of the cell soma and one of the main, processes of a
type-2 astrocyte in which receptor distribution was mapped with a kainate-filled
micropipette positioned at various sites (labelled a-f). Responses to brief
ionophoretic pulses of kainate could be obtained along the entire length of the
process (positions b, c, e and f), as well as in the soma (position a). As expected, the
responses rapidly disappeared when the ionophoretic pipette was either moved
laterally away from the process (position d) or raised 5-10 ,um above the process (not
shown). This indicates that the responses in the processes did not result from
diffusion of kainate onto the cell soma. We have not attempted to estimate the
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Fig. 3. A, drawing of part of a type-2 astocyte examined under whole-cell clamp. Receptor
distribution was mapped with a kainate-filled ionophoretic micropipette positioned near
the cell soma (a), or along the length of the main process (at b, c, e and f). B, ionophoretic
application of kainate (pulse width 100 ms, amplitude 100 nA) evoked responses on the
cell soma and along the entire length of the process. Note the large response obtained at
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density of the receptors at the ends of the processes. However, the responses at
positions e and f are similar to those obtained in the soma. As these sites are
electrically remote from the soma, and the surface area of the process which the
ionophoretically applied kainate can reach is small, it seems likely that the receptor
density in the processes is greater than in the cell body.

Figure 3B shows an example of a similar experiment in which the quisqualate
sensitivity of a type-2 astrocyte has been mapped. In this experiment quisqualate
responses could be obtained on the soma (position c) and at the tip of a main process
(position d, about 60 gcm from the soma). Again no current was recorded when the
ionophoretic pipette was moved away to a region free of processes (position a).
Current-voltage relationships were obtained for responses to ionophoretically applied
quisqualate and kainate, both in the cell soma and in the extremities of processes (in
eight cells). In both situations the agonist evoked currents reversed direction near to
0 mV, implying reasonable voltage control in the cell processes, at least for low-
frequency events. Experiments with double-barrelled ionophoretic micropipettes
indicated that there was no clear differential distribution of quisqualate and kainate
receptors within individual cells. Hence, areas of low or high sensitivity affected
quisqualate and kainate responses to similar extents.

Glutamate receptors in 0-2A progenitor cells
If glutamate receptors are involved in neurone-glia interactions before the second

postnatal week in the rat, which is the time when type-2 astrocytes first appear
(Miller, David, Patel, Abney & Raff, 1985), then glutamate receptors might also be
expected to occur in the precursor cell that gives rise to type-2 astrocytes. We have
therefore examined this possibility.
0-2A progenitor cells in culture had a bipolar or multipolar morphology and

usually occurred in groups, probably because they continued to divide in the culture
conditions used in the present study. Figure 4A and B shows a single field of cells in
which 0-2A progenitor cells have been identified immunohistochemically. Cells were
labelled with the antibody to GFAP (Fig. 4A) and with the surface antibody LB1
(Fig. 4B), which binds to 0-2A progenitors and type-2 astrocytes (Levi et al. 1986);
type-2 astrocytes were not present in culture conditions used. The 0-2A progenitor
cells (arrowed) were identified as cells that were LB1 positive but lacked glial
fibrillary acid protein. The remaining cells in the field (which are GFAP positive and
LB1 negative) are type-i-like astrocytes. Although the morphology of 0-2A
progenitor cells was similar to that of neurones the majority of bipolar or multipolar
cells in our progenitor cultures were LB1 positive. Moreover, 0-2A progenitor cells
occurred in groups and occasionally could be seen dividing.

In addition to studying the effects of glutamate agonists on cerebellar progenitor

e; the response at f (approximately 60 ,um from the soma) was similar to the response at
the tip of the process (not shown). No response was obtained at d, an area free of processes.
Vh = -60 mV. C, drawing of part of a type-2 astrocyte mapped with a quisqualate-filled
micropipette positioned near to the cell soma (c) and close to the tips of two processes (b,
d). D, ionophoretic application of quisqualate (pulse width 80 ms, current amplitude
100 nA) evoked responses in all cell regions examined. The response was lost when the
pipette was positioned away from the cell (a). Vh = -60 mV.
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cells, we have also recorded from rat optic nerve 0-2A progenitors. Cultures made
from rat optic nerve are particularly convenient for studying 0-2A progenitors since
the optic nerve contains no neuronal cell bodies; this avoids any possible ambiguities
in distinguishing between neurones and 0-2A progenitors. Furthermore, differ-

Fig. 4. A, photomicrograph of cells isolated from a 1-day-old rat cerebellum after 3 days
in vitro, labelled with antibody to GFAP, and reacted with fluorescein-conjugated
immunoglobulin. The labelled cells have a flattened epitheliod morphology and are type-
1-like astrocytes. 0-2A progenitor cells (arrowed), which are faintly visible, are GFAP
negative. Under the culture conditions used no type-2 astrocytes developed. B, same field
of cells as in A, labelled with the antibody LB1 and reacted with rhodamine conjugated
immunoglobulin. 0-2A progenitor cells are LBI positive while type-i-like astrocytes
remained unlabelled.

entiation of glial cells isolated from the rat optic nerve has been widely studied (for
a review see Raff, 1989), and it was of interest to know if the expression of glutamate
receptors by O-2A lineage cells was peculiar to the cerebellum.

Quisqualate or kainate applied to O-2A progenitor cells from rat cerebellum (n=
12 cells) or optic nerve (n = 8 cells) induced whole-cell currents in the range 20-30 pA
for quisqualate (30 ,tm) and 20-50 pA for kainate (30 /Lm) (Vh = -60 mV). Figure 5A
shows typical whole-cell current-voltage plots for responses to 30 Fm-kainate in an

optic nerve progenitor cell and to 30 /um-quisqualate in a cerebellar O-2A progenitor
cell. Examples of whole-cell currents recorded over a range of potentials are shown
in Fig. 5B (kainate, optic nerve progenitor) and C (quisqualate, cerebellar
progenitor). As expected, the currents reversed near 0 mV and were accompanied by
a noise increase, indicating the opening of ion channels. Figure 5D shows whole-cell
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current recordings from a cerebellar progenitor cell exposed to 30 /M-NMDA or
30 ,tM-kainate. Kainate produced a large inward current (at -60 mV) with
accompanying noise increase, while NMDA produced no detectable response. The
lack of response to NMDA (observed in five other 0-2A cells) resembled the situation
in the type-2 astrocytes.

