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Amnestic Concentrations of Sevoflurane Inbibit Synaptic
Plasticity of Hippocampal CA1 Neurons through

y-Aminobutyric Acid-mediated Mechanisms
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Background: The cellular mechanisms of anesthetic-induced
amnesia are still poorly understood. The current study exam-
ined sevoflurane at various concentrations in the CA1 region of
rat hippocampal slices for effects on excitatory synaptic trans-
mission and on long-term potentiation (LTP), as a possible
mechanism contributing to anesthetic-induced loss of recall.

Methods: Population spikes and field excitatory postsynaptic
potentials were recorded using extracellular electrodes after
electrical stimulation of Schaffer-collateral-commissural fiber
inputs. Paired pulse facilitation was used as a measure of pre-
synaptic effects of the anesthetic. LTP was induced using tetanic
stimulation (100 Hz, 1 s). Sevoflurane at concentrations from
amnestic (0.04 mm) to clinical concentrations (0.23—0.41 mm)
were added to the perfusion solution.

Results: In the presence of 0.04 mm sevoflurane, the ampli-
tude of population spikes was significantly depressed, and te-
tanic stimulation induced only posttetanic potentiation and
then failure of LTP. These inhibitory effects were antagonized
by bicuculline (10 um), a y-aminobutyric acid type A receptor
antagonist. Sevoflurane at 0.23—-0.41 mm further depressed the
amplitude of field excitatory postsynaptic potentials in a dose-
dependent manner and completely blocked LTP. Bicuculline
only partially antagonized 0.41 mm sevoflurane-induced pro-
found inhibition of LTP. Sevoflurane at 0.23—0.41 mM, but not at
0.04 mwym, significantly increased paired pulse facilitation, sug-
gesting that sevoflurane has presynaptic actions to reduce glu-
tamate release from nerve terminals.

Conclusions: The current study provides evidence that am-
nestic concentrations of sevoflurane inhibit LTP of hippocam-
pal CA1 neurons through y-aminobutyric acid—mediated mech-
anisms, and these actions seem to account for the effects of
amnestic sevoflurane on synaptic plasticity.

MECHANISMS of anesthetic-induced amnesia are of great
clinical importance because failure of intraoperative am-
nesia results in cases of recall. In clinical settings, most
general anesthetic agents, even at low doses, are thought
to prevent conscious recall of intraoperative events. For
example, some patients who are woken intraoperatively
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for surgical procedures do not have recollection of ac-
tually being awake despite being awake and cooperative
during the procedure.' Galinkin et al.> compared sub-
jective, psychomotor, cognitive, and analgesic effects of
sevoflurane (0.3% and 0.6%) with those of nitrous oxide
at equal minimum alveolar concentrations (MACs) in
healthy volunteers. They found that sevoflurane pro-
duced a greater degree of amnesia and psychomotor
impairment than did an equal MAC of nitrous oxide but
had no analgesic actions. However, similar doses of
sevoflurane (0.2-0.7%) do not affect the Bispectral Index
in humans.> Animal studies™> have demonstrated that a
significant reduction in memory retention latency oc-
curred with 0.3-0.4% sevoflurane. Together, available data
suggest that sevoflurane (0.3-0.6%) may have amnestic
actions and that higher doses of sevoflurane have both
amnestic and sedative/hypnotic actions.

However, the cellular and circuit-level mechanisms of
sevoflurane-induced amnesia are still poorly understood.
The cellular mechanisms involved in memory formation
are complex; long-lasting changes in the synaptic effi-
cacy of signaling between neurons in the central nervous
system are widely believed to be involved in memory
consolidation and recall. For example, trains of high-
frequency stimulation to the hippocampus induce an
activity-dependent increase in the amplitude of excita-
tory postsynaptic potentials, lasting for at least a period
of hours. This phenomenon is known as long-term po-
tentiation (LTP) and is believed to represent a mecha-
nism involved in information storage during learning and
memory.®” Because clinically relevant concentrations of
volatile anesthetics seem to modify ligand-gated ion
channels such as glutamate receptors® and y-aminobu-
tyric acid type A (GABA,) receptors,” '? sevoflurane
may affect the induction and the maintenance of LTP.
Claritying the effects of sevoflurane on LTP will be useful
for assessing the mechanisms by which general anesthet-
ics produce amnesia.

