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1 The synaptic concentrations of glutamate and g-aminobutyric acid (GABA) are modulated by
their release and re-uptake. The e�ects of general anaesthetics on these two processes remain
unclear. This study evaluates the e�ects of iso¯urane, a clinically important anaesthetic, on
glutamate and GABA release and re-uptake in superfused mouse cerebrocortical slices.

2 Experiments consisted of two 1.5-min exposures to 40 mM KCl in 30 min intervals. During the
second exposure, di�erent concentrations of iso¯urane with and without 0.3 mM L-trans-
pyrrolidine-2,4-dicarboxylic acid (PDC, a competitive inhibitor of glutamate uptake transporter)
or 1 mM nipecotic acid (a competitive inhibitor of GABA uptake transporter) were introduced. The
ratios of the second to ®rst KCl-evoked increases in glutamate and GABA were used to determine
the iso¯urane concentration-response curves.

3 The results can be described as a sum of two independent processes, corresponding to the
inhibitions of release and re-uptake, respectively. The EC50 values for the inhibitions of release and
re-uptake were 295+16 and 805+43 mM for glutamate, and 229+13 and 520+25 mM for GABA,
respectively. Addition of PDC did not signi®cantly a�ect glutamate release but shifted the re-uptake
curve to the left (EC50=315+20 mM). Nipecotic acid completely blocked GABA uptake, rendering
iso¯urane inhibition of GABA re-uptake undetectable.

4 Our data suggest that iso¯urane inhibits both the release and re-uptake of neurotransmitters and
that the inhibitions occur at di�erent EC50's. For GABA, both EC50's are within the clinical
concentration range. The net anaesthetic e�ect on extracellular concentrations of neurotransmitters,
particularly GABA, depends on the competition between inhibition of release and that of re-uptake.
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Introduction

The e�ect of general anaesthetics on the release of neuro-

transmitters from di�erent presynaptic membrane prepara-
tions has attracted much attention in recent years (Gri�ths &
Norman, 1993; Krnjevic, 1992; Langmoen et al., 1995;

Richards, 1995). General anaesthetics have been shown to
decrease the depolarization- or anoxia-evoked release of
glutamate, a major excitatory amino acid in the central

nervous system (CNS) (Bickler et al., 1995; Eilers & Bickler,
1996; Liachenko et al., 1998; Miao et al., 1995; Patel et al.,
1995; Schlame & Hemmings, 1995). A less predictable
behaviour in response to anaesthetics has been found for the

inhibitory neurotransmitter, g-aminobutyric acid (GABA).
Whereas some studies show the anaesthetic suppression of the
depolarization-evoked GABA release in the CNS, others

demonstrate the enhancement of it (for review see Richards,
1995). It remains a subject of debate whether the mechanisms
of general anaesthesia are related to the concentration of

neurotransmitters in the synaptic clefts. Although new lines of
evidence support the notion that the action of general
anaesthetics is on the postsynaptic membrane (Adelsberger et
al., 1998; Davies et al., 1997; Mihic & Harris, 1996; Weight et

al., 1992), the regulation of the extracellular concentration of

neurotransmitters is likely to play a signi®cant role in
balancing the intricate neuronal events that lead to general
anaesthesia (Langmoen et al., 1995; Liachenko et al., 1998;

Schlame & Hemmings, 1995).
In addition to the release process, the regulation of

concentration of neurotransmitters in the synaptic space

involves their re-uptake by speci®c carriers located in the
presynaptic and glial membranes (Borden, 1996; Borowsky &
Ho�man, 1995; Gonzalez & Ortega, 1997). This mechanism is
essential for the clearance of neurotransmitters from the

synapses and possibly for further utilization of neurotrans-
mitters. The in¯uence of the general anaesthetics on this
process, however, is not fully understood. Recent studies

(Larsen et al., 1997; Miyazaki et al., 1997) suggest that volatile
anaesthetics at clinical concentrations can potentiate gluta-
mate uptake into synaptosomes and astrocytes.

