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Introduction

Studies of incorporation of radioactivity from dif-
ferent [14C] labeled precursors (glucose, acetate,
bicarbonate) into glutamate and glutamine in brain
tissue preparations performed two decades ago in-
dicated that glutamate metabolism was extremely
complicated (Berl and Clarke, 1969). It was observed
that glutamine could attain a much higher specific
radioactivity than its precursor glutamate and it was
concluded that two or more metabolically distinct
pools of glutamate must exist in the brain, each of
which is metabolized to glutamine with different
turnover rates. It was further envisaged that these
pools might well represent different cell types and it
was predicted that glutamine synthesis from
glutamate would be particularly prominent in one of
these pools which in all likelihood would be localized
in glial cells rather than in neurons. That this is in-
deed the case was firmly established by the elegant
demonstration by Martinez-Hernandez et al. (1977)
and Norenberg and Martinez-Hernandez (1979)
that the glutamine synthesizing enzyme glutamine
synthetase (GS) is localized in astrocytes and not in
neurons. As a consequence of this there must be a
cycling of glutamate, glutamine and presumably
GABA between neurons and astrocytes and this
cycling has been defined as the glutamate/glutamine

cycle (Balazs et al., 1972; Benjamin and Quastel,
1974).

The use of relatively intact brain tissue prepara-
tions or bulk-prepared cellular preparations did not
allow studies to be performed of exact fluxes of the
amino acids between these compartments. The
subsequent development of primary cultures of dif-
ferent types of neurons and of astrocytes (cf. Hertz
et al., 1985) has made it possible to study these
parameters as well as the biochemical conversions of
these amino acids in the individual cell types. These
studies have allowed a quantitative assessment of
these parameters to be made (cf. Schousboe et al.,
1983a; Hertz and Schousboe, 1986). The fact that it
has recently become feasible to also combine in-
dividual- cell types in well defined co-cultures
(Westergaard et al., 1991, 1992) has offered an addi-
tional tool by which these parameters can be
studied. The present review will provide an overview
of the current status of the knowledge about
transmembrane fluxes of glutamate, glutamine and
GABA and their apparent metabolic interconver-
sions.

Transmembrane fluxes of amino acids

Glutamate/glutamine
Based upon a large number of studies of
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Glutamatergic neuron GABAergic neuron

Fig. 1. Schematic drawing of release and uptake of glutamate
(mp) and glutamine (=) from glutamatergic or GABAergic
neurons and astrocytes. The release of glutamate from the
glutamatergic neurons corresponds to that observed during ex-
citation. The sizes of the arrows give an estimate of the relative
magnitudes of the respective fluxes. It can be seen that the ma-
jority of the neuronally released glutamate is accumulated into
astrocytes. Moreover, it should be noted that very little glutamine
is being released from glutamatergic neurons. (From Schousboe
et al., 1988.)

glutamate uptake into primary cultures of
astrocytes from different brain areas and different
types of neurons it can be concluded that the rate of
astrocytic glutamate uptake is higher than the up-
take rate into neurons. This is illustrated in Fig. 1
which shows glutamate uptake into the two cell
types at an extracellular glutamate concentration of
50 uM. Fig. 1 also shows the corresponding release
of glutamate from neurons and astrocytes and it can
be seen that in glutamatergic neurons there must be
a net loss of glutamate during excitation and that
this loss of glutamate is matched by a corresponding
net uptake into astrocytes. As expected there does
not appear to be a major net release of glutamate
from GABAergic neurons as uptake and release
rates are of the same relatively small magnitude.
Analogous studies in the cultured cells of fluxes of
glutamine has allowed similar calculations of up-
take and release of this amino acid to be performed,
assuming that the extracellular glutamine concen-
tration is 500 uM. Fig. 1 shows that transmembrane
fluxes of glutamine in neurons and astrocytes are
smaller than those of glutamate. It also shows that
there is a net loss of glutamine from astrocytes and
anet uptake of glutamine in both glutamatergic and

