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Glutamate transporters remove glutamate from the extracellular space and maintain it below neurotoxic levels under normal conditions.
However, the dynamics under ischemic conditions remain to be determined. In the present study, we evaluated the function of the glial
glutamate transporter (GLT-1) during brain ischemia by using an in vivo brain microdialysis technique in GLT-1 mutant mice. A
microdialysis probe was placed in the hippocampal CA1 of GLT-1 mutant and wild-type mice, and glutamate levels were measured during
5 and 20 min ischemia. The glutamate levels in mice lacking GLT-1 were significantly higher than the corresponding glutamate levels in
wild-type mice during 5 min ischemia. Delayed neuronal death was induced in the CA1 of the mice lacking GLT-1 but not in the CA1 of the
wild-type mice. When ischemia was elongated to the duration of 20 min, the glutamate levels in wild-type mice were significantly higher
than the corresponding glutamate levels in mice lacking GLT-1 during the last 12.5 min of 20 min ischemia. Acute neuronal death was also
observed in the CA1 of wild-type mice. These results suggest that GLT-1 takes up extracellular glutamate to protect neurons in the early
stage of ischemia and then releases glutamate, triggering acute neuronal death, when ischemic conditions are elongated. The function of
GLT-1 may change from neuroprotective to neurodegenerative during ischemia.
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Introduction
Increased extracellular glutamate during ischemia triggers the
death of neurons (Rothman and Olney, 1986; Choi and Roth-
man, 1990). The neurotoxicity of glutamate has been shown to be
mediated by glutamatergic presynaptic terminals (Wieloch et al.,
1985; Kaplan et al., 1989), glutamate receptors (Pellegrini-
Giampietro et al., 1992; Mitani et al., 1998a,b), and glutamate
transporters (Rossi et al., 2000; Rao et al., 2001; Hamann et al.,
2002); however, the mechanism of glutamate increase has not
been established. Glutamate transport is the only mechanism for
the removal of glutamate from the extracellular fluid in the brain
(Kanai et al., 1997; Lehre and Danbolt, 1998; Tanaka, 2000) and is
essential for maintaining extracellular glutamate below neuro-
toxic levels in the normal brain (Attwell et al., 1993). Therefore,
glutamate transporters are thought to play a pivotal role in the
process of increase in extracellular glutamate during ischemia.

The genes for glutamate transporters have been cloned, and at
least five subtypes have been identified: GLAST–EAAT1 (Storck
et al., 1992; Tanaka, 1993), GLT-1–EAAT2 (Pines et al., 1992),

EAAC1–EAAT3 (Kanai and Hediger, 1992), EAAT4 (Fairman et
al., 1995), and EAAT5 (Arriza et al., 1997). It has been reported
that GLT-1 (glial glutamate transporter) and GLAST are localized
to glial cells (astrocytes), whereas EAAC1, EAAT4, and EAAT5
are localized to neurons (Rothstein et al., 1994; Chaudhry et al.,
1995; Pow et al., 2000), and that the maintenance of low extracel-
lular glutamate levels is sustained by glial transporters but not
neuronal transporters (Rothstein et al., 1996; Peghini et al.,
1997). The regional distributions of the glial transporters are
unique to each transporter subtype in the brain. GLT-1 is highest
in the hippocampus, whereas GLAST is highest in the cerebellar
cortex (Rothstein et al., 1994; Chaundhry et al., 1995; Lehre et al.,
1995). Therefore, the extracellular glutamate level in the hip-
pocampal CA1 that is most sensitive to neuronal degeneration to
ischemia is thought to be maintained primarily by GLT-1.

Several studies have examined the role of GLT-1 in ischemia
using specific pharmacological blockers or antisense oligode-
oxynucleotides; however, the results are controversial. A phar-
macological study has shown that the GLT-1 blocker reduces the
ischemia-induced glutamate release in rat cortical superfusates
(Phillis et al., 2000), suggesting that GLT-1 releases glutamate
during ischemia. In contrast, a study using antisense oligode-
oxynucleotides has demonstrated that the antisense knockdown
of GLT-1 exacerbates ischemia-induced neuronal damage in the
rat brain (Rao et al., 2001), suggesting that GLT-1 takes up glu-
tamate to protect neurons during ischemia.
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Recently, we generated mice lacking GLT-1 by using homol-
ogous recombination (Tanaka et al., 1997). The mice, despite
depletion of the gene for GLT-1, did not show any significant
changes in the expression of the other major glial glutamate
transporter GLAST in young (Voutsinos-Porche et al., 2003) and
adult stages (our unpublished observations), as compared with
their corresponding wild-type mice. In the present study, we per-
formed in vivo brain microdialysis experiments in the hippocam-
pal CA1 of mice lacking GLT-1 and investigated how GLT-1
functions during the increase in extracellular glutamate during
ischemia.

