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Objective :  Using bilateral carotid artery occlusion, controlled hypotension and in vivo microdialysis, we evaluate
the changes in extracellular concentrations of the excitatory amino acids(EAA) glutamate and aspartate in the
striatum of ischemic Wistar-Kyoto rats(WKY) and spontaneously hypertensive rats (SHR), as well as the resulting
changes of infarct volume and neurological deficit scores.

Methods : During 30 minutes of ischemia, microdialysate concentrations of glutamate and aspartate were
measured in the presence of infusion of artificial cerebrospinal fluid(@CSF) or the dihydrokinate (DHK, the CLT-1
selective nontransportable inhibitor)-containing aCSF respectively. And infarct volume of neurological deficit were
measured for each groups using triphenyltetrazolium chloride(TTC) staining and neurological deficit function tests.
Results : In control aCSF infusing WKY group, glutamate and aspartate concentrations increased 36-fold and 14-
fold increase to baseline, respectively, and returned to baseline values on reperfusion; while in control aCSF infusing
SHR group, glutamate and aspartate increased 51-fold and 25-fold increase respectively. DHK (10nM) significantly
attenuated EAA increases in both experimental WKY group and SHR group compared with control (glutamate peak
for WKY, 7.09+1.04 versus control, 18.48+1.87 pmol/ul; for SHR, 18.90+1.54 versus control, 40.64+2.38
pmol/ul). There is a significant improving with neurological deficit score in DHK application groups both in WKY
and SHR, which was also convinced by comparison of infarct volume between experimental DHK infusing group
and control.

Conclusion :  Our results suggest that the astrocytic glutamate transporter contributes significantly to EAA release in
the early phase of ischemia and inhibition of excessive glutamate release by DHK may contribute to effective
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treatment in ischemia-induced brain damage.

KEY WORDS : Excitatory amino acids - Dihydrokinate - Cerebral ischemia -
GLT-1 - Microdialysis - Spontaneously hypertensive rats.

Introduction glutamate, the predominant excitatory neurotransmitter within

the central nervous system, are normally maintained at very

tudies using both in vitt6**%and in vivd"***"®mo-  low levels by efficient uptake systems consisting of a number

dels of ischemia have demonstrated that excessiwéglial and neuronal glutamate transporfefs However,

release and extracellular accumulation of glutamate andntribution of specific mechanisms of release (exocytotic vs.
aspartate are pivotal early events in the ischemic cascade. ftagexocytotic) and cellular compartments (neuronal vs. glial)
generally agreed that major neural injury produced hp the EAAs efflux during ischemia is poorly understood.

cerebral ischemia results from excessive releases of excitattgreover, few reports are available to date on the characte-

amino acid(EAA). The extracellular concentration of L+ization of transient focal ischemia-evoked changes in the

extracellular excitatory amino acids in spontaneously hypert-
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Fig. 1. Influences of dihydrokinate on extracellular concentrations of glutamate and aspartate. All data are in mean + SEM. Time 0 represents
the onset of ischemia. Statistically significant differences (*p < 0.05) between aCSF and DHK—containing probes atf the same time interval, #p
< 0.001 between ischemic period and pre—ischemic period.