A +60 Kainate B Kainate

+40-
Quisqualate

Membrane potential (mV) +20 /40 mV
-80 -60 -40 -20 + +40 +40 mV

O mV "V.

0 -20 m V_0 1
-40+ -20 mV

-60-

-60 mV

C Quisqualate D NMDA pA~~

+40 mV Kainate

-60 mV
0 mV ' W

t ~~~~~~~~~~40pA
-60 mVlO

10 s
Fig. 5. A, current-voltage relationship for whole-cell currents evoked by 30 ,uM-kainate
(0) in an optic nerve 0-2A progenitor cell (same cell as in B) and by 30 ,sm-quisqualate
(0) in a cerebellar 0-2A progenitor cell (same cell as in C). B, whole-cell currents evoked
by 30 /tM,kainate (applied between arrows) in an optic nerve 0-2A progenitor cell voltage
clamped at +40, 0, -20 and -60 mV. Currents reversed direction at about 0 mV. Note
the noise increase during kainate application. C, whole-cell currents evoked by 30 /M-
quisqualate in a cerebellar 0-2A progenitor cell voltage clamped at + 40, 0 and -60 mV.
Currents reversed direction near 0 mV. D, whole-cell current recordings from a single
cerebellar progenitor cell voltage clamped at -60 mV and exposed to 30 ,tM-NMDA or
30 ,uM-kainate; NMDA failed to produce a response while kainate produced a large inward
current and noise increase. For illustration, currents were low-pass filtered at 1 kHz
(-3 dB).

Oligodendrocytes lack responses to glutamate
Oligodendrocytes in cerebellar cultures also develop from the 0-2A progenitor cell

(Levi et al. 1986; Levine & Stalleup, 1987). In our cultures, a majority of 0-2A
progenitors differentiated into oligodendrocytes rather than type-2 astrocytes, when
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grown in low-serum medium (as previously described by Raff et al. 1983 a). However,
to be certain that the cells were oligodendrocytes and not type-2 astrocytes it was
essential to use markers to identify the oligodendrocytes immunohistologically.
Figure 6A shows a photomicrograph of an oligodendrocyte viewed under phase

Fig. 6. A, photomicrograph of an oligodendrocyte seen under phase contrast optics. B,
photomicrograph of an oligodendrocyte labelled with antibody to the glycolipid,
galactocerebroside, which is characteristic of oligodendrocytes. Note the difference in
process morphology between the oligodendrocyte and type-2 astrocytes (see Fig. 1).
Oligodendrocytes possess intricate networks of radial processes whereas type-2 astrocytes
possess long thin processes extending up to -100 4um in length.

contrast optics while Fig. 6B shows an oligodendrocyte identified with the antibody
to galactocerebroside, which specifically labels oligodendrocytes (Gal-C, Raff et al.
1978). In our cultures oligodendrocytes tended to have larger cell bodies than the
type-2 astrocytes, and possessed less extensive, but more intricate, networks of radial
processes.,

Oligodendrocytes that were either cultured in low fetal calf serum (see above) or
were present in cultures containing 10% fetal calf serum (which also contained type-
1-like and type-2 astrocytes) produced no detectable response to glutamate,
quisqualate or kainate (all at 30 /tm, n = 7 cells). Furthermore we found no evidence
for a glutamate uptake current in these cells. Similarly, oligodendrocytes acutely
isolated from rat optic nerve do not express glutamate receptor channels (Barres,
Koroshetz, Swartz, Chun & Corey, 1990).

Type-i-like astrocytes possess glutamate uptake currents

Astrocytes antigenically and morphologically similar to type-I astrocytes found in
cultures of rat optic nerve (Raff et al. 19836b) can be identified in cultures of rat
cerebellar cells. These cells develop from their own precursor cell and, in culture, have
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a flattened epithelioid, polygonal appearance and are phase-dark. Type- I -like
astrocytes were identified immunohistochemically by labelling with antibody to
GFAP, and by the fact that the cells were negative for the surface antibody label
LB1 (see Fig. 4A and B); a further distinctive characteristic of these cells was their
large capacitance (> 50 pF) and low input resistance (< 200 MQ). The presence of an
uptake current to glutamate has been observed in type-i-like cerebellar astrocytes
(Cull-Candy et al. 1988). However, the possibility that part of this current may
originate from the activation of glutamate receptors has not previously been
examined.

During most of the present whole-cell recordings from type-i-like astrocytes the
internal solution contained KCl (see Methods) rather than CsCl (unlike previous
studies, see Cull-Candy et al. 1988), which we found to reduce the magnitude of the
uptake current (data not shown). This may be expected if Cs+ substitutes poorly for
intracellular K+ which has been shown to be involved in the glial uptake current in
salamander glial cells (Barbour, Brew & Attwell, 1988; although see Schwartz &;
Tachibana, 1990). Application of glutamate (30#M) to cells at negative holding
potentials evoked large inward currents (> 500 pA at -60 mV, n = 8 cells).
Furthermore, large clamp currents were required to hold the membrane potential
away from the zero-current potential of the cell. It was therefore necessary to select
for smaller cells to avoid using large holding currents to clamp the potential of the
cell.

