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a b s t r a c t

Mechanisms by which age modifies general anesthetic requirements remain uncertain. In order to exam-
ine the age-related modification of general anesthetics in the central nervous system, we have studied the
effects of thiopental and sevoflurane on hippocampal synaptic transmission in young and elderly rats.
Field potentials of area CA1 were electrically elicited in hippocampal slices from young (4-month) and
elderly (2-year) male Wistat rats. The effects of sevoflurane on both excitatory and inhibitory synaptic
transmission were similar in the young and elderly preparations. In contrast, thiopental produced a
greater effect on inhibitory synaptic transmission in young than elderly hippocampi, whereas the actions
on excitatory synaptic transmission were negligible in both preparations. Corresponding experiments
revealed (a) that the duration of recurrent inhibition was more prolonged by thiopental in young com-
pared to elderly animals and (b) that thiopental enhanced the c-amino-butyric acid (GABA) release from
pre-synaptic terminals in an age-dependent manner. The thiopental actions on GABA discharge from pre-
synaptic terminals appear to be responsible for the observed difference between young and elderly ani-
mals. The age-dependent reduction in neurotransmitter stores in pre-synaptic terminals may explain the
age-related alterations in general anesthetic actions.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Although anesthesiologists recognize that the aging process is
associated with reduced anesthetic requirements (Avram et al.,
1993; Eger, 2001), little is known about the neural mechanism(s)
for the age-dependent modifications of general anesthetic actions.
Since an age-dependent changes in the rate of metabolism and dis-
tribution may contribute to the alterations of anesthetic actions
in vivo, it is considered worthwhile to examine the age-related
modification of anesthetic effects in the central nervous system
in vitro.

It is difficult to establish elderly animal models in basic biological
research. Although senescence-accelerated animal models have
been developed and show shorter life spans than control animals,
investigators have raised the question whether early death of elderly
model animals may be caused by systemic diseases (Miyaishi et al.,
2000a, b). Since natural age-related biophysics might be uncertain in
the senescence-accelerated model animals, we established an aging
farm for Wistar rats to be used in the present study, and carefully
reared animals for �2 years under identical environments.

Previous studies from our laboratory have demonstrated the
agent-specific actions of general anesthetics, indicating that

intravenous anesthetics (thiopental, pentobarbital, propofol)
mainly enhance inhibitory synaptic transmission, whereas volatile
anesthetics (sevoflurane, isoflurane) act on both excitatory and
inhibitory synaptic transmission in the hippocampus (Hirota et al.,
2010; Asahi et al., 2006; Wakasugi et al., 1999). It has been reported
that physiological aging is associated with impairment of inhibitory
synaptic transmission (Papatheodoropoulos and Kostopoulos,
1996) and with increased excitability of hippocampal circuits
(Barnes et al., 1987). Therefore we hypothesized that actions of gen-
eral anesthetics could be differently modified with aging. In the
present study, we studied effects of intravenous and volatile anes-
thetics on synaptic transmission in young and senile hippocampus.

2. Materials and methods

Ethical approval was obtained from the Animal Research Com-
mittee of the University of Toyama, Japan. Male Wistar rats were
housed individually in the aging farm, raised in an air-conditioned
room (20 �C) under a 12/12-h light/dark cycle, with free access to
food and water. It has been reported that age-dependent alterations
in synaptic activities mainly occur during the first 7–10 months and
continue until 30 months in the hippocampus of Wistar rats
(Papatheodoropoulos and Kostopoulos, 1996). Thus, we considered
4-month and 2-year Wistar rats as young and elderly subjects,
respectively.
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2.1. Slice preparation and electrophysiological recordings

