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The concentrations of extracellular glutamate (Glu), aspartate
(Asp) and glycine (Gly) were measured by microdialysis method in
the cortex and hippocampus before, during and after 15 min of total
cerebral ischemia in dogs. The correlations between the concentrations
of amino acids and the changes in EEG and evoked potentials (EP) af-
ter ischemia were evaluated. Total cerebral ischemia was achieved by
occluding the ascending aorta and the caval veins. The concentrations
of Glu in the hippocampus significantly increased from 1.73 ± 0.59
(mean ± SEM) nmol.ml- 1 at pre-ischemia to 5.46 ± 1.34 (P < 0.05)
during ischemia and 14.37 ± 3.70 (P < 0.01) 0-15 min after ischemia,
and returned to the pre-ischemic level 30 min after ischemia. The con-
centration of hippocampal Glu 0-15 min after ischemia had significant
negative correlations with the EEG-EP scores (O=serious deterioration
of electrical function and 6=normal electrical function) 30 min, 3 hr
and 5hr after ischemia (r=-0.69, P < 0.05 : r=-O.67, P < 0.05 :
r=-0.70, P < 0.05, respectively). The increase of the extracellular Glu
concentration in the hippocampus immediately after ischemia may ag-
gravate the neurological outcome after total cerebral ischemia. (Key
words: cerebral amino acids, EEG, evoked potentials, total cerebral
ischemia)

(Ono K, Iwatsuki N, Tajima T, et a1.: Elevation of the extracel-
lular glutamate concentration in the hippocampus after total cerebral
ischemia related to the deterioration of the recovery in EEG and evoked
potentials in dogs. J Anesth 7: 334-340, 1993)

The concentrations of extracellu-
lar excitatory amino acids increase
during and immediately after IS-

chemia in the vulnerable brain regions,
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such as the hippocampus-, strtaturnv",
and cortex4 ,5 . The elevated excita-
tory amino acids may play an im-
portant role in the development of
post-ischemic brain damage'':". The
peak concentration of cerebral gluta-
mate, which is one of the excitatory
amino acids, during brain ischemia cor-
relates with the post-ischemic histolog-
ical damage in cerebral tissue'. After
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total cerebral ischemia, the degree of
the neurological damage is reflected
in the waves of EEG and evoked
potentials8,D.
We measured the concentrations of

extracellular amino acids in the cor-
tex and hippocampus after complete
total cerebral ischemia in dogs, and
evaluated the correlations between the
changes in the concentrations of excita-
tory amino acids and the recoveries of
the waves in EEG and evoked poten-
tials after ischemia.

Materials and Methods

These experiments were approved
by the animal cares committee of To-
hoku University School of Medicine.
Ten male mongrel dogs weigh-

ing 10.5 ± 0.6 kg (Mean ± SD) were
used. Anesthesia was induced with
25 mg.kg- 1 of thiopental sodium and
maintained with 1.0% of halothane in
oxygen after tracheal intubation. The
dog was ventilated by an animal venti-
lator (R-60, Aika, Japan) to maintain
Paco2 at a level between 35 mmHg
and 40 mmHg under muscle paral-
ysis with pancuronium bromide. A
femoral artery and a forepaw vein were
catheterized for blood pressure mon-
itoring and administration of drugs.
Lactated Ringer's solution was admin-
istered at the rate of 10 ml·kg-1·hr- 1 •
Following thoracotomy of the left side,
tapes were placed around the bases
of the ascending aorta, the superior
and the inferior caval veins, respec-
tively. The upper esophageal temper-
ature was maintained between 37.0°C
and 38.0°C before ischemia. Fifteen
minutes of total complete cerebral is-
chemia was achieved by occluding the
aorta, the superior and the inferior
caval veins by tying tapes. During the
vessel occlusion, the heart was cooled
with lactated Ringer's solution at 4QC

for myocardial protection. Recircula-
tion was established by releasing the
occlusion after drawing up the cold so-

lution, accompanied with iv injections
of 3-5 ml of 7% N aHe o a and 1-3 mg of
etilefrine hydrochloride.
A burr hole (diameter: about

