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Introduction

Glutamate is the most plentiful amino acid and the
major excitatory neurotransmitter in adult CNS
(Watkins and Evans, 1981; Fonnum, 1984; Shank
and Aprison, 1988). Obviously, it plays more roles
than neurotransmission alone. Glutamate par-
ticipates in the synthesis of proteins, peptides and
fatty acids, and in the control of osmotic or anionic
balance; it is a constituent of at least two important
co-factors, glutathione and folic acid; it contributes
along with glutamine to the regulation of ammonia
levels; and it serves as precursor for GABA and
various tricarboxylic acid (TCA) cycle inter-
mediates.

There is no doubt that glutamate is released from
neurons in large amounts. Uptake studies demon-
strated that both neurons and astrocytes take up
glutamate (Yu and Hertz, 1982; Schousboe et al.,
1988). The major part of this glutamate is ac-
cumulated in astrocytes (McLennan, 1976; Yu and
Hertz, 1982; Hertz et al., 1983). The uptake of
glutamate into astrocytes seems to represent a net
transfer of carbon skeleton from neurons to
astrocytes (Hertz et al., 1983; Schousboe et al., this
volume). Three probabile roles for this uptake pro-
cess are: (1) to remove the glutamate from ex-
tracellular space and synaptic clefts as a means of
termination of the transmitter activity; (2) to form
glutamine during the detoxification of ammonia;

and (3) to serve as a metabolic substrate for
astrocytes. This chapter will focus on the role of
glutamate as a metabolic substrate. Other aspects of
glutamate metabolism are described in other
chapters in this volume.

Cerebral tissue is complex, with many different
cell types that makes it difficult to determine the
relevant mechanisms and the type of cell involved in
in vivo studies. We have used primary cell cultures
of rat cerebral cortical astrocytes and neurons to
partly circumvent the problem of complexity (Yu et
al., 1986, 1989). This system allows us to study
cellular metabolism and to examine factors known
to be involved in CNS injury in culture enriched in
a single cell population.

Glutamate as an energy substrate

The use of glutamate as a substrate for metabolic ox-
idation is supported by the observation that cultured
astrocytes maintained their rate of oxygen uptake
better in a medium containing glutamate but no
glucose than in a substrate-free medium (Yu and
Hertz, 1983). Exogenous glutamate is taken up by
both astrocytes and neurons (Yu et al., 1982).
Metabolic studies have shown that a part of the
glutamate taken up by astrocytes is metabolized to
CO, and another part to glutamine, the latter of
which then can be returned to neurons as a precursor
for glutamate and GABA (Yu et al., 1982; Hertz et
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al., 1983; Waniewski and Martin, 1986; Hertz and
Peng, this volume). Glutamate taken up by neurons
is metabolized to CO2 to a lesser extent (Hertz et al.,
1988a). We have shown that glutamate enters the
TCA cycle mainly through the action of glutamate
dehydrogenase, and not through glutamate trans-
aminase (Yu et al., 1982; Hertz et al., 1983, 1988a).
This is important because incorporation of the
glutamate carbon skeleton into the TCA cycle main-
ly reflects a net conversion of glutamate to a-
ketoglutarate, which is then decarboxylated to suc-
cinyl CoA, which can be used to produce CO, and
ATP. The available evidence suggests that the ac-
tivity of glutamate dehydrogenase is sufficient to
allow glutamate to serve as a substrate for astrocyte
energy metabolism (Hertz, 1982; Yu et al., 1982;
Hertz et al., 1988a).

Glutamate seems to exert a regulatory effect on
glycogen metabolism in astrocytes. Under constant
metabolic demand, the entry of glutamate-derived
a-ketoglutarate into the TCA cycle decreases the en-
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Fig. 1. Glucose content remaining in medium of astrocyte
culture after 16 h of incubation with 1 or 5 mM glutamate
and/or 55 mM K*. The medium glucose content at 0 h was
63.07 mg/dl. Cultures were prepared from cerebral cortex of
newborn rats and used for experiment when they were at least 4
weeks old with no dibutyryl cAMP treatment. Glucose was
measured by a Kodak Ektachem 700 machine based on the
method described by Trinder (1969). Data were adapted from
Eng et al. (1992).
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Fig. 2. ATP content in primary cultures of rat cerebral cortical
astrocyte were measured 0.5 and 8 h after treatment with
glutamate and/or K. Cultures were at least 4 weeks old with no
dibutyryl cCAMP treatment before use for the experiment. Con-
trol, M; 1 mM glutamate, &; 5 mM glutamate, B; 55 mM K™,
H; 55 mM K + 1 mM glutamate, 0; SSmM K* + 5 mM
glutamate, J. Data were adapted from Eng et al. (1992).