Materials and Methods
Animals and surgery. The experiments were conducted in accordance
with the guidelines for animal experimentation at Ehime University
School of Medicine and College of Medical Technology (Kyoto Univer-
sity). In principle, the method was the same as described in previous
studies (Mitani et al., 1992, 1994). In brief, C57BL/6 mice lacking GLT-1
gene expression and wild-type mice (12–16 weeks old) were given access
to food and water ad libitum. The animals were anesthetized and main-
tained with a mixture of 2.5% halothane and nitrous oxide/oxygen (7:3).
The common carotid arteries were exposed on both sides, and a 4 – 0 silk
suture was looped around each artery. The head of the animal was held in
a stereotaxic apparatus (type 1430; David Kopf, Tujunga, CA). A burr
hole for insertion of a microdialysis probe into the CA1 of the hippocam-
pus was made 1.3–2.8 mm caudal to the bregma and 1–2.5 mm lateral to
the midline. A second burr hole for insertion of a laser-Doppler flow-
metry needle-probe was made 3.6 – 4.6 mm caudal to the bregma and
3– 4 mm lateral to the midline. A third burr hole for insertion of a ther-
mocouple needle-probe was made 1–2 mm rostral to the bregma and 1–2
mm lateral to the midline. The dura was carefully incised.

Ischemia and brain microdialysis. In the present study, bilateral occlu-
sion of the common carotid arteries (BCCA) was used to induce ischemia
in the hippocampus. Generally, satisfactory ischemia with blood flow
below 10% of the baseline (Panahian et al., 1996) cannot be accom-
plished in the hippocampus of mice only by BCCA occlusion, because
blood flow from the vertebral arteries will be supplied to the hippocam-
pus through the circle of Willis. Recently, however, it has been reported
that a satisfactory ischemic condition is frequently produced in the hip-
pocampus of C57BL/6 mice with only occlusion of BCCA, because
C57BL/6 mice frequently lack or have poorly developed vascular connec-
tions between the carotid and basilar arteries (Fujii et al., 1997; Yang et
al., 1997). We then monitored blood flow in the hippocampus during
microdialysis experiments and confirmed whether BCCA occlusion in-
duced satisfactory ischemia. A laser-Doppler flowmeter (TBF-LN1;
Unique Medical Company, Tokyo, Japan) and a laser-Doppler needle
probe of 0.5 mm diameter (LP-N; Unique Medical Company) were used
to monitor relative changes in the blood flow in the hippocampus. The
flowmetry probe was inserted in the caudal portion of the hippocampus
(3.5 mm caudal to the bregma, 3.5 mm lateral to the midline, and depth
of 1.8 mm from the cortical surface) at a 20° angle caudal to the vertical
plane. The changes in blood flow were monitored continuously. The
mean blood flow for 1 min immediately before BCCA occlusion was
taken as 100% to establish the baseline value, and subsequent flow
changes were expressed relative to the value. The mean rate of blood flow
during occlusion was obtained as average rates of blood flow every 10 sec.
We accepted data from animals in which the blood flow decreased con-
sistently below 10% of the baseline during occlusion.

A thermocouple needle probe of 0.4 mm diameter (TN-800S; Unique
Medical Company) and a thermocouple meter (TME-300; Unique Med-
ical Company) were used to monitor brain temperature. The thermo-
couple probe was inserted in the brain (1.2 mm rostral to the bregma, 1.5
mm lateral to the midline, and depth of 1.8 mm from the cortical surface)
at a 15° angle rostral to the vertical plane. An identical thermocouple
needle probe and thermocouple meter assembly was used to monitor the
rectal temperature. The body and brain temperatures were regulated at
37 � 0.3°C with a heating blanket (Harvard Apparatus, Kent, England)

and overhead heating fan (Panasonic, Tokyo, Japan) during the
experiments.