Figure 7A shows typical records of whole-cell uptake currents to glutamate in a
cell held at -70, -41 and + 28 mV (values corrected for pipette series resistance).
The currents at -70 mV were roughly five times larger than those obtained in type-
2 astrocytes in response to a comparable concentration of glutamate. As expected for
an electrogenic glutamate uptake current (Brew & Attwell, 1987), the responses in
Fig. 7A are accompanied by little apparent noise increase and remain inward-going
at positive potentials (see also Cull-Candy et al. 1988). Figure 7B shows a
current-voltage relationship for a type-1-like astrocyte in the presence of 30#M-
glutamate. From the I-V plot it is apparent that the currents remained inward-going
at potentials as positive as + 80 mV. However, as shown in Fig. 7C, quisqualate,
kainate and NMDA (all at 30 ,uM) each failed to evoke a detectable current change
when applied to this same cell (observed in seven other cells). It has previously been
shown that these agonists are not taken up by the glutamate uptake carrier
mechanism (see Balcar & Johnston, 1972, 1975; Brew & Attwell, 1987). We therefore
found no evidence for glutamate receptors in type-i-like astrocytes maintained in
culture for less than 4 days, although these cells produced large uptake currents to
glutamate.
From neurochemical and electrophysiological studies it is known that several Na+

ions are co-transported with each glutamate molecule in the carrier mechanism in
glial cells (Balcar & Johnston, 1972; Brew & Attwell, 1987; for a review see
Erecinska, 1987) and it was therefore of interest to determine whether the uptake
carrier in type- 1-like astrocytes showed selectivity for the ion which it co-
transported. In particular Li+ has previously been shown to be a poor substitute for
Na+ in amino acid transport systems (Peterson & Raghupathy, 1974). As shown in
Fig. 8A and B, when we substituted Li+ for external Na+, the glutamate uptake
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Fig. 7. A, whole-cell currents evoked by 30 /LM-glutamate in a type-I-like astrocyte at
holding potentials of -70, -41 and +28 mV (membrane potentials corrected for series
resistance). The largest currents are subject to clamp errors of approximately 4 mV. Note
the lack of noise increase during the application of glutamate. B, I-V relationship for
whole-cell currents evoked by 30 /tM-glutamate in a type-I-like astrocyte. The current
decreased as the cell was held at more positive potentials; however, the current was still
inward at a holding potential of + 80 mV. C, quisqualate, kainate and NMDA (at 30 ,#M)
each failed to evoke any current changes in a type- I-like astrocyte voltage clamped at
-60 mV.

current was reduced by about 80% (n = 4 cells). Figure 8A shows an I-V plot for the
glutamate uptake current in a cell bathed initially in external Na+, and after the cell
had been bathed for 10 min in Li' external solution (zero Na+). Although the size of
the current was reduced in Li+ medium, the I-V relationship of the small residual
current was apparently unchanged.

Li+ was, however, able to substitute well for Na+ and pass through glutamate
receptor channels in type-2 astrocytes. Figure 8C shows a whole-cell I-V plot for a
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Fig. 8. A, I-V relationship for whole-cell currents induced by 30 /uM-glutamate in a type-
1-like astrocyte in Na+-containing external solution (E) and after the cell had been
perfused with Li+ -containing external solution for 10 min (U). Substitution of Na+ by
Li+ reduces the uptake current although the current is still inwards at positive potentials.
B, examples of whole-cell currents evoked by 30 /M-glutamate (-60 mV same cell as A),
in Na4 external (upper trace) and Li+ external (lower trace) bathing solutions. Exchange
of external Na+ by Li+ reduced the uptake current from 400 to 80 pA. C, I-V relationship
for whole-cell currents in a cerebellar type-2 astrocyte bathed in Li+ external solution.
Glutamate (@), kainate (A) and quisqualate (0), at 30 /M, each evoked whole-cell
currents which reversed at 0 mV, indicating that Li+ is able to pans through glutamate
receptor channels in these cells.
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Fig. 9. Experiments to determine whether type-2 astrocytes have a detectable uptake
current. A, whole-cell current traces at +40 and -60mV. Glutamate (30,uM) and
CNQX (30 FM) applications are indicated by bar. Note the rapid block of the glutamate
current when CNQX and glutamate are present. The current at +40 mV during the
application of CNQX is still outward (rather than the inward current expected for
glutamate uptake) and in both traces currents in the presence of CNQX remain noisier
than the baseline current. B, I-V plot for whole-cell currents (same cell as A) activated by
30 fM-glutamate (0) or 30 AM-glutamate and 30,uM-CNQX (@). CNQX inhibited
glutamate currents by about 80% but did not completely block them. Both glutamate and
glutamate+CNQX currents reversed direction near 0 mV holding potential, indicating
that the residual current in the presence of CNQX did not contain a large electrogenic
uptake component. C, application of aspartate (30 FM) to a type-2 astrocyte (-60 mV)
did not produce any current changes. However, perfusion of aspartate onto a type-i-like
astrocyte on the same cover-slip (-60 mV) resulted in a large inward current with no
accompanying noise increase, as expected if the aspartate current was generated by an
electrogenic uptake carrier. D, current traces from an outside-out patch of membrane
(-60 mV) excised from the cell soma of a type-2 astrocyte. Application of glutamate
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cerebellar type-2 astrocyte exposed to glutamate, quisqualate and kainate in Li'
external solution. Currents reversed at 0 mV and the amplitudes of the whole-cell
currents were similar to those recorded in the normal Na+-containing external
solutions. Substitution of external Na+ with Li+ therefore proved a convenient
method of discriminating between uptake currents and receptor-mediated currents
in astrocytes.

Do type 2 astrocytes possess an electrogenic glutamate uptake carrier?
Since type-i-like astrocytes can produce a large uptake current to glutamate, it

was necessary for us to determine what fraction, if any, of the glutamate response in
type-2 astrocytes may also have resulted from the activation of an electrogenic
uptake. If the glutamate current in type-2 astrocytes possesses a significant
electrogenic component the whole-cell I-V relationship may be expected to reverse
at potentials more positive than 0 mV. To examine this possibility the size of the
receptor-mediated current was reduced with CNQX to increase the likelihood of
identifying any uptake component. As shown in Fig. 9A and B, CNQX (30,gM),
which is a non-NMDA antagonist in neurones (Honore, Davies, Drejer, Fletcher,
Jacobsen, Lodge & Flemming, 1988) and also inhibits quisqualate and kainate
whole-cell currents in type-2 astrocytes (Cull-Candy et al. 1989), greatly reduced
glutamate-evoked currents in type-2 astrocytes (Fig. 9A). From the whole-cell
current-voltage plot (Fig. 9B) the reversal potential for the residual glutamate-
activated current remained near 0 mV (+ 4 mV in the example shown) in the
presence of CNQX, suggesting that there was little, if any, contribution from an
uptake current. Furthermore, although the residual glutamate current in the
presence of CNQX shows a much reduced noise level at -60 mV, it is clearly
outward-going at +40 mV (Fig. 9A).