GABAergic neurons. However, in the glutamater-
gic neurons the uptake of glutamine does not quan-
titatively correspond to the loss of glutamate. It has
therefore been postulated (Schousboe and Hertz,
1983; Hertz and Schousboe, 1986, 1987; Schousboe
et al., 1988; Shank and Aprison, 1988) that other
precursors for biosynthesis of transmitter glutamate
may exist such as, e.g., TCA cycle constituents. In
order for a neuron to utilize TCA constituents for
biosynthesis of glutamate it must possess a biosyn-
thetic pathway allowing a net synthesis of TCA con-
stituents from glucose. This requires the presence of
pyruvate carboxylase. However, pyruvate carboxy-
lase is not present in neurons but only in astrocytes
(Yu et al., 1983; Shank et al., 1985). Therefore,
neurons are dependent on supply of such precursors
from astrocytes. ‘This means that regardiess of
whether the precursor for transmitter glutamate is
glutamine or a tricarboxylic acid constituent, a com-
munication between neurons and astrocytes must
take place as the astrocytes control the availability
of these metabolites. This aspect will be dealt with
in more detail below.

GABA

From numerous studies of GABA transport in
neurons and astrocytes it seems reasonable to con-
clude that most synaptically released GABA is reac-
cumulated into the pre-synaptic nerve endings
although a smaller fraction is taken up into sur-
rounding astrocytes (Schousboe and Hertz, 1983;
Hertz and Schousboe, 1987). It is therefore likely
that GABAergic neurons during activity lose some
GABA. This is indirectly indicated by the
demonstration that selective inhibitors of astroglial
GABA uptake are able not only to increase the
synaptic GABA pool but also to protect against
seizures caused by a reduction in the efficacy of
GABA  mediated  neurotransmission  (cf.
Schousboe, 1990). Since there appears to be a net
uptake of glutamine in GABAergic neurons (cf. Fig.
1) it is possible that the loss of GABA is compen-
sated for by influx of glutamine which is a good
precursor for neurotransmitter GABA (Besson et
al., 1981; Hertz et al., 1992a).



Glutamatergic neurons and astrocytes

Cerebellar granule neurons, which have
glutamatergic properties (Hertz and Schousboe,
1987) develop morphologically and functionally
when seeded on top of a preformed confluent layer
of cerebellar astrocytes but not on astrocytes from
cerebral cortex (Westergaard et al., 1991). The exact
reason for this has not been worked out but in all
likelihood it involves differences in cell surface
characteristics in the two different types of
astrocytes. A full discussion of this is, however,
beyond the scope of this review.

Table I shows that the biochemical and functional
properties of the neurons with regard to their
glutamatergic nature have been preserved in the co-
culture system. It is seen that the activity of aspar-
tate aminotransferase (AAT), whichis akey enzyme
in the biosynthesis of transmitter glutamate
(Palaiologos et al., 1988), was similar in cerebellar
granule cells cultured alone or on top of cerebellar
astrocytes. The ability to release neurotransmitter,
monitored by depolarization coupled, Ca2*-
dependent release of preloaded [*H]p-aspartate
was found to be higher in granule neurons cultured

alone compared to the neurons cultured on top of

astrocytes. This may be explained by an uptake of

TABLE I

Specific activity of aspartate aminotransferase and transmitter
release in co-cultures of cerebellar granule cells and astrocytes
from cerebellum

Transmitter
release
(% of basal)

Aspartate amino-
transferase activity
(nmol/min per mg)

Culture type

Granule cells (G) 382 + 25 3150 + 482

Astrocytes, cere- 172 + 6 -
bellum (A,)

G/A.) 276 + 12 257 + 21

Specific activity (nmol/min per mg protein) of AAT and K*-
- stimulated, Ca?™*-dependent [PH]-p-aspartate release (% of
basal) in cerebellar granule cells or astrocytes cultured alone or
as sandwich co-cultures where neurons were seeded on top of a
preformed layer of astrocytes. Results are averages of 7—9 cell
preparations + S.E.M. (From Westergaard et al., 1991.)
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TABLE I1

Specific activity of GS in co-cultures of cerebellar granule cells
and astrocytes from cerebellum

Culture type Glutamine synthetase activity

(nmol/min per mg)