A microdialysis probe (0.5-mm-long dialysis membrane, 0.22 mm
diameter; molecular weight cutoff, 50,000) (A-I-4 – 005; Eicom, Kyoto,
Japan) was positioned perpendicularly in the CA1 (1.8 –2.3 mm caudal to
the bregma, 1.5–2.2 mm lateral to the midline, and 1.5–1.6 mm ventral to
the cortical surface). Subsequently, the microdialysis probe was perfused
with Ringer’s solution at a flow rate of 0.6 �l/min by means of a micro-
infusion pump (Bioresearch Center, Nagoya, Japan). After a 2 hr stabili-
zation period, halothane administration was decreased to 1% and then
transient forebrain ischemia of 5 or 20 min duration was induced. The
sutures around the two common carotid arteries were pulled using 6 gm
weights to occlude the circulation. After ischemia, the sutures were cut
and removed to restore blood flow.

Samples (150 sec; 1.5 �l) of the dialysate were collected consecutively.
In mice subjected to 5 min ischemia, six samples were collected before
ischemia, two samples were collected during ischemia, and 14 samples
were collected after ischemia. In mice subjected to 20 min ischemia, six
samples were collected before ischemia, eight samples were collected
during ischemia, and 16 samples were collected after ischemia. After the
collection of dialysate samples, the probes for microdialysis, flowmetry,
and thermomonitor were gently removed. All surgical incisions were
carefully sutured. The animals were treated with antibiotics, removed
from the stereotaxic apparatus, and put into a comfortable position on a
warming blanket. After awakening, the animals were returned to indi-
vidual cages in a room maintained at a constant temperature (26°C) and
allowed access to food and water ad libitum. Other sets of wild-type mice
served as sham-operated controls in which the animals were subjected to
identical procedures, except that the sutures around the common carotid
arteries were not pulled.

Glutamate assay. The present enzymatic cycling procedure for gluta-
mate assay was essentially the same as described in previous studies (Mi-
tani et al., 1990, 1994). In brief, all sampling tubes were centrifuged to
produce a bolus of dialysate at the bottom of the tubes immediately after
collection, and glutamate was analyzed by the following serial enzymatic
reactions. The dialysate (1.5 �l) was reacted first with 7.5 �l of enzymatic
reagent to form nicotinamide adenine dinucleotide phosphate (NADH).
The reagent contained 0.1 M hydrazine buffer, pH 9.0 (Wako Chemicals,
Osaka, Japan), 0.4 mM NAD � (Sigma, St. Louis, MO), 0.3 mM ADP
(Sigma), and 20 �g/ml of beef liver glutamate dehydrogenase (EC 1.4.1.3;
Roche Products, Hertforshire, UK; Boehringer Mannheim, Mannheim,
Germany). The mixture was incubated at 37°C for 30 min, and the reac-
tion was stopped by the addition of 1.8 �l of 1 M NaOH followed by
heating at 60°C for 20 min. Subsequently, for triplicate determinations,
three 3 �l aliquots were transferred into fluorometer tubes and used for
NAD �–NADH cycling by means of enzymatic cycling reactions (Kato et
al., 1973; Nitsch and Okada, 1979). Thirty microliters of the second
reagent was added into the tubes. The reagent contained 0.1 M Tris-HCl
buffer, pH 8.0 (Wako Chemicals), 0.02% (v/v) 2-mercaptoethanol
(Wako Chemicals), 0.02% (w/v) bovine serum albumin (Sigma), 1.8%
(v/v) ethanol (Wako Chemicals), 12 mM oxaloacetic acid (Wako Chem-
icals), 50 �g/ml of alcohol dehydrogenase (EC 1.1.1.1; Roche Products),
and 2.5 �g/ml of malate dehydrogenase (EC 1.1.1.37; Roche Products).
The tubes were incubated at 37°C for 60 min. The tubes were heated at
100°C for 5 min to stop the reaction. In the indicator reaction, 0.6 ml of
the third reagent containing 0.5 M hydrazine buffer, pH 9.0, 0.2 mM

NAD �, and 2 �g/ml of malate dehydrogenase was added to the fluorom-
eter tubes. The tubes were incubated at 26°C for 30 min, and the fluores-
cence of NADH was measured with a fluorometer (F-2500; Hitachi, To-
kyo, Japan). Glutamate standards of 0.05–100 � 10 �12 mol/�l (Wako
Chemicals) were quantified in parallel with the samples in each experi-
ment, and glutamate concentrations of samples were read from the stan-
dard curve. The sensitivity was 0.05– 0.1 pmol/�l.