25 mm) overlying the left parieto-
temporal cortex was opened and the
dura was incised. The microdialy-
sis probes (length: 70 mm, diameter:
0.6 mm, dialysis membrane: 3 mm;
CMA/10, Carnegie Medicine, Sweden)
were inserted separately into the pari-
etal cortex (depth: 4 mm) and the
hippocampus (depth: 25 mm, 10 mm
in front of the paries and 20 mm to
the left of that point). After inser-
tion of the probes, the concentration of
halothane was decreased to 0.3% and
maintained at that 'level. The dialy-
sis probes were continuously perfused
with saline at the rate of 2 {il·min-I,
and were allowed to stabilize for 60
min before the first pre-ischemic sam-
ple was taken. Consecutive 15 min
samples, namely 30 J.tl of the perfusate,
were collected in polyethylene tubes
and frozen at -20°C for subsequent
amino acids analysis.
The concentrations of aspartate, glu-

tamate and glycine in the perfusate
were determined by high-performance
liquid chromatography using a 5 J.tm
C18 ODS column and fluorescent de-
tection. The complex of 81 volume
% of O.IM CH3COONa with 0.5 mM
EDTA, 15% of methanol and 4% of
tetrahydrofurane was used for the mo-
bile phase (pH 5.75) with a flow rate
of 1.0 ml·min-1. Amino acids were
detected as fluorescent derivatives us-
ing an O-phthalaldehyde (OPA) and
2-mercaptoethanol solution (pH 10.4).
Fifteen 111 of the perfusate was mixed
with 15 {il of the OPA solution at
4-8QC for reaction, then 20 pJ of the
mixture was injected into the chro-
matography column 1 min after mix-
ing. These amino acids were qualified
by the peak with reference to a 20
nmol'ml- 1 calibration standard.
The blood flow of the cortical sur-
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Fig. 1. Changes in mean arterial blood pressure (mean BP) and percentile
changes for pre-ischemic value in cortex blood flow (CBF).
Values are mean = SElvI. *: P < (UJ1 vs the value of pre-ischemia. Pre: before

ischemia, Isch: during ischemia, m: min afrer ischemia, h: hours after ischemia.

face (CBF) was measured by a laser
doppler flow meter (MBF3, Moor In-
struments, England) placed on the
temporal cortex beside the microdialy-
sis probe. The evoked potentials (EP)
of auditory brainstem response (ABR),
middle latency response (MLR) and
somatosensory evoked potentials (SEP)
were observed (7S12, Nihondenki-
sannei, Japan) using needle electrodes
inserted in the head skin. EEG and
EP were evaluated by the EEG grade
(l=normal and 5=flat) made with ref-
erence to the grade of Hockaday et
al.8 , and the EEG-EP score (6=nor-
mal response and O=serious deteriora-
tion of electrical function) originated
by ourselves9, 10. Blood pressure, heart
rate, upper esophageal temperature,
hematocrit, blood glucose concentra-
tion, CBF, EEG and EP were meas-
ured before ischemia and for 5 hr after
ischemia.
After the end of the experiment,

the brain was extracted and kept in
a formalin solution (10 weight %) for
1 week. The areas where the probes
had been inserted, were histologically
confirmed to be the hippocampus and

cortex.
Changes in physiological variables

and dialysate amino acids were tested
by means of a two-way analysis of vari-
ance with a paired t-test. Correlations
between hippocampal glutamate con-
centrations and EEG-EP scores were
established by Spearman's correlation
coefficient by ranks. Values of meas-
ured variables were expressed as mean
± SEM. A P value less than 0.05 was
considered to be statistically signifi-
cant.