In further support of the idea that type-2 astrocytes lacked a detectable
electrogenic glutamate uptake carrier we were unable to detect a DC shift in the
baseline current on a high recording gain when glutamate was applied to outside-out
membrane patches removed from the soma of type-2 astrocytes. Figure 9D shows a
typical example of such an experiment. Glutamate (30 gM) produced clear single-
channel current openings exhibiting multiple conductance levels. However, the
baseline current level (dotted line) remained unchanged throughout glutamate
application.

Aspartate is an effective substrate for the glutamate carrier in the CNS (Balcar &
Johnston, 1972), but is unlikely to activate receptor-mediated currents in cells
lacking NMDA receptors. We have therefore examined the effect of L-aspartate
(30 gM) on type-2 astrocytes, on a high recording gain. As shown in Fig. 9C, 30 gim-
aspartate failed to evoke a detectable whole-cell current change (n = 6 cells) in type-
2 astrocytes, while in type-I-like astrocytes in the same culture it gave large inward
currents with no apparent noise increase (Fig. 9C, lower trace).

(30 FM) (at arrow) evoked single-channel currents which displayed multiple conductance
levels, but there was no DC shift in the baseline current (indicated by the dotted line).
Returning to the control solution (wash) resulted in a disappearance of the single-channel
events with no change in DC level.
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Glutamate responses in type-i-like astrocytes in longer term culture
We are currently examining glutamate responses in astrocytes maintained in

culture for at least 7 days. After this period of time type-2 astrocytes seem to
withdraw their processes and adopt a more flattened appearance and type-i-like
astrocytes have formed a confluent monolayer as a result of rapid cell division. It was
thus no longer possible to distinguish, unambiguously, between type-I-like and type-
2 astrocytes on morphological grounds. Furthermore, since type-2 astrocytes only
transiently express the LB1 antigen in culture (Lillien & Raff, 1990), by 7 days it was
no longer possible to distinguish between type-i-like and type-2 astrocytes on the
basis of antigenic phenotype. Nevertheless, it is likely that the rapidly dividing type-
I-like astrocytes constitute the overwhelming proportion of cells in such cultures.
Preliminary results (data not shown) indicate that the majority of cells in these

cultures responded to glutamate, quisqualate and kainate, generating inward
currents at negative holding potentials. Glutamate-evoked currents in these cells
were only partly blocked by CNQX suggesting that much of the glutamate current
is due to electrogenic uptake. However, kainate currents are inhibited by the non-
NMDA antagonist, CNQX, and are likely to result from activation of receptor
channels. Therefore, at this stage in culture, these cells possess an electrogenic uptake
carrier and express glutamate receptors. A more detailed account of these findings
will be reported elsewhere.

DISCUSSION

From our experiments it appears that glutamate receptors are present both in
cerebellar type-2 astrocytes (Usowicz et al. 1989), and in the 0-2A progenitor cells
(from cerebellum and optic nerve) that give rise to type-2 astrocytes, although they
are absent from oligodendrocytes which are also derived from the same lineage (see
also Cull-Candy et al. 1989). It therefore seems that these glutamate receptors cease
to be expressed if the 0-2A progenitor differentiates into an oligodendrocyte rather
than a type-2 astrocyte. Both type-2 astrocytes and 0-2A progenitor cells lacked
NMDA receptors and in this respect differed from the neurones (mainly granule cells)
present in some of the cerebellar cultures. A lack of response to NMDA has also been
described in rat cerebral astrocytes (Sontheimer et al. 1988). Interestingly, our
experiments indicate that in type-i-like astrocytes (which do not derive from the
0-2A lineage) the glutamate response is generated solely by the activation of an
electrogenic uptake mechanism in cells maintained in short-term ( < 4 day) cultures.
Thus it appears that in central glial cells in short-term culture the glutamate
receptors are confined to 0-2A lineage cells as previously proposed from
neurochemical studies (Gallo et al. 1989) and electrophysiological experiments (Cull-
Candy et al. 1989).

In some hippocampal (Cornell-Bell, Finkbeiner, Cooper & Smith, 1990) and
cortical astrocytes (McNaughton, Lagnado, Socolovsky, Hunt & McNaughton, 1990)
there is good evidence, from Ca2+ imaging experiments, that glutamate receptors
may be linked to a second messenger system; such receptors may resemble the so-
called glutamate 'metabotropic' receptor, which causes production of inositol- 1,4,5-
trisphosphate and diaclyglycerol through activation of phospholipase C (Sugiyama,
Ito & Hirono, 1987). This has been proposed following the observations of
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oscillations in intracellular Ca21 in cultured hippocampal and cortical astrocytes
exposed to glutamate, quisqualate and kainate. These oscillations may result from
inositol phosphate production as the glutamate agonists produced an increase in
inositol phospholipid break-down in these cells. However, there are various reasons
for assuming that the glutamate responses that we have observed, in type-2
astrocytes and in the O-2A progenitors, were produced exclusively by the activation
of 'fast' ion channels. First, single-channel currents evoked by glutamate,
quisqualate and kainate were present in excised outside-out membrane patches (see
also Usowicz et al. 1989) where most of the cytoplasmic components are expected to
be lost. Responses linked to a second messenger system may be expected to undergo
a gradual 'wash-out' during whole-cell recording. The responses in the present study
were well maintained throughout the recording period (up to 1 h). Furthermore,
we have been unable, so far, to detect resolvable single-channel currents under the
patch pipette in cell-attached patches (not exposed to agonist) when the rest of the
cell is exposed to either glutamate, quisqualate or trans-ACPD (trans-D,L-1-amino-
1,3-cyclopentane-dicarboxylic acid), a selective agonist for the quisqualate
'metabotropic' receptor (Desai & Conn, 1990).