Plain medium Dexamethasone
(10 uM)
Granule cells (G) 2.6 = 0.1 5.4 + 0.4
Astrocytes, cere- 9.3 £ 0.7 49.8 + 2.8
bellum (A)
G/A 7.3 £ 0.5 33,7 + 3.7

ce

Specific activity (nmol/min per mg protein) of GS in cerebellar
granule cells or astrocytes cultured alone or as sandwich co-
cultures. In some cases the culture medium contained 10 uM dex-
amethasone during the last 48 h of the culture period. Results are
averages of 5-14 cell preparations + S.E.M. (From
Westergaard et al., 1991.)

the transmitter into the astrocytes but further ex-
perimentation is needed to fully understand this
phenomenon. Similarly, the astrocytes had retained
their high activity of dexamethasone-inducible
glutamine synthetase (Table II), which is a glia-
specific enzyme not expressed in neurons
(Norenberg and Martinez-Hernandez, 1979). From
these findings it is concluded that this co-culture
model of glutamatergic neurons and astrocytes may
serve as a tool to investigate the metabolic interac-
tion between these two cell types with regard to
biosynthesis of transmitter glutamate (cf. below).

GABAergic neurons and astrocytes

In an analogous study it has been shown that
neurons from cerebral cortex survive and differen-
tiate equally well when cultured on top of a preform-
ed layer of astrocytes from either cerebral cortex or
cerebellum (Westergaard et al., 1992). Apparently,
different types of neurons exhibit different re-
quirements with regard to the astrocytic matrix on
which they grow. Again, a detailed discussion of this
interesting question is beyond the scope of this
review. As shown in Table III the neurons expressed



202

TABLE III

Specific activity of glutamate decarboxylase in sandwich co-
cultures or cerebral cortical neurons and astrocytes from
cerebellum or cerebral cortex as well as in the respective pure cell
cultures

Culture type Glutamate decarboxylase activity

mU/mg protein mU/dish

Cortical neurons (N) 0.52 + 0.06 0.48 + 0.08
Astrocytes, cere- < 0.05 '

bellum (A_.)
N/A 0.46 + 0.06 0.52 + 0.04
Astrocytes, cortex < 0.05

(Ac)
N/A,, 0.34 + 0.04 0.32 + 0.01

Specific activity (mU/mg protein or mU/dish) of GAD in cor-
tical neurons or astrocytes from cerebellum or cerebral cortex
cultured alone or as sandwich co-cultures. Values are averages of
7~-15 cell preparations + S.E.M. (From Westergaard et al.,
1992.)

glutamate decarboxylase (GAD) activity under all
culture conditions indicating that they behave in
these culture systems like GABAergic neurons, as
has previously been reported for cultured cerebral
cortical neurons (Yu et al., 1984a; Drejer et al.,
1987; Hertz and Schousboe, 1987; Kuriyama and
Ohkuma, 1987). The finding that the co-cultures ex-
pressed GAD to the same extent as the pure neuronal
cultures despite the fact that they contained fewer
neurons (~ 50% less) indicates that the presence of
astrocytes in these cultures may lead to an enhanced
expression of GAD in the neurons. The astrocytes in
the co-cultures were shown to express glutamine
synthetase to the same extent as their neuron-free
counterparts (Table 1V). With regard to a further
characterization of the GABAergic property of the
neurons it was shown that in the co-cultures
potassium- or glutamate-stimulated, Ca2*-
dependent GABA release was comparable to that
observed in pure cultures of cerebral cortical
neurons (Westergaard et al., 1992).

These co-cultures have been used to investigate in-
teractions between neurons and astrocytes with

regard to GABA homeostasis during a depolariza-
tion coupled release of GABA. Fig. 2 shows the ef-
fect of the astroglial selective GABA uptake in-
hibitor 4,5,6,7-tetrahydroisoxazolo[4,5-c]pyridin-
3-o0l (THPO) on potassium stimulated [PH)GABA
release in co-cultures of neurons and astrocytes. It
is seen that in the presence of 1 mM THPO, K*-
stimulated GABA release was enhanced, suggesting
that under normal conditions a fraction of the
released GABA is likely to be taken up into the
astrocytes. Since these co-cultures apparently con-
stitute a model system in which there appears to be
a dynamic interaction between GABAergic neurons
and astrocytes they have recently been employed to
illustrate metabolic interactions between these cell
types, employing the NMR technique to follow the
fate of [13C]labeled metabolites (Sonnewald et al.,
1991, 1992). An overview of these studies will be
given below.