try of glucose-derived pyruvate into the cycle. If this
is the case, glucose metabolism will favor glyco-
genesis. The finding of a doubling of glycogen con-
tent in primary cultures of astrocytes in the presence
of L-glutamate supports this hypothesis (Swanson et
al., 1990). Other amino acids and the glutamate
receptor antagonist kynurenic acid did not exert a
similar effect or influence the glutamate effect. The
effect was completely blocked by the glutamate up-
take inhibitor threo-3-hydroxy-p,L-aspartate, or by
the removal of Na* from the medium. This obser-
vation again suggests that glutamate is closely linked
to energy production mechanisms in astrocytes.
Glutamate also affects glucose utilization in
astrocytes (Swanson et al., 1990; Eng et al., 1992).
Changes in glucose content in medium of primary
culture astrocytes were studied in the presence and
absence of glutamate (Fig. 1). After incubation with
3.5 mM glucose (63 mg/dl) and 1 or 5mM
glutamate for 16 h, the glucose contents in culture
medium were higher than in the control culture
medium, indicating less glucose utilization. The role
of glutamate as an energy substrate in the presence
of glucose was further studied by measurement of



ATP content in astrocytes after exposure to
glutamate (Eng et al., 1992). A normal culture of
astrocytes contains 30.1 + 0.8 nmol of ATP per
mg protein. The results showed that cultures in-
cubated with glutamate contained a higher cellular
ATP content (Fig. 2). A 30 min incubation with
1 mM glutamate did not cause an observable in-
crease in ATP content, but the increase in ATP con-
tent was apparent after 8 h. Cultures treated with
5 mM glutamate contained a significantly higher
ATP content than those with 1 mM after 0.5 h of in-
cubation. The ATP content was maintained at the
same level when measured at 8 h. These observa-
tions support the concept that glutamate can serve
as an immediate energy substrate for astrocytes.
Therefore, glutamate, when present in the medium
or extracellular space, may be preferentially metab-
olized by astrocytes in place of glucose. This conclu-
sion was also suggested by the work of Hertz et al.
(1988a) who compared the relative rates of oxida-
tion of glutamate and glucose in astrocyte cultures.

Pathological conditions

It is now well-known that glutamate plays an impor-
tant role in the pathogenesis of various neurologic
diseases and insults (Choi, 1988, 1990). Increased
extracellular glutamate is one of the biochemical
events that result in structural and functional
damage to neural cells. Other biochemical events in-
clude the degradation of membrane phospholipids,
leading to the release of polyunsaturated fatty acids
(PUFASs), especially arachidonic acid and docosa-
hexaenoic acid; an increase in extracellular content
of K*; and a depletion of high-energy phosphate.
It is now recognized that brain damage resulting
from several different insults share in common a
perturbation of cellular energy metabolism (Siesjo
and Wieloch, 1985). Elucidation of such common
features may shed light on general mechanisms and
the relative importance of factors such as glutamate,
K*, PUFAs and energy level in cell damage
resulting from hypoxic and ischemic insults.

Potassium
Neuronal activity can readily lead to elevations of
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extracellular K+ . During epileptogenesis, K+ levels
may be three to four times higher than normal (Katz-
man and Grossman, 1975). During oxygen deficien-
cy, the extracellular K+ concentration increases
from its normal level of 3 mM to levels well above
50 mM (Hansen, 1985; Hossmann, 1985). The fluc-
tuation of extracellular levels of K* during normal
and abnormal conditions is known to affect energy
metabolism and fluid distribution in brain slices
(Hertz, 1981, 1990). It has consistently been found
that high K* causes an immediate but relatively
transient increase in the respiration rate of
astrocytes (Hertz, 1981, 1982; Yu et al., 1983).
Along similar lines, Holtzman and Olson (1983)
have found that astrocyte metabolism is stimulated
by dinitrophenol to a much larger extent than
neuronal oxygen uptake. These observations sug-
gest that the elevation of extracellular K* concen-
tration resulting from neuronal release or injury can
directly trigger an increase in astrocyte metabolism.

In primary culture of astrocytes, glucose uptake
is increased by elevated concentrations of K*
(Hertz, 1982; Yu and Hertz, 1983). We studied the
K* effect on glucose metabolism in astrocytes by
measuring the glucose content of the culture
medium incubated with 50 mM K* (Eng et al.,
1992; Fig. 1). In cultures with high K+, the medium
glucose content was lower than in the controls (Fig.
1). This indicates that glucose consumption in K-
treated astrocytes is higher, reflecting an increased
aerobic glycolysis and/or an increased oxidative
metabolism. An increased aerobic glycolysis has
been observed by Walz and Mukerji (1988). Consis-
tent with our previous findings, high Kt appeared
to also stimulate oxidative metabolism, as suggested
by an increase in pyruvate/lactate ratio in cultures
treated with high K+ (0.092 compared to 0.08 in
normal culture at 6 h, P < 0.005) (Yu et al., 1990;
for further discussion, see also Hertz, 1992).
Glutamate added to these cultures slowed down
glucose utilization as indicated by a higher amount
of glucose remaining in the medium (Fig. 1).