Interestingly, inhibitory GABA receptor channels are also present in mammalian
astrocytes (from cerebral cortex) (Backus, Kettenmann & Schachner, 1988), as are
a variety of other neurotransmitter receptors (reviewed by Murphy & Pearce, 1987).
In several respects the responses of cerebral astrocytes to GABA parallel the
glutamate responses observed in our experiments. Thus, two types of GABA-evoked
whole-cell currents have been observed (Bormann & Kettenmann, 1988): at negative
holding potentials GABA produces inward currents in both small round astrocytes
and flat astrocytes. However, the currents recorded in the round astrocytes were
accompanied by a noise increase whilst the currents in the flat cells showed no
detectable increase in noise level. Although the distinction between type-i-like and
type-2 astrocytes was not made, by analogy with our experiments it seems possible
that the two types of GABA response may have been due to the activation ofGABA
receptor-operated channels in type-2 astrocytes (round cells) and the activation of an
electrogenic GABA uptake mechanism in type-i-like astrocytes (flat cells) although
this remains to be seen.
The functional significance of the glutamate receptors that occur in type-2

astrocytes and O-2A progenitor cells is unclear, although several interesting
possibilities arise from the present and previous studies. Ultrastructure studies of
CNS tissue have shown that astrocytic processes encircle nodes of Ranvier
(Hildebrand, 1971) and there is indirect evidence that at least some of the perinodal
astrocyte processes may belong to type-2 astrocytes (ffrench-Constant & Raff, 1986).
Our ionophoretic mapping experiments indicate that glutamate receptors occur not
only in the soma but also along the entire length of processes, including their
extremities in type-2 astrocytes (e.g. Fig. 3). In vivo these astrocytic glutamate
receptors would, therefore, be well placed to detect any axonal release or 'leakage'
ofglutamate. A Ca2+-insensitive non-quantal 'leakage' of transmitter - acetylcholine
in vertebrates, and glutamate in invertebrates - is known to occur at motor nerve
terminals (see Katz & Miledi, 1977; Vyskocil, Nikolsky & Edwards, 1983; Antonov
& Magazanik, 1988). Glutamate leakage has also been shown to occur from axons in
regions distant from sites of synaptic contact such as in the giant axon of the squid
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(Lieberman, Abbott & Hassan, 1989), where glutamate is thought to mediate axon
to Schwann cell signalling, and also in the peripheral and central nerve trunks of
vertebrates (Wheeler, Boyarski & Brooks, 1966; Weinreich & Hammerschlag, 1975)
and invertebrates (Evans, 1974). This has led to the suggestion (Usowicz et al. 1989)
that such receptors may be involved in neuronal glial signalling in white matter. If
glutamate receptors are present in the processes of type-2 astrocytes in vivo, then
activation of such receptors would result in ion movement across the glial cell
membrane which may alter the concentrations ofNa+ and K+ at the node of Ranvier,
and hence the electrical excitability of the axon in the nodal region. Indeed, in kainic
acid-lesioned rat hippocampus, kainate caused K+ efflux from astrocytes and it has
been suggested that this could be responsible for the late slow potential recorded in
some neurones (MacVicar, Baker & Crichton, 1988). Conversely it has also been
proposed that neuronal activity can influence glial cell function. In frog optic nerve
the I-V relationship of glial cell sodium currents is shifted in a hyperpolarizing
direction during axonal stimulation (Marrero, Astion, Coles & Orkand, 1989),
possibly due to the axonal release of a mediator, or mediators, influencing the
properties of the glial ion channels. However, the possibility that these changes in the
electrical properties were caused by a change in the ionic environment around the
glial cell could not be ruled out.

In addition to any neuronal-glial signalling interactions at the node of Ranvier,
type-2 astrocytes may also play a role in the development and formation of the node.
0-2A progenitor cells are thought to migrate within the CNS (Small, Riddle & Noble,
1987). It is possible that the glutamate receptors may allow the migratory 0-2A
progenitor cell to 'detect' the axon and establish a contact which could be crucial in
determining the site of node formation. It also seems feasible that activation of
glutamate receptors in the astrocytes or progenitor cells may act as a trigger for cell
growth, since activation of glutamate receptors in neurones may serve a trophic
function resulting in greatly enhanced neurite outgrowth (Pearce, Cambray-Deakin
& Burgoyne, 1987; Balazs, Jorgenson & Hack, 1988; Patterson, 1988). In this respect
it would clearly be of interest to determine whether calcium influx occurs in the type-
2 astrocytes, either directly as a result of calcium permeation of glutamate channels,
or indirectly from the activation of voltage-gated calcium channels, two types of
which are known to be present in type-2 astrocytes (Barres, Chun & Corey, 1988).
The recent finding that non-NMDA glutamate analogues can also activate ion
channels in acutely dissociated 0-2A progenitor cells (Barres et al. 1990) lends further
support to the idea that such receptors may be of functional importance in vivo.