TABLE IV

Specific activity of glutamine synthetase in co-cultures of cortical
neurons and astrocytes from cerebellum or cerebral cortex

Culture type Glutamine synthetase activity

(nmol/min per mg)

Plain medium Dexamethasone
(10 uM)
Cortical neurons (N) 1.6 + 0.1 5.5+ 0.7
Astrocytes, cere- 224 + 4.5 114.7 + 8.0
bellum (A )
N/A . 153 £ 14 49.2 + 2.0
Astrocytes, cortex 124 + 1.9 79.7 + 9.6
(A
N/A., 109 + 0.6 28.8 = 1.9

Specific activity (nmol/min per mg protein) of GS in cortical
neurons or astrocytes from cerebellum or cerebral cortex
cultured alone or as sandwich co-cultures. In some cases the
culture medium contained 10 uM dexamethasone during the last
48 h of the culture period. Values are averages of 6—12 cell
preparations + S.E.M. (From Westergaard et al., 1992.)
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Fig. 2. Evoked release of [3H]GABA as percent of basal release
in sandwich co-cultures of cerebral cortical neurons and
cerebellar astrocytes in the presence of 1 mM THPO in the prein-
cubation media (Preinc.) and/or in the stimulation media (Stim.)
together with 55 mM K*. Results are expressed in arbitrary
units relative to the control value (100) which was 215% of the
basal release. Results are averages of 7— 16 experiments with
S.E.M. indicated by vertical bars. The asterisks indicate
statistically significant differences compared to the control value
(*P <005 **P<00l; ANOVA F-est). (From
Westergaard et al., 1992.)

Precursors for glutamate and GABA formation

Glutamate

Based on a large number of studies of labeling of
releaseable glutamate from many different brain
tissue and brain cell preparations it can be concluded
that glutamine plays a major role as a precursor for
transmitter glutamate (cf. Hertz and Schousboe,
1986, 1988). However, as can be seen from Fig. 3
also other compounds such as TCA cycle constit-
uents-(cf. Shank and Aprison, 1988) may serve this
function. As pointed out above, due to the fact that
neurons lack the capacity to synthesize these com-
pounds, they are totally dependent on asupply from
astrocytes which contain the enzymes glutamine
synthetase and pyruvate carboxylase required for
this synthesis (Norenberg and Martinez-Hernandez,
1979; Yu et al., 1983; Shank et al., 1985).

Based on a study of the ability of the aspartate
aminotransferase inhibitor aminooxyacetic acid
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and the mitochondrial dicarboxylate carrier in-
hibitor phenylsuccinate to inhibit release of
transmitter glutamate from cultured cerebellar
granule cells, Palaiologos et al. (1988) demonstrated
that synthesis of transmitter glutamate from
glutamine requires the activity of these two proteins.
On the basis of this finding, it was proposed that
glutamate formed by glutaminase catalyzed
hydrolysis of glutamine enters the mitochondria in
exchange for aspartate. Subsequently glutamate is
transaminated in the matrix to form a-ketoglutarate
and aspartate, and the o-ketoglutarate can be
transported into the cytosol in exchange with malate
utilizing the dicarboxylate carrier. Finally gluta-
mate is formed from a-ketoglutarate in the cytosol
by transamination with aspartate catalyzed by the
cytoplasmic AAT (cf. Fig. 3). If this model is cor-
rect, it would be predicted that if a-ketoglutarate is
supplied to the cells together with an amino acid
donor, transmitter glutamate should be formed in
an phenylsuccinate-insensitive manner. This has
recently been shown to be the case (Peng et al.,
1991), indicating not only that this mechanism for
synthesis of transmitter glutamate may be correct
but also that a-ketoglutarate can be used as a precur-
sor as previously suggested (Hertz and Schousboe,
1988; Shank and Aprison, 1988). Operation of this
mechanism is further supported by the demonstra-
tion that phenylsuccinate completely blocks potas-
sium-stimulated glutamate release in rat hippocam-
pus in vivo (Christensen et al., 1991). Moreover, it
has been shown by Kihara and Kubo (1989) that
release of transmitter glutamate from brain slices is
increased in the presence of a-ketoglutarate.

