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Enflurane-induced Release of an Excitatory Amino Acid,

Glutamate, from Mouse Brain Synaptosomes

Takuji Hirose, M.D.,* Masafumi Inoue, M.D.,+ Morio Uchida, M.D.,} Chiyoko Inagaki, M.D.§

To clarify the mechanisms of enflurane-induced convulsions, we
examined the effects of enflurane, halothane, and diethyl ether on
the release of an excitatory neurotransmitter, glutamate, from iso-
lated pinched-off nerve terminals (synaptosomes) of the mouse ce-
rebral cortex. At concentrations corresponding to those used clin-
ically (0.75 and 1.25 mM), enflurane released more glutamate than
did halothane. Diethyl ether (10 and 58 mM) had no effect on glu-
tamate release. Enflurane (0.75-15 mM) increased glutamate and
aspartate release in a dose-dependent manner but had little effect
on the release of the inhibitory neurotransmitters glycine and +-
aminobutyric acid or on the release of glutamine. A glutamate uptake
inhibitor, kainic acid (I mM), did not affect enflurane-induced glu-
tamate release. Replacement of the medium’s Ca** by Co**, or ex-
posure to cold (about 2° C), suppressed the enflurane-induced glu-
tamate release. Depolarization caused by 40 mM K* increased the
basal level of glutamate released, and enflurane-induced glutamate
release was lower after depolarization. Enflurane had no effect in
synaptosomes prepared from the cerebellum, diencephalon and pons,
or medulla oblongata. Thus, enflurane increased Ca**- and temper-
ature-dependent glutamate release, especially from synaptosomes
of the cerebral cortex. These data provide a pathophysiologic ex-
planation for enflurane-induced convulsions, (Key words: Anes-
thetic, volatile: diethyl ether; enflurane; halothane. Brain, synap-
tosomes: glutamate.)

VOLATILE ANESTHETICS are considered to depress neu-
ronal excitation,! but some also have excitatory effects,
including convulsions.?® Enflurane is known to induce
spikes and waves in the electroencephalogram and con-
vulsions in some patients.?® It also can cause epilepsy-like
seizure activity in the electroencephalograms of cats* and
dogs® and opisthotonus in mice.®1,** Enflurane-evoked
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seizure-like burst discharges from CA1l neurons in rat
hippocampal slices are completely suppressed by a glu-
tamate/N-methyl-D-aspartate receptor antagonist.”® This
suggests that enflurane stimulates the release of glutamate,
an excitatory amino acid. In the present report we show
that enflurane can enhance endogenous glutamate release
from synaptosomes (isolated pinched-off nerve endings)
of the mouse cerebral cortex.

Materials and Methods

PREPARATION OF SYNAPTOSOMES

Experimental methods used in this study were approved
by the animal research committee of Kansai Medical Uni-
versity. Male ddY mice (25-35 g) (Tokushima Animal
Laboratory, Japan) were stunned and decapitated. The
whole brains were rapidly removed and placed on an ice-
cold glass plate. Then the brains were divided into four
brain regions: cerebral cortex, cerebellum, diencephalon
and pons, and medulla oblongata. In most of the exper-
iments, the cerebral cortex was used. Synaptosomal frac-
tions were prepared from brain tissues as described by
Gray and Whittaker.® In brief, the brain tissues were ho-
mogenized in a Teflon-glass homogenizer in an ice-cold
buffer solution (a homogenizing buffer, 2.0 + 0.5° C, pH
7.4 + 0.05) containing (millimolar concentrations) sucrose
250, Tris-2-(N-morpholino)-ethanesulfonic acid 12.5,
ethylenediamine tetraacetic acid 1, and phenylmethyl-
sulfonyl fluoride 1. The homogenate was centrifuged at
1,000 X g for 10 min, and the supernatant was centrifuged
at 12,000 X g for 30 min. The resulting pellets were
washed twice by centrifugation (12,000 X g, 30 min) with
a homogenizing buffer. The final pellet was suspended in
a modified Krebs-HEPES buffer solution (a standard so-
lution, pH 7.3 =+ 0.05) containing (millimolar concentra-
tions): NaCl 128, KClI 2.5, CaCly 2.7, MgSO, 1.2,
NapoHPO, 1, HEPES 20, and glucose 20, to give a protein
concentration of about 5 mg/ml, as measured by the
method of Lowry et al.'® They were used within 2 h of

- their preparation.