the striatum of WKYs (Wistar-Kyoto rat) and SHRs duringAnimal Care and Use Committee and all procedures were in
the course of bilateral carotid artery occlusion(BCAO#ccordance with the guidelines for animal experimental study.
followed by reperfusion. The relationship between elevatiomdale WKY (16-week-old, body weight, 250~300g) and SHR
in extracellular EAAs and the resulting volume of ischemi¢16-week-old, body weight 250~300g) were allowed free
injury as well as neurological deficits was evaluated. Bgiccess to food and water. Animals were divided into four
administering dihydrokinate(DHK), a nontransportablgroups, control WKYs (n=5) perfused with artificial
Glutamate Transportr-1(GLT-1) selective blocker, we areerebrospinal fluid(aCSF), experimental WKYs (n=6)
able to assess the effect of DHK on alternation of EAAs ametrfused with 10nm DHK, control SHRs (n=8) perfused with
the resulted neuronal injury between the ischemic WKYS am@CSF and experimental groups (n=8) with 10nm DHK.
SHRs. We also have compared the resulted infarct volurAeesthesia was induced with methohexital (75mg/kg IP).
and neurological deficit score between the control grougsimals were anesthetized and ventilated with a gas mixture
infused with artificial cerebral spinal fluid(@CSF) and thef 1.0% halothane in 30%:Malance M Right femoral
experimental groups infused with DHK-containing aCSF tartery and inferior vena cava were cannulated for blood gas
determine the contribution of changes of glutamate concesampling and blood withdrawal. A stereotaxic frame was
tration to the ischemia-induced neuronal damage. used to place microdialysis probes in striatum area. During
the whole experimental period, animal body temperature was
monitored by a rectal probe was maintained betweeriC37.0
and 37.6C with a heating pad, while temporalis muscle
Animal model temperature which reflects brain temperature was maintained
Animal experimental protocols were approved by thbetween 36.@ and 37.0C with a heating lamp.

Materials and Methods
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Fig. 2. Graph produced from data of one individual rat demonstrates
how time delays to the onset of glutamate increases are estimated.
Glutamate release during ischemia is delayed by the presence of
dihydrokinate. (A horizontal line fit the dialysate glutamate level
before ischemia, and the glutamate rise with ischemia is fit fo a
second line representing the glutamate increase. The procedure
determines the time at which the fransition is made from one line to
the second and reflects the delay between the onset of ischemia
and the beginning of the increase in glutamate).
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Fig. 4. The correlation between the peak extracellular glutamate
levels (measured around 30 minutes after transient forebrain
ischemia) with brain infarct size (% of infarct volume in total
supratentorial volume). Eight control SHRs and 5 control WKYs were
presented in the figure. Linear regression formula: Peak Glutamate
Concentration = 1.332XInfarct size —21.223; correlation coefficient
of 0.86 (r* = 0.74).

Microdialysis procedures

Transient forebrain ischemia was produced by bilateral carotid’he microdialysis probes (CMA-12, Carnegie Med/BAS)

artery occlusion combined with controlled hypote-nsion. Bwere placed into the striatum (randomly right or left side)
withdrawal of blood into a heparinized syringe, a mean artetigrough burr holes (from bregma, +0.5mm anteroposterior;
pressure (MAP) of 50mmHg was maintained. Both caroti#i3.0mm lateral; 7.15mm down from the dura). The aCSF
arteries were occluded with aneurysm clips once hypotensioontains 120mmol/L NaCl, 2.7mmol/L KCI, 1.0mmol/L
was established. The aneurysm clips were removed and gClz, 1.2mmol/L CaC, 25mmol/L NaHCG, and it was
withdrawal blood was then injected back after a 30-minugepared and gassed with 5% 3@ 5minutes to bring the
ischemic period. Following surgery, we waited until rats wakeH down to 7.3. A syringe pump was used to control the rate
up, removed trachea tube and then singly housed themoih2ul/min for dialysis probes. Perfusate samples were
plexiglass cages with food and water availadl@bitum collected and frozen at -& until analysis. After 2-hour
period for recovery from probe placement, three 10-minute
50 dialysis samples were collected before ischemia. During the
30 minutes of ischemia and the first 30 minutes of reperf-
usion, 5-minute samples were collected. And a 10-minute
T sample was collected at last. DHK(Tocris Cookson Inc.,
Ballwin, MO, USA) at 10nM was perfused within aCSF am-
ong experimental groups.

Before the use of the probes, the efficiency of the probe
membrane was analyzed by immersing the probes in
glutamate or aspartate solution at(8The probes were
perfused with Ringer’s solution at a rate of 2ul/min and the in
0 WK BWKY oSuR ESHR vitro recovery rate of glutamate or aspartate was measured.

