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Abstract

In the brain, prior sublethal ischemia (preconditioning, PC) is known to produce
tolerance of neurons to subsequent lethal ischemia. This study aims at elucidating
what alterations were induced in neurons and/or astrocytes by PC treatment. The rise
in the extracellular concentration of glutamate during ischemia was markedly
suppressed by the prior PC treatment. Immunocytochemical and Western blot
analyses demonstrated that the expression of the astrocytic glutamate transporter GLT-1
was transiently down-regulated after the PC insult. The PC insult possibly suppressed
the neuron-derived factors up-regulating GLT-1. Here we show that PC-induced
down-regulation of GLT-1 is crucial for the increased neuronal resistance to subsequent

severe ischemic insult.
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Introduction

Preconditioning (PC) to ischemic tolerance is a phenomenon in which a brief

subtoxic insult induces robust protection against the deleterious effects of a subsequent,

prolonged, lethal ischemia (1). In the brain, Kitagawa et al. (2) first reported that

gerbils subjected to a sublethal transient global ischemia exhibited reduced hippocampal

neuronal death after a severe ischemic insult 24-28 h later.  Although numerous studies

have been performed on this phenomenon, this mechanism has not been fully delineated

at present.

Extracellular concentration of L-glutamate (Glu) in the mammalian brain is

subjected to homeostasis because an elevated concentration of Glu results in the

excessive activation of neuronal Glu receptors, especially NMDA-type receptors,

thereby resulting in massive neuronal death (3). Previous studies including by us have

demonstrated that the astrocytic Glu transporter GLT-1 is primarily responsible for the

clearance of extracellular Glu (4-7). These findings have led to an idea that the normal

function of astrocytic Glu transporter is crucial to the survival of neurons in the brain.

Under brain ischemia, however, the role of astrocytic Glu transporters is reversed; that



is, Glu is released from astrocyte to the extracellular space (8, 9), resulting in massive
excitotoxic death of neurons.

We have recently demonstrated that the reversed operation of Glu transporter
GLT-1 during subtoxic PC insult is necessary for the development of PC-induced
ischemic tolerance of neurons (10). This finding has suggested for the first time that
the change in glial function during prior PC is critical to the development of neuronal
ischemic tolerance. However, the question remains unanswered as to what alterations
are induced in the neuronal and/or glial function 24-48 h after the PC insult. Here we
show that the expression of GLT-1 was transiently down-regulated after the PC insult,

and that neurons were possibly involved in such PC-induced down-regulation.



Experimental procedure

The animal experiments conformed to the “Principles of laboratory animal care”

(NIH publication No. 85-23, revised 1996), as well as the “guide for the care and use of

laboratory animals”, Hokkaido University School of Medicine.

Neuron/astrocyte co-culture

Culture methods were described previously in detail (4, 10, 11). In brief,
neurons/astrocytes were prepared from 17-day old embryonic rat cortices and grown in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Grand Island, NY) which was
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 10% Ham’s F12,
and 0.24% penicillin/streptomycin (culture medium) and maintained in a 5% CO,
incubator at 37 °C. The cultures were fed a conditioned medium (CM) twice a week.
To obtain the CM, cells from the 17-day old embryonic rat cortices were plated onto
poly-L-lysine-coated 6-well dishes and cultured for more than 2 weeks. The cultures
were then fed a cooled culture medium and incubated for an additional day. After
13-15 days, the neurons in these cultures sit on the top of a confluent monolayer of
astrocytes. The experiments were performed using these cultures.

Astrocyte-enriched culture



The cultures without neurons were prepared from primary neuron/astrocyte

co-cultures according to the method of Nakanishi et al (12). After 7 days in the

primary culture, cultured glial components were dislodged enzymatically (0.1% trypsin),

and plated onto other dishes. The cultures were fed a CM twice a week similar to the

co-cultures. After 14-15 days, the astrocytes in these cultures become a confluent

monolayer.