As a first step, we examined the effects of sevoflurane
on excitatory synaptic transmission mediated by gluta-
mate receptors in the CA1 area of rat hippocampal slices.
Although halothane and isoflurane seemed to depress
glutamate receptor-mediated excitatory synaptic trans-
mission in a dose-dependent manner,'>"'> details of
sevoflurane actions on excitatory synaptic transmission
remain lacking. In particular, we focused on the influ-
ence of amnestic concentrations of sevoflurane, which
produced amnestic actions but no hypnotic actions, on
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population spikes (PSs) and field excitatory postsynaptic
potentials (fEPSPs). Second, we studied the effects of
sevoflurane on the induction and maintenance of LTP as
a possible mechanism contributing to anesthetic-in-
duced loss of recall. Although clinically relevant concen-
trations of isoflurane and propofol have been shown to
eliminate LTP'®'7; little is known about the effects of
sevoflurane on long-term changes of synaptic efficacy.

Materials and Methods

Brain Slice Preparation

As approved by the Institutional Animal Care and Use
Committee (Gunma University Graduate School of Med-
icine, Maebashi City, Japan), Sprague-Dawley rats at
30-35 days old (mean body weight, 100 g) were decap-
itated during anesthesia, and the head was immediately
immersed in cold (1-4°C) modified Ringer’s solution,
comprising 234 mm sucrose, 2.5 mm KCI, 1.25 mm
NaH,PO,, 10 mm MgSOy, 0.5 mm CaCl,, 26 mm NaHCOj3,
and 11 mm glucose saturated with 95% O, and 5% CO.,.
A block of tissue containing the hippocampus was dis-
sected out quickly and glued to a DTK-1000 vibratome
tray (Dosaka EM, Tokyo, Japan) using oxygenated cold
modified Ringer’s solution. Hippocampal slices (thick-
ness, 500 wm) were cut from the brain and then kept in
the prechamber (Brain Slice Chamber System; Harvard
Apparatus, Holliston, MA) filled with artificial cerebro-
spinal fluid consisting of 125 mwm NaCl, 2.5 mm KCI, 2 mm
CaCl,, 1 mm MgCl,, 26 mm NaHCO;, 1.25 mm NaH,POy,
and 11 mwm glucose, bubbled with 95% O, and 5% CO, at
room temperature (22°-24°C). Slices were allowed at
least 1 h for recovery in the prechamber, which was
designed to keep 8-12 slices viable for several hours.

Electropbysiologic Recordings

The methods of brain slice electrophysiology have
been described previously.'”>'®'” Briefly, slices were
transferred to a submerged recording chamber (1 ml in
volume, Brain Slice Chamber System) and perfused at a
rate of approximately 3 ml/min with oxygenated artifi-
cial cerebrospinal fluid. PSs and fEPSPs were evoked
using bipolar tungsten stimulating electrodes (1-2 M();
World Precision Instruments, Sarasota, FL) placed in the
stratum radiatum of CAl regions to activate Schaffer-
collateral-commissural fibers under a dissection micro-
scope (SD30 and SZ-STU1 base unit; Olympus, Tokyo,
Japan). Electrical stimuli comprised square wave paired
pulses (duration, 0.35 ms; interpulse interval, 60 ms)
delivered by a SEN 3301 stimulus generator (Nihon Ko-
hden, Tokyo, Japan) connected through an SS-202 ]
stimulation isolation unit (Nihon Kohden) to electrodes
every 15 s, to minimize frequency-dependent changes in
synaptic transmission. Stimulus intensity was set to
evoke 50-70% of the maximal amplitude of responses.
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In the LTP study, the intensity of stimulation used was
40-50% of maximum amplitude to avoid a ceiling effect.
LTP was induced using a tetanic stimulation (100 Hz,
1 s). In all experiments, baseline recordings were mon-
itored for at least 20 min before drug application or
delivery of tetanic stimulation.

All fEPSPs and PSs were recorded using a glass micro-
electrode filled with artificial cerebrospinal fluid (GDC-
1.5; OD, 1.5 mm; ID, 1.0 mm; Narishige, Tokyo, Japan).
Recording electrodes were placed directly in line with
stimulating electrodes in striatum radiatum using an MO-
150 micromanipulator (Narishige), but separated from
stimulating electrodes by 1.0-1.5 mm, or placed in stra-
tum pyramidale to record PS field potentials. Signals
were recorded using a DAM-80 AC differential amplifier
(World Precision Instruments), amplified at least 1,000-
fold, filtered at 2-5 kHz, and digitized at 10 kHz using a
Digidata 1322A system (Axon Instruments, Union City,
CA). All data were stored on a Pentium-based PC for later
analysis. All experiments were performed at room tem-
perature (21°-24°C).