Methods for the preparation of rat hippocampal slices and elec-
trophysiological protocols have been previously described (Hirota
et al., 2010). In brief, young (4-month) and elderly (2-year) rats
were deeply anesthetized with sevoflurane and then decapitated.
Because of lower blood/gas partition coefficient of sevoflurane
(0.63), the anesthesia for decapitation could not interfere with
the later procedure of preparation or electrophysiological record-
ings. The brain was rapidly removed, and 400 lm transverse slices
were prepared from the dissected hippocampus in cold, oxygen-
ated artificial cerebrospinal fluid (ACSF) using a Rotorslicer DTY-
7700 (DSK, Osaka, Japan). The slices were placed on a nylon mesh
screen at the interface of ACSF liquid (90 mL/h) and humidified
95%O2/5%CO2 gas (1 L/min) phases in a recording chamber. In order
to accelerate the rate of drug equilibration and to obtain stable
recordings of field potentials, we have developed the liquid/gas
interface brain slice chamber with minimal perfusate volume
(0.8 mL). Slices were warmed to 37 �C slowly and then allowed
to equilibrate for 90–120 min without electrical stimulation.

Two glass extracellular recording microelectrodes (3–5 MX
filled with 2 mol/L of NaCl) were positioned in the region of cell
bodies and dendrites of the CA1 pyramidal neurons to record field
population spikes (PSs) and field excitatory post-synaptic poten-
tials (EPSPs). A bipolar stimulating electrode (tungsten steel,
coated with epoxy resin, Unique Medical, Tokyo, Japan) was placed
in the region of the Schaffer-collateral–commissural fibers (Sch) to
stimulate the input to CA1 neurons, and a second electrode was lo-
cated in the region of the alveus hippocampi (Alv) to activate
inhibitory interneurons of the CA1 (Fig. 1A) (Asahi et al., 2006;
Hirota et al., 2010). PS amplitudes were determined from peak po-
sitive to peak negative of the waveform. EPSP slopes were calcu-
lated by fitting digitized data points between onset and peak
negativity to a linear function (dV/dt).

The hippocampal network model used in this study has the
advantage that both excitatory and inhibitory synaptic transmis-
sions are simultaneously recorded. EPSP slopes were measured to
evaluate the glutaminergic excitatory synaptic transmission, and
the recurrent inhibitory-enhanced (RIE) circuit was employed to
evaluate inhibitory synaptic transmission. In order to establish
the RIE circuit, the Alv was stimulated with a pre-pulse to activate
the c-amino-butyric acid (GABA) mediated recurrent inhibition.
Electrical stimulation of the Sch was then applied (10 ms after
the pre-pulse) as a test-pulse to elicit PS. When the recurrent inhi-
bition was enhanced via presynaptic mechanisms, the reduction of
PS was detected.

Representative recordings of RIE experiments were shown in
Fig. 1B. An enhancement of recurrent inhibition with the pre-pulse
had minimal effect on the PS amplitude in the absence of anes-
thetic (ACSF, left panel). An application of thiopental (10�5 mol/L)
remarkably reduced the PS amplitude with a pre-pulse (right, low-
er panel). Note that thiopental failed to affect PS without a pre-
pulse, indicating that anesthetic produces the inhibitory actions
only when the recurrent inhibition is enhanced, as previously re-
ported from our laboratory (Hirota et al., 1998, 2010; Wakasugi
et al., 1999; Asahi et al., 2006).

In some experiments, the intervals between pre- and test-pulses
were changed from 10 ms to a range of 20–60 ms. A number of pre-
pulses (n = 0–320) were applied as a train (200 Hz) in order to access
the GABA release from pre-synaptic terminals (pre-pulse train pro-
tocol).7 DL-2-amino-5-phosphonovaleric acid (AP5, 10 � 4 mol/L)
was used to prevent NMDA (N-methyl-D-aspartate) receptor-re-
lated synaptic plasticity (Winder and Sweatt, 2001).