Measurements of glutamate and aspartate concentrations in
the dialysates were performed by high-performance liquid
chromatography, with the use of precolumn derivatization
and fluorescence detection as previously described by Spink
etal®,

S
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Fig. 3. Comparison of infarct volume (% of total forebrain) among
four groups. Values are mean + SEM. * p< 0.05, Experimental WKY
(EWKY) versus Control WKY (CWKY), Control SHR (CSHR) versus Control
WKY (CWKY); ** p< 0.01, Experimental SHR (ESHR) versus Control SHR
(CSHR).
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Table 1. Physiological parameters Statistical analysis
Before Ischemia After Ischemia All data except neurological
Groups n pH PaCO2 PaO:2 BP pH PaCO2 PaO:2 BP(10m) BP(30m)

deficit scores were expressed

Cwky 5 7.40%001 40.3+07 110+7 118+5 7.37+002 383+1.7 112+8 141+4 112+5
Y as mean:- SEM. Infarct vo-

Ewky 6 7.361002 384%12 107+8 12147  7.39£003 365%12 118+11 133+6 125+8
Cshr 8 7.38+003 391408 116+5 145%11 7.38+004 40.3+09 10946 158+6 150+9 lume was expressed as perce-
Eshr 8 7.37+0.02 37.6%14 1259 14948 7.35+003 39.6+1.5 124+13 1617 152+4 ntage of total forebrain volu-

Values are mecniSE(M. n ;ndicates (The n)umber of animals; PaC02, Pa02, BP are in mmHg; BP, mean artery me. REpeated-measures AN-
blood pressure; BP(10m) and BP(30m), blood pressure 10minutes and 30minutes after reperfusion, . .
respectively. CWKY : control WKYs, EWKY : experimental WKYs infused with dihydrokinate, CSHR : control SHRs. O VA With multiple compa-

ESHR : experimental SHRs infused with dihydrokinate risons using the Newman-
Keuls multiple range test was

TTC staining for infarct volume and neurological used for statistical assessment of glutamate and aspartate.

deficit scoring One-way ANOVA followed by Turkey-Kramer multiple

The infarct volume was measured with the method destamparisons post test was used to compare neurological
ribed previousl§®. After reanesthetized with sodium deficit score differences, and an unpaired t-test was used to
pentobarbital (200mg/kg, IP) and intracardiac perfused witinalyze infarct volume changes among groups. Differences
saline, all surviving rats were killed 72 hours after the onset were considered statistically significant at the p < 0.05 level.
occlusion, and the brains were removed carefully andThe time at which glutamate concentration begins to rise in
refrigerated for 12 minutes. Each brain was cut into 1-mischemia was quantified by the method described previtusly
coronal sections using a rat brain matrix. The fresh brairhe data were fit to a statistical model designed to estimate
sections were separated in saline at room temperature. Tetime of transition from one function to another. Briefly, in
tissue sections were immersed in 2% TTC (2,3,5triphethe model, a horizontal line function fit the dialysate
yltetrazolium chloride), and then incubated atC3%or 30  glutamate level before ischemia, and the glutamate rise with
minutes. Next, the brain sections were aligned anschemia was fit to a second line representing the glutamate
photographed. Infarct volume was determined usingiacrease. The procedure determines the time at which the
computer-assisted image analyzer system. The total infatreinsition is made from one line to the second and reflects the
volume was calculated by the summation of the infarct vallelay between the onset of ischemia and the beginning of the
umes measured in the component brain slices, as well asititeease in glutamate.
percentage of the whole forebrain area.