Application of Sevoflurane and Concentration

Measurement

Artificial cerebrospinal fluid solution at room temper-
ature was bubbled with a carrier gas (95% O,, 5% CO,)
passing through a calibrated commercial vaporizer
(Sevotec 5; Ohmeda, BOC Health Care, West Yorkshire,
United Kingdom) at the designated concentration and
was applied to the recording chamber using a gravity-
feed and vacuum system. High-quality polytetrafluoreth-
ylene was used for tubing and valves to minimize loss of
volatile anesthetic and drug binding. Sevoflurane (Maruishi
Pharmaceutical, Osaka, Japan) concentrations used for
this study were 0.5-5.0%. To determine the actual aque-
ous concentrations of sevoflurane in the submerged re-
cording chamber for each concentration used, aliquots
of the solution were taken from the recording chamber
and filled into airtight glass containers for gas chromato-
graphic measurements as described previously.?® Figure 1
shows the final aqueous sevoflurane concentrations in
our recording condition (n = 5, each). A strong pos-
itive correlation (» = 0.99971) was observed; for ex-
ample, 0.5, 2.8, and 5.0% of sevoflurane were actually
0.04, 0.23, and 0.41 mwm, respectively. Therefore, 0.04
mwm was used as an amnestic dose, and 0.23-0.41 mwm
was used as clinically relevant concentrations. Drugs
were purchased from Sigma-Aldrich Chemicals (Tokyo,
Japan).

Data Analysis

Data acquisition and analysis were performed with
pPCLAMP version 8.1 software (Axon Instruments) and
IGOR Pro version 5.0 software (WaveMetrics, Lake Os-
wego, OR). Amplitudes of PSs were measured from peak
positive to peak negative voltages. Fiber volley ampli-
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Sevoflurane Standard
Solution (1.0 mM)
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Fig. 1. The aqueous sevoflurane concentra-
tions in the recording chamber. The aque- !
ous sevoflurane concentrations at room f I Y N, > e
?emperature (22°-24°C) were .measured us- 5 10 5 10 5 10
ing gas chromatography. Aliquots of the . .
solution were directly taken from the re- Time (mln)

cording chamber for gas chromatographic
measurements. Sample traces in 0.5%, 05
2.8%, and standard solution (1 mm) are B :
shown in A. The peak, which was indi-

cated by an arrow, was observed 3 min

after injection in each trace. The area un- 0.4
der the curve was measured, and the ¢
aqueous sevoflurane concentration was
calculated by comparing to that of sevoflu-
rane standard solution (1.0 mm), in which
20 pl sevoflurane was dissolved in ethanol
(100 mD. (B) A linear curve fit was applied.
Data are expressed as mean = SD (n = 5
each). In some cases, error bars are within
the symbol.

0.3

0.2

Sevoflurane
(mM)

0.1

tudes were measured from baseline to peak negative
voltage. Rise times and decay times of fEPSPs were mea-
sured as time intervals between 10% and 90% of peak
amplitude and as the decay time from peak amplitude to
half amplitude, respectively. In PS and fEPSP recordings,
responses were normalized as a percent of control,
based on mean amplitude during a 10-min recording
immediately before the perfusion of anesthetic. In the
LTP study, after 10 min of control recordings, sevoflu-
rane was administered for 20 min before providing an
LTP-inducing stimulus, in the continued presence of the
anesthetic.

Statistics

The statistical significance of data were determined
using a Student ¢ test or one-way analysis of variance
with a Tukey post boc test to compare the differences
from three or more groups and to determine anesthetic
effects with time-matched control responses. Data are
expressed as mean * SD. P values less than 0.05 were
considered statistically significant.
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Results