In this study, we investigated the concentration-dependent
iso¯urane e�ects on the amount of glutamate and GABA
out¯ows from superfused mouse cerebrocortical slices after
Ca2+-dependent K+-evoked depolarization (Liachenko et al.,

1998). Measurements were made to determine the concentra-
tion-response curves in the absence and presence of speci®c
inhibitors for the glutamate and GABA re-uptake transpor-

ters, L-trans-pyrrolidine-2,4-dicarboxylic acid (PDC) and
nipecotic acid, respectively. It becomes apparent that
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iso¯urane suppresses both the release and re-uptake of
neurotransmitters, but does so at di�erent e�ective concentra-
tions (EC50). The net anaesthetic e�ects on the synaptic

concentrations of neurotransmitters may depend on the
balance between the release and re-uptake processes.

Methods

Brain slice preparation

Experimental protocol was approved by the Institutional
Animal Care and Use Committee of the University of

Pittsburgh. Sixty-eight male adult CD-1 mice, weighing
33.3+0.6 g, had unlimited access to food and water. For
each experiment, a mouse brain was rapidly excised and

¯ushed with a cold, oxygenated (95% O2 and 5% CO2),
arti®cial cerebrospinal ¯uid (oxy-ACSF), which normally
contains (in mM): NaCl 123.9, NaHCO3 15.8, glucose 10.0,
MgSO4 1.1, KH2PO4 1.2, CaCl2 1.2 and KCl 5.0. For ACSF

with higher concentration of KCl, NaCl concentration was
adjusted so that the solution remained isotonic. Four,
350 mm-thick, cortical slices, two dorsal and two lateral,

were manually cut from the brain, using the method
described previously (Espanol et al., 1994; Liachenko et al.,
1998). The time required for the procedure was less than

1 min. After cutting, slices were immediately placed into a
thermostatic chamber (37+0.58C) and constantly superfused
with non-circulating oxy-ACSF at a rate of 1 ml min71. The

total volume of ACSF in the chamber was maintained at a
constant of 0.5 ml.

Superfusion apparatus

To precisely control the oxygenation of ACSF and the
concentration of KCl, iso¯urane, PDC, or nipecotic acid in

the superfusion chamber, a programmable syringe pump (KD
Scienti®c, Inc., Boston, MA, U.S.A.) with a battery of syringes
was used. One of the 60-ml syringes was the primary one and

contained fully oxygenated ACSF. Two pairs of secondary
syringes were used to switch between: (a) oxy-ACSFs with
normal and higher concentrations of KCl (60-ml syringes), and
(b) non-oxygenated ACSFs with and without iso¯urane in the

presence or absence of PDC or nipecotic acid as needed (30-ml
syringes). Syringes used in each experiment were all mounted
onto the syringe pump and infused simultaneously. The

contents of the primary syringe and one of each secondary
syringe pair were mixed at a junction immediately before
entering the superfusion chamber. Two miniature ¯ow valves

were used to switch among the secondary syringes. With this
set-up, nearly constant oxygenation in the chamber
(*420 mmHg) was obtained throughout the experiments,

without the potential complications caused by the administra-
tion of the volatile anaesthetic. The ACSF e�uent from the
chamber was collected continuously using an automatic
sampler (Gilson Microfraction Collector, Model 203, Mid-

dleton, WI, U.S.A.) and immediately processed for high
performance liquid chromatography (HPLC) measurements
(see below).

Anaesthetic solution preparation

An aliquot of 0.5 ml neat iso¯urane (Ohmeda, Liberty
Corner, NJ, U.S.A.) was added to 35 ml of non-oxygenated
ACSF and stirred overnight in a sealed vial, followed by
gravity-driven phase separation for at least 1 h at the room

temperature. The saturated concentration of iso¯urane in the
ACSF layer was 12.3+0.4 mM (n=3), as determined by gas
chromatography (Perkin-Elmer 8500; Poropak P resin;

1508C) using appropriate gaseous standards. The saturated
solution was then diluted with ACSF to the desired iso¯urane
concentration in a gas-tight syringe and used immediately.
The iso¯urane concentrations used in all experiments were

con®rmed by gas chromatography, using the method
described previously (Tang et al., 1997; Xu et al., 1996).
With our set-up, the maximum iso¯urane concentration

achievable in the chamber, without a�ecting the slice
oxygenation, was 3 mM.