Immunocytochemistry

Astrocytes and neurons were identified by immunostaining with antibodies

against glial fibrillary acidic protein (GFAP; Sigma, St Louis, MO, 1:1000) and

microtubule-associated protein 2 (MAP-2; Sigma, 1:400), respectively. The astrocytic

glutamate transporter GLT-1 was detected by immunostaining with anti-GLT-1

polyclonal antibodies (Chemicon, Temecula, CA. 1:2500). For labeling, a 1:500

dilution of biotinylated goat antibody against mouse or guiniea pig IgG (Vector

Laboratories, Burlingame, CA) was used. Bound antibodies were detected by the

avidin-biotin-peroxidase complex (ABC) method, using a commercial ABC kit (Vector

Laboratories). Observation of the peroxidase activity was made possible by incubation

with 0.1% 3,3’-diaminobenzidine tetrahydrochloride (DAB) in a 50 mM Tris-HCI

buffer (pH 7.4) supplemented with 0.02% H,O..



Western blot analysis

Cell lysates were diluted 3:1 in sample buffer (187.5 mM Tris-HCI containing

6% SDS, and 15% glycerol, 15% 2-mercaptoethanol) and denatured at 100 °C for 3 min.

Proteins were electrophoresed on a 10% SDS-polyacrylamide gel and transferred onto a

polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA). Nonspecific binding

sites were blocked with 5% nonfat milk for 60 min, and then the membrane was

incubated overnight at 4 °C with one of the following antibodies: polyclonal antibody to

GLT-1 (1:10000), GLAST (1:8000) (Chemicon), and monoclonal antibody to actin

(1:2000) (Sigma), and then horseradish peroxidase-labeled anti-guinea pig (1:2000)

(Cell Signaling Technology) or anti- mouse IgG antibody for actin (1:2000) (Cell

Signaling Technology), respectively. The immunoreactive bands were detected with

an enhanced chemiluminescence kit (NEN Life Science Products, Boston, MA).

Quantification of the levels was preformed by densitometric analysis using Scion Image

Beta 4.02 (Scion Corporation).

Oxygen-Glucose deprivation

Cortical cultures were subjected to oxygen-glucose deprivation (OGD) injury

using a protocol described previously (10, 11, 13). In brief, cultures were placed in an

anaerobic chamber containing the deoxygenation reagent and glucose-free balanced salt



solution (BSS: 116 mM NacCl, 0.8 mM MgSQy,, 5.4 mM KCI, 1.0 mM NaH,PO,, 26.2
mM NaHCOg3, 1.8 mM CacCl,, and 0.01 mM glycine) was added. Near anoxic
conditions were achieved using an Anaero-Pack System (Mitsubishi Gas Chemical,
Tokyo, Japan). To terminate OGD, cultures were carefully washed with glucose (20
mM) containing BSS, and then incubated again in culture medium at 37 °C in 95%
air-5% CO, (reperfusion). Cultures with sham treatment not deprived of oxygen and
glucose were placed in BSS containing 20 mM glucose.
Measurement of the extracellular glutamate concentration

The extracellular concentration of glutamate (Glu) was measured using an
enzymatic assay (14, 15). In the presence of Glu and -nicotinamide adenine
dinucleotide (NAD"), L-glutamic dehydrogenase (GDH) produces a-ketoglutarate and
NADH, a product that fluoresces when excited at 360 nm. In the presence of
a-ketoglutarate and L-Alanine, glutamate pyruvate transaminase (GPT) produces
L-glutamate. Therefore, GDH (50 U/mL), NAD" (2 mM), GPT (4 U/mL), and
L-Alanine (2 mM) were added to the external solution, and the fluorescence was excited
at 360 nm and detected at > 510 nm with a fluorescent microscope. Images excited at
360 nm were acquired with integration times of 5 s at intervals of 20 s. The

extracellular Glu was detected as an increase in NADH fluorescence. This method



does not necessarily reflect the quantitative extracellular Glu level, but can detect subtle

changes in the concentration of Glu.

Survival rate of neurons

Neuronal death was analyzed following observation of the nuclear morphology

using the fluorescent DNA-binding dyes, Hoechst 33342 (H33342) and propidium

iodide (PI). Individual nuclei were observed using fluorescent microscopy (Olympus,

IX70, Tokyo, Japan) and subsequently analyzed. Pl was used to identify nonviable

cells. More specifically, an average of 450-500 neurons from random fields were

analyzed in each experiment. The survival rate of neurons - meaning the percentage of

viable neurons remaining - was determined by placing images of nuclear staining on

phase-contrast images, and calculating (viable neurons/total neurons before drug

treatment) x 100. At least 4 independent experiments (n > 4) were conducted and

analyzed.