Ammnestic Concentrations of Sevoflurane Depress

Synaptically Evoked Discharge of CA1 Neurons in

Part by Enbancing GABA, Receptor-medicated

Inbibition

Sevoflurane (0.04-0.23 mm) depressed synaptically
evoked discharge of CAl neurons, measured as a block
of PS responses (figs. 2A and B). The following study
focused on two concentrations: amnestic dose (0.04 mm)
and clinically relevant concentrations of sevoflurane
(0.23 mm). Sevoflurane produced a dose-dependent de-
pression of PS amplitude (57.3 * 15.0% of control at
0.04 mm and 26.9 * 6.19% of control at 0.23 mwM, respec-
tively; P < 0.001, n = 5 slices from individual rats,
compared with preanesthetic control responses, using
analysis of variance-Tukey). These effects were revers-
ible on washout of the agent with drug-free artificial
cerebrospinal fluid. PS responses completely disap-
peared when a higher dose (0.41 mm) of sevoflurane was
applied (n = 5).
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To determine whether the effects of sevoflurane on
PSs involve GABA, receptors, we examined the effects
of sevoflurane on PS responses in the presence of bicu-
culline, a GABA, receptor antagonist. The effects of
bicuculline alone on PS responses were initially tested in
the absence of sevoflurane. Although bicuculline pro-
moted epileptoid activity in PS responses and made it
difficult to measure the amplitude correctly, bicuculline
(10 pm) increased PS amplitude to 127.2 £ 8.1% of
control (n = 5, P < 0.01). Next, bicuculline (10 um) was
applied in the continued presence of sevoflurane to
attempt reverse depression of PS amplitude. Bicuculline
(10 pm) reinstated 0.04 mwm sevoflurane-induced PS de-
pression to 94.3 = 9.2% of control (n = 5; fig. 2A).
However, bicuculline (10 um) only partially reinstated
0.23 mm sevoflurane-induced depression to 51.8 =*
16.0% of control (n = 5; fig. 2B). Taken together, y-ami-
nobutyric acid-mediated (GABAergic) inhibition seemed
to play an important role, at least in part, in PS depres-
sion with amnestic doses of sevoflurane.

Sevoflurane Depresses Glutamate-mediated

Excitatory Synapses in a Dose-dependent Manner

To determine whether sevoflurane-induced PS depres-
sion resulted from depressed glutamate-mediated excita-
tory synaptic inputs to CAl neurons, fEPSPs were re-
corded from dendritic regions in the stratum radiatum.
Sevoflurane depressed the amplitude of fEPSP responses
in a dose-dependent manner (figs. 3A and B), with 0.23
muM sevoflurane to 70.7 = 11.7% of control (P < 0.05,
n = 10) and 0.41 mwm sevoflurane to 41.9 = 19.2% (P <
0.001, n = 10). Bicuculline (10 um) did not reverse fEPSP
depression produced by sevoflurane at any concentra-
tions tested (up to 0.41 mwm; fig. 3C). Depressed gluta-
mate-mediated synaptic excitation thus seemed to play
an important role in PS depression produced by clinical
concentrations of sevoflurane. To determine the effects
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Fig. 2. The effects of sevoflurane on popu-
lation spikes (PSs). (4) PS responses (up-
per) were recorded from CAl neurons in
response to electrical stimulation of Schaffer-
1Tmv| collateral-commissural fibers. Bar graphs

10 ms (lower) summarize the effect of sevoflu-
rane (Sev) on PS amplitude. With 0.04 mm
sevoflurane, PS amplitude was signifi-
cantly depressed (n = 5, ** P < 0.001).
However, when 10 um bicuculline (BIC)
was applied, PS amplitude recovered
completely. (B) With 0.23 mMm sevoflu-
rane, PS amplitude was depressed more
markedly than with 0.04 mm sevoflurane
(n =5,P < 0.05). PS amplitude recovered
partially but significantly with 10 um
bicuculline (** P < 0.01). Data are ex-
pressed as mean * SD.

of sevoflurane on nerve conduction velocity, the dura-
tion from electrical stimulation to fiber volley response
was measured. Sevoflurane up to 0.41 mm did not
change the duration from electrical stimulus to fiber
volley amplitude throughout the experiments (figs. 3A
and B). Bicuculline alone had no effect on the amplitude
of fiber volley or fEPSP.

Clinical, but Not Amnestic, Concentrations of

Sevoflurane Increase Paired-pulse Facilitation

To determine whether presynaptic actions also con-
tribute to anesthetic effects at glutamatergic synapses,
paired-pulse facilitation (PPF) of Schaffer-collateral-com-
missural fiber evoked fEPSPs (60-ms intervals) were stud-
ied. In the presence of 0.41 mm sevoflurane, no apparent
change in fEPSP rise time or decay kinetics was observed
(fig. 4A), but PPF was transiently increased to approxi-
mately 130-150% of control during sevoflurane applica-
tion and returned to baseline after washout (fig. 4B).
This effect was observed in a dose-dependent manner
(fig. 4C) and was independent of GABA, receptor-me-
diated actions because bicuculline (10 um) did not affect
sevoflurane-induced changes in PPF. This increase in
facilitation is consistent with a presynaptic depression of
glutamate release from nerve terminals, perhaps via de-
pressant actions on voltage-activated calcium or sodium
channels that couple axon spike depolarization to trans-
mitter release.