During three continuous postoperative days, neurologicReSults
deficit function tests will be performed daily according to
the method described by Combs &.dBriefly, the rats will hysiological parameters were within normal limits
be placed on a 2930cm screen (grid size, 0<@.7) that before the ischemia period (Table 1). The baseline of
could be rotated from O degree (horizontal) to 90 degrewerage MBP(mean blood pressure) for SHR is approxi-
(vertical). mately 142mmHg. No significant differences between groups

The rat will be placed on the horizontal screen and tlie the baseline values of physiological parameters were noted.
screen then rotated into the vertical plane. The duration lof all animals, after infusion of withdrawn blood, blood
time that the animal is able to hold onto the vertical scre@nessure increased to a maximum at 10 to 15 minutes and fell
will be recorded to a maximum of 15seconds (allowing a tottd baseline levels by 30 minutes.
of three points). Next, the animal will be placed at the centeBefore ischemia, small but statistically significant increases
of a horizontal wooden rod (2.5cm diameter) and the time baseline levels of both glutamate and aspartate were seen
that the animal is able to remain balanced on the rod will bier DHK administration among either WKY groups or SHR
recorded to a maximum of 30seconds (allowing a total gfoups (Fig. 1A, B, C, D). After onset of ischemia, concent-
three points). rations of both glutamate and aspartate were significantly

Finally, a prehensile traction test will be administered. Thaecreased compared to that in pre-ischemic period (#p <
time that the animal is able to cling to a horizontal rope wi.001). During ischemia, compared with control groups,
then be recorded to a maximum of 5 seconds. From thesgnificant decreases of glutamate and aspartate were seen
three tests, a total motor score (9 possible points) aafter DHK application (* p < 0.05). With reperfusion, conc-
computed. entration of both glutamate and aspartate returned to their
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Table 2. Neurological Deficit Score after Bilateral Carotid Artery Occlusion in WKY and SHR reducing glutamate release or
CWKY EWKY CSHR ESHR antagonizing its acceptor.
(n=5) (n=¢) (n=8) (n=8) Both competitive N-methyl-
Neurological Score
Individual  (Mean) D-aspartate(NMDA) antag-
24hr 34567 455677 12233344 22333444 onist such as D-2-amino-7-
(5) (5.7)* (2.7)%x (3.1)% _
48hr 45567 556678 22333445 33444556 phoségbsc;?zoheptanoate (2A
(5.4) (6.1)* (3.3)%+ (4.3)« PHY?23"%4and non-compe-
72hr 55667 667788 22333446 34455566 tmve antagonistsuch as MK-
(5.8) (7)% (3.4)x+ (4.8)*

: : : : : . 801*?? have been reported to
CWKY : control WKYs, EWKY : experimental WKYs, CSHR : control SHRs, ESHR : experimental SHRs. * p< 0.05, L .
EWKY versus CWKY, ESHR versus CSHR; **p< 0.05, CSHR versus the corresponding CWKY (Kruskal-Wallis have a 5|gn|f|cant protective