Also other TCA cycle constituents may serve as
precursors for transmitter glutamate. In cerebellar
granule cells [14C]malate is taken up and rapidly
converted into [!4Clglutamate in an aminoox-
yacetic acid-sensitive manner, indicating that o-
ketoglutarate formed from malate in the mitochon-
dria undergo transamination rather than reductive
amination in order to be converted to glutamate
(Hertz and Schousboe, 1988; Hertz et al., 1992b).
Since a net synthesis of TCA constituents from glu-
cose only can take place in astrocytes, it is assumed
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that any neuronal synthesis of glutamate based on
TCA cycle constituents as precursors would require
release of these compounds from astrocytes. That
such a release can indeed take place has recently
been demonstrated by Sonnewald et al. (1991), us-
ing cultured neurons and astrocytes separated or in
co-culture, and incubation with 1-["*Cl-glucose
followed by ['ACINMER spectroscopy of cell extracts
and Iyvophilized and  redissolved media.  As
demonsirated in Fig. 4 media from astrocytes and
co-cultures of astrocytes and neurons, but not from
neurons, were found to contain relatively large
amounts of [12C)labeled citrates derived from
slucose. Whether also other TCA evcle constiluents
may be released from the astrocytes remains to be
shown but regardless of this, the abilitv to release
citrate clearly demonstrates that astrocytes can per-
form a net synthesis of TCA cycle constituents at the
expense of glucose whereas nenrons cannaot. In rela-
tion 1o the demonstration {Peng et al., 1991) that
alanine can serve as an amino group doonor for syn-
thesis of transmitter glutamate, it 15 interesting that
the media from astrocytes  also  contained

[1}Clalanine whereas media from the neurons did
not. This indicates that there could be a transfer of
alanine from astrocytes to nenrons. In this context
it should be noted that neurons have a large capacity
for alanine transport via a carrier with relatively
high affinity for alanine (M. Westergaard and A.
Schousboe, unpublished observations). Mot sur-
prisingly the media from astrocytes bul not neurons
contained ['3C)glutamine confirming the astrocytic
localization of glutamine svnthetase (Norenberg
and Martinez-Hernandez, 1979},

CGARA

Transmitter GABA 15 svnthesized from gluta-
mate by the action of glutamate decarboxylase,
which is found only in GABAergic neurons
(Roberts, 1979, However, it appears that in the
brain in vivo {Reubietal, 1978; Besson et al_, 1981),
in synaptosomes (Hamberger et al., 1978: Ward et
al., 1983) as well as in cultured GABAcrgic neurons
{Yuetal., 1984b) glutamine is a better precursor for
GABA than glutamate. The exact mechanism by
which glutamine is transformed into GABA is not
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Fig. 4. ['*C)NMR spectra of lyophilized media collected from co-cultures of cerebral cortical neurons and astrocytes (4) and cultures
of cortical astrocytes (B) or neurons (C) after incubation of the cells for 48 h (4, B) or 20 h (C) in culture media containing 6 mM [1-
13C] glucose. GLC, Glucose; LAC, lactate; GLN, glutamine; AL A, alanine; SER, serine; CIT, citrate. (From Sonnewald et al., 1991.)
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quite clear. It is possible that it could require the par-
ticipation of the complex exchange processes shown
in Fig. 3 but direct evidence for this is so far lacking.
There are, however, some indications that this may
not be the prevailing synthetic route for GABA
derived from glutamine. Kihara and Kubo (1989)
failed to demonstrate an enhanced GABA synthesis
in brain slices after inclusion of a-ketoglutarate in
the media, and labeled malate is not incorporated in-
to GABA in cultured GABAergic neurons in spite of
the fact that malate is oxidatively metabolized in
these cells (Hertzet al., 1992b). However, it has been
shown that [!SN] can be incorporated into
glutamate from alanine and leucine indicating that
transamination of «-ketoglutarate does occur
(Yudkoff et al., 1990). It also appears that the
glutamate dehydrogenase reaction is operating in
both directions since [!4C]glutamine can be oxidized
to 4CO, in an aminooxyacetic acid-insensitive
manner (Yu et al., 1984b) and !°NH; can be incor-
porated into glutamate (Yudkoff et al., 1990). These
findings indicate that some parts of oxidative
metabolism may occur in a compartment different
from that responsible for conversion of glutamine
to GABA. Since both of these processes require
mitochondrial enzymes it can be hypothesized that
GABAergic neurons may contain different types of
mitochondria, some of which are primarily used for
oxidative metabolism whereas others are mainly in-
volved in synthesis of GABA. Further metabolic
studies using different labeled precursors in com-
bination with specific inhibitors are required in
order to obtain information pertinent to this
hypothesis.