Histological analysis. The animals subjected to 5 min ischemia were
deeply anesthetized with pentobarbital and perfused transcardially with
heparinized saline (5 ml) and then with 10% formalin in 0.1 M phosphate
buffer, pH 7.4 (50 ml), at 1 hr, 24 hr, or 4 d after recirculation. The
animals subjected to 20 min ischemia were anesthetized and perfused
with the same procedure at 1 hr after recirculation. The brains were
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removed and processed for paraffin embedding. Serial coronal 5 �m
sections were cut and stained with cresyl violet to examine the intensity of
ischemic injury and the position of the microdialysis probe. The intensity
of the ischemic injury was quantitatively determined by counting the
number of normal-appearing neurons (distinct cell membrane, well de-
fined nucleus, and nucleolus) at 400� magnification in a blind manner.
Cell counts were performed in the section close to the track of the micro-
dialysis probe but did not include any mechanical damage produced by
insertion of the probe, and the number of normal-appearing neurons
along a 1 mm linear length of the hippocampal CA1 pyramidal cell layer
was calculated.

Data analysis. ANOVA was used for the statistical analysis of glutamate
levels and the number of normal-appearing neurons; this analysis in-
cluded Scheffé’s or Dunnett’s multiple-comparison procedure. Data
were presented as the mean � SEM. The differences discussed in the text
were significant at p � 0.01 or p � 0.05.

Results
It has been known that GLT-1 mutant mice sometimes show
spontaneous epileptic seizures and, in most cases, die within a few
minutes of seizure onset (Tanaka et al., 1997). However, the
GLT-1 mutant mice under anesthesia did not show any sponta-
neous or ischemia-induced epileptic seizures. Any convulsive
medications were not used in the present study.

Blood flow
Microdialysis experiments were performed on 151 C57BL/6 mice
(69 GLT-1 mutant mice and 82 wild-type mice, including 20
sham-operated controls), and the blood flow in the hippocampus
decreased consistently below 10% of the baseline during occlu-
sion of BCCA in 40 mice (20 GLT-1 mutant mice and 20 wild-
type mice) (Fig. 1). In these animals, the blood flow decreased
promptly after the onset of BCCA occlusion and remained con-
stant throughout ischemia. No significant differences in the re-
duction of the blood flow were detected between GLT-1 mutant
mice and wild-type mice [8.3 � 0.3 and 8.1 � 0.2% of the base-
line in mutant mice (n � 12) and wild-type mice (n � 12) sub-
jected to 5 min occlusion, respectively; 7.8 � 0.4 and 7.9 � 0.4%
of the baseline in mutant mice (n � 8) and wild-type mice (n � 8)
subjected to 20 min occlusion, respectively]. After releasing the
occlusion, the return of blood flow to the baseline was delayed for
�5 min after 5 min ischemia and �10 min after 20 min ischemia,
respectively, and thereafter a transient phase of relative hyper-

emia developed and was followed by postischemic hypoperfu-
sion. The time course of the blood flow changes was the same as
reported in previous studies (Kuroiwa et al., 1992; Von Lubitz et
al., 1995).

Glutamate changes induced by 5 min ischemia
In wild-type mice subjected to 5 min ischemia (n � 12), stable
basal levels of glutamate were observed in six consecutive samples
collected before ischemia (Fig. 2). A significant increase in gluta-
mate was detected in the dialysate during ischemia. The increase
was acute, and the maximal levels were attained at the end of 5
min ischemia. An �11-fold increase was observed. After the on-
set of recirculation, the glutamate levels quickly decreased. Glu-
tamate levels returned to the baseline range within 5 min of re-
circulation. The time course of the change of extracellular
glutamate levels shown in wild-type mice was very similar to that
shown in the hippocampal CA1 of gerbils subjected to 5 min
ischemia (Mitani et al., 1992, 1994). In sham-operated control
mice (n � 12), stable low levels of glutamate were observed at all
measured points (data not shown), similar to the glutamate levels
observed before ischemia in wild-type mice.

Glutamate levels in GLT-1 mutant mice subjected to 5 min
ischemia (n � 12) were significantly higher than the correspond-
ing glutamate levels in wild-type mice subjected to 5 min isch-
emia at all measured points, including before ischemia ( p � 0.01;
two-way ANOVA; Scheffé’s post hoc test) (Fig. 2). In mice lacking
GLT-1, stable basal levels of glutamate were observed in the six
consecutive samples collected before ischemia. However, the pre-
ischemic basal levels of glutamate were approximately three times
as high as those in wild-type mice. A significant increase in glu-
tamate was detected during ischemia and the early period of re-

Figure 1. A representative change in hippocampal blood flow in mice subjected to 20 min of
BCCA occlusion. Blood flow was recorded from the hippocampus at a distance of �1 mm caudal
to the microdialysis probe. Blood flow decreased to 6.1% (mean) of the baseline during occlu-
sion in a mouse lacking GLT-1 (number 72). Time 0 represents the point of onset of BCCA
occlusion.