ANOVA on ranks) . .
effect against neuronal isch-
baseline levels within 10minutes on both control and expeamic damage. As the extracellular concentrations of L-
mental groups. Figure 2 represented the result of ogkitamate, the predominant excitatory neurotransmitter within
individual rat from all 4 groups, the time delay for DHKthe central nervous system, are normally maintained at very
groups is 7.54-1.03 while that for control groups is 248 low levels by efficient uptake systems consisting of a number
0.52 (p< 0.05). The analysis of the time delay betweegtial and neuronal glutamate transporffefs Their proper
ischemia onset and the rise of glutamate showed a delayfuinctioning is critical for normal synaptic signaling, as glu-
the onset of increased glutamate with DHK-using groutamate can become neurotoxic at higher extracellular conce-
compared with the control aCSF-using group ntrations. Rao et &. suggested that the glial glutamate
Comparison of infarct volume within control groups andransporter GLT-1, but not the neuronal glutamate transporter
experimental groups indicated significant decrease after DHKAAC1, exacerbates transient focal cerebral ischemia-
administration (* p < 0.05; Fig. 3). The correlation betweeimduced neuronal damage in rat brain. To investigate the
the peak extracellular glutamate concentrations with bragontribution of glial glutamate transport to the ischemic build-
infarct sizes have shown a positive correlationship (Fig. 4)p of EAA levels we used the GLT-1 selective, nontran-
There was a significant improving with neurological deficisportable uptake inhibitor, DHK, infused through
score in DHK application groups both in WKY and SHRmicrodialysis probe on WKYs and SHRs respectively.
And also, control SHRs had much worse neurological scoredusion of DHK produced small but statistically significant
than control WKYs after ischemia/reperfusion injury (Table 2)increases in baseline levels of glutamate and aspartate before
ischemia in both WKYs and SHRs, indicating effective
Discussion inhibition of the glutamate transporters. These effects on
EAA levels are similar to those reported by Munoz &? al.
ypertension is a well-established risk factor for humawho perfused 5mM DHK in hippocampus and obtained 2-
cerebrovascular diseases and stroke. Spontaneouslyl increases in glutamate. Massieu etPalised 50mM
hypertensive rats(SHR) have vascular hypertrophy, whiddHK in microdialysis probes in rat striatum and found a 10-
leads to marked impairment of collateral cerebral blood flofold increase. Seki et &’ used 1mM and 10mM and
and hence, increased susceptibility to ischemic injury comaehieved 50% and 4-fold increases respectively. It is possible
ared to normotensive r&ts making these animals an idealthat the minor glial L-glutamate/L-aspartate transporter
model of human stroke. Hypertention is well developed i(GLAST) or the neuronal EAAC1 transport syst&nwhich
16-week-old SHR, and the age matched WKY were used felnould not be inhibited by DHK, can clear the low basal
normotensive rats in this study. levels of glutamate release under resting nonischemic
With regard to the neuropathologic consequences ofnditions, preventing larger increases in glutamate concen-
cerebral ischemia, there is considerable evidence that supptietion. Rothstein et & have also shown that inhibition of
a role for the toxicity of excitatory amino acids (EAAS), suclLT-1 synthesis by chronic antisense oligonucleotide
as glutamate and asparteg’1:17:182029303G | tamate- administration increased glutamate levels in the striatum.
mediated excitotoxicity, though not the sole factor, is noompared with other brain regions, the striatum has one of
accepted as a major mechanism of ischemic neuroraé higher levels of GLT2. Alternatively, infusion of DHK
damage. Two of the strategies that have been widely explodagting ischemia resulted in a significant attenuation of
to reduce ischemic brain damage have been focused on eitharacellular EAA concentrations, DHK has been shown to
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bind to the external glutamate-binding site of GLT-1, thuhess results are similar to the reports of Dawson'2takd
preventing inward and presumably outward transport afchiyama et &” Moreover, this fact also was convinced by
EAAs*Y, On the basis of observations that the nonspecifiieurological deficit scoring which has shown much worse in
sodium-dependent glutamate uptake blocker such as DEBHRs compared with WKYs both in control and experim-
threof-benzyloxyaspartate(DL-TBOA) reduces the forebraiental groups. Hence, the massive increases in EAAs observed
ischemia-induced glutamate release by the same magnitieSHRS, in the present study, are likely to be pathophy-
as DHK, Phillis et a#® suggested that GLT-1 reversal may besiologically related to the impaired cerebral vasoreactivity and