Unlike the glutamate currents in type-2 astrocytes or 0-2A progenitor cells, those
recorded in type-1-like astrocytes (up to 4 days in vitro) resulted from the activation
of an electrogenic glutamate uptake carrier. The evidence for this is threefold:
application of glutamate produced large inward currents with no detectable noise
increase, the currents did not reverse direction at potentials as positive as + 80 mV,
and these currents were not activated by the glutamate analogues quisqualate,
kainate or NMDA, which are not considered to be taken up by the high-affinity
glutamate uptake mechanism (Balcar & Johnston, 1972, 1975; Brew & Attwell,
1987). Glutamate (and aspartate) uptake in the CNS is known to be dependent on
extracellular Na+ (Balcar & Johnston, 1972; for a review see Erecinska, 1987) and
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inhibited by extracellular Li+ (Peterson & Raghupathy, 1974), which has also been
shown to inhibit the uptake of radiolabelled GABA into type-2 astrocytes (Gallo,
Patrizio & Levi, 1990). Thus, our finding that replacement of external Na+ with Li+
greatly reduced the glutamate-evoked currents in type- 1-like astrocytes is in
agreement with the idea that the glutamate currents were predominantly or solely
caused by electrogenic uptake of glutamate. The inability of Li+ to substitute for Na+
in the glutamate uptake carrier in type-1-like astrocytes suggests that the carrier is
selective for the cation it co-transports along with glutamate and that the glutamate
carrier present in type-i-like astrocytes may be somewhat similar to that
characterized in salamander retinal glial cells (Schwartz & Tachibana, 1990). It has
been proposed that electrogenic uptake carriers can operate in the reverse direction
in some cells, allowing Ca2+-insensitive release of neurotransmitter following
depolarization (see Schwartz, 1987). Release of GABA from type-2 astrocytes has
been suggested to occur via the activation of such a 'reverse uptake' mechanism
following depolarization of cells by the glutamate agonists (Gallo et al. 1990). This
suggestion for type-2 astrocytes is based on the fact that replacement of external Na+
with Li+ will inhibit kainate- and quisqualate-induced release of preaccumulated
[3H]GABA (Gallo et al. 1990). Our results would be consistent with this suggestion
since Li+ permeates well through glutamate channels in type-2 astrocytes causing
sufficient glutamate-induced depolarization of the cells to permit 'conventional'
transmitter release. Since we find that Li+ inhibits uptake currents in other
astrocytes, it seems possible that 'reverse uptake' would be similarly inhibited. We
have not, however, looked directly for the presence of such a 'reversed' uptake in
astrocytes.

In older cultures (> 7 days), where the majority of cells are type-i-like astrocytes,
most cells responded to the non-NMDA agonists kainate and quisqualate. The
kainate-evoked currents were antagonized by CNQX suggesting that the agonist-
induced current resulted from receptor activation. Therefore, it appears that type-
1-like astrocytes maintained in longer term cultures express glutamate receptor
channels.

Finally, how similar are astrocytic and neuronal glutamate receptors? This is of
some importance since studies of glutamate receptors expressed in oocytes, following
injection of messenger (m) RNA, mainly use whole brain message which will be
derived from, both neurones and glia. Furthermore, a recently cloned putative
kainate receptor (Gregor, Mano, Maoz, McKeown & Teichberg, 1989) appears to be
of glial (cerebellar Bergmann glia) rather than neuronal origin (Somogyi, Eshhar,
Teichberg & Roberts, 1990). Although molecular studies will be needed to determine
similarities precisely, channel characteristics and pharmacology should give some
clear insight into this question at a functional level. In this respect the non-NMDA
receptor channels found in type-2 astrocytes have marked similarities to those found
in neurones in terms of their multiple conductanice levels (Usowicz et al. 1989) and the
fact that they are blocked by the non-NMDA antagonist, CNQX (Cull-Candy et al.
1989). However, it remains to be seen whether neuronal and glial glutamate channels
are similar in other respects.



D. J. A. WYLLIE AND OTHERS

This work was supported by the Wellcome Trust. We wish to thank Barbara Fulton, Martin Raff
and David Ogden for valuable discussions and for critically reading the manuscript, Laura Lillien
for kindly supplying us with optic nerve O-2A cells, and Nick Hayes and Michael Mee for generous
help with photography. D. J. A. W. gratefully acknowledges receipt of a Wellcome Studentship.
A. M. was supported by the MRC.

REFERENCES

AKAIKE, N., KANEDA, M., HORI, N. & KRISHTAL, 0. A. (1988). Blockade of NMDA response in
enzyme treated rat hippocampal neurons. Neuroscience Letters 87, 75-79.

ALLEN, C. N., BRADY, R., SWANN, J., HORI, N. & CARPENTER, D. 0. (1988). N-Methyl-D-aspartate
receptors are inactivated by trypsin. Brain Research 458, 147-150.

ANTONOV, S. M. & MAGAZANIK, L. G. (1988). Intense non-quantal release of glutamate in an insect
neuromuscular junction. Neuroscience Letters 95, 204-208.

ASCHER, P. & NOWAK, L. (1988). Quisqualate- and kainate-activated channels in mouse central
neurones in culture. Journal of Physiology 399, 227-245.

BACKUS, K. H., KETTENMANN, H. & SCHACHNER, M. (1988). Effect of benzodiazepines and
pentabarbital on the GABA induced depolarisation in cultured astrocytes. Glia 1, 132-144.

BALAZS, R., JORGENSON, 0. S. & HACK, N. (1988). N-Methyl-D-aspartate promotes the survival of
cerebellar granule cells in culture. Neuro8cience 27, 437-451.

BALCAR, V. J. & JOHNSTON, G. A. R. (1972). The structural specificity of the high affinity uptake
of L-glutamate and L-aspartate in rat brain slices. Journal of Neurochemistry 19, 2657-2666.

BALCAR, V. J. & JOHNSTON, G. A. R. (1975). High affinity uptake of L-glutamate in rat brain slices.
Journal of Neurochemistry 24, 875-879.

BARBOUR, B., BREW, H. & ATTWELL, D. (1988). Electrogenic glutamate uptake in glial cells is
activated by intracellular potassium. Nature 335, 433-435.

BARRES, B. A., CHUN, L. L. Y. & COREY, D. P. (1988). Ion channel expression by white matter glia.
1. Type-2 astrocytes and oligodendrocytes. Glia 1, 10-30.

BARRES, B. A., KOROSHETZ, W. J., SWARTZ, K. J., CHUN, L. L. Y. & COREY, D. P. (1990). Ion
channel expression by white matter glia: The O-2A glial progenitor cell. Neuron 4, 507-524.

BIGNAMI, A. & DAHL, D. (1977). Specificity of the glial fibrillary acid protein for astroglia. Journal
of Histochemistry and Cytochemistry 25, 466-469.

BORMANN, J. & KETTENMANN, H. (1988). Patch-clamp study of GABA receptor C1- channels in
cultured astrocytes. Proceedings of the National Academy of Sciences of the USA 85, 9336-9340.

BOWMAN, C. L. & KIMELBERG, H. K. (1984). Excitatory amino acids directly depolarise rat brain
astrocytes in primary culture. Nature 311, 656-659.