NCM, PC-NCM treatment

To obtain neuron-conditioned medium (NCM) or preconditioned NCM

(PC-NCM), we incubated neuron-glia co-cultures on day 14 of cultivation, and sham or

PC treatment was conducted, respectively. At 24 h after the treatment, the medium



was collected and centrifuged at 3000 x g to remove cells and membrane fragments.

Thereafter, the conditioned media were fed to astrocyte-enriched cultures for 24 h.

Statistics

The data are expressed as the mean+S.D. Comparisons were performed using
the one-way analysis of variance (ANOVA) followed by a paired t-Test. A P value of

less than 0.01 or 0.05 was considered statistically significant.

10



Results

We first confirmed whether preconditioning (PC)-induced neuronal ischemic

tolerance in murine cortical cultures containing both neurons and glia (from E17 Wistar

rats and days in vitro 13-16) was a transient phenomenon, and delayed neuronal death

after ischemia was induced by exposure to glutamate. Brain ischemia was simulated

by depriving the cultures of both oxygen and glucose (OGD) (10, 11, 13). Cultures

were preconditioned with a 60 min OGD and then exposed to a lethal (90 min) OGD 24

and 72 h later (Fig. 1A). Exposure of preconditioned cultures to the lethal OGD 24 h

later resulted in a significant increase in the survival rate of neurons inspected 24 h after

the end of the lethal insult. However, no significant protective effect on neuronal

death was observed in the preconditioned cultures exposed to the lethal insult 72 h later,

indicating that the PC-induced neuronal ischemic tolerance was a transient phenomenon.

Suppression of the activation of NMDA-type glutamate receptors during the lethal 90

min OGD by treatment with DL-2-amino-5-phosphonopentanoic acid (AP5, 100 uM), a

specific inhibitor of NMDA receptors, resulted in a significant increase in the survival

rate of neurons (Fig. 1A). This result suggested that OGD-induced neuronal death was

caused by the increased concentration of extracellular glutamate resulting in the

excessive activation of NMDA receptors.  If this was the case, PC treatment in

11



advance was expected to increase the neuronal resistance to glutamate-mediated

excitotoxicity. Thus, we next investigated whether the prior PC treatment increased

the resistance of neurons to glutamate.

Interestingly, neurons in the preconditioned co-cultures showed decreased

tolerance of glutamate toxicity. Treatment of co-cultures with glutamate (65 and 75

uM) for 20 min did not result in the significant death of neurons both in the

sham-treated and preconditioned co-cultures (Fig. 1D). In contrast, treatment with 85

uM glutamate for 20 min did not induce massive neuronal death in the sham-treated

co-cultures (Fig. 1B and D), but treatment 24 h after the PC insult with the same

concentration of glutamate for 20 min resulted in a significant decrease in the survival

rate of neurons 24 h later (Fig. 1C and D). These results suggested that the PC insult

did not increase the neuronal tolerance to glutamate toxicity, but possibly reduced the

rise in the extracellular concentration of glutamate during OGD.

We therefore investigated whether the rise in the extracellular concentration of

glutamate during OGD was being suppressed after the PC treatment. For the

measurement of extracellular glutamate, glutamate was changed to NADH, a product

that fluoresces when excited at 360 nm in an enzymatic assay, and the concentration of

glutamate was estimated as the increase in NADH fluorescence (See Method) (14, 15).

12



In the cultures preconditioned 24 h before, the OGD-induced rise in the extracellular

concentration of glutamate was significantly suppressed as compared with that in the

cultures without preconditioning (sham) (Fig. 2A, B, and D). We have recently

revealed that the reversed operation of the astrocytic glutamate transporter GLT-1 is

crucially involved in the marked elevation of glutamate during OGD (4, 10). When

the cultures were treated with DHK (200 uM), a selective blocker of astrocytic GLT-1

(5, 16, 17), the OGD-induced rise of extracellular glutamate was significantly

suppressed similar to in the preconditioned cultures (Fig. 2C and D), suggesting that the

expression of astrocytic GLT-1 was down-regulated by the PC insult. We next tested

this possibility.