We have measured the ATP content of cultured
astrocytes in the presence of K+ and glutamate
(Fig. 2). The ATP content of astrocyte was substan-
tially reduced by elevated K+ concentrations. The
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effect was observable after 0.5 h of exposure. ATP
was further reduced at 8 h of exposure. A K*-
induced reduction of ATP content in astrocytes has
been reported by others'(Hertz, 1982). Again, this
may be an astrocytic phenomenon as the ATP con-
tent of cultured neurons is not affected by highK*.
However, the decline in ATP content was relatively
small, suggesting that an elevated ADP/ATP con-
tent may not be the only stimulus for the increase in
oxidative metabolism in astrocytes (Hertz, 1992).

Addition of glutamate to these cultures seems to
reverse the reduction of ATP content by K* (Enget
al., 1992; Fig. 2). In the presence of either 1 or 5 mM
glutamate, the ATP content of the culture incubated
with high K * remained in the normal range during
the first half hour. At 8 h of incubation, ATP in
culture treated with 1 mM glutamate was lower than
the control, but the ATP level was still significantly
higher than in cultures with high K+ without addi-
tion of glutamate. The ATP level in high K*-
treated cultures with addition of 5 mM glutamate
remained normal through the 8 h experimental
period. Glucose alone is not enough to satisfy the
energy demand of astrocytes when there is an in-
crease in extracellular K*. Therefore, glutamate
may serve as a key supplemental energy substrate for
astrocytes under these circumstances.

Polyunsaturated free fatty acids

It is known that complete ischemia leads to a rise
in tissue PUFA concentrations (Bazan and Tureo,
1980; Yoshida et al., 1982). The normalization of
the PUFA concentration during recirculation and
reoxygenation is relatively slow (Yoshida et al.,
1982). As originally shown by Bazan (1970), the
PUFAs showing the largest relative increases are
arachidonic acid and docosahexaenoic acid. It has
been reported that arachidonic acid and its radical
metabolites are key determinants of membrane in-
jury in astrocytes (Chan et al., 1988). Furthermore,
arachidonic acid is a precursor to prostaglandins,
thromboxane, and leukotrienes, which are known
to play a role in various insults (Moncada, 1983;
Barkai and Bazan, 1989).

Polyunsaturated free fatty acids inhibited
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Fig. 3. Effects of fatty acids (0.5 mM) on the uptake rate of [U-
4Clglutamate in primary culture of rat cerebral cortical
astrocytes and neurons. The uptake was measured after 90 min
exposure to the fatty acids. Controls were cultures without ex-
posure to fatty acids. Values are in percentage of the uptake rate
of the control + S.E.M. For details, see Yu et al. (1986).

glutamate uptake in both astrocytes and neurons
(Yu et al., 1986; Fig. 3). The inhibitory effect was
both dose- and time-dependent. Other PUFAs, such
as docosahexaenoic acid, affected amino acid up-
take in a manner similar to arachidonic acid in both
astrocytes and neurons. However, saturated fatty
acids, such as palmitic acid, exerted no effect.
Studies with primary cultures of cerebellar granule
cells (a glutamatergic neuronal preparation) (Yu et
al., 1987) showed that the glutamate uptake was
equally sensitive to arachidonic acid as that in
primary cell cultures of cortical neurons.
PUFA-inhibited glutamate uptake would lead to
an extracellular accumulation of this excitotoxic
compound. It has been shown that high concentra-
tion of extracellular glutamate can induce
depolarization of astrocytes (Bowman and
Kimelberg, 1984). The toxic effects caused by
failure of the glutamate uptake system may also be
metabolically related. As mentioned above,
astrocytes accumulate and convert glutamate to o-
ketoglutarate and subsequently to CO, and succinyl
CoA as metabolic substrate (Yu et al., 1982; Hertz
et al., 1983; Yu and Hertz, 1983; Hertz and Peng,
this volume). Neurons take up extracellular



glutamate as one way to replenish the loss of this
compound during neurotransmission (Hertz et al.,
1983, 1992). Therefore, the inhibition of glutamate
uptakeinduced by PUFAsin astrocytes and neurons
would cause a deficiency in the supply of glutamate
as a metabolic fuel to astrocytes. This may be fatal
in the situation of increased extracellular K+,
which may occur during injury and neuronal
transmission. It would also be detrimental for the
replenishing mechanisms in neurons (see Hertz and
Peng, this volume; Schousboe et al., this volume).