Figure 2. Changes in dialysate levels of glutamate in the hippocampal CA1 of mice lacking
GLT-1 and wild-type mice. The mice were subjected to 5 min ischemia. The data presented are
means � SEM (bars). Glutamate levels in mice lacking GLT-1 (n � 12; F–F) were signifi-
cantly higher than the corresponding glutamate levels in wild-type mice (n � 12; E–E) at all
measured points ( p�0.01; two-way ANOVA; Scheffé’s post hoc test). Asterisks indicate a value
significantly higher than the corresponding preischemic levels in each group (��p � 0.01;
�p � 0.05; one-way ANOVA; Dunnett’s post hoc test). Ordinate, Glutamate levels (pmol/�l) in
dialysate; abscissa, time (min) before and after the onset of 5 min ischemia.
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circulation. The increase was acute and massive, and the maximal
levels were attained at the end of 5 min ischemia. The glutamate
levels at the end of ischemia showed a sixfold increase and were
approximately twice as high as those in wild-type mice. After the
onset of recirculation, the glutamate levels in mice lacking GLT-1
decreased gradually, compared with the decline of glutamate lev-
els in wild-type mice. The glutamate levels in mice lacking GLT-1
were significantly higher than the preischemic basal levels for
12.5 min after recirculation, whereas the glutamate levels in wild-
type mice were significantly higher than the preischemic basal
levels only for 2.5 min after recirculation (Fig. 2). The glutamate
levels in mice lacking GLT-1 showed a tendency to be higher than
the preischemic basal levels from 12.5 min after recirculation to
the end of the measurement; however, the differences were not
statistically significant.

Neuronal damage induced by 5 min ischemia
In wild-type mice subjected to 5 min ischemia, no definite neu-
ronal changes were seen in the CA1 at 1 hr, 24 hr, or 4 d after
recirculation (Fig. 3a). Dense normal-appearing neurons were
observed in the CA1 pyramidal cell layer (Fig. 3b). The neuronal
densities at 1 hr, 24 hr, and 4 d after recirculation were 232.2 �
3.3/mm (n � 4), 230.7 � 3.1/mm (n � 4), and 234.0 � 3.3/mm
(n � 4), respectively. No significant differences in the number of
normal-appearing neurons were detected between wild-type
ischemic mice and sham-operated control mice (Fig. 4).

In GLT-1 mutant mice subjected to 5 min ischemia, no detect-
able changes were seen in the CA1 1 hr after recirculation (Fig.
3c). The neuronal density (232.4 � 3.2/mm; n � 4) was not
significantly different from that in wild-type and sham-operated

control mice (Fig. 4). Twenty-four hours after recirculation, neu-
ronal loss was detected in the CA1 and also in part of the CA3
(Fig. 3d). Normal-appearing neurons were rarely observed in the
CA1 pyramidal cell layer (Fig. 4). Four days after recirculation,
neuronal loss was seen throughout the CA1 and the CA3 (Fig. 3e),
and normal-appearing neurons were rarely observed in the pyra-
midal cell layers (Fig. 3f). The neuronal densities in the CA1
pyramidal cell layer 24 hr and 4 d after recirculation were 7.2 �
1.7/mm (n � 4) and 6.3 � 1.6/mm (n � 4), respectively. These
densities were significantly less than the corresponding densities
in wild-type and sham-operated control mice ( p � 0.01; one-
way ANOVA; Scheffé’s post hoc test) (Fig. 4).

Glutamate changes induced by 20 min ischemia
In sham-operated control mice (n � 8), stable low levels of glu-
tamate were observed at all measured points (data not shown).
Glutamate levels in GLT-1 mutant mice subjected to 20 min isch-
emia (n � 8) that were stable before ischemia increased abruptly
after the onset of ischemia (Fig. 5). The glutamate levels increased
continuously and reached a peak at the end of 20 min ischemia.
An �14-fold increase was observed. After the onset of recircula-
tion, the glutamate levels decreased but did not return to a new
stable baseline until the end of the measurement (40 min after
recirculation). The glutamate levels at 40 min after recirculation
were significantly higher than the preischemic levels ( p � 0.01;
one-way ANOVA; Dunnett’s post hoc test).