Recently GABA synthesis from 1-[!3C]glucose
and 2-[13Clacetate has been studied in co-cultures
of GABAergic neurons and astrocytes (cf. above)
using NMR spectroscopy (Sonnewald et al., 1991,
1992). In the co-cultures as well as in cultures of
neurons alone labeling of GABA in positions C-2,
C-3 and C-4 and glutamate in the corresponding
positions could be detected in cell extracts after in-
cubation with 1-[13C]glucose for 20— 48 h (Fig. 5).
Since the cultures were incubated for a long period
of time no conclusions can be drawn regarding the

character of the communication between neurons
and astrocytes, but the results unequivocally show
that in the neurons there is metabolic communica-
tion between a mitochondrial compartment accessi-
ble to endogenous acetyl-CoA produced from
glucose and a glutamate pool from which GABA is
synthesized extramitochondrially. In another set of
experiments (Sonnewald et al., 1992) it was
demonstrated that in co-cultures, labeling of GABA
from 2-[13Clacetate could be completely blocked by
methionine sulphoximine which inhibits glutamine
synthesis (Ronzio et al., 1969). This shows that
glutamine derived from acetate in astrocytes serves
as a precursor for GABA indicating that indeed a
metabolic interaction takes place between the
neurons and the astrocytes in these cultures and con-
firming that the astrocytes comprise the metabolic
compartment in which acetate is metabolized (Berl
and Clarke, 1969). Further studies of metabolic pro-
cesses in these cultures using NMR spectroscopy
may throw new light on the mechanism by which
neurotransmitter GABA may be formed from
metabolites originating from astrocytes and it may
be possible to elucidate further the regulatory role
which is played by astrocytes with regard to syn-
thesis of transmitter amino acids in neurons.

Role of alanine in neuronal-glia communication

As mentioned above alanine has been shown to
function as an amino group donor for synthesis of
transmitter glutamate in cerebellar granule neurons
(Peng et al., 1991) and it is selectively synthesized
from glucose and released into the media in
astrocytes and not in neurons (Sonnewald et al.,
1991). This prompted a study of the ability of
neurons and astrocytes to transport alanine. It was
found that both GABAergic and glutamatergic
neurons have a high capacity for alanine uptake with
very high V.  values and K values around
200 uM (N. Westergaard and A. Schousboe, un-
published observations). Astrocytes also possess
such an uptake system for alanine but the V, is
lower. This is compatible with a preferential uptake

of alanine into neurons. In this context it may be of
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Fig. 5. ['*CINMR spectra of PCA extracts of co-cultures of cerebral cortical neurons and astrocytes (A) and cultures of cortical
astrocytes (B) or neurons (C) after incubation of the cells for 48 h (4, B) or 20 h (C) in culture media containing 6 mM [1-
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alanine; SER, serine. (From Sonnewald et al., 1991.)



208

interest that following ischemia there is a large
overflow of alanine in hippocampus (Benveniste et
al., 1984). This could indicate that post-ischemic
conversion of lactate to pyruvate and subsequent
transamination to form alanine takes place
preferentially in astrocytes. Since this process re-
quires glutamate it may play a role in the
maintenance of low astrocytic glutamate levels
following ischemia which in turn may decrease
glutamatergic activity. At the moment no direct
proof for this is available but further metabolic
studies in co-cultures of neurons and astrocytes may
provide clues to this hypothesis.