Square-wave stimuli (5–10 V, 50 ls), generated with a SEN-
3301 stimulator (Nihon Kohden, Tokyo, Japan), were delivered to
both pathways (Sch and Alv) simultaneously. The minimal

stimulus intensity that elicited the maximal amplitude (maximal
stimulus) was normally used. Stimulus frequency was fixed at
0.03 Hz, since the input frequency can modify anesthetic actions
(Hirota et al., 2010). Field potentials were amplified with a MEZ-
8301 amplifier (Nihon Kohden, Tokyo, Japan) and filtered 1 Hz–
10 kHz. Analog-digital conversions of data were made at a rate of
100 kHz using an InstruNet (GW, Somerville, MA). The results were
stored on the hard drive of a Macintosh computer (Apple, Cuper-
tino, CA), and PS amplitudes and EPSP slopes were analyzed using
SuperScope software (GW, Somerville, MA).

2.2. Drug application and data acquisition

All preparations used in the present study showed control var-
iability <5% during the initial data acquisition period and following
washout of anesthetic drugs. Recovery responses were recorded at
least 30 min after washout of anesthetic-equilibrated ACSF from
the chamber. Sevoflurane was applied as vapors in the prewarmed
carrier gas (95%O2/5%CO2) above the slices using a calibrated com-
mercial vaporizer (Tec 3, Omeda, Steeton, West Yorkshire, UK).
Concentrations, expressed as volume percent (vol%) refer to the
dial settings on the vaporizer. Concentrations of sevoflurane in
the perfusate of the recording chamber were determined using a
portable volatile gas analyzer (OSP, Saitama, Japan): a linear rela-
tionship (6.5 � 10-4 mol/L per 1.0 vol%) up to 5.0 vol%.

Fig. 1. (A) Two glass extracellular recording microelectrodes for recording popu-
lation spike and excitatory post-synaptic potential were placed in the region of cell
body and dendrites of CA1 pyramidal neurons. A bipolar stimulating electrode (for
‘‘Test-pulse’’) was located in the region of Schaffer-collateral–commissural fibers to
stimulate the input to CA1 neurons, and a second electrode (for ‘‘Pre-pulse’’) was
placed in the region of alveus hippocampi in order to activate inhibitory
interneurons of the CA1. EPSP: excitatory post-synaptic potential. DG: Dentate
gyrus. Stim: Stimulus electrode. (B) Effects of thiopental on field population spikes
in the recurrent inhibition enhanced (RIE) circuit. Left panel: Artificial cerebrospinal
fluid (no anesthetic). Right panel: Effects of 10�5 mol/L of thiopental.
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Thiopental was dissolved in ACSF at required concentrations
prior to use. All anesthetics and drugs were applied for a minimum
of 20 min to reach equilibrium, as previously demonstrated (Hirota
et al., 2010). Since it has been reported that the time course of the
onset of anesthetic actions depends on the depth from the surface
of brain slices (Benkwitz et al., 2007), we placed the electrodes
close to the surface of brain slice (<50 lm) using the hydrauli-
cally-operated three-dimensional micromanipulators (MHW-110,
Narishige, Tokyo, Japan).

The composition of the ACSF was (mmol/L): NaCl 124, KCl 5, CaCl2

2, NaH2PO4, 1.25, MgSO4 2, NaHCO3 26, AP5 0.1, and glucose 10, pre-
pared with purified water. The ACSF was precooled (8–10 �C) and
kept saturated with 95%O2/5%CO2 gas mixture before use (pH
7.1–7.3). Sevoflurane was purchased from Maruishi Pharmaceutical
Co (Osaka, Japan). Thiopental was purchased from Tanabe Pharma-
ceutical Co (Osaka, Japan). All of other chemicals used were pur-
chased from Sigma (St. Louis, MO).

2.3. Statistical analysis

Statistical differences were tested by repeated-measures analy-
sis of variance (ANOVA) and differences between paired sets of data
were compared by the Bonferroni/Dunn test. A P value of <0.05 was
considered significantly different. The concentration-response
curve was fitted to the Hill equation: Y = Kn/(Cn + Kn) � 100, where
Y represents EPSP slope or PS amplitufe (% of control), K is EC50 va-
lue, C is anesthetic concentration, and n is Hill coefficient. Statistical

analysis and curve fitting were performed using Prism software
(GraphPad, San Diego, CA).