We investigated whether the PC insult changed the expression of the astrocytic

glutamate transporters GLT-1 and GLAST by conducting immunocytochemical as well

as Western blot analyses (see Methods). At 24 and 72 h after the PC insult, there was

no difference in GLAST and actin expression levels (Fig. 3A and B). In contrast, the

expression of astrocytic GLT-1 was significantly decreased 24 h after the PC, but

recovered to the control level at 72 h (Fig. 3A, B, C, and D). A quantitative analysis

showed that the expression of GLT-1 in cultures 24 h after the PC treatment decreased

to about 60% of the level in sham-treated cultures. These results suggested that the

13



expression of GLT-1 was transiently down-regulated 24 h after the PC insult,
contributing to the decreased rise in the concentration of extracellular glutamate via the
reversed operation of GLT-1 during ischemia. However, the decreased expression of
astrocytic GLT-1 caused by the PC insult may impair the astrocytic clearance of
extracellular glutamate. This was the reason why neurons in the preconditioned
neuron/astrocyte co-cultures showed the increased vulnerability to glutamate-mediated
toxicity observed in Fig. 1.

We finally investigated the possibility that neurons in neuron/astrocyte
co-cultures were involved in the regulation of this PC-induced temporal decrease in
GLT-1 expression. Previous studies have revealed that the expression level of GLT-1
is regulated by several factors like epidermal growth factor (EGF) or transforming
growth factor-o (TGF-a) in cultured astrocytes (18). In addition, pituitary adenylate
cyclase-activating polypeptide (PACAP), a neuron-derived peptide, has been identified
as crucial for up-regulating GLT-1 expression when glial cultures are treated with
neuron-conditioned medium (NCM) (19). These findings seem to support the
immunohistochemical finding that GLT-1-positive astrocytes were preferentially
identified in astrocytes just underneath the aggregate of neurons (Fig. 3E1). We

therefore investigated whether the PC insult 24 h prior decreased the neuronal release of

14



such factors up-regulating the expression of astrocytic GLT-1. To do this, the changes

in the expression of GLT-1 were analyzed in astrocyte-enriched cultures treated with the

conditioned medium from either the sham-treated or the preconditioned

neuron/astrocyte co-cultures (NCM, PC-NCM) for 24 h.  Astrocyte-enriched cultures

were prepared by the treatment of neuron/astrocyte co-cultures with trypsin (see

Methods) (12). An immunocytochemical analysis using anti-microtuble-associated

protein-2 (MAP-2) antibody showed that MAP2-positive neurons were not present (Fig.

4B2), and almost all the cells were stained by an anti-glial fibrillary acidic protein

(GFAP) antibody in our astrocyte-enriched cultures (Fig. 4B3). Trypsin did not affect

the density of GFAP-positive astrocytes. In the astrocyte-enriched cultures, few

GLT-1-positive astrocytes were observed (Fig. 4B4). For preparing the NCM, we

incubated neuron/astrocyte co-cultures at 14 days in vitro in conditioned-medium (See

Method). After 24 h, the medium was collected and used as the NCM for

astrocyte-enriched cultures. Treatment of astrocyte-enriched cultures with NCM for

24 h significantly increased the expression of GLT-1, but treatment with PC-NCM did

not (Fig. 4C and D). A quantitative analysis showed that the GLT-1 expression level

in the PC-NCM-treated astrocyte-enriched cultures was low and at about 60% of the

level in the NCM-treated cultures after treatment for 24 h.  These results suggested that

15



neuron-derived factors responsible for the up-regulation of the expression of astrocytic

GLT-1 had decreased in level 24 h after the PC insult.

16



Discussion

This paper has demonstrated a possibility that neurons transiently decreased the
expression of astrocytic glutamate transporter GLT-1 after the prior ischemic
preconditioning (PC) and contributed to the PC-induced neuronal resistance to
subsequent severe ischemic insult.