an important event in ischemic glutamate release. Recémtreased severity of ischemia in these chronically hypert-
studies indicated that under ischemic conditions, glutamagasive animalg.
transporters might functionally reverse rather than reuptakén summary, glial glutamate transporter GLT-1 appears to
glutamaté’?®. Our results suggest that reversal of thbe mechanism of ischemia-induced EAA release, DHK
astrocytic glutamate transporter contributes significantly tmhibited the ischemia-induced EAA release and then
EAA release in the early phase of ischemia, which are improved the resulting neuronal injury. However, the DHK
agreement with previous reports by Phillis éPand Seki et concentrations at varying distances from the microdialysis
al®, who both demonstrated that ischemiainduced increaggsbe, especially in relation to the volume of recovery of a
in extracellular EAAs could be attenuated by infusion cdubstance from the brain, are unknown. So more selective
DHK. tools are needed to pharmacologically understand the
In astrocytes in primary culture, swelling-dependent EAAegulation of synaptic levels of glutamate as the evidence for
release begins after 5minutes of exposure to elevateéPKClthe pivotal role of EAA in the etiology of neuronal death in
In contrastjn vitro EAA release by transporter reversal wasiuman strok& continues to accumulate.
rapid in onset and preceded swelling-activated release. The
present in vivo results are consistent with this time cour§eferences
. N . an
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similar results and they demonstrated that DHK inhibits EAA ischemiaCerebrovasc Brain Metab Rev 3 213-245, 1991
ea”y release more strongly than 4.4’-dinitrostiben-2 2:_2. Benveniste H, Drejer J, Schoushoe A, Diemer NH : Elevation of the
. . . ’ ’ extracellular concentrations of glutamate and aspartate in rat hippo-
disulfonic acid(DNDS), a blocker of Cthannels. campus during transient cerebral ischemia monitored intracerebral
The observed infarct volume encompassing through microdialysis.J Neurochem 43 1369-1374, 1984
triaf d th ina t rtical . . ical Sf Berger C, Annecke A, Aschoff A, Spranger M, Schwab S : Neuroch-
S I.'Ia L_jm an en_ progressing O cortical reg_lons IS typ|F:a o emical monitoring of fatal middle cerebral artery infarctiSitroke
this bilateral carotid artery occlusion model, since the striatum 30: 460-463, 1999
is supplied by end-arteries while the neocortex relatively welf- Butcher SP, Bullock R, Graham DI, McCulloch J: Correlation
: . between amino acid release and neuropathologic outcome in rat
collaterally circulated. Furthermore, the progressive volume prain following middie cerebral artery occlusictroke 21: 1727-
of ischemic injury correlated positively with the total efflux of 1733, 1990
both alut t d rtate. DHK sianifi tlv att t a Castillo J, Davalos A, Noya M : Progression of ischemic stroke and
oth glutamate and aspartate. signincantly attenuated g, qistoxic amino acidd.ancet 349: 79-83, 1997
ichemic injury resulted from the excessive releases of EAAS. Choi DW : Excitotoxic cell deatd.Neurobiol 23: 1261-1276, 1992
during ischemic period and therefore ameliorated the: ristensen T, Bruhn T, Diemer NH, Schousboe A : Effect of
. . . . phenylsuccinate on potassium and ischemia-induced release of
resulting neurological deficit. Thus, it would appear that the gjutamate in rat hippocampus monitored by microdialyseirosci
resulting volume of ischemic damage is directly related the Lett 134:71-74, 1991 _
f . id rel d within th f the inf t8 Combs DJ, D'Aecy LG : Motor performance in rats exposed to severe
amount of amino acid released within the core of the infarct. forebrain ischemia : effect of fasting and 1,3-butaneditbke 18:
Similar relationships have been observed in normotensive 503-511. 1987
; ; . Coyle MS : Different susceptibilities to cerebral infarction in spontaneously
WKY r_atj SUbJeCted to permanent and transient foca? hypertensive and normotensive Sprague DawleyStatske 17: 320-325,
ischemi&™**) 1986
Comparison of the temporal profile of EAA efflux betweert0- Davson LA, Djali S, Gonzales C, Vinegra MA, Zaleska MM -
.. Characterization of transient focal ischemia-induced increases in
control WKYs and control SHRs reveals a somewhat similar extracellular glutamate and aspartate in spontaneously hypertensive
increase in both amino acids during the period of 30 minutes rats.Brain Res Bull 53: 767-776, 2000 N
BCAO. However, the increases of concentrations of bott Dréjer J, Benveniste H, Diemer NH, Schousboe A : Cellular origin
) of ischemia-induced glutamate release from brain tissue in vivo and
glutamate and aspartate in control SHRs (CSHR) were muchin vitro. J Neurochem 45 145-151, 1985
higher (51-f0|d in glutamate 25-fold in aspartate) than thodg@: Furuta A, Rothstein JD, Martin LJ : Glutamate transporter protein