Glutamate levels in wild-type mice subjected to 20 min isch-
emia (n � 8) were stable before ischemia. A significant increase in
glutamate was detected during ischemia. The increase was acute,
but the glutamate levels were significantly lower than the corre-
sponding levels in mice lacking GLT-1 during the first 5 min of 20
min ischemia (Fig. 5), as seen in the experiment of 5 min isch-
emia. The increase then became steeper, and the glutamate levels
crossed the levels in GLT-1 mutant mice. The glutamate levels
increased continuously and reached a peak at the end of 20 min
ischemia. An �80-fold increase was observed. The glutamate lev-

Figure 3. Photomicrographs showing the track of the microdialysis probe and neuronal
death in the hippocampus of mice subjected to 5 min ischemia. In wild-type mice (a,b), neuro-
nal death was not observed 4 d after recirculation ( a). The higher magnification of the CA1
pyramidal cell layer shows that normal-appearing CA1 neurons are distributed densely in the
layer ( b). In mice lacking GLT-1 (c--f ), neuronal death was not detected in the CA1 1 hr after
recirculation ( c). However, neuronal death was induced in the CA1 and also in part of the CA3
(around a filled circle) 24 hr after recirculation ( d), and then widespread neuronal death was
observed in the CA1 and CA3 4 d after recirculation ( e). The high magnification of the CA1
pyramidal cell layer 4 d after recirculation shows that almost all of the CA1 neurons died ( f). a,
c– e, A portion of the microdialysis membrane (distance between two arrowheads) was placed
in the CA1. The arrows indicate the boundary between the CA1 and CA3. Scale bars: a, c, d, e, 0.5
mm; b, f, 50 �m. DG, Dentate gyrus.

Figure 4. Neuronal density in the CA1 of mice subjected to 5 min ischemia. Normal-
appearing neurons were counted in the CA1 of mice lacking GLT-1 (�/�, filled columns),
wild-type mice (�/�, open columns), and sham-operated control mice (sham, stippled col-
umns) 1 hr, 24 hr, and 4 d after recirculation, and the density of neurons per millimeter in the
pyramidal cell layer was calculated. The sham-operated control mice were �/�. Asterisks
indicate a value significantly lower than the corresponding values in wild-type and sham-
operated control mice (��p � 0.01; one-way ANOVA; Scheffé’s post hoc test). Values are
means � SEM (bars) (each column, n � 4).
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els in wild-type mice were significantly higher than the corre-
sponding levels in GLT-1 mutant mice during the last 12.5 min of
ischemia. After the onset of recirculation, the glutamate levels did
not remarkably decrease for the first 2.5 min but started to de-
crease 2.5 min after recirculation. The glutamate levels did not
return to a new stable baseline until the end of the measurement
(40 min after recirculation). The glutamate levels at 40 min after
recirculation were significantly higher than the preischemic levels
( p � 0.01; one-way ANOVA; Dunnett’s post hoc test). Eventu-
ally, the glutamate levels in wild-type mice were significantly
higher than those in mice lacking GLT-1 during the last 12.5 min
of ischemia and the first 2.5 min of recirculation, whereas the
glutamate levels in mice lacking GLT-1 were significantly higher
than those in wild-type mice before ischemia and during the first 5
min of ischemia (two-way ANOVA; Scheffé’s post hoc test) (Fig. 5).

Neuronal damage induced by 20 min ischemia
In GLT-1 mutant mice subjected to 20 min ischemia, neuronal
damage was seen in the CA1 1 hr after recirculation. Normal-
appearing neurons, which were densely observed in the CA1 py-
ramidal cell layer in sham-operated control mice (Fig. 6a), were
rarely seen in the CA1 (Fig. 6b). Many pyknotic nuclei and dam-
aged neurons were seen. Pyknotic nuclei were surrounded by
empty spaces, and numerous dark granules in the cytoplasm (se-
lective chromatolysis) (Kirino and Sano, 1984) were observed in
many damaged CA1 neurons.

In wild-type mice subjected to 20 min ischemia, neuronal
damage was seen in the CA1 1 hr after recirculation. Normal-
appearing neurons were rarely seen in the CA1 (Fig. 6c). Most
CA1 neurons showed darkly stained, shrunken cell bodies with
surrounding empty spaces.

No significant differences in the number of normal-appearing

neurons were detected between GLT-1 mutant mice (5.1 � 0.7/
mm) and wild-type mice (9.0 � 2.6/mm), and the neuronal den-
sities in GLT-1 mutant and wild-type mice subjected to 20 min
ischemia were significantly less than those observed in sham-
operated control mice ( p � 0.01; one-way ANOVA; Scheffé’s
post hoc test) (Fig. 6d).