Although numerous studies including by us have reported increased tolerance to
ischemia following preconditioning of the mammalian brain with OGD, cortical
spreading depression (CSD), or middle cerebral artery occlusion (MCAO), the
mechanism underlying this neuroprotection is unclear (20-23). Some studies have
reported that neurons themselves acquire tolerance against ischemia through
preconditioning (22, 23). However, in our co-cultures, neurons rather became
vulnerable to glutamate-mediated death by the prior PC insult (Fig. 1), suggesting that
the PC-induced changes in glial function; that is, the down-regulation of astrocytic
GLT-1 expression, seemed critical to the PC-induced ischemic tolerance of neurons.

In this study, the prior sublethal OGD (PC) decreased the GLT-1 expression and
the amount of extracellular glutamate during subsequent lethal OGD (Fig. 2 and Fig. 3).
Previous studies, however, have demonstrated that preconditioning of the gerbil brain

did not alter the amount of glutamate in the hippocampal CA1 subfield released during

17



subsequent second ischemia (24). CAL pyramidal neurons are known to have high
density of NMDA receptors and are most vulnerable to ischemia (25). Therefore, the
duration of sublethal ischemia for PC of the hippocampus must be very short, and is
usually only two minutes or so (24). The function of astrocytic glutamate transporter
GLT-1 might not be reversed during this short period. In this case, the rise in the
amount of extracellular glutamate during PC is probably caused by the increased
synaptic release. In support of this idea, previous studies have reported that ischemic
stress to the brain or brain cell cultures induces a biphasic increase in the extracellular
concentration of Glu (8, 26, 27).  The first phase of the elevation is dependent on Ca**,
and is caused by the release of Glu from nerve endings due to Ca®*~dependent
exocytosis. The second phase is caused by the reversed uptake of Glu by neuronal
and/or astrocytic Glu transporters. Therefore, PC insult with short duration might not
result in the down-regulation of GLT-1, and thus does not significantly decrease the
amount of extracellular glutamate during the subsequent lethal ischemia.

We have recently found that the activation of NMDA receptors during PC is
necessary for the development of PC-induced ischemic tolerance in neurons, and that
this activation is caused by the marked elevation in the extracellular concentration of

glutamate resulting from the reversed uptake of glutamate by astrocytic GLT-1 (10).

18



This study demonstrated that the prior PC resulted in the down-regulation of the
expression of GLT-1, and in the decrease in the subsequent lethal ischemia-induced rise
in the extracellular concentration of glutamate (Fig. 2 and Fig. 3). However, under
normal conditions, astrocytic GLT-1 plays a crucial role in the clearance of excessive
extracellular glutamate, and in the protection of neurons from glutamate-mediated
toxicity, suggesting that the PC-induced decrease in the expression of astrocytic GLT-1
is also dangerous to the neurons. Therefore, it seems meaningful for neurons that the

PC-induced down-regulation of GLT-1 expression is a transient phenomenon (Fig. 3).
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Figure captions

Fig. 1

Preconditioning (PC)-induced increase in ischemic tolerance and decrease in

resistance to glutamate-mediated toxicity of neurons in mixed neuron/astrocyte cultures.

Figure A shows the effective time interval between the sublethal 60 min OGD (PC) and

the lethal 90 min OGD for the development of PC-induced neuronal ischemic tolerance.

Treatment of co-cultures with AP-5 during lethal OGD significantly protected neurons

from delayed death. Photomicrographs B, and C show the sham-treated cultures

exposed to glutamate (85 uM) for 20 min (B), and the preconditioned cultures exposed

to the same concentration of glutamate for 20 min (C). Photomicrographs B1 and C1

show the cultures before exposure to glutamate, whereas B2 and C2 illustrate their state

24 h after the exposure, respectively. Cell nuclei were stained with bisbenzimide

(Hoechst 33342) and propidium iodide (PI) (B3 and C3). Red nuclei in B3 and C3

indicate Pl-positive dead neurons. Figure D shows a statistical comparison of the

survival rate of neurons. The scale bar indicates 200 um. Data are expressed as the

mean+SD (n=4 different cultures). * p<0.05. Abbreviations: LI, lethal OGD; PC,

sublethal OGD (preconditioning).
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Fig. 2