Results

Immediately after ischemia, 7%
NaHco3 (4.2 ± 0.6 ml) and etilefrine
hydrochloride (1.5 ± 0.4 mg) were used
for increasing blood pressure, and a
counter shock was used in one case for
treating ventricular fibrillation.
The mean arterial blood pressure

(mean BP) rose to the pre-ischemic
level within 5 min, and became higher
than that level 10 min and 15 min
after recirculation. Then, mean BP re-
turned to the pre-ischemic level 30 min
after recirculation. The cortex blood
flow (CBF) during brain ischemia de-
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Fig. 2. Changes in the glutamate con-
centration in the perfusate sampled from
the cortex and hippocampus.
Values are mean ± SEM. *: P < 0.05

vs the value of pre-ischemia, **: P < 0.01
vs the value of pre-ischemia. Pre: before is-
chemia, Isch: during ischemia. m: min after
ischemia, h: hours after ischemia.

Table 1. The appearance rates of evoked potentials and changes in the EEG grade
and the EEG-EP score before and after brain ischemia

AER-5 wave: the 5th positive wave of AER, MLR-Pa wave: the second large positive
wave of :\:lLR, SEP :"J2 wave: the second negative wave of SEP, SEP N3 wave: the third
negative large wave of SEP. The appearance rates are expressed by %. The values of the
EEG grade and the EEG-EP score are mean ± SEM.

creased to the level obtained 1 hr of
cardiac arrest after the end of this
study. The CBF became higher than
the pre-ischemic level for the first 15
min after ischemia, then remained at
a similar level to pre-ischemia after 30
min post-ischemia (fig. 1).
There were significant increases in

the glutamate concentrations of the
hippocampus during ischemia (5.46
± 1.34 nmol·ml- 1 , P < 0.05) and 0-

15 min after ischemia (14.37 ± 3.70,
P < 0.01) compared with that of
pre-ischemia (1.73 ± 0.59), and these
concentrations returned to the pre-
ischemic level after 30 min post-
ischemia. There were no significant
changes from the pre-ischemic level
in the concentrations of cortical glu-
tamate during and after ischemia (fig.
2). A significant increase was shown
in the concentrations of hippocampal
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SEP-N3, and the grade of EEG and
EEG-EP score are shown in table 1.
The concentration of hippocampal

glutamate 0-15 min after ischemia had
significant negative correlations with
the EEG-EP score 30 min after is-
chemia (rs=-0.69, P < 0.05), with the
score 3 hr after ischemia (rs=-0.67, P
< 0.05) and with the score 5 hr after
ischemia (rs=-0.70, P < 0.05). There
were no significant correlations in any
other combinations between the con-
centrations of hippocampal glutamate
and the EEG-EP scores.
The esophageal temperature signif-

icantly decreased for 1 hr after is-
chemia. Transient increases in heart
rate and Paco2 were observed. Pao,
was kept in hyperoxia for 5 hr after
ischemia. Blood glucose concentration
increased for 1 hr and hematocrit in-
creased for 5 hr after ischemia. Base
excess became the lowest 15 min af-
ter ischemia, then gradually increased
(table 2).

Fig. 3. Changes in t he concentrat.ions of

aspartate and glycine in the perfusate sampled

from the cortex and hippocampus.

Values are mean ± SEM. *: P < 0.05 vs the
value of pre-ischemia, **: P < 0.01 vs the value
of pre-ischemia. Other abbreviations arc same

as these of figure 2.

aspartate 0-15 min after ischemia (2.82
± 0.64 nmol-ml" ", P < 0.05) compared
with the pre-ischemic value (1.07 ±
0.32). The concentrations of cortical
aspartate significantly decreased after
30 min post-ischemia. The concentra-
tion of glycine in the hippocampus and
cortex were not altered during and
after ischemia (fig. 3).
EEG became flat and all EP waves

disappeared during ischemia. The first
and third waves of ABR and the Nl
wave of SEP reappeared 30 min after
ischemia in all dogs. The appearance
rates of ABR-5, MLR-Pa, SEP-N2 and