Neurotransmitter re-uptake inhibitors

Nipecotic acid and PDC were purchased from Sigma (St.

Louis, MO, U.S.A.) and used without further puri®cation.
Preliminary experiments with varying doses of these agents
(data not shown) revealed that the maximum non-toxic PDC
concentration without causing excitotoxicity in the slices was

0.3 mM. At a concentration of 0.4 mM, PDC caused
irreproducible extracellular glutamate concentration from
sample to sample, and the elevation in glutamate out¯ow

lasted much longer than that in the control experiments. When
the PDC concentrations of 0.5 mM and higher were used,
extracellular glutamate never returned to the basal level after

1.5-min exposure to 40 mM KCl. For nipecotic acid, no toxic
e�ect was found up to 3 mM, and 1 mM was near the
saturation concentration for inhibition of GABA re-uptake.

Therefore, 0.3 mM of PDC and 1 mM of nipecotic acid were
used in this study.

Experimental protocol

The amount of released glutamate and GABA from the slices
was measured in the ACSF e�uent, using HPLC with

¯uorescence detection (Palmer et al., 1993). Mice were
randomized into the following three experimental groups: (i)
no re-uptake inhibitors (n=30), (ii) with 0.3 mM PDC (n=18),

and (iii) with 1 mM nipecotic acid (n=20). The experimental
protocol consisted of seven time segments in the following
sequence: (1) slice stabilization with normal oxy-ACSF
(40 min); (2) basal release measurements (3 min); (3) the ®rst

K+-evoked depolarization (1.5 min, 40 mM KCl); (4) recovery
with normal oxy-ACSF (24 min); (5) exposure to di�erent
concentration of iso¯urane alone, with 0.3 mM PDC, or with

1 mM nipecotic acid (4.5 min); (6) the second K+-evoked
depolarization with the same agents as in period 5 (1.5 min,
40 mM KCl) and (7) ®nal recovery with normal oxy-ACSF

(6 min).
During the 40-min stabilization period, slices were super-

fused with oxy-ACSF but no release measurements were made.

To determine the basal release, two ACSF samples were
collected over a 3-min period. The beginning of the ®rst sample
collection was arbitrarily designated as time 0 (t=0). The ®rst
K+-evoked depolarization began by switching the 60-mL

secondary syringes to the oxy-ACSF with higher KCl
concentration, which was pre-calculated to produce 40 mM

KCl in the chamber. Recovery started 1.5 min later with

normal oxy-ACSF. At the end of the ®rst recovery period
(t=28.5 min) and 1.5 min before the basal measurements for
the second K+-evoked depolarisation (t=30 min), iso¯urane

of di�erent concentrations was introduced with or without
PDC or nipecotic acid. This was continued until the end of the
second KCl depolarization (t=34.5 min). The continuous
out¯ow of ACSF was collected at a sampling rate of 1.5 min

Inhibition of amino acid release and re-uptake132 S. Liachenko et al



per sample. Samples were collected during the basal,
depolarization, and the ®rst 6 min of recovery periods,
resulting in 7 samples around each K+-evoked depolarization,

or 14 samples for each experiment.

Amino acid quanti®cation by HPLC with ¯uorescence
detection

The concentrations of glutamate and GABA in the samples
were determined as described previously (Liachenko et al.,

1998). Brie¯y, an aliquot of 250 ml of ACSF was taken from
each ACSF sample, vigorously mixed with 500 ml of
acidi®ed methanol (8.4 ml of 0.1 M HCl per 100 ml of

methanol) and centrifuged at 16,0006g for 20 min. The
supernatant layers were then ®ltered through a 0.2-mm nylon
syringe ®lter and quanti®ed using HPLC with ¯uorescence

detection. A reverse-phase column (15064.6 mm) and a
guard column (1564.6 mm) packed with octadecylsilane
particles (5 mm, Dynamax Microsorb; Rainin Instrument
Co., Woburn, MA, U.S.A.) were used to achieve separation.