ASSAY OF AMINO ACID RELEASE

Release of amino acid from synaptosomes was estimated
according to the method described by Hardy et al.'' and
Inoue et al.'? Aliquots of synaptosomal preparations (0.1
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mi) were added to the standard solution (0.9 ml, control)
or the solution containing 1 mM kainic acid, 2.7 mM Co®*
instead of Ca®*, or 40 mM K+ (Na* + K* = 132.5 mm),
incubated at 32° G for 10 min, and then incubated for
another 5 min following the addition of a volatile anes-
thetic (enflurane, halothane, or diethyl ether). To examine
the effects of ice-cold conditions (about 2° C), we did the
experiments in a cold room and kept test tubes in a box
filled with crushed ice throughout the incubation period
(15 min). Samples without anesthetics received an equiv-
alent volume of a standard solution. To minimize syn-
aptosomal damage and spontaneous release, incubation
conditions included a high glucose concentration (20 mm)
-and:low temperature (32° C). The incubation was ter-
minated by the addition of four volumes of ice-cold stan-
dard solution (about 2° C), and the mixture was imme-
diately centrifuged at 12,000 X g for 20 min. An aliquot
(50 ul) of the supernatant was then mixed with 50 ul of
- 100 mM sodium borate containing o-phthalaldehyde/2-
mercaptoethanol, and 10 ul of the mixture was injected
into a high-performance liquid chromatograph with a
spectrophotometer (Eikom Co. and Soma Kougaku Co.,
Japan), which was set at wavelengths of 360 and 450 nm
for excitation and emission, respectively.

The concentrations of amino acids were calculated
from the corresponding peak heights and were quantified
with external standards and corrected for blank values.
Anesthetic-induced glutamate release was calculated by
subtracting the amount of glutamate released in the ab-
sence of anesthetic (basal level) from that released in the
presence of the drug. Contents of intrasynaptosomal glu-
tamate extracted by 0.1 N perchloric acid after the 5-min
incubation with enflurane (5 mM) was estimated to be
4.73 + 0.15 pg/mg protein (n = 8) and was about three
to six times as high as the amount of glutamate released
in the supernatant. This suggests that our preparations
could be used to model the activities of intact nerve ter-
minals.'?
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MATERIALS

Drugs used were enflurane (Abbott Laboratory, Italy),
halothane (Takeda Chemical Industries, Ltd., Japan), di-
ethyl ether (Ishizu Pharmaceutical Co., Ltd., Japan).
Other chemicals and solvents were of the highest grade
commercially available. Volatile anesthetics were dissolved
directly in a buffer solution by shaking.'*-'® To prevent
evaporative loss, they were incubated in plugged glass
test tubes. Millimolar-range concentrations of the volatile
anesthetics are reportedly equivalent to those used
clinically'®'7 (approximately corresponding to 1-2 MAC):
0.5-1.25 mM for enflurane'®'® and halothane'®!%2° and
10-20 mM for diethyl ether.2%?!

STATISTICAL ANALYSIS

The data were analyzed with Student’s unpaired ¢ test.
P < 0.05 was considered to be significant.

Results

Clinically used concentrations of diethyl ether (10 mm),
halothane (0.75 mM, 1.25 mM) and enflurane (0.75 mM,
1.25 mM) were tested for glutamate release from cere-
brocortical synaptosomes (table 1). Although both halo-
thane and enflurane stimulated glutamate release, en-
flurane released more glutamate than did the same con-
centration of halothane. Diethyl ether at clinical and even
ata much higher concentration (58 mM) did not stimulate
glutamate release. Enflurane at 0.75 to 15 mM increased,
in a dose-dependent manner, the amounts of glutamate
and aspartate released, but it had only small effects on
the release of y-aminobutyric acid (GABA), glycine, and
glutamine (fig. 1). In the following experiments, 5 mM
was used to analyze quantitatively the effects of various
treatments on enflurane-induced glutamate release. The
amounts of glutamate released began to increase soon
after enflurane was added, and reached a plateau within