Ammnestic Concentrations of Sevoflurane Inbibit LTP

through GABAergic Mechanisms

Tetanic stimulation (100 Hz, 1 s) induced a stable LTP
(fEPSP slope after tetanization, 172.9 £ 15.1% of base-
line, n = 9; fig. 5A), which was maintained for at least 1
h (fEPSP slope 30 min after tetanization, 154.8 = 7.4% of
baseline). First, we tested the effects of sevoflurane on
the induction of LTP. Sevoflurane was administered 20
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stimuli to fiber volley (FV; open circle, n =
10). A linear curve fit was applied. (B)
Clinical concentrations of sevoflurane
(>0.23 mm) depressed fEPSP amplitude
in a dose-dependent manner (filled cir-
cle, n = 10). However, duration from
stimuli to FV (open circle, n = 10) did not
change throughout the experiment. A lin-

ear curve fit was applied. (C) fEPSP re- 120
sponses (upper) were recorded from CA1

neurons. Bar graphs (lower) summarize

the effects of sevoflurane on fEPSP ampli- 100

tude. Sevoflurane (0.41 mm) depressed
fEPSP amplitude markedly (n = 7, ** P <
0.001). Bicuculline (BIC; 10 um) did not
reverse sevoflurane-induced fEPSP de-
pression. Data are expressed as mean *
SD. NS = not significant.

80

60

Amplitude of fEPSP (% of control)

min before tetanic stimulation and delivered to the
chamber throughout the experiment. In the presence of
0.04 mm sevoflurane, tetanic stimulation induced only
posttetanic potentiation (141.8 = 10.7% of baseline, n =
6; fig. 5A) and then failure of LTP. Posttetanic potentia-
tion lasted only 5 min or less in all experiments (n = 06).
To determine whether amnestic sevoflurane blocks the
maintenance of LTP, 0.04 mwm sevoflurane was applied
after the LTP induction. As shown in figure 5B, admin-
istration of 0.04 mwm sevoflurane 10 min after the LTP
induction, however, had no influence on the mainte-
nance of LTP (n = 7). The degree of LTP maintenance
was similar to that of control LTP (fig. 5A). These find-
ings indicate that amnestic sevoflurane inhibits the in-
duction of LTP but has less effect on the maintenance. In
the continued presence of higher concentrations of
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sevoflurane (0.41 mm), tetanic stimulation (100 Hz, 1 s)
completely failed to induce LTP (fig. 6). Because 0.41 mm
sevoflurane had inhibitory actions on fEPSP amplitude
(fig. 3), baseline in the 0.41 mm sevoflurane group (n =
4) was decreased during anesthetic application (fig. 6).

To clarify concentration-dependent differential actions
of sevoflurane on LTP, experiments were performed in
the presence of bicuculline (10 um). In this condition,
tetanic stimulation could induce a stable LTP (fEPSP
slope after tetanization 172.1 = 10.5% of baseline; 30
min after tetanic stimulation, 134.2 = 11.2%, n = 7; fig.
7A), indicating that bicuculline reinstates 0.04 mm
sevoflurane-induced depression of LTP. The degree of
LTP induction was similar to that of control LTP (fig. 5A),
although the degree of maintenance was statistically less
than control (P < 0.05). In the presence of 0.41 mm
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Fig. 4. The effects of sevoflurane on paired
pulse facilitation (PPF). (4) Sample record-
ings obtained at the control period, during
the maximal effect of 0.41 mm sevoflurane
(Sev), and after washout. (B) The graph
shows the time course of the effects of
sevoflurane on PPF. PPF (pulse interval
60 ms) was recorded in the presence of
0.41 mmM sevoflurane (solid bar) in nor-
mal artificial cerebrospinal fluid.
Sevoflurane increased PPF gradually,
and PPF returned to the control after
the washout within 30 min. (C) A bar
graph summarizes the effect of sevoflu-
rane on PPF. Sevoflurane increased PPF
of field excitatory postsynaptic poten-

L L L |

60 0 10 20

Paired pulse facilitation (% of control)