Glutamate and GABA were detected as ¯uorescent
derivatives after precolumn derivatization with o-phthaldial-
dehyde, using a ¯uorescence detector (Model 121, Gilson

Inc., Middleton, WI, U.S.A.). A curvilinear gradient was
delivered at a rate of 1 ml min71 that was 38% of HPLC-
grade methanol in an HPLC-grade phosphate bu�er (50 mM

H3PO4+50 mM EDTA, pH=5.7) for 9 min, changed in a
convex pro®le from 38 to 51% methanol from 9 to 11 min,
remained isocratic (51% methanol) until 18 min, and

changed back to 38% methanol at 21 min. Peaks for
glutamate and GABA were identi®ed by comparing the
retention times with those of the standards. Peak areas were
integrated and calibrated against the standard curves for

quanti®cation, using Unipoint1 software (Gilson Inc.,
Middleton, WI, U.S.A.).

Calculation of released amounts of amino acids

After subtracting the corresponding baselines, the total K+-

evoked increases in amino acids were integrated as a function
of time. Introduction of PDC and nipecotic acid to the
superfusion media caused considerable increase in the out¯ow
of glutamate and GABA, respectively, even before the ACSF

was switched to the higher KCl concentration. Therefore, to
measure the K+-evoked amino acid release in the presence of
these inhibitors, the baseline was calculated by averaging the

two basal samples and the ®rst sample after the switching. This
is justi®ed because KCl concentration in the chamber took
about 2 min to peak after the switching (Liachenko et al.,

1998), and in the absence of the inhibitors, the ®rst sample
after switching had similar amino acid amounts to the basal
levels (see below). Ratios of the second to the ®rst integrals

were used to determine the response curves as a function of
iso¯urane concentration.

Statistical analysis

Ratios of the second to ®rst integrals of K+-evoked
neurotransmitter out¯ow at di�erent iso¯urane concentrations

were expressed as a percentage change relative to the control
ratio without iso¯urane. Nonlinear regression analysis was
performed using the SPSS1 statistical package (SPSS Inc.,

Chicago, IL, U.S.A.). Levenberg-Marquardt method was used
to determine the best estimates of parameters for the
concentration response curves, which are described by the
equation:

E � 100

1� �iso ÿ F�
EC50�1�

� ��1
� Emax 1ÿ 1

1� �iso ÿF�
EC50�2�

� ��2

0BBB@
1CCCA

where E is the measured ratio (%), Emax is the ratio when the
maximum suppression of re-uptake is achieved by iso¯urane,
[iso_F] is the iso¯urane concentration (an independent

variable), EC50(1) and EC50(2) are the iso¯urane concentrations
at which 50% change is observed for the ®rst and the second
terms of the equation, respectively, and a1 and a2 are the Hill

coe�cients. Note that the ®rst and the second terms in the
equation describe the iso¯urane inhibition of release and re-
uptake, respectively. The goodness of ®t was tested using the

F-statistic and the adjusted coe�cient of determination,
(Glantz & Slinker, 1990). The EC50s with and without PDC
or nipecotic acid were compared using the 95% con®dence
interval. In the absence of iso¯urane, the e�ects of the re-

uptake inhibitors on the K+-evoked release ratios were
analysed by one-way ANOVA with the Student-Neuman-
Keuls post-hoc multiple comparisons. Calculated parameters

are presented as mean+s.e.mean.

Results

In a 30-min interval, two consecutive 1.5-min exposures to
40 mM KCl resulted in nearly the same increase in

depolarization-evoked amino acid release. Figures 1 and 2
show respectively the representative plots of glutamate and
GABA release in the absence (Figures 1a and 2a) or presence

(Figures 1b and 2b) of their respective re-uptake inhibitors.
Note the scale di�erence in the ordinate between Figures 1a
and b, and between Figure 2a and b. The shaded areas

indicate the K+-evoked increases in the amino acid
concentrations in the ACSF e�uent. Under the control
condition (i.e., without iso¯urane or inhibitors during the

second KCl exposure), the ratios of the second to ®rst K+-
evoked release were 0.976+0.013 (n=6) for glutamate and
1.034+0.008 (n=6) for GABA (Figure 3). Addition of PDC
or nipecotic acid before the second KCl administration

signi®cantly raised the basal and K+-evoked levels of
glutamate or GABA, respectively (see Figures 1b, 2b and
3). In the absence of iso¯urane, 0.3 mM PDC increased