BREW, H. & ATTWELL, D. (1987). Electrogenic glutamate uptake is a major current carrier in the
membrane of axolotl retinal glial cells. Nature 327, 707-709.

CORNELL-BELL, A. H., FINKBEINER, S. M., COOPER, M. S. & SMITH, S. J. (1990). Glutamate induces
calcium waves in cultured astrocytes: Long range signalling. Science 247, 470-473.

CULL-CANDY, S. G., HOWE, J. R. & OGDEN, D. C. (1988). Noise and single channels activated by
excitatqry amino acids in rat cerebellar granule neurones. Journal of Physiology 400, 189-222.

CULL-CANDY, S. G., MATHIE, A., SYMONDS, C. J. & WYLLIE, D. J. A. (1989). Distribution of
quisqualate and kainate receptors in rat type-2 astrocytes and their progenitor cells in culture.
Journal of Physiology 418, 195P.

CULL-CANDY, S. G. & OGDEN, D. C. (1985). Ion channels activated by L-glutamate and GABA in
cultured cerebellar neurons of the rat. Proceedings of the Royal Society B 224, 367-373.

CULL-CANDY, S. G. & UsowICz, M. M. (1987). Multiple-conductance channels activated by
excitatory amino acids in cerebellar neurones. Nature 325, 525-528.

CURTIS, R., COHEN, J., FOK-SEANG, J., HANLEY, M. R., GREGSON, N. A., REYNOLDS, R. & WILKIN,
G. P. (1988) Use of antibody to GD3 ganglioside, galactocerebroside and glial fibrillary acidic
protein to follow the development of macroglial cells in rat cerebellum. Journal of Neurocytology
17, 43-54.

DESAI, M. A. & CONN, P. J. (1990). Selective activation of phosphoinositide hydrolysis by a rigid
analogue of glutamate. Neuroscience Letters 109, 157-162.

ERECINSKA, M. (1987). The neurotransmitter amino-acid transport systems. Biochemical
Pharmacology 36, 3547-3555.

256



GLUTAMATE RESPONSES IN MAMMALIAN GLIA

EVANS, P. D. (1974). The stability of the free amino acid pool in isolated peripheral nerves of
Carcinus maenas (L). Journal of Experimental Biology 59, 463-476.

FFRENCH-CONSTANT, C. & RAFF, M. C. (1986). The oligodendrocyte-type-2 astrocyte cell lineage
is specialised for myelination. Nature 323, 335-338.

GALLO, V., GIOVANNINI, C., SUERGIU, R. & LEVI, G. (1989). Expression of excitatory amino acid
receptors by cerebellar cells of the type-2 astrocyte cell lineage. Journal of Neurochemistry 52,
1-9.

GALLO, V., PATRIZIO, M. & LEVI, G. (1990). GABA release triggered by the activation of neuron-
like non-NMDA receptors in cultured type-2 astrocytes is carrier mediated. Glia (in the Press).

GREGOR, P., MANO, I., MAOZ, I., McKEOWN, M. & TEICHBERG, V. I. (1989). Molecular structure of
the chick cerebellar kainate binding subunit of a putative glutamate receptor. Nature 342,
689-692.

HAMILL, 0. P., MARTY, A., NEHER, E., SAKMANN, B. & SIGWORTH, F. J. (1981). Improved patch-
clamp techniques for high-resolution current recording from cells and cell-free membrane
patches. Pflugers Archiv 391, 85-100.

HILDEBRAND, C. (1971). Ultrastructure and light-microscopic studies of the nodal region in large
myelinated fibers of the adult feline spinal cord white matter. Acta Physiologica Scandinavica
Supplementum 364, 43-71.

HONORE, T., DAVIES, S. N., DREJER, J., FLETCHER, E. J., JACOBSEN, P., LODGE, D. & FLEMMING,
E. N. (1988). Quinoxalinediones: Potent competitive non-NMDA glutamate receptor antag-
onists. Science 241, 701-703.

JAHR, C. E. & STEVENS, C. F. (1987). Glutamate activates multiple single channel conductances in
hippocampal neurones. Nature 325, 522-525.

JOHNSON, J. W. & ASCHER, P. (1987). Glycine potentiates the NMDA response in cultured mouse
brain neurones. Nature 325, 529-531.

KATZ, B. & MILEDI, R. (1977). Transmitter 'leakage' from motor nerve endings. Proceedings of the
Royal Society B 196, 59-72.

LEVI, G., GALLO, V. & CIOTTI, M. T. (1986). Bipotential precursors of putative astrocytes and
oligodendrocytes in rat cerebellar cultures express distinct surface features and 'neuron-like' y-
aminobutyric acid transport. Proceedings of the National Academy of Sciences of the USA 82,
1504-1508.

LEVINE, J. M. & STALLCUP, W. B. (1987). Plasticity of developing cerebellar cells in vitro studied
with antibodies against the NG2 antigen. Journal of Neuroscience 7, 2721-2731.

LIEBERMAN, E. M., ABBOTT, N. J. & HASSAN, S. (1989). Evidence that glutamate mediates axon
to Schwann cell signaling in the squid. Glia 2, 94-102.

LILLIEN, L. E. & RAFF, M. C. (1990). Analysis of the cell-cell interactions that control type-2
astrocyte development in vitro. Neuron 4, 525-543.

MCNAUGHTON, L. A., LAGNADO, L., SOCOLOVSKY, M., HUNT, S. P. & MCNAUGHTON, P. A. (1990).
Glutamate elevates free [Ca]i in type-i astrocytes cultured from rat cerebral cortex. Journal of
Physiology 424, 48P.

MACVICAR, B. A., BAKER, K. & CRICHTON, S. A. (1988). Kainic acid evokes a potassium efflux
from astrocytes. Neuroscience 25, 721-725.

MARRERO, H., ASTION, M. L., COLES, J. A. & ORKAND, R. K. (1989). Facilitation of voltage gated
ion channels in frog neuroglia by nerve impulses. Nature 339, 378-380.