There is evidence that extracellular arachidonic
acid and glutamate are synergistic in inducing cell
damage (Yu and Chan, 1988). Astrocytes were in-
cubated with glutamate (1 mM) and/or arachidonic
acid (2mM) and the amount of lactate
dehydrogenase (LDH) released was measured as an
index of cell injury (Yu et al., 1989; Fig. 4).
Glutamate at 1 mM did not cause any LDH release.
At 2 h in 2 mM arachidonic acid, astrocytes began
to release LDH. When the culture was incubated in
the presence of 1 mM glutamate and 2 mM
arachidonic acid, LDH was detected as early as after
1 h of exposure. LDH release was always higher in
cultures treated with both compounds, indicating

LDH Release (unit per liter)

Time of Incubation (hr)

Fig. 4. Lactate dehydrogenase release from primary culture of
rat cerebral cortical astrocytes after treatment of glutamate
(1 mM) and/or arachidonic acid (2 mM). LDH was measured as
described in Yu et al. (1989). Arachidonic acid, ®; glutamate
and arachidonic acid, 1F. Glutamate alone did not induce release
of LDH (data not shown).
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the two compounds were working synergistically in
damaging astrocytes. The mechanisms involved in
the process of injury seem to differ between
glutamate and arachidonic acid. Cultures treated
with both glutamate and arachidonic acid produced
the same amount of malondialdehyde (MDA) as
cultures with arachidonic acid alone (Yu et al.,
1989). An increase of MDA content indicates lipid
peroxidation, a process closely related to free
radical formation and release of PUFAs (Yu and
Chan, 1988). Thisindicated that lipid peroxidationis
one of the mechanisms involved in arachidonic acid-
induced injury. As glutamate alone does not cause
MDA formation in culture of astrocytes, other
mechanisms may contribute in producing the
synergistic effect.

Hypoxia-ischemia

The causes of injury under ischemia are multifac-
torial, including severe hypoxia, substrate depriva-
tion, and failure to remove toxic metabolic pro-
ducts. During global ischemia, a 7-fold stimulation
of brain glycolytic activity may be due to an increase
in intracellular Na* and extracellular K+ (Shanker
and Questel, 1972). The effects of raised K* con-
centration, as mentioned above, are to alarge extent
exerted on astrocytes, suggesting that K+ may be a
key factor determining astroglial reactions to
ischemia-hypoxia. The stimulation of glycolysis and
a reduction of glutamate uptake into partly
depolarized cells may magnify the depletion of
metabolic intermediates and ATP during ischemia.
Glutamate has been shown to protect the integrity of
the oxidative respiratory system during anoxia
(Phizackerley and Fixter, 1973). Such protection
may not exist if PUFASs are released from the tissue
and inhibit the uptake of glutamate.

We have shown that severe hypoxia causes mor-
phological changes, injury and metabolic dysfunc-
tions, including glutamate uptake, in primary
culture of astrocytes (Yu et al., 1989). Evidence for
the injury includes a time-dependent loss of LDH
activity and an increase of MDA content. Inhibition
of glutamate uptake may be caused by an energy
failure of hypoxic astrocytes, or by PUFAs released



256

Glucose

e
5 A i :
Thme of ischemia ()

Uptake tmmel per mg protein)

Fiz. 5. |U-MCIGhitamate and  [U-H]elucose  uptake  were
measured in peimary cultures of ral cevebral cortical astrocvies
(4-week-cld without dibutyrvl cAMP treatiment) s & function of
time of ischemia, The total uptake time was = min, The cencen-
trations of zlinamate and glucose were 50 ub and 3.5 mb,
resprectively, For details, see Yo el al, (1992),

from the disrapred cell membrane. The observed in-
hihition of glutamate uptake agrees with the find-
inzs of athears, that during hypoxia and many aother
pathological conditions, uptake of this neuro-
transmitter aminoe acid is inhibited, but its release is
enhanced (Arnfred and Hertz, 1971; Benveniste et
al., 1984; Hirsch and Gibson, 1984; Globus et al.,
[98E), We haveshown that glutamate uptake was in-
hibited by the presence of arachidonic acid and
other PUFAs (Yu et al,, 1986). The defect of
glutamate uptake in astrocytes would lead to an ac-
cumulation of this excitotoxic amino acid in the ex-
tracellular space and subsequent receplor-mediated
neuronal cell death (Olney, 1983 Meldrum, 1985;
Rothman and Olney, 1986; Choi, [958, 1990).
Under hypoxia, the concentration of glucose in the
astrocytic culture mediom declines progressively
and the pyruvateSactate ratio 15 decreased (Yu el
al., 1990). Under similar conditions, a decrease in
AT content was observed which correlated well
withthe release of LDH into the culture mediom and
inhibition ol the glulamate uptake (Gregory et al.,
19401},