glutamate ratio to 4.311+0.102 (n=2), but did not change
the GABA ratio; whereas 1 mM nipecotic acid increased
GABA ratio to 6.550+0.131 (n=3), but did not change the

glutamate ratio (Figure 3). After normalizing the ratios at
di�erent iso¯urane concentrations against that without
iso¯urane, the concentration-response curves for iso¯urane
inhibition of 40 mM KCl-evoked glutamate and GABA

release are plotted in Figure 4. In the absence of re-uptake
inhibitors (open circles), the concentration-response curves
exhibit a characteristic `bell-shape' biphasic pro®le. The solid

lines in Figure 4a and b are best ®t to the data using the
equation above, whereas the dashed and dotted lines depict
the two contributing components, corresponding to inhibition

of release and that of re-uptake, respectively. Addition of
0.3 mM PDC (®lled circles in Figure 4a) did not signi®cantly
a�ect the component for the inhibition of release, but shifted

the component for the inhibition of re-uptake to the left.
Addition of 1 mM nipecotic acid (®lled circles in Figure 4b)
increased GABA out¯ow at all iso¯urane concentrations and
shifted the iso¯urane inhibition curve of GABA release to the

right. The blockage of GABA uptake by nipecotic acid also
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renders the component of iso¯urane inhibition of the re-
uptake completely undetectable (Figure 4b). The EC50 values
obtained from the nonlinear regression of the concentration-

response curves are listed in Table 1.

Discussion

Using the same brain slice preparation, we showed previously
(Liachenko et al., 1998) that 1.5 min depolarization by 40 mM

KCl caused a Ca2+-dependent increase in glutamate and
GABA release, suggesting that the process was of neuronal
origin. We also showed that at a physiologically relevant

concentration, a volatile anaesthetic, 1-chloro-1,2,2-tri¯uoro-
cyclobutane (F3), and a structurally similar nonimmobilizer,
1,2-dichlorohexa¯uorocyclobutane (F6), could suppress the
glutamate release. In contrast, only F3, but not F6, could

reduce the net amount of GABA in the ACSF e�uent after
K+-evoked depolarization.

In the present study with varying concentrations of

iso¯urane, it becomes clear that the anaesthetic e�ects on the

K+-evoked out¯ow of glutamate and GABA are more

complicated than previously appreciated. Our new experiments
revealed that in the concentration range of 0 ± 3 mM, which
covers the clinical concentrations, iso¯urane exerts two distinct

actions on the regulation of extracellular glutamate and
GABA. The net amount of amino acid neurotransmitters
present in the synapses is regulated by at least three
mechanisms: release, re-uptake, and di�usion (Watkins &

Evans, 1981). In our set-up, it was di�cult to evaluate the
iso¯urane in¯uence on di�usion. It was also di�cult to assess
the synaptic concentrations of glutamate and GABA solely

based on the amount in the out¯ow. Nevertheless, the obtained
results in the e�uent re¯ected the iso¯urane e�ects on the
cellular events that control the extracellular concentrations of

neurotransmitters. The fact that the concentration-response
curves can be well described by the balance of the release and
re-uptake, as suggested by the excellent ®tting of the data with
equation (Table 1), indicates that these two processes are

dominant. To con®rm that the second component in the
equation is indeed the inhibition of re-uptake rather than the
potentiation of release by iso¯urane, speci®c re-uptake

Figure 1 Representative pro®les of glutamate out¯ow from mouse
cerebrocortical slices after two consecutive 1.5-min exposures to
40 mM KCl in the absence (a) and presence (b) of 0.3 mM L-trans-
pyrrolidine-2,4-dicarboxylic acid (PDC), a selective glutamate re-
uptake inhibitor. All samples were collected in 1.5 min. The time
interval between the two KCl exposures was 30 min. The shaded
areas represent K+-evoked increases in glutamate out¯ow above the
mean basal level. The integration of the shaded areas is used to
calculate the ratio of the second to ®rst K+-evoked glutamate
out¯ow.