. . . subtypes are expressed differentially during rat CNS developthent.
in control WKYs (36-fold in glutamate, 14-fold in aspartate). Neu?’é)sci 7: 8365_8375’ 1997 Y J P

VOLUME 36 | Octeler, 2004 | 315



Infarct and Glutamate in Hypertensive Rat

13.Heistad DD, Mayhan WG, Coyle P, Baumbach GL : Impaire®8. Rossi DJ, Oshima T, Attwell D : Glutamate release in severe brain
dilation of cerebral arterioles in chronic hypertensBlood Vessels ischemia is mainly by reversed uptakiature 403: 316-321, 2000
27:258-262, 1990 29.Rothman SM, Olney JW : Glutamate and the pathophysiology of

14. Huang FP, Zhou LF, Yang GY : Effects of mild hypothermia on the hypoxic/ischemic brain damagénn Neurol 19: 105-111, 1986
release of regional glutamate and glycine during extended transi@ti. Rothman SM, Olney JW : Excitotoxicity and the NMDA receptor.
focal cerebral ischemia in ratdeurochem Res 23 991-996, 1998 Trends Neurosci 10: 299-302, 1987

15. Kanai Y, Hediger MA : High affinity glutamate transporters :31. Rothstein JD, Dykes-Hoberg M, Pardo CA, Bristol LA, Jin L, Kuncl
Physiological and pathological relevance in the central nervous system. RW, et al : Welty, Knockout of glutamate transporters reveals a
In : D.W. Bran, V.B. Mahesh (Eds.), Excitatory amino acids, their role major role for astroglial transport in excitotoxicity and clearance of
in neuroendocrine function, CRC Prddsw York, 1996 pp 102-131 glutamateNeuron 16: 675-686, 1996

16.Massieu L, Morales-Villagran A, Tapia R : Accumulation of extracellula832. Rutledge EM, Kimelberg HK : Release of [3H]-D-aspartate from
glutamate by inhibition of its uptake is not sufficient for inducing neuronal  primary astrocyte cultures in response to raised external potagsium.

damage : an in vivo microdialysis studyNeurochem 64: 2262-2272, Neurosci 16: 7803-7811, 1996

1995 33.Samsel RW, Schumacker PT : Determination of the critical O2
17. Meldrum BS : Protection against ischemic neuronal damage by delivery from experimental data : sensitivity to erdAppl Physiol

drugs acting on excitatory neurotransmissiGerebrovasc And 64:2074-2082, 1988

Brain Metab Rev 2: 27-57, 1990 34.Seki Y, Feustel PJ, Keller RW, Tranmer BI, Kimelberg HK :

18. Mitani A, Imon H, lga K, Kubo H, Kataoka K : Gerbil hippocampal Inhibition of ischemia-induced glutamate release in rat striatum by
extracellualr glutamate and neuronal activity after transient ischemia. Dihydrokinate and an anion channel blocksiroke 30: 433-440,
Brain Res Bull 25: 319-324, 1990 1999

19.Munoz MD, Herreras O, Herranz AS, Solis JM, Del Rio RM, Lerma J35. Siesjo BK : Pathophysiology and treatment of focal cerebral ischemia.
Effects of dihydrokainic acid of extracellular amino acids and neuronal Part |. Pathophysiology. Neurosurg 77: 169-184, 1992
excitability in the in vivo rat hippocampuseuropharmacology 26: 36. Spnk DC, Swann JW, Snead OC, Waniewski RA, Martin DL :