We have studied the uptake ol glutamate and
glucese in astrocyte cultures under ischemia (Yu el
al., 1992). The ischemic condition was created by
sealing the culture with a laver ol mineral oil after
the culture had been  drained. The
glutamate uptake in ischemic culturas was inhibited

modinm

as expected (Fig, 30, The rate of glucose upltake was
slightly higher than the control throughout the fiest
& 1 ischemia, Such  higher uptake may be
metabolically related. It is known that the glucose
utilization rate of astrocytes increases during hypox-
ia, as reflected by an increase in glucose consump-
tion and lactate production (Hertz, 1981; Yu et al.,
1990). The lower glocose uptake after 8 h of
ischemia may indicate a leakage of cell membrane or
cell death.

Cerebral uptake of glucose has been shown to
gradually increase to a three-fold higher level than
the pre-ischemic level berween 1 oand 3 h post-
ischemia (Memolo, 1978). A similar cesult was
observed in cultures of astrocvies during a post-
ischemic period. Using the same mineral oil
ischemia model {Yu et al., 1992}, we measured the
uptake of glutamate and glucose in astrocyte
cultures 5and 12 hafter 30 min of ischemia (Fig. &),
The uptake of glutamate was increased by 23% at
5 hand 35% at 12 hin the post-ischemic period. The
uptake of glucose was also increased by 23 and 260
Such increases in glutamate and glucose uptake dur-
ing post-ischemic incubation were observed in all
astrocyte cultures under ischemia for less than 8 h.
These data suggested that during post-ischemia,
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astrocytes are active in taking up energy substrates
for the replenishment of depleted intracellular com-
pounds. Cultures under ischemia for longer than 8 h
did not show an increase in uptake of either
substrate. This indicates that the injury to the cells
beyond 8 h of ischemia was such that no biochemi-
cal uptake of energy substrates could be performed.

Concluding remarks

Based on in vivo studies, it has been thoroughly
established that the brain’s only significant
substrate for energy metabolism under normal cir-
cumstances is glucose (see Sokoloff, this volume).
Through the overall pathways of glucose
metabolism, glucose carbon has been shown to in-
corporate into many compounds, including in-
termediates of glycolysis and the TCA cycle. It has
been shown that brain slices, homogenates, cell-free
fractions, and cultured neural cells can utilize
glutamate, arginine, glycine, g-aminobenzoate,
succinates, malate, lactate, pyruvate, acetate and
ketone bodies as energy substrates (Robinson and
Williamson, 1980; Yu and Hertz, 1983; Lopes-
Cardozo et al., 1986; Edmond et al., 1987; Hertz et
al., 1988b, 1992). Oxidation of these compounds as
energy substrate is consistent with glucose as a
primary energy substrate because the latter
metabolites are derived from the glucose carbon
skeleton. Such an alternative capability provides
much flexibility and efficiency to the energy
metabolism system beyond the blood-brain barrier,
especially in the interactions between neurons and
astrocytes.

Inhibition of glutamate uptake was observed in
most injurious conditions in the CNS. This is a
derangement of one of the most important
biochemical functions of astrocytes. There is no
doubt that glutamate released from neurons, to a
large extent, is taken up and metabolized by
astrocytes. The accumulated glutamate undergoes
oxidative deamination to o-ketoglutarate followed
by decarboxylation to CO, and succinyl CoA. This
process will ultimately increase ATP content in
astrocytes. During neuronal activity, there is an
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elevation of K which, in turn, induces a depletion
of astrocyte ATP content. Such ATP depletion in
astrocytes has been shown not to be replenished by
glucose alone. Under such conditions, astrocytes
need to metabolize other substrates, such as
glutamate, in place of or together with glucose. This
conclusion has been further supported by the obser-
vation of the lack of ATP depletion under high K*
when glutamate is present. Such preference during
periods of rapid neuronal release of glutamate may
not only facilitate clearance of glutamate from the
extracellular space, but also spare the available ex-
tracellular glucose for neuronal metabolism. Most
important, oxidation of the exogenous glutamate
provides an extra source of energy substrate for
astrocytes during neuronal excitation.