Discussion
In the present study, we performed an in vivo brain microdialysis
study and evaluated the functional role of the glial glutamate
transporter during ischemia by the comparison of extracellular
glutamate levels in the hippocampal CA1 of GLT-1 mutant mice
with those of wild-type mice.

Glutamate levels under normal conditions
The present study showed that the preischemic basal levels of
extracellular glutamate in the hippocampal CA1 of GLT-1 mu-
tant mice were significantly higher than those of wild-type mice.
This result provides direct evidence that GLT-1 removes gluta-
mate from the extracellular fluid in the hippocampal CA1 to
maintain extracellular glutamate at low levels under normal con-
ditions, which has been widely presumed but not proved directly.

Glutamate levels during 5 min ischemia
The present study demonstrated that glutamate levels in the hip-
pocampal CA1 of wild-type mice were significantly lower than
those of mice lacking GLT-1 during 5 min ischemia and quickly
decreased immediately after recirculation. The result suggests
that GLT-1 normally operates to take up extracellular glutamate
during and immediately after 5 min ischemia. In addition, it was
shown that delayed neuronal death was induced in the CA1 of
GLT-1 mutant mice subjected to 5 min ischemia. In the present

Figure 5. Changes in dialysate levels of glutamate in the hippocampal CA1 of mice lacking
GLT-1 and wild-type mice. The mice lacking GLT-1 (n � 8; F–F) and wild-type mice (n � 8;
E–E) were subjected to 20 min ischemia. The data presented are means � SEM (bars). Filled
asterisks indicate a value significantly higher than the corresponding value in wild-type mice
(��p � 0.01; two-way ANOVA; Scheffé’s post hoc test), and open asterisks indicate a value
significantly higher than the corresponding value in mice lacking GLT-1 (��p � 0.01; �p �
0.05; two-way ANOVA; Scheffé’s post hoc test). Ordinate, Glutamate levels (pmol/�l) in dialy-
sate; abscissa, time (min) before and after the onset of 20 min ischemia.

Figure 6. Neuronal death and density in the hippocampal CA1 in mice subjected to 20 min
ischemia. Acute neuronal death was observed 1 hr after recirculation in mice subjected to 20
min ischemia. Normal-appearing neurons, which were densely observed in the CA1 pyramidal
cell layer in sham-operated control mice ( a), were rarely seen in the CA1 of mice lacking GLT-1
( b) and also wild-type mice ( c). Scale bar, 50 �m. d, The density of normal-appearing neurons
per millimeter of the pyramidal cell layer was calculated in the CA1 in mice lacking GLT-1
(�/�, filled columns), wild-type mice (�/�, open columns), and sham-operated control
mice (sham, stippled columns) 1 hr after recirculation. The sham-operated control mice were
�/�. Asterisks indicate a value significantly lower than the corresponding value of sham-
operated control mice (��p � 0.01; one-way ANOVA; Scheffé’s post hoc test). Values are
means � SEM (bars) (each column, n � 8).
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study, delayed neuronal death means that morphological damage
in ischemic neurons is delayed (Kirino, 1982). It has been known
that delayed neuronal death is not produced in the CA1 of
C57BL/6 mice subjected to 5 min ischemia (Kawahara et al.,
2002) as shown here. The present study also showed that delayed
neuronal death was induced in the CA3 when GLT-1 was elimi-
nated. The histological results suggest that GLT-1 prevents de-
layed neuronal death induced by 5 min ischemia in the CA1 and
CA3 of mice. Together, these results suggest that GLT-1 takes up
extracellular glutamate normally under the ischemic condition
produced by 5 min ischemia and works to prevent the glutamate
neurotoxicity. This idea is supported by the following observa-
tion using antisense oligodeoxynucleotides: rats infused with
GLT-1 antisense oligodeoxynucleotides show a significant in-
crease in the cortical and striatal infarct volume after transient
focal cerebral ischemia (Rao et al., 2001).