Discussion

This study demonstrated a large
increase in the concentration of hip-
pocampal glutamate during and im-
mediately after total cerebral ischemia
measured by microdialysis method. In
focal cerebral ischemia, the concen-
tration of the hippocampal glutamate
has also been reported to increase
excessively'<. The measured glutamate
concentration by microdialysis method
reflects a change in the amount of
glutamate in the extracellular space",
The extracellular accumulation of glu-
tamate in the ischemic brain might
be the result of the excessive re-
lease of glutamate from the glutamine
pool and/or the failure of the glu-
tamate uptake in the neuron and
astrocyte!", The uptake of glutamate
is highly energy dependent, thus might
fail in the ischemic brain12. The con-
centration of hippocampal glutamate
returned to and was maintained at



Values are mean ± SEN!. *: P < 0.05 vs the values of pre-ischemia, **: P < 0.01 vs the values
of pre-ischemia, Temp: the temperature of esophagus, HR: heart rate, Glucose: the concentration
of blood glucose.

the pre-ischemic level 30 min after
ischemia in this study. Cerebral phos-
phocreatine and energy charge have
been reported to return to the pre-
ischemic level 15 min after total brain
ischemia':'. Therefore, the uptake sys-
tem of glutamate in the neuron or
astrocyte might return to the suffi-
cient level removing the extracellular
glutamate 30 min after brain ischemia.
We previously demonstrated a pos-

itive correlation between the EEG-EP
score and the grade of long term
neurological recovery in canine brain
Ischemia". It is hard to observe the
canine neurological recovery for long
time in this acute study inserting dial-
ysis needles directly to the brain, thus
we used the EEG-EP score instead. In
this study, there was a negative cor-
relation between the peak glutamate
concentration in the hippocampus and
the EEG-EP score, namely the neu-
rological recovery. Moreover, the peak
concentration of cerebral extracellular
glutamate has been reported to be cor-

related to the histopathologic cerebral
darnage" in focal cerebral ischemia.
It is still on discussion whether the

high concentration of cerebral gluta-
mate induced by ischemia is the cause
of the direct injury in the nerve cells
or the result reflecting the grade of
cellular damage. However, there is a
fact that the high concentration of
glutamate (100 pM) induced cellular
necrosis in the cultured nerve cells",
The highest glutamate concentration
in the hippocampus was 14.4 pM in
this study, and the glutamate recov-
ery by the microdialysis probe is re-
ported to be about 16% (the data of
Carnegie Medicine laboratory). There-
fore, the peak concentration of extra-
cellular hippocampal glutamate after
ischemia (about 90 pM) may be high
enough to injure nerve cells directly.
The concentrations of glutamate and

aspartate in the cortex had no sig-
nificant changes after ischemia in this
study. The elevation of cortical gluta-
mate has been reported in focal brain
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ischemia'':". Since the cortex, where
the microdialysis probes were inserted,
was exposed to the roorn temperature
in this study, the cortical tempera-
ture might be decreased partially. The
temperature of the deep area, namely
the hippocampus, might not be influ-
enced by the room temperature. The
mild hypothermia has been reported to
decrease the release of cerebral neuro-
transmitters during ischemia14. There-
fore, we speculate that the decreased
temperature in the cortex attenuated
the increases of glutamate and aspar-
tate in this study. We are studying
now to prove these speculation.
We conclude that the extracellular

glutamate concentration in the hip-
pocampus increases during and imme-
diately after ischemia. The deteriora-
tion of EEG and evoked potentials is
positively correlated to the peak ex-
tracellular glutamate concentration in
the hippocampus after total cerebral
ischemia in dogs.
(Received Apr. 20, 1992, accepted for

publication Dec. 11, 1992)
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