Figure 2 Representative pro®les of GABA out¯ow from mouse
cerebrocortical slices after two consecutive 1.5-min exposures to
40 mM KCl in the absence (a) and presence (b) of 1 mM nipecotic
acid, a GABA re-uptake inhibitor. All samples were collected in
1.5 min. The time interval between the two KCl exposures was
30 min. The shaded areas represent K+-evoked increases in GABA
out¯ow above the mean basal level. The integration of the shaded
areas is used to calculate the ratio of the second to ®rst K+-evoked
GABA out¯ow.
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inhibitors were used. As expected, the re-uptake inhibitors
interfere mostly with the second component in the equation
(Figure 4, dotted lines). Thus, PDC shifted the iso¯urane

inhibition of glutamate re-uptake to the left without
signi®cantly altering the inhibition of release, and nipecotic
acid eliminated the second component in GABA out¯ow. It is
concluded that iso¯urane can inhibit both the release and re-

uptake of glutamate and GABA, and that the inhibition of
release occurs at lower iso¯urane concentration than does the
inhibition of re-uptake.

The importance of anaesthetic e�ects on the neurotrans-
mitter regulation by the re-uptake mechanism has not been
fully recognized. A number of studies, focusing on the

anaesthetic in¯uence on the depolarization- or anoxia-evoked
release of neurotransmitters, failed to separate the re-uptake
processes from the release itself (Bickler et al., 1995; Eilers &

Bickler, 1996; Larsen et al., 1994). The data shown in Figures
1 ± 3 suggest that the re-uptake contribution to reducing the
extracellular concentration of neurotransmitters appears to be

Figure 3 E�ects of the re-uptake inhibitors on the ratios of the
second to ®rst K+-evoked glutamate and GABA out¯ow in
superfused mouse cerebrocortical slices. L-trans-pyrrolidine-2,4-
dicarboxylic acid (PDC, 0.3 mM) or nipecotic acid (1 mM) was
introduced into the superfusion chamber 4.5 min before the second
1.5-min exposure to 40 mM KCl. *Signi®cantly di�erent from other
groups (P50.01, one-way ANOVA with Student-Neuman-Keuls
multiple comparisons).

Figure 4 E�ects of iso¯urane on the K+-evoked out¯ow of
glutamate (a) and GABA (b) in the absence (open circles) and
presence (®lled circles) of their respective re-uptake inhibitors:
0.3 mM of L-trans-pyrrolidine-2,4-dicarboxylic acid (PDC) for
glutamate, and 1 mM of nipecotic acid for GABA. Solid lines are
best ®t to the data using the equation, which consists of two
independent components corresponding to the inhibition of release
(dashed lines) and inhibition of re-uptake (dotted lines). The EC50

values are listed in Table 1. Note that PDC reduced the iso¯urane
EC50 for the inhibition of glutamate re-uptake, whereas nipecotic
acid eliminated the component for the iso¯urane inhibition of GABA
re-uptake.

Table 1 Nonlinear regression parameters for iso¯urane inhibition of glutamate and GABA release and re-uptake

Best estimates of parameters in Equation (1) Goodness of ®t
Amino acids Re-uptake inhibitor EC50 (1) (mM) a1 EC50 (2) (mM) a2 Emax F (DF) P R2

adj

Glutamate None (n=30)
PDC, 0.3 mM

(n=18)

295+16
232+21

2.7+0.6
1.9+0.3

805+43*#
315+20*

4.5+0.9
5.4+1.0

93.4+3.7
73.0+3.0

741 (5, 25)
1204 (5,13)

50.01
50.01

0.94
0.91

GABA None (n=28){
Nipecotic acid,

1 mM (n=20)

229+13{
820+41{

1.6+0.2
1.1+0.1

520+25#
±{

7.7+2.3
±{

42.7+2.2
±{

1267 (5, 23)
2327 (2, 18)