If GLT-1, which is localized to astrocytes, is not releasing glu-
tamate during 5 min ischemia, what is responsible for the gluta-
mate increase? It may be caused by neurons. Consistent with this
idea, no significant increase in extracellular glutamate was ob-
served during 5 min ischemia in the gerbil hippocampal CA1, in
which most of the neurons had been eliminated before the exper-
iment (Mitani et al., 1994). It has been reported that intracellular
glutamate concentration in neurons is so high because neuronal
glutamate transporters operate near equilibrium (Kanai et al.,
1995; Rothstein et al., 1996), and glutamate can be released more
easily from neurons than astrocytes during ischemia, because the
high intracellular glutamate concentration drives the reversed
operation more readily (Rossi et al., 2000). Furthermore, neurons
have been reported to have negligible glycogen, which is the ma-
jor energy reservoir in the brain, whereas astrocytes contain sub-
stantial amounts of glycogen and can use glycogen under low
oxygen circumstances (Swanson and Choi, 1993; Rose et al.,
1998), suggesting that neurons could suffer in energy depletion
more easily than astrocytes during ischemia. The failure of cellu-
lar energy induces dysfunction of the Na�–K� pump and reduc-
tion of the Na� gradient, leading to reversed transporters and the
release of glutamate into extracellular space (Kauppinen et al.,
1988; Szatkowski et al., 1990; Attwell et al., 1993). Electrophysi-
ological studies have supportively observed that ischemia-
induced glutamate release is caused by reversed neuronal gluta-
mate transporters in hippocampal slices subjected to in vitro
ischemia (Rossi et al., 2000; Hamann et al., 2002). Their in vitro
ischemic conditions may correspond to the present in vivo isch-
emic condition during 5 min ischemia.

The electrophysiological studies have also reported that a
GLT-1 blocker and GLT-1 mutation have no effect on the
glutamate-evoked current in ischemic neurons (Rossi et al., 2000;
Hamann et al., 2002). These reports suggest that GLT-1 played a
lesser role in their experiments. This might be explained by the
ideas that GLT-1 is not expressed abundantly in the 2-week-old
animals used in their experiments, as pointed out by the authors
themselves (Hamann et al., 2002), and that a substantial part of
the released glutamate may be washed out with perfusate in the in
vitro chamber.

Glutamate levels during 20 min ischemia
The experiment of 20 min ischemia revealed that glutamate levels
in the hippocampal CA1 of wild-type mice were significantly
higher than those of mice lacking GLT-1 during the last 12.5 min
of ischemia. In addition, increased glutamate levels in wild-type
mice did not remarkably decrease for the first 2.5 min after recir-
culation, compared with the second 2.5 min after recirculation. If

GLT-1 works normally at the end of ischemia, increased gluta-
mate levels would quickly decrease immediately after the onset of
recirculation. Therefore, GLT-1 may induce dysfunction. In vitro
studies have shown that glutamate release is produced by re-
versed operation of glutamate transporters under energy-
depleted conditions (Kauppinen et al., 1988; Szatkowski et al.,
1990; Attwell et al., 1993). The present result that glutamate levels
in wild-type mice were significantly higher than those in mice
lacking GLT-1 strongly suggests that the reversed operation of
glial glutamate transporters occurs in the in vivo ischemic condi-
tion produced by 20 min ischemia. This idea is in accordance
with the following pharmacological observation: the GLT-1
blocker DL-threo-�-benzyloxyaspartate reduces the ischemia-
induced glutamate release in rat cortical superfusates during 20
min global brain ischemia (Phillis et al., 2000).

In GLT-1 mutant mice, the ischemia-induced glutamate level
was approximately one-half of that in wild-type mice at the end of
20 min ischemia. However, the histological study did not show
any reduction in ischemic neuronal damage at 1 hr after recircu-
lation. The acute death of CA1 neurons was induced in the GLT-1
mutant mice as well as in the wild-type mice. This may be ex-
plained by a quantitative dose–toxicity study. It has been shown
that neurotoxicity in the cortical cell culture is produced by a 5
min exposure to ED50 of 50 –100 �M glutamate (Choi et al.,
1987). Therefore, in the present study, extracellular glutamate
concentrations higher than neurotoxic levels would be continued
longer than 5 min in the hippocampal CA1 of both GLT-1 mu-
tant and wild-type mice during 20 min ischemia.

In summary, our present results suggest that the function of
GLT-1 changes from neuroprotective to neurodegenerative dur-
ing ischemia: GLT-1 takes up extracellular glutamate to protect
neurons against delayed neuronal death during the first 5 min of
ischemia and then releases glutamate, triggering acute neuronal
death, during the last 12.5 min of 20 min ischemia in the in vivo
hippocampal CA1. These findings favor therapeutic strategies
aimed at preventing or reducing the excessive release of gluta-
mate in the ischemic brain by modulating glutamate transport.
Allosteric GLT-1 activators, such as bromocryptine (Yamashita
et al., 1995), may be useful in preventing brain damage in the
early stage of ischemia. In contrast, the design of GLT-1 reversal
inhibitors may present a novel strategy for the development of
drugs to minimize brain damage in the late stage of ischemia.
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