Elevation in the extracellular concentration of glutamate (Glu) during

oxygen/glucose deprivation (OGD). Photomicrographs Al, B1, and C1 show the

phase-contrast images of the mixed neuron/astrocyte cultures. Figures A2-A3, B2-B3,

and C2-C3 illustrate the pseudo-color representation of NADH fluorescence reflecting

the extracellular concentration of glutamate (Glu) when the sham-treated cultures (A2,

A3), the cultures preconditioned 24 h before (B2, B3), and the sham-treated cultures

with DHK (200 uM) treatment (C2, C3), were exposed to OGD, respectively. Figures

A2, B2, C2 and A3, B3, C3 represent the fluorescence at 10 and 90 min after the onset

of OGD, respectively. The fluorescent intensity increases from dark blue to red

through yellow. Figure D shows a time course of the change in the NADH

fluorescence ratio during OGD in the sham-treated cultures (pink), in the preconditioned

cultures (orange), and in the sham-treated cultures with DHK treatment, respectively.

The OGD begins at 0 min.  Vertical bars indicate + SD. Neither neurons nor

astrocytes were degenerated at all at 90 min after the start of OGD (lethal OGD).

Figure E shows a statistical comparison of the relative fluorescence intensity 90 min

after the onset of OGD. The scale bar indicates 200 um. Data are expressed as the
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mean+SD (n=4 different cultures). * p<0.05. Abbreviations: FO, fluorescence intensity

just before the onset of OGD; F, fluorescence intensity during OGD.

Fig. 3

Preconditioning (PC)-induced transient down-regulation of the expression of the

astrocytic glutamate transpoter GLT-1. Western blot analysis of GLT-1 (top), GLAST

(middle), and actin (bottom) in the preconditioned (24 h or 72 h after the PC insult) and

sham-treated co-cultures (A). In each lane, 40 ug of protein from different cultures

was loaded. Lanes 1 and 2 show the GLT-1, GLAST and actin detected in

sham-treated cultures. Lanes 3 and 4 show 24h after the PC, and lanes 5 and 6 show

72h after the PC, respectively. Figures B-D show the quantification of GLT-1,

GLAST, and actin.  The expression levels are normalized with the mean expression

level in the sham-treated cultures. Data are expressed as the mean + SD (n=4 different

cultures). *p<0.05. An immunocytochemical analysis of the co-cultures using

anti-GLT-1 antibody revealed that the level of astrocytic GLT-1was decreased in the

preconditioned cultures (E2) 24 h after the PC as compared with that in the sham-treated

cultures (E1). GLT-1-positive neurons were not detected. The scale bar indicates

200 pm.
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Fig. 4

Neuron-derived factors are involved in the preconditioning (PC)-induced

down-regulation of glutamate transporter GLT-1. Treatment of astrocyte-enriched

cultures with NCM increased the expression of GLT-1 24 h after the treatment, but

treatment with PC-NCM did not. Photomicrographs Al and B1 show the

phase-contrast images of the mixed neuron/astrocyte co-cultures (A1) or

astrocyte-enriched cultures (B1). An immunocytochemical analysis using anti-MAP-2

(A2 and B2) and anti-GFAP antibodies (A3 and B3) indicates that the co-cultures were

mixed (A2 and A3). In astrocyte-enriched cultures, few MAP-2-positive neurons were

observed (B2), and almost all the cells were GFAP-positive astrocytes (B3). In

addition, GLT-1-positive astrocytes were identified in neuron/astrocyte co-cultures (A4),

but were scarcely detected in astrocyte-enriched cultures (B4). Figure C indicates a

Western blot of GLT-1 (upper), and actin (lower) in astrocyte-enriched cultures treated

with either NCM or PC-NCM. In each lane, 20 ug of protein from different cultures

was loaded. Lane 1 shows the GLT-1 and actin detected in non-operation (control)

cultures. Lanes 2 and 3 show the GLT-1 and actin detected in cultures treated with

NCM, while lanes 4 and 5 show that in cultures treated with PC-NCM, respectively.
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Figures D and E show the quantification of GLT-1 and actin. The expression levels
were normalized with the mean expression level in the NCM-treated cultures. The
scale bar indicates 200 um. Data are expressed as the mean + SD (n=4 different

cultures). * p<0.05.
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Fig. 2
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