3. Results

3.1. Effects of general anesthetics on excitatory synaptic transmission
(Fig. 2A)

In order to study the effects of age on excitatory synaptic trans-
mission in the presence of general anesthetics, we examined the
effects of thiopental and sevoflurane on EPSP slopes in young and
elderly animals. Thiopental did not produce a consistent effect on
EPSP slopes, whereas sevoflurane decreased EPSP slopes in a con-
centration-dependent manner. The effects of sevoflurane were
not significantly different in young and elderly groups (EC50 val-
ues: 4.6 ± 0.1 vol% and 4.0 ± 0.2 vol%; Hill coefficients: 2.7 ± 0.2,
2.5 ± 0.3, respectively).

3.2. Effects of general anesthetics on inhibitory synaptic transmission
(Fig. 2B)

We employed the GABA-mediated recurrent inhibitory path-
way using the RIE network model in young and elderly animals
to compare the effects of thiopental and sevoflurane. Both thiopen-
tal and sevoflurane reduced the amplitude of PS in a concentration-
dependent manner. However, the inhibitory actions of thiopental
were more prominent in young preparations compared to elderly

Fig. 2. Effects of general anesthetics on excitatory (panel A) and inhibitory (panel B) synaptic transmission of young (4-month) and elderly (2-year) rats. Excitatory and
inhibitory synaptic transmission were determined using EPSP slopes and population spike (PS) amplitudes in the recurrent inhibition enhanced (RIE) circuit. Open symbols:
Young rats (n = 6). Closed symbols: Elderly rats (n = 5). Data represent mean ± SD. Closed circles (Elderly) were significantly different (P < 0.0001) from closed circles (Young),
with the two-way ANOVA. � P < 0.05 (Boneferroni posttests). Inset: Representative recordings of field potentials in the absence (dotted line) and presence (solid line) of
thiopental (10�5 mol/L) and sevoflurane (3.0 vol%).
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(EC50 values: 7.4 ± 0.8 � 10�6 mol/L and 6.1 ± 1.0 � 10�5 mol/L, Hill
coefficients: 1.5 ± 0.3, 1.4 ± 0.3, respectively). In contrast, the ef-
fects of sevoflurane were not significantly different between young
and elderly groups (EC50 values: 4.0 ± 0.1 vol% and 3.7 ± 0.3 vol%,
Hill coefficients: 2.8 ± 0.3, 2.3 ± 0.4, respectively). The effects of
general anesthetics on synaptic transmission are reversible on
washout within 30 min.

3.3. Prolongation of recurrent-inhibition by thiopental in young and
elderly (Fig. 3)

In order to investigate mechanisms that may contribute to the
different sensitivities to thiopental in young and elderly prepara-
tions, we examined the duration of recurrent-inhibition in the pres-
ence of thiopental. Fig. 3 (upper panel) shows the experimental
protocol: a pre-pulse stimulation on Alv activated recurrent-inhibi-
tion via the inhibitory interneurons; this was followed by a test-
pulse applied to the Sch at different intervals (10–60 ms). In the
absence of thiopental (ACSF, middle panel), recurrent-inhibition
was prominent in the test-pulse 1 and 2 in the young group,
whereas the inhibition was minimal or negligible in the elderly
group. Application of thiopental (10�5 mol/L) prolonged recurrent-
inhibition, and produced greater actions in young preparations
compared to elderly (lower panel).