30 40 50 60

tials amplitude in a concentration-de-

" Time (min) pendent manner (** P < 0.01 vs. 0.23
mm sevoflurane, *** P < 0.001 vs. 0.41
20 muM sevoflurane; n = 6). Data are ex-
o pressed as mean * SD.
Control Sev 023 mM  Sev 0.41 mM
kP <01, HkXP<0.001
sevoflurane, bicuculline reinstated only partially sevoflu- Discussion

rane-induced depression of LTP (fig. 7B ). Only postte-
tanic potentiation was observed after tetanic stimulation
(151.1 = 21.7% of baseline, n = 9). The effects of
bicuculline alone on LTP were also examined in the
absence of sevoflurane. Bicuculline (10 um) alone had no
effect on the induction and maintenance of LTP (fEPSP
slope after tetanization 185.0 = 19.2% of baseline; 30
min after tetanic stimulation, 150.2 = 7.5%, n = 6; fig.
8). The degree of LTP was statistically similar to that of
control LTP (fig. 5A) in the absence of bicuculline. Al-
though bicuculline (10 um) promoted epileptiform ac-
tivity in PS responses, such a waveform was not signifi-
cant in fEPSP recordings. This difference is probably due
to relatively smaller stimulus intensity to evoke fEPSP.
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Major findings of the current study are summarized
as follows. First, amnestic concentrations of sevoflu-
rane inhibited PS amplitude and the induction of LTP
with less effect on the maintenance through a
GABAergic mechanism. Second, clinically relevant
concentrations of sevoflurane dose-dependently de-
pressed fEPSP amplitude and completely blocked LTP,
in part by decreasing glutamate release as well as by
enhancing GABAergic inhibitory tone. These data sug-
gest that amnestic concentrations of sevoflurane in-
hibit synaptic plasticity of hippocampal CA1 neurons
through GABAergic mechanisms and may thereby im-
pair memory function.

Fig. 5. The effects of amnestic concentra-
tions of sevoflurane (Sev; 0.04 mm) on
long-term potentiation. (4) Representative
traces of field excitatory postsynaptic po-
tentials (fEPSPs) recorded before (solid
trace) and after (dasbed trace) the deliv-
ery of tetanus stimulation (100 Hz, 1 s). The
tetanus stimulation was delivered at time 0
(arrow). In control (filled circle), the tetanus
stimulation (100 Hz, 1 s) consistently in-
duced stable long-term potentiation. Contin-
uous administration of 0.04 mm sevoflu-
rane (open circle) throughout the
experiments blocked long-term potentia-
tion induction. The tetanus stimulation
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(100 Hz, 1 s) induced only posttetanic
potentiation. (B) When sevoflurane at
0.04 mm was applied 10 min after the
tetanus stimulation (n = 7), sevoflurane
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pressed as mean * SD. BIC = bicuculline.
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Fig. 6. The effects of clinical concentrations of sevoflurane (0.41
mm) on long-term potentiation. In the presence of sevoflurane at
0.41 mm (open circle), the tetanus stimulation (100 Hz, 1 s) did not
induce long-term potentiation (n = 4). Posttetanic potentiation,
which was observed in the presence of 0.04 mum sevoflurane (fig.
5A), was not observed in this condition. Data are expressed as
mean = SD. fEPSP = field excitatory postsynaptic potential.

Sevoflurane Concentrations in Physiologic

Experiments at Room Temperature

Volatile anesthetics are administered to mammals in
the gas phase at body temperature (approximately
37°C), whereas most in vitro physiologic experiments
are performed at room temperature. However, gas-phase
potencies are basically temperature dependent, increas-
ing markedly with decreasing temperatures.>' Therefore, the
common procedure of using gasphase ECs, concentrations
for room temperature experiments can result in overdosing
the in vitro preparations. In this context, Franks and
Lieb** have recommended mammalian MAC values for
volatile anesthetics expressed as free aqueous concen-
tration in saline, e.g., sevoflurane was 0.33 mm. As shown
in figure 1, we used 0.04 mm for amnestic concentrations
and 0.23-0.41 mwm for clinical doses. We believe that
these values are within reasonable range as clinical rel-
evant concentrations.

Our LTP experiments using 100 Hz stimulus were
performed at room temperature. These techniques are
widely used, but room temperature is at least 10°C
below physiologic conditions for mammalian neurons. It
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has been reported that temperature has large effects on
synaptic transmission, plasma membrane state, and en-
zyme kinetics.?>?* For example, a form of presynaptic
plasticity is more prominent at room temperature.” It
should be noted that temperature is a crucial experimen-
tal factor in studies of mammalian synaptic function.