1-8, 1987 Analysis of aspartate and glutamate in human cerebrospinal fluid by
20.0Iney JW : Inciting excitotoxic cytocide among central neurons. high performance liquid chromatography with automated precolumn
Adv Exp Med Biol 203: 631-645, 1986 derivatization Ann Biochem 158: 79-86, 1986

21. Park CK, Nehls DG, Graham DI, Teasdale GM, McCulloch J : Thg7. Swan JH, #ans MC, Meldrum BS : Long-term development of
glutamate antagonist MK-801 reduces focal ischemic brain damage selective neuronal loss and the mechanism of protection by 2-amino-
in the rat Ann Neurol 24 : 543-551, 1988 7-phosphonoheptanoate in a rat model of incomplete forebrain

22.Park CK, Nehls DG, Teasdale GM, McCulloch J : Effect of the ischemiaJ Cereb Blood Flow Metab 8: 64-78, 1988
NMDA antagonist MK-801 on local cerebral blood flow in focal 38. Swan JH, Meldrum BS : Protection by NMDA antagonists against
cerebral ischemia in the rat.Cereb Blood Flow Metab 9: 617- selective cell loss following transient ischemiaCereb Blood Flow
622, 1989 Metab 10: 343-351, 1990

23. Phillis JW, Ren J, O’'Regan MH : Transporter reversal as mechani@®. Tagaki K, Ginsberg MD, Globus MY, Dietrich WD, Martinez E,
of glutamate release from the ischemic rat cerebral cortex : studies Kraydieh S, et al : Changes in amino acid neurotransmitters and
with DL-threof-benzyloxyaspartateBrain Res 868: 105-112, cerebral blood flow in the ischemic penumbra region following middle
2000 cerebral artery occlusion : Correlation with histopatholalyfereb

24. Phillis JW, Smith-Barbour M, Perkins LM, O’'Regan MH : Characte- Blood Flow Metab 13: 575-585, 1993
rization of glutamate, aspartate and GABA release from ischemic r40. Uchiyama Y, Araki H, Yae T, Otomo S : Changes in the extracellular
cerebral cortexBrain Res Bull 34: 457-466, 1994 concentrations of amino acids in the rat striatum during transient

25.Rao VL, Dogan A, Todd KG, Bowen KK, Kim BT, Rothstein JD, etal :  focal cerebral ischemid.Neurochem 62 1074-1078, 1994
Antisense knockdown of the glial glutamate transporter GLT-1, but ndtl. Zarbiv R, Grunewald M, Kavanaugh MP, Kanner Bl : Cysteine
the neuronal glutamate transporter EAAC1, exacerbates transient focal scanning of the surroundings of an alkali-ion binding site of the
cerebral ischemia-induced neuronal damage in rat Bralaurosci 21: glutamate transporter GLT-1 reveals a conformationally sensitive
1876-1883, 2001 residueJ Biol Chem 273: 14231-14243, 1999

26. Robison MB, Dowd LA : Heterogeneity and functional properties 042. Zhang Y, Wong KC, Hayes JK, Plachinta RV : Excitatory amino
subtypes of sodium-dependent glutamate transporters in the mamm-acid receptor antagonist 2APH may improve local CBF during

alian CNS Adv Pharmacol 37: 69-115, 1997 cerebral ischemia in cat&cta Anaesthesiol Sin 39 109-113, 2001
27.Roettger V, Lipton P : Mechanism of glutamate release from rat3.Zhang Y, Wong KC, Zhang Z : The effect of intraischemic mild
hippocampal slices during in vitro ischemii¥euroscience 75 677- hypothermia on focal cerebral ischemia/reperfusion injégta

685, 1996 Anaesthesiol Sin 39 65-69, 2001

316 | J Korean Neurosurg Soc 36