3.4. Neurotransmitter (GABA) release from pre-synaptic terminals by
thiopental in young and elderly (Figs. 4 and 5)

Since the results suggested that the age-dependent sensitivity
to thiopental could be due to an enhancement in recurrent-inhibi-
tion, we examined neurotransmitter (GABA) release from presyn-
aptic terminals using the pre-pulse protocol (Hirota et al., 2010).
An example of the protocol is shown in Fig 4A. When a single
pre-pulse is applied (n = 1), the PS is slightly decreased due to
enhancement of recurrent inhibition. A pre-pulse train (200 Hz,
n = 2–10) accelerates the enhancement of inhibition. The degree
of decrease of PS is dependent on the number of pre-pulses. How-
ever, longer pre-pulse trains (n = 60–90) produce disinhibition of
PSs, suggesting depletion of GABA at presynaptic terminals. The
relationship between number of pre-pulse trains (200 Hz) and PS
amplitudes is shown in Fig 4B. In ACSF, short pre-pulse trains pro-
duced inhibition of test-PSs (Phase I), and long trains induced dis-
inhibition (Phase II). Pre-treatment of a GABA uptake blocker,
nipecotic acid (10�3 mol/L), accelerated the onset of Phase II, indi-
cating that the inhibition of GABA uptake process enhances deple-
tion of neurotransmitter at pre-synaptic terminals. Although we do
not directly measure the amount of GABA release in situ, the state
of GABA release/depletion could be identified with pre-pulse pro-
tocol in the present study.

In the absence of anesthetic (ACSF), the duration of GABA
release was longer in the young compared to the elderly prepara-
tions. In the presence of thiopental, GABA release was enhanced;
the effects were greater in the young compared to the elderly

Fig. 3. Prolongation of recurrent inhibition following thiopental (10�5 mol/L)
application in young (4-month) and elderly (2-year) rats. Upper panel: Stimulation
protocol. Test-pulses were applied in various intervals (10–60 ms) after the pre-
pulses. Middle panel: Representative recordings of field population spikes (6
recordings superimposed) in the presence and absence of thiopental. Triangles
indicate reduced amplitudes of recurrent inhibition. Lower panel: PS amplitudes
were plotted as a function of the intervals between pre- and test-pulses in the
presence of thiopental. Amplitudes were expressed as % of control: Control
response was recorded in the absence of pre-pulse. Open symbols: Young rats
(n = 6). Closed symbols: elderly rats (n = 5). Data are mean ± SD. Closed circles
(Elderly) were significantly different (P < 0.0001) from closed circles (Young), with
the two-way ANOVA. ⁄P < 0.05 (Boneferroni posttests).

Fig. 4. (A) An example of the pre-pulse protocol. Different number of pre-pulses
(100 Hz, n = 0–90) were applied to assess the GABA release from pre-synaptic
terminals. Arrows indicate the test-PSs. (B) Relations between number of pre-pulses
and the test-PS amplitudes in the absence and presence of nipecotic acid (10–3 mol/
L). Phase I: Enhancement of GABA release from pre-synaptic terminal. Phase II:
Depletion of GABA at pre-synaptic terminal. Closed circles (nipecotic acid) were
significantly different (P = 0.0018) from closed circles (ACSF), with the two-way
ANOVA.
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hippocampi. Therefore, the difference in the kinetics of neurotrans-
mitter (GABA) release from pre-synaptic terminals in young and
elderly preparations may be responsible for the observed age-
dependent sensitivity to thiopental.

4. Discussion

The present results provide the first evidence for the age-related
differences of general anesthetic actions on hippocampal synaptic
transmission in vitro. In the RIE network model, thiopental produced
greater effects on inhibitory synaptic transmission in young
compared to elderly preparations, whereas sevoflurane did not pro-
duce an age-dependent alteration. Corresponding experiments re-
vealed that thiopental prolonged the duration of recurrent
inhibition, and that actions of thiopental are more prominent in
young compared to elderly preparations. The results indicate that
age-related changes in the recurrent inhibition could be responsible
for the age-dependent modification of thiopental actions.

In order to assess the age-dependent modification of the
recurrent inhibition in the presence of thiopental, we utilized the
pre-pulse protocol to accelerate GABA release from pre-synaptic ter-
minals. It has been well known that pre-synaptic neurotransmitter
release occurs by a process of vesicle exocytosis (Stevens and Wil-
liams, 2000). Studies of hippocampal neurons found a very small
active pool of neurotransmitter vesicles and a large number of rest-
ing vesicles at the pre-synaptic terminals (