MAYER, M. L., WESTBROOK, G. L. & GUTHRIE, P. B. (1984). Voltage dependenit block by Mg2+ of
NMDA responses in spinal cord neurones. Nature 309, 261-263.

MILLER, R. H., DAVID, S., PATEL, R., ABNEY, E. R. & RAFF, M. C. (1985). A quantitative
immunohistochemical study of macroglial cell development in the rat optic nerve. In vivo
evidence for two distinct glial cell lineages. Developmental Biology 111, 35-41.

MILLER, R. H, FFRENCH-CONSTANT, C. & RAFF, M. C. (1989). The macroglial cells of the rat optic
nerve. Annual Review of Neuroscience 12, 517-534.

MILLER, R. H., FULTON, B. P. & RAFF, M. C. (1989). A novel type of glial cell associated with nodes
of Ranvier in rat optic nerve. European Journal of Neuroscience 1, 172-180.

MURPHY, S. & PEARCE, B. (1987). Functional receptors for neurotransmitters on astroglial cells.
Neuroscience 22, 381-394.

NOWAK, L., BREGSTOVSKI, P., ASCHER, P., HERBET, A. & PROCHIANTZ, A. (1984). Magnesium gates
glutamate-activated channels in mouse central neurones. Nature 307, 462-465.
9 PH Y 432

257



D. J. A. WYLLIE AND OTHERS

PATTERSON, P. H. (1988). On the importance of being inhibited or saying no to growth cones.

Neuron 1, 263-267.
PEARCE, I. A., CAMBRAY-DEAKIN, M. A. & BURGOYNE, R. D. (1987). Glutamate acting on NMDA

receptors stimulates neurite outgrowth from cerebellar granule cells. FEBS Letters 223, 143-147.
PETERSON, N. A. & RAGHUPATHY, E. (1974). Selective effects of lithium on synaptosomal amino

acid transport systems. Biochemical Pharmacology 23, 2491-2494.
RAFF, M. C. (1989). Glial cell diversification in the optic nerve. Science 243, 1450-1455.
RAFF, M. C., ABNEY, E. R., COHEN, J., LINDSAY, R. & NOBLE, M. (1983b). Two types of astrocyte

in cultures of developing white matter: Differences in morphology, surface gangliosides and
growth characteristics. Journal of Neuroscience 3, 1289-1300.

RAFF, M. C., ABNEY, E. R. & FOK-SEANG, J. (1985). Reconstitution of a developmental clock in
vitro: A critical role for astrocytes in the timing of oligodendrocyte differentiation. Cell 42, 61-69.

RAFF, M. C., FIELDS, K. L., HAKOMORI, S., MIRSKY, R., PRuss, R. M. & WINTER, J. (1979). Cell-
type markers for distinguishing and studying neurons and the major classes of glial cells in
culture. Brain Research 170, 283-308.

RAFF, M. C., MILLER, R. H. & NOBLE, M. (1983 a). A glial progenitor cell that develops in vitro into
an astrocyte or an oligodendrocyte depending on the culture medium. Nature 303, 390-396.

RAFF, M. C., MIRSKY, R., FIELDS, K. L., LISAK, R. P., DORFMAN, S. H., SILBERBERG, D. H.,
GREGSON, N. A., LIEBOWITZ, S. & KENNEDY, M. C. (1978). Galactocerebroside is a specific cell
surface antigenic marker for oligodendrocytes in culture. Nature 274, 813-816.

SCHWARTZ, E. A. (1987). Depolarization without calcium can release y-aminobutyric acid from a

retinal neuron. Science 238, 350-355.
SCHWARTZ, E. A. & TACHIBANA, M. (1990). Electrophysiology of glutamate and sodium co-

transport in a glial cell of the salamander retina. Journal of Physiology 426, 43-80.
SMALL, R. K., RIDDLE, P. & NOBLE, M. (1987). Evidence for migration of oligodendrocyte-type-

2 astrocyte progenitor cells into the developing rat optic nerve. Nature 328, 155-157.
SOMOGYI, P., ESHHAR, N., TEICHBERG, V. I. & ROBERTS, J. B. D. (1990). Subcellular localisation

of a putative kainate receptor in Bergmann glial cells using a monoclonal antibody in the chick
and fish cerebellar cortex. Neuroscience 35, 9-30.

SONTHEIMER, H., KETTENMANN, H., BACKUS, K. H. & SCHACHNER, M. (1988). Glutamate opens

Na+/K+ channels in cultured astrocytes. Glia 1, 328-336.
SUGIYAMA, H., ITO, I. & HIRONO, C. (1987). A new type of glutamate receptor linked to inositol

phospholipid metabolism. Nature 325, 531-533.
TRAYNELIS, S. F. & CULL-CANDY, S. G. (1990). Proton inhibition of N-methyl-D-aspartate receptors

in cerebellar neurons. Nature 345, 347-350.
Usowicz, M. M., GALLO, V. & CULL-CANDY, S. G. (1989). Multiple conductance channels in type-

2 cerebellar astrocytes activated by excitatory amino acids. Nature 339, 380-383.
VYSKOCIL, F., NIKOLSKY, E. & EDWARDS, C. (1983). An analysis of the mechanisms underlying the

non-quantal release of acetylcholine at the mouse neuromuscular junction. Neuroscience 9,
429-435.

WEINREICH, D. & HAMMERSCHLAG, R. (1975). Nerve impulse enhanced release of amino acids from
non-synaptic regions of peripheral and central nerve trunks of bullfrog. Brain Research 84,
137-142.

WHEELER, D. D., BOYARSKI, L. L. & BROOKS, W. H. (1966). The release of amino-acids from nerve

during stimulation. Journal of Cell Physiology 67, 141-148.
WILKIN, G. P., LEVI, G., JOHNSTONE, S. R. & RIDDLE, P. N. (1983). Cerebellar astroglial cells in
primary culture: expression of different morphological appearances and different ability to take
up 3H-D-aspartate and 3H-GABA. Developmental Brain Research 10, 265-277.

WOOD, J. M. & ANDERTON, B. H. (1981). Monoclonal antibodies to mammalian neurofilaments.
Bioscience Reports 1, 263-268.

258