Bicuculline as a GABA, Receptor Antagonist

We found that bicuculline reinstated 0.04 mm sevoflu-
rane-induced depression of LTP and that bicuculline
alone had no effect on control LTP in the absence of
sevoflurane. Bicuculline is one of widely used GABA,
receptor antagonists. Several recent studies have re-
ported that bicuculline also blocks small-conductance
Ca®" activated K+ (SK) channels.?>?° SK channels reg-
ulate membrane excitability in CA1 neurons and mod-
ulate hippocampal synaptic plasticity and learning.
Stackman et al.*’ reported that blockade of SK channels
by apamin, a selective SK channel antagonist, decreased
the threshold for the induction of hippocampal synaptic
plasticity. After 50-Hz stimulus, significantly more LTP
was induced in SK channel blocked slice, although with
100-Hz stimulus, equal extents of LTP were observed in
control and SK channel blocked slice. Moreover,
Hammond et al.*® showed that SK2 channels selectively
regulated the hippocampal synaptic plasticity, and SK2
overexpression impaired the induction of hippocampal
LTP in a frequency-dependent manner. Induction of LTP
with 50-Hz stimulus was significantly reduced in SK2
overexpression, although with 100-Hz stimulus, induc-
tion of LTP was equivalent. In the current study, we used
the stimulus of 100 Hz for the induction of LTP. Taken
together, we think that the influence of the blockade
of SK channels by bicuculline on LTP is small in our
recording conditions, and that GABA, receptors are
crucially involved in amnestic concentrations of
sevoflurane induced inhibition of LTP.

Ammnestic Concentrations of Sevoflurane Depress

Synaptically Evoked Discharge of CA1 Neurons in

Part by Enbancing GABA, Receptor-mediated

Inbibition

We found that sevoflurane reversibly inhibited PS am-
plitude in a dose-dependent manner and that the inhibi-
tion produced by 0.04 mm sevoflurane was antagonized
by bicuculline, but profound inhibition by 0.23 mwm
sevoflurane was only partially antagonized by bicucul-
line. However, we found that bicuculline alone slightly
but significantly increased PS amplitude. Taking these
factors into consideration, enhanced GABAergic inhibi-
tion plays a role for amnestic doses of sevoflurane-in-
duced depression. In this regard, Pittson et al.*® reported
that halothane and isoflurane at 1.0 MAC produced
nearly complete depression of PS responses, but reversal
of anesthetic-induced depression after bicuculline ad-
ministration was only 20% in each anesthetic. Based on
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Fig. 7. Bicuculline reinstates ammnestic
sevoflurane (Sev)-induced long-term po-
tentiation inhibition. Bicuculline was
added 30 min before the tetanus stimula-
tion (100 Hz, 1 s). (4) Bicuculline (10 pm)
reinstated 0.04 mm sevoflurane-induced in-
hibition of long-term potentiation (n = 7,
Sfilled rbombus). (B) In the presence of
0.41 mm sevoflurane and 10 um bicucul-
line, the tetanus stimulation (100 Hz, 1 s)
induced only posttetanic potentiation (n
=9, filled rbombus) and failure of long-
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these data, amnestic sevoflurane seemed to have similar
properties in terms of anesthetic-induced depression of
evoked discharge of CA1 neurons.

Sevoflurane may have multiple sites of action to pro-
duce overall depression of the central nervous sys-
tem.’>>! Although there are many possible molecular
targets, the sensitivity of each component to volatile
anesthetic may be different. In fact, we demonstrated
that the effects on GABA-mediated components contrib-
uted significantly to synaptically evoked discharge of
CA1 neurons (fig. 2). We have previously studied the
actions of sevoflurane on GABA, receptors expressed in
human embryonic kidney 293 cells, particularly focusing
on the effects of transmembrane 2 mutations in « and 3
subunits.'' We found that low concentrations of sevoflu-
rane (0.1- 0.2 mm) significantly potentiated submaximal
GABA-activated Cl* currents in wild-type GABA, recep-
tors, and that positions serine 270 of both the GABA, 1
and 2 subunits were identified as critical for regulation of
the GABA, receptor by sevoflurane. Recently, Sebel ez
al.'? also reported that subanesthetic sevoflurane and
propofol modulated GABA receptor function in an addi-
tive manner and that these two drugs had separate bind-
ing sites and converging pathways of action on the
GABA, receptor. Together, available data suggest that
modulation of CA1 neurons by amnestic sevoflurane may
be primarily due to activation of GABAergic inhibitory
neurons and that clinical concentrations of sevoflurane
depress evoked discharge of CA1 neurons by acting not
only on GABAergic neurons, but also on other compo-
nents such as excitatory synapses.