50.01
50.01

0.97
0.98

*,#Signi®cant di�erence between the pairs, P50.05 (95% con®dence intervals were calculated by SPSS for nonlinear regression
analysis). {Two outliers are excluded from the ®tting, reducing n from 30 to 28. {No iso¯urane inhibition of GABA re-uptake was
observed in the presence of nipecotic acid; data were ®tted with a single component in Equation (1). The F statistic for overall goodness
of ®t was calculated as MSreg/MSres, where MSreg is the mean square regression, and MSres is the residual mean square. DF, Degrees of
freedom for numerator and denominator of the F statistic. P, signi®cance of the F-statistic. R2

adj, the adjusted coe�cient of
determination of the best ®t. PDC, L-trans-pyrrolidine-2,4-dicarboxylic acid. Data are presented as mean+s.e.mean.
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nontrivial. In our experiments, 1 mM of nipecotic acid, which
has been shown to inhibit GABA re-uptake in rat striatal
synaptosomes by more than 95% (Mantz et al., 1995),

increased the amount of GABA out¯ow by 6.55 times.
Assuming that nipecotic acid did not signi®cantly augment
the GABA release, it can be estimated that when nipecotic acid
is absent, the amount of GABA di�used from the slices into

the ACSF was less than 15% of the actual amount released
from the presynaptic membrane. The same is probably also
true for glutamate, as indicated by the elevation in glutamate

out¯ow when iso¯urane concentration is increased to *1 mM

(Figure 4). Around this concentration, glutamate re-uptake is
steeply inhibited by iso¯urane while there remains residue

glutamate release. The increase in net glutamate out¯ow at
reduced release and suppressed re-uptake suggests that under
the control condition when re-uptake mechanism works

normally, the majority of released glutamate is taken up
before di�using into the ACSF. Thus, although some direct
measurements of neurotransmitter re-uptake have concluded
that uptake of glutamate or GABA may not play a signi®cant

role in the action of thiopentone, pentobarbitone, methohex-
itone, altesin, ketamine, halothane, or urethane (Gri�ths &
Norman, 1993; Kendall & Minchin, 1982; Minchin, 1981), it

seems too early at present time to rule out the possible
involvement of neurotransmitter re-uptake in the intricate
balance of neuronal events that lead to general anaesthesia

(Miyazaki et al., 1997).
As discussed above, the purpose of using glutamate and

GABA re-uptake inhibitors in the present study was to

con®rm that the increase in glutamate and GABA out¯ow at
high iso¯urane concentrations was indeed due to iso¯urane
inhibition of re-uptake, rather than iso¯urane potentiation of
release. Therefore, a single non-toxic concentration of PDC

or nipecotic acid was used. In our preliminary studies (data
not shown), we found that 1 mM nipecotic acid was near the
saturation concentration to block the GABA re-uptake in our

slice preparation. In contrast, excitotoxicity e�ects of PDC
(Amin & Pearce, 1997; Lievens et al., 1997) precludes its use
at concentrations higher than 0.4 mM, above which

irreversible damages was found in the slices. One interesting
®nding in Figure 4 was that 0.3 mM PDC clearly shifted the
curve of iso¯urane inhibition of glutamate re-uptake to the
left, without greatly changing the inhibition amplitude and

Hill coe�cient.
Depolarization-evoked release of neurotransmitters in-

volves the participation of the voltage-gated calcium channels,

which are transmembrane proteins that regulate the calcium
in¯ux into the nerve terminals to trig the release process.
Although these channels seems to be largely insensitive to

general anaesthetics at clinical concentrations (Franks & Lieb,
1993), the sharp dependence of synaptic transmission on
calcium entry leaves open the possibility that anaesthetic

action is at these channels. At the submolecular level,
anaesthetics at clinical concentrations preferentially distribute
to the membrane interface (Tang et al., 1997; Xu & Tang,
1997), where they may also interact with some unknown

critical domains on the Ca2+ channels to in¯uence the
neurotransmitter release. The re-uptake processes, in contrast,
are mediated by a diverse number of protein carriers, which act

as shuttles and traverse through the membrane core (Arriza et
al., 1994; Borden, 1996; Rauen et al., 1998; Wadiche et al.,
1995). Therefore, it is conceivable that as the anaesthetic

concentration increases, the release process is a�ected ®rst,
followed by the re-uptake process at higher anaesthetic
concentrations when the membrane core is inundated with
anaesthetic molecules.