TABLE 1. Effects of Volatile Anesthetics on Glutamate Release from Mouse Cerebrocortical Synaptosomes

Amount of Glutamate Released Anesthetic-induced Glutamate Number of
Treatment (ng/mg protein) Release (ug/mg protein) - Brains
None 1.66 =+ 0.09 — 10
Diethyl ether 10 mM 1.67 = 0.11 0.10%0.18 4
58 mM 1.73 +0.15 0.16 £ 0.15 4
Halothane 0.75 mM 1.90 + 0.05* 0.19 + 0.05 6
1.25 mMm 1.99 + 0.09* 0.28 = 0.09 6
Enflurane 0.75 mM 2.06 =+ 0.07* 0.36 + 0.07% 6
1.25 mM 2.19 + 0.08* 0.48 + 0.087} 6

‘Anesthetic-induced glutamate release was calculated as the difference
between the amounts of glutamate released in the presence and absence
of an anesthetic. Values are given as means = SEM.

* P < 0.05: significant difference from the value in the absence of

an anesthetic.
1 P < 0.05: significant difference from each value with the same
concentration of halothane.
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F1G. 1. Dose-dependent effects of enflurane on the glutamate (filled
circles), aspartate (filled triangles), glycine (open triangles), y-amino-
butyric acid (open squares), and glutamine (filled squares) released
from cerebrocortical synaptosomes of mice. Each point with bars rep-
resents a mean + SEM of six brains. *P < 0.05, significantly different
from the corresponding value without enflurane,

10 min (fig. 2). In contrast, the amounts of glutamate
recovered in the medium without enflurane did not
change, which suggests that net spontaneous glutamate
release during the incubation period was negligible.

A glutamate uptake inhibitor, kainic acid (1 mM), in-
creased the amounts of glutamate released (basal level)
but had no effect on enflurane-induced glutamate release
(table 2). Replacement of the medium’s Ca®* by Co**, an
inorganic Ca®* entry blocker, reduced the enflurane-in-
duced glutamate release without affecting the basal level.
When synaptosomes were incubated under ice-cold con-
ditions (about 2° C), the basal level did not change, but
the enflurane-induced glutamate release was markedly
lower than the value measured under control conditions
(32° C). Depolarization with a high concentration of K*
(40 mM) increased the basal level and reduced the en-
flurane-induced glutamate release.

In synaptosomes prepared from the cerebellum, di-
encephalon and pons, or medulla oblongata, depolariza-
tion with 40 mM K* increased the basal level, but enflur-
ane did not stimulate glutamate release (fig. 3).
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FIG. 2. Time course of glutamate released from cerebrocortical syn-
aptosomes of mice in the absence (open circles) and presence (filled
circles) of enflurane (5 mM). Each point with bars represents a mean
+ SEM of four brains. *P < 0.05, significantly different from the cor-
responding value without enflurane.

Discussion

The effects of anesthetics on the release of excitatory
amino acids have received little attention. Amino acid re-
lease from synaptosomes can be used as a simple and useful
indicator of release from intact nerve terminals.'®*? The
present data show that at concentrations equivalent to

TABLE 2. Effects of Different Treatments on Enflurane
(6 mM)-induced Glutamate Release

Amounts of Glutamate (ug/mg protein)
Enflurane-
induced Number
Glutamate of
Treatment Basal Level With Enflurane Release Brains
Control 1.74 +0.08 |2.43 £ 0.09 |0.69 + 0.04 47
Kainic acid
(1 mm) 2.05 + 0.14* | 2.76 + 0.22* | 0.72 £ 0.17 8
Co* (2.7
mM) 1.75 £ 0.09 |2.05 +0.10*% | 0.30 =+ 0.09%* 4
Ice-cold
conditions | 1.70 £ 0.12 | 1.79 + 0.09* | 0.09 =+ 0.05* 4
High K* (40
mM) 2.78 + 0.13* | 3.05 + 0.18* | 0.27 £ 0.06* 4

Enflurane-induced glutamate release was calculated as the difference
between the amounts of glutamate released in the absence (basal release)
and presence of enflurane. Values are given as means + SEM.