Pathological consequences of astrocyte
malfunction

Glutamate and neurodegeneration

It is well established that glutamate and other en-
dogenous excitatory amino acids can cause exten-
sive neuronal damage if the extracellular concentra-
tion in the brain becomes elevated (Rothman and
Olney, 1986; Choi, 1988; Schousboe et al., 1991a).
Such increases in extracellular brain glutamate and
aspartate levels are known to occur during
pathological states such as ischemia, hypoxia and
hypoglycemia (Benveniste et al., 1984; Sandberg et
al., 1986). One important factor contributing to this
increase in extracellular glutamate is likely to be a
failure in high affinity glutamate uptake present
primarily in astrocytes but also significantly in
glutamatergic neurons (Schousboe et al., 1988).
This glutamate carrier is dependent on the
transmembrane sodium gradient and accordingly
sensitive to changes in the energy state of the cells
(Nicholls and Attwell, 1990). Direct evidence that a
considerable part of the glutamate overflow accom-
panied by ischemia originates from a non-
transmitter pool has recently been provided by
Christensen et al. (1991). Using the microdialysis
technique combined with HPLC analysis of
glutamate it was shown that the drug phenylsuc-
cinate (cf. above) completely blocked KT-
stimulated glutamate overflow in rat hippocampus
whereas it had no effect on glutamate overflow

associated with 20 min ischemia. Since phenylsuc-
cinate selectively inhibits de novo synthesis of
glutamate in the transmitter-related pool leaving the
non-transmitter-related glutamate pool intact it is
likely that this latter pool contributes a significant
amount of the glutamate released into the ex-
tracellular space during ischemia which is associated
with energy failure (Siesjo, 1978). In line with this
conclusion, it has been shown that in cultured
neurons the cytotoxicity of glutamate and aspartate
is greatly increased by a blocker of high affinity
glutamate/aspartate uptake whereas the toxicity of
non-transportable glutamate receptor agonists was
unaffected (Frandsen and Schousboe, 1990). It
must therefore be concluded that an intact uptake
system for glutamate is of key importance with
regard to protection against the neurotoxic action of
glutamate and other endogenous excitatory amino
acids. Since glutamate uptake is primarily an
astrocytic function, normal function of the
astrocytes is of critical importance. Any increase in
release of glutamate from these cells is therefore
likely to have pathological consequences and efforts
should be made to devise methods by which such
release can be prevented.

GABA and epilepsy

Seizure activity and epilepsy are generally as-
sociated with an imbalance in excitatory and in-
hibitory activity (Schousboe, 1990). With regard to
the latter, diminished GABAergic activity will
almost inevitably lead to seizure activity (Meldrum,
1975; Wood, 1975; Schousboe, 1990). Since
removal of GABA from the synaptic cleft by the
astrocytic GABA carrier will cause a drain of GABA
from the neurotransmitter GABA pool, it was sug-
gested (Schousboe, 1979) that one way to enhance
GABAergic activity might be to prevent GABA
from being taken up into astrocytes. Subsequently,
using GABA analogues of restricted conformation
the neuronal and glial GABA uptake systems were
characterized (Schousboe et al., 1978, 1979, 1981,
1983b) and two bicyclic isoxazoles, THPO (cf.
above) and THAO (4,5,6,7-tetrahydroisoxazolo-
[4,5-clazepin-3-ol) were found to be selective glial



GABA uptake inhibitors. It was later demonstrated
by different groups of investigators (Horton et al.,
1979; Krogsgaard-Larsen et al., 1981; Wood et al.,
1983; Schousboe et al., 1983b, 1986; Seiler et al.,
1985; Gonsalves et al., 1989a,b) that these com-
pounds indeed protect mice and chicks against dif-
ferent chemically and light-induced seizures asso-
ciated with failures in GABAergic neurotransmis-
sion. Accordingly, it is possible that drugs whose ac-
tion is related to astrocytic high affinity GABA up-
take may be of potential interest as antiepileptic
agents (cf. Krogsgaard-Larsen et al., 1987; Schous-
boe, 1990; Schousboe et al., 1991b).
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