Clinically Relevant, but Not Amnestic,

Concentrations of Sevoflurane Depress fEPSPs in

Part by Decreasing Glutamate Release

Consistent with previous reports of other volatile an-
esthetics,'>3? sevoflurane reversibly depressed fEPSP
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amplitude in a concentration-dependent manner. Differ-
ing from PS responses, 0.04 mm sevoflurane had no
effect on fEPSPs, but higher concentrations of sevoflu-
rane considerably inhibited the amplitude of fEPSPs.
Bicuculline did not reverse sevoflurane (0.41 mm)-induced
fEPSP inhibition. These findings support the idea that clin-
ical concentrations of sevoflurane directly depress CAl
excitatory synapses.

Paired-pulse facilitation was used as a measure of pre-
synaptic anesthetic actions at Schaffer-collateral-commis-
sural fiber synapses on CAl pyramidal neurons.'*'%33
PPF has been shown to increase after manipulations that
reduce calcium-mediated glutamate release from the
Schaffer-collateral-commissural pathway.>® In contrast,
manipulations that depress CAl1 neuron fEPSPs via
postsynaptic actions do not change PPF.>*3** We found
that sevoflurane at 0.23-0.41 mwm but not 0.04 mm sig-
nificantly increased PPF, suggesting that anesthetic
sevoflurane has presynaptic actions to reduce glutamate
release from Schaffer-collateral terminals. These data
confirm previous findings that clinical concentrations of
halothane and isoflurane increased PPF,'” suggesting
that presynaptic sites are involved in fEPSP depression
by volatile anesthetics.

Sevoflurane and Long-term Potentiation

In the presence of 0.04 mwm sevoflurane, tetanic stim-
ulation induced only posttetanic potentiation, which
lasted for 5 min or less and was believed to involve only
modifications at the presynaptic terminal.>> Subsequent
LTP is thought to involve an increase in the number of
quanta released, or in the size of the response each quan-
tum produces in the postsynaptic cells.>® Therefore, am-
nestic sevoflurane appeared to have depressive synaptic
actions on either presynaptic or postsynaptic mechanisms
to induce LTP through GABAergic mechanisms.
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Fig. 8. The effects of bicuculline alone (10 um) on long-term po-
tentiation were examined in the absence of sevoflurane. Tetanic
stimulation (100 Hz, 1 s) induced stable long-term potentiation (n =
6). The peak value of field excitatory postsynaptic potential
(fEPSP) slope after tetanic stimulation was similar to that of
control in the absence of bicuculline (fig. 5A). Data are ex-
pressed as mean *= SD.

There are several possible cellular targets in amnesic
effects produced by general anesthetics; the GABAergic
system may be one of the most important mecha-
nisms.'®'7 Simon et al.'® investigated the effects of clin-
ically relevant concentrations of isoflurane (0.2- 0.3 mm)
on the induction of LTP and long-term depression in
slices from the juvenile (14 days) and adult (2 months)
mouse hippocampus. They found that isoflurane (0.2-
0.3 mm) blocked the induction of LTP and that picro-
toxin (50 um) partially reversed isoflurane-induced LTP
inhibition. Blocking effects of isoflurane on LTP and
long-term depression were reversible, suggesting that
this agent does not induce persistent change in neural
excitability. Similarly, Nagashima et al.'” reported that
relatively higher concentrations of propofol (30 um) in-
hibited LTP and that this inhibition was partially antag-
onized by picrotoxin (1 um). These studies suggest that
not only GABA mechanism but other factors may con-
tribute to clinically relevant concentrations of anesthet-
iciinduced LTP inhibition. Therefore, in the current
study, we focused on amnestic concentrations of sevoflurane
(0.04 mm), which produces amnesia but does not affect
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sedative/hypnotic actions. Our results offer new evi-
dence that amnestic sevoflurane inhibits the induction of
LTP with less effect on the maintenance of LTP, and that
these actions alone seem to account fully for the effects
of amnestic sevoflurane.

y-Aminobutyric acid receptors have been previously
reported to mediate sedative components of anesthe-
sia®>” and amnesic properties of benzodiazepines.*® Re-
cently, Cheng et al.>® studied the effects of etomidate on
GABA a5 subunit knockout mice. In the wild type, low-
dose etomidate (0.1 m), which had no effect on the
kinetics of GABA-mediated synaptic currents, signifi-
cantly increased GABA tonic currents, impaired LTP, and
impaired memory performance. However, a5 null mu-
tant mice showed similar hypnotic dose-responses to the
wild type but had little etomidate-induced amnesia, LTP,
and tonic current potentiation. These data support the
idea that GABAergic mechanisms contribute significantly
to anesthetic-induced amnesia.

In conclusion, the current study provides evidence for
a GABA, receptor involvement contributing to effects of
amnestic concentrations of sevoflurane on synaptic plas-
ticity of hippocampal CAl neurons.
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