* P < 0.05, significant difference from the corresponding control
value,
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FiG. 3. Enflurane- and high K*-induced glutamate release from the
synaptosomes of four brain regions. Open columns represent the values
in the absence of enflurane (control); filled and shaded columns rep-
resent the values in the presence of enflurane (5 mm) and high K* (40
mM), respectively. The data are means * SEM of four brains. *P < 0.05,
significantly different from the corresponding control value.

those used clinically,’®*! enflurane released glutamate

from mouse cerebrocortical synaptosomes more potently
than did halothane. By contrast, diethyl ether did not
affect glutamate release over a wide range of concentra-
tions. This indicates that volatile anesthetic-related com-
pounds do not necessarily increase glutamate release.
Enflurane, at clinically used concentrations and above,
significantly increased the release of two excitatory amino
acids, glutamate and aspartate, but only slightly stimulated
the release of GABA, glycine, and glutamine at much
higher concentrations (10 and 15 mM). The basal levels
of glutamate and aspartate exceeded those of GABA, gly-
cine, and glutamine, probably because of larger tissue
contents of the former two than of the latter three in the
brain cortex.?® The effects of enflurane on the release of
GABA, glycine, and glutamine might be underestimated
because of their low basal levels. However, increases in
the release of GABA and glycine from cerebrocortical
synaptosomes were easily detected after depolarization
with 40 mM K™ (data not shown). Thus, enflurane appears
to stimulate preferentially the release of excitatory rather
than inhibitory amino acids from nerve endings. Because
glutamine release, which is an indicator of nonspecific
leakage of intrasynaptosomal substances,'? was not af-
fected by enflurane, the synaptosomal membranes appear

\
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not to have been so damaged by enflurane as to increase
nonspecific leakage of glutamate. Kainic acid reportedly
inhibits glutamate uptake in nerve endings without af-
fecting glutamate exocytosis.?* Kainic acid increased the
basal level due to inhibition of glutamate uptake during
the incubation period. Since enflurane increased the
amount of glutamate released even in the presence of 1
mM kainic acid, this anesthetic probably directly stimulates
exocytosis rather than inhibits the uptake of glutamate.
This idea is also supported by the fact that enflurane-
induced glutamate release was suppressed by Co®*, an
inorganic Ca®* entry blocker,? and by cold, because exo-
cytosis is known to be Ca**- and temperature-dependent.?
Furthermore, after exposure to a high concentration of
K*, the enflurane-induced glutamate release was reduced,
which suggests that enflurane and high concentrations of
K* work via a common mechanism, which may be de-
polarization.

In all of the brain regions tested (cerebral cortex, cer-
ebellum, diencephalon and pons, and medulla oblongata),
a high K* solution increased glutamate release, probably
through synaptosomal membrane depolarization. In con-
trast, enflurane stimulated glutamate release only from
synaptosomes from the cerebral cortex. This may reflect
the distribution of functional glutamatergic terminals in
the brain. It has been reported that there are many {*H]-
glutamate binding sites in the cerebral cortex but few in
the brain stem, and this corresponds to the distribution
of the glutamatergic pathway.?®

There is evidence that depression of postsynaptic neu-
ronal responses may contribute to the action of general
anesthetics.'® In this context, diethyl ether-induced con-
vulsions may be explained as effects of inhibition of in-
hibitory postsynaptic responses. Our results suggest that
enflurane-induced convulsions occur when excitatory
stimuli resulting from excessive release of excitatory
amino acid may overcome postsynaptic inhibition. Because
activation of glutamate receptors is known to cause con-
vulsions in vivo and seizure discharge,”” an increase in
glutamate release is now believed to play an important
role in the pathophysiology of convulsion-related disor-
ders.?® Consistent with the report that enflurane-induced
seizure-like discharges in hippocampal neurons were
completely inhibited by a glutamate /N-methyl-D-aspartate
receptor antagonist,”® our results provide direct evidence
of potent glutamate release induced by enflurane and
should help to clarify the mechanism of enflurane-induced
convulsions.
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