Inhibition of glutamate uptake resulting from
released toxins and/or dysfunction of astrocytes
will result in an excessive accumulation of synaptic
glutamate and subsequent loss of calcium homeo-
stasis in the post-synaptic neurons. Strong evidence
points to the activated NMDA receptor/channel as
an important route of calcium entry (Choi, 1988,
1990). This subject is beyond the scope of this
chapter. Interestingly, this NMDA-related compo-
nent of damage was, at least under certain condi-
tions, also energy-dependent, since hypoxic
neuronal death was prevented by glucose at concen-
trations above 1 mM (Tombaugh and Sapolsky,
1990). Protection was observed even when glucose
was elevated to hyperglycemic levels, suggesting
that storage of intracellular energy substrates is an
important factor in regulating ischemic pathology.
The glucose utilization rate in astrocytes increases
during hypoxia. Simultaneously, the energy sub-
strate transport system is impaired. These conse-
quences could conceivably propagate a spiral of
energy failure by increasing tissue energy demand
and decreasing energy supply (Kaplan et al., 1987).
By no means are we trying to imply that glutamate
is the primary energy substrate under these cir-
cumstances, but its special role in neurotoxicity and
participation in the neuropathogenesis of various
neural diseases and injury certainly distinguish it
from the others.



258
Acknowledgements

We thank Dr. M. Jibson and Ms. D. Buckley for
helping in the preparation of this manuscript and
Dr. L. Hertz for his criticism.

References

Arnfred, T. and Hertz, L. (1971) Effect of potassium and
glutamate on brain cortex slices: uptake and release of
glutamate and other amino acids. J. Neurochem., 18:
259 —265. '

Barkai, A.I. and Bazan, N.G. (1989) Arachidonic Acid
Metabolism in the Nervous System. Physiological and
Pathological Significance — Annals of the New York
Academy of Sciences, Vol. 559, The New York Academy of
Sciences, New York.

Bazan, N.G. (1970) Effects of ischemia and electroconvulsive
shock on free fatty acid pool in the brain. Biochim. Biophys.
Acta, 218: 1~ 10.

Bazan, N.G. and Tureo, E.B.R. (1980) Membrane lipids in the
pathogenesis of brain edema - phospholipids and
arachidonic acid, the earliest membrane components changed
at the onset of ischemia. In: J. Cervds-Navarro and R. Fersat
(Eds.), Advances in Neurology, Vol. 28: Brain Edema:
Pathology, Diagnosis and Therapy, Raven Press, New York,
pp. 197 —205.

Benveniste, H., Drejer, J., Schousboe, A. and Diemer, N.H.
(1984) Elevation of the extracellular concentrations of
glutamate and aspartate in rat hippocampus during transient
cerebral ischemia monitored by intracerebral microdialysis. J.
Neurochem., 43: 1369 — 1374.

Bowman, C.L. and Kimelberg, H.K. (1984) Excitatory amino
acids directly depolarize rat brain astrocytes in culture.
Nature, 311: 656 — 659.

Chan, P.H., Chen, S.F. and Yu, A.C.H. (1988) Induction of in-
tracellular superoxide radical formation by arachidonic acid
and by polyunsaturated fatty acids in primary astrocytic
culture. J. Neirochem., 50: 1185 —1193.

Choi, D. (1988) Glutamate neurotoxicity and diseases of the ner-
vous system. Neuron, 1: 623 —634.

Choi, D. (1990) Methods for antagonizing glutamate neurotox-
icity. Cerebrovasc. Brain Metab. Rev., 2: 105~ 147.

Edmond, J., Robbins, R.A., Bergstrom, J.D., Cole, R.A. and
deVellis, J. (1987) Capacity for substrate utilization in ox-
idative metabolism by neurons, astrocytes and oligoden-
drocytes from developing brain in primary culture. J.
Neurosci. Res., 18: 551 —561.

Eng, L.F., Lee, Y.L., Hertz, L. and Yu, A.C.H. (1992)
Glutamate replenished K* induced ATP depletion in
astrocytes. Abstr., Trans. Am. Soc. Neurochem., 23: 222.

Fonnum, F. (1984) Glutamate: a neurotransmitter in mam-

malian brain. J. Neurochem., 42: 1 —11.

Globus, M.Y.-T., Busto, R., Dietrich, W.D., Martinez, E.,
Valdes, I. and Ginsberg, M.D. (1988) Effects of ischemia on
the in vitro release of striatal dopamine, glutamate, and +-
aminobutyric acid studied by intracerebral microdialysis. J.
Neurochem., 51: 1455 — 1464,

Gregory, G.A., Welch, F.A., Yu, A.C.H. and Chan, P.H.
(1990) Fructose-1,6-bisphosphate reduces ATP loss from
hypoxic astrocytes. Brain Res., 516: 310—312.

Hansen, A.J. (1985) Effects of anoxia on ion distribution in the
brain. Physiol. Rev., 65: 101 —148.

Hertz, L. (1981) Features of astrocyte function apparently in-
volved in the response of central nervous tissue to ischemia-
hypoxia. J. Cereb. Blood Flow Metab., 1: 143 — 153.

Hertz, L. (1982) Astrocytes. In: A. Lajtha (Ed.), Handbook of
Neurochemistry, Vol. 1, 2nd edn., Plenum, New York, pp.
319 -35s.

Hertz, L. (1990) Regulation of potassium homeostasis by glial
cells. In: G. Levi (Ed.), Development and Function of Glial
Cells, Alan R. Liss, New York, pp. 225 —234.

Hertz, L. (1992) Energy metabolism at the cellular level of the
CNS. Can. J. Physiol. Pharmacol., in press.

Hertz, L., Yu, A.C.H., Potter, P.L., Fisher, T.E. and
Schousboe, A. (1983) Metabolic fluxes from glutamate and
towards glutamate in neurons and astrocytes in primary
cultures. In: L. Hertz, E. Kvamme, E.G. McGeer and A.
Schousboe (Eds.), The Metabolic Relationship of Glutamate,
Glutamine and GABA, Alan R. Liss, New York, pp.
327 -342.

Hertz, L., Drejer, J. and Schousboe, A. (1988a) Energy
metabolism in glutamatergic neurons, GABAergic neurons
and astrocytes in primary culture. Neurochem. Res., 13:
605 —610.

Hertz, L., Murthy, Ch.R.K. and Schousboe, A. (1988b)
Metabolism of glutamate and related amino acids. In: M.D.
Norenberg, L. Hertz and A. Schousboe (Eds.), The
Biochemical Pathology of Astrocytes, Alan R. Liss, New
York, pp. 395 —406. .

Hertz, L., Yu, A.C.H. and Schousboe, A. (1992) Uptake and
metabolism of malate in neurons and astrocytes in primary
cultures. Neurochem. Res., in press.

Hirsch, J.A. and Gibson, G.E. (1984) Selective alteration of
neurotransmitter release by low oxygen in vitro. Neurochem.
Res., 9: 1039~ 1049.

Holtzman, D. and Olson, J. (1983) Developmental changes in
brain cellular energy metabolism in relation to seizure and
their sequelae. In: H. Jasper and N. Van Gelder (Eds.), Basic
Mechanisms of Neuronal Hpyperexcitability, Alan R. Liss,
New York, pp. 423 —449.

Hossmann, K-A. (1985) The pathophysiology of ischemic brain
swelling. In: Y. Inaba, I. Klatzo and M. Spatz (Eds.), Brain
Edema, Springer, Berlin, pp. 367 — 384.

Kaplan, J., Dimlich, R.V.W., Biros, M.H. and Hedges, J. (1987)
Mechanisms of ischemic cerebral injury. Resuscitation, 15:



149 —169.

Katzman, R. and Grossman, R. (1975) Neuronal activity and

potassium movement. In: D.H. Invar and H. Lassen (Eds.),
' Brain Work: the Coupling of Function, Metabolism and
Blood Flow in Brain, Munksgaard, Copenhagen, pp.
149 —156.

Lopes-Cardozo, M., Larsson, O.M. and Schousboe, A. (1986)
Acetoacetate and glucose as lipid precursors and energy
substrates in primary cultures of astrocytes and neurons from
mouse cerebral cortex. J. Neurochem., 46: 773 —778.

McLennan, H. (1976) The autoradiographic localization of 1-
PHiglutamate in rat brain tissue. Brain Res., 115: 139 — 144,

Meldrum, B. (1985) Possible therapeutic applications of an-
tagonists of excitatory amino acid neurotransmitters. Clin.
Sci., 68: 113 —122,

Moncada, S. (1983) Biology and therapeutic potential of pro-
stacyclin. Stroke, 14: 157 — 168.

Nemoto, E.M. (1978) Pathogenesis of cerebral ischemia-anoxia.
Crit. Care Med., 6: 203 —214,

Olney, J.W. (1983) Excitotoxins: an overview. In: K. Fuxe, P.
Roberts and R. Schwarcz (Eds.), Excitotoxins, MacMillan,
London, pp. 82—-96.

Phizackerley, P.J.R. and Fixter, L.M. (1973) Effects of anoxia
in vitro on cellular respiration of brain cortex. J. Neurochem.,
20: 123 —134.

Robinson, A.M. and Williamson, D.H. (1980) Physiological
roles of ketone bodies as substrates and signals in mammalian
tissues. Physiol. Rev., 60: 143 —187.

Rothman, S.M. and Olney, J.W. (1986) Glutamate and the
pathophysiology of hypoxic-ischemic brain damage. Ann.
Neurol., 19: 105—111.

Schousboe, A., Drejer, J. and Hertz, L. (1988) Uptake and
release of glutamate and glutamine in neurons and astrocytes
in primary cultures. In: E. Kvamme (Ed.), Glutamine and
Glutamate in Mammals, Vol. II, CRC Press, Boca Raton, FL,
pp- 21 -38.

Shank, R.P. and Aprison, M.H. (1988) Glutamate as a
neurotransmitter. In: E. Kvamme (Ed.), Glutamine and
Glutamate in Mammals, Vol. II, CRC Press, Boca Raton, FL,
pp. 3-19.

Shanker, R. and Questel, J.H. (1972) Effects of tetrodotoxin and
anesthetics on brain metabolism and transport during anoxia.
Biochem. J., 126: 851 — 867.

Siesjd, B.K. and Wieloch, T. (1985) Brain injury: neurochemical
aspects. In: D.P. Becker and J.T. Porlishock (Eds.), Central
Nervous System Trauma; Status Report 1985, NIH-NINCDS,
pp. 513 -531.

Swanson, R.A., Yu, A.C.H., Chan, P.H. and Sharp, F.R.
(1990) Glutamate increases glycogen content and reduces
glucose utilization in primary astrocyte culture. J.
Neurochem., 54: 490 — 496.

Tombaugh, G.C. and Sapolsky, R.M. (1990) Mechanistic

259

distinctions between excitotoxic and acidotic hippocampal
damage in an in vitro model of ischemia. J. Cereb. Blood Flow
Metab., 10: 527 - 535. .

Trinder, P. (1969) Determination of glucose in blood using an
oxidase-peroxidase system with a non-carcinogen chromogen.
J. Clin. Pathol., 22: 158 —161.

Walz, W. and Mukerji K. (1988) Lactate production and release
in cultured astrocytes. Neurosci. Lett., 86: 296 — 300.

Waniewski, R.A. and Martin, D.L. (1986) Exogenous glutamate
is metabolized to glutamine and exported by rat primary
astrocyte cultures. J. Neurochem., 47: 304 —313.

Watkins, J.C. and Evans, R.H. (1981) Excitatory amino acid
neurotransmitters. Annu. Rev. Pharmacol., 21: 165 —204.
Yoshida, A., Abe, K., Busto, R., Watson, B.D., Kagure, K. and
Ginsberg, M.D. (1982) Influence of transient ischemia on
lipid-soluble antioxidants, free fatty acids and energy

metabolites in rat brain. Brain Res., 245: 307 —316.

"Yu, A.C.H. and Chan, P.H. (1988) Synergistic effects of

arachidonic acid and glutamate on the injury of astrocytes in
culture. Abstr., 18th Annual Meeting, Soc. Neurosci., 14: 500.

Yu, A.C.H. and Hertz, L. (1982) Uptake of glutamate, GABA
and glutamine into predominantly GABAergic and a
predominantly glutamatergic nerve cell population in culture.
J. Neurosci. Res., 7: 23 -35.

Yu, A.C.H. and Hertz, L. (1983) Metabolic sources of energy in
astrocytes. In: L. Hertz, E. Kvamme, E.G. McGeer and A.
Schousboe (Eds.), The Metabolic Relationship of Glutamate,
Glutamine and GABA, Alan R. Liss, New York, pp.
431 —439.

Yu, A.C.H., Schousboe, A. and Hertz, L. (1982) Metabolic fate
of %C-labelled glutamate in astrocytes in primary cultures. J.
Neurochem., 39: 954 —960.

Yu, A.C.H., Hertz, E. and Hertz, L. (1983) Effects of bar-
biturates on energy and intermediary metabolism in cultured
astrocytes. Prog. Neuropsychopharmacol. Biol. Psychiatry,
7: 691 — 696.

Yu, A.C.H., Chan, P.H. and Fishman, R.A. (1986) Effects of
arachidonic acid on glutamate and y-aminobutyric acid up-
take in primary cultures of rat cerebral cortical astrocytes and
neurons. J. Neurochem., 47: 1181 —1189.

Yu, A.C.H., Chan, P.H. and Fishman, R.A. (1987) Arachidonic
acid inhibits uptake of glutamate in cerebellar granule cells. J.
Neurosci. Res., 17: 424 —427.

Yu, A.C.H., Chan, P.H. and Gregory, G.A. (1989) Effect of
severe hypoxia on primary culture of rat cerebral astrocytes.
J. Cereb. Blood Flow Metab., 9: 20— 28.

Yu, A.C.H., Shargool, M., Hertz, E., Lee, Y.L., Eng, L.F. and
Hertz, L. (1990) K + /hypoxia effect on pyruvate/lactate in
astrocytes. Abstr., Trans. Am. Soc. Neurochem., 21: 138.

Yu, A.C.H., Lee, Y.L. and Eng, L.F. (1992) Glucose and
glutamate uptake in astrocytes after ischemia. Abstr., Trans.
Am. Soc. Neurochem., 23: 189.