It should be pointed out that sodium and potassium
channels involved in action potential generation may also
a�ect the release of neurotransmitters. In hippocampal slices,

0.1 mM tetrodotoxin produced a 30 ± 40% decrease in the
potassium-evoked release of glutamate, aspartate and GABA
(Martin et al., 1991; 1993). Although the sensitivity of Na+

and K+ channels to general anaesthetics lies beyond the region

of clinical relevance, and the suppression of axonal conduction
is unlikely related to the production of general anaesthesia
(Gri�ths & Norman, 1993; Franks & Lieb, 1994), it remains

possible that iso¯urane produces some of its e�ects through
inhibition of action potential propagation in our set-up. This
might also explain why the release is more sensitive to

iso¯urane than is the re-uptake.
The increases in glutamate and GABA out¯ow in the

presence of re-uptake inhibitors support the notion that the

depolarization of neuronal membrane does not block the
activity of re-uptake (Balcar & Johnston, 1972). The
mechanisms of re-uptake involve amino acid transporters, the
function of which depends on ion gradients (Borden, 1996;

Danbolt, 1994). GABA re-uptake involves a family of Na+-
and Cl7-coupled transporters, whereas glutamate uptake
depends on Na+ co-transport and K+ counter-transport

(Danbolt, 1994). Thus, the increase in extracellular K+

concentration and the decrease in extracellular Na+ during
the 1.5-min exposure to 40 mM KCl may lead to certain degree

of inhibition of glutamate and GABA re-uptake. This e�ect,
however, is the same for all experiments and hence does not
a�ect the interpretation of the results with re-uptake

inhibitors.
The EC50 values for the inhibition of glutamate and GABA

release (295+16 mM and 229+13 mM, respectively) do not
di�er signi®cantly from each other. They are also in a good

agreement with the EC50 values for iso¯urane anaesthesia,
which occurs at 290 mM for tadpoles (Firestone et al., 1986).
Comparable aqueous concentrations can also be calculated

based on the minimum alveolar concentration (MAC) for mice
(320 mM), rats (350 mM), and humans (310 mM) (Franks &
Lieb, 1993). In contrast, the iso¯urane EC50 for the inhibition

of glutamate and GABA re-uptake (805+43 and 520+25 mM,
respectively) di�er signi®cantly. Only the inhibition of GABA
re-uptake, not that of glutamate re-uptake, has an EC50 that is
within the clinical concentration range for iso¯urane. This may

suggest that the regulation of synaptic GABA is more critical
to general anaesthesia. In the presence of 1 mM of nipecotic
acid, the EC50 for iso¯urane inhibition of GABA release

increased rather dramatically (Table 1). The mechanism of this
increase is unclear, but is probably related to the GABA
autoreceptors. Under the normal conditions, the autoreceptors

mediate the GABA inhibition of evoked neurotransmitter
release (Bonanno et al., 1997; Bonanno & Raiteri, 1993; Ennis
&Minchin, 1993). However, at high synaptic concentrations of

GABA when nipecotic acid is present, these autoreceptors may
become desensitized, leading to the enhancement of GABA
release and, thus to a large inhibition EC50 for iso¯urane.
Other mechanisms, including direct enhancement of the

evoked release of GABA by nipecotic acid, cannot be ruled
out. Generalization of our ®nding, that general anaesthetics
can suppress both the release and re-uptake of neurotransmit-

ters but do so at di�erent EC50 and Emax, has signi®cant
implications. Although the cellular mechanisms of general
anaesthesia remain unknown, some suggest that the regulation

of neurotransmitter concentrations at synaptic clefts may be
involved. If this is true, then our ®nding suggests that the same
anaesthetic molecules can have multiple mechanisms of action
at any given site. This adds a new dimension (and possibly new
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complication) to the `pluralistic' theory of general anaesthesia:
not only may there be di�erent sites of action for di�erent
anaesthetics, there may also be the same or di�erent sites for

the same anaesthetic with di�erent actions.
In conclusion, the regulation of extracellular neurotrans-

mitter concentration during the 40 mM K+-evoke depolariza-
tion is a dynamic process, involving both release and re-uptake

mechanisms. Iso¯urane exerts distinct action on both
mechanisms. Although the release appears to be more sensitive
to iso¯urane than does the re-uptake, the net anaesthetic e�ect

on the extracellular concentration of neurotransmitters,
particularly GABA, depends on the competition between the
inhibition of release and that of re-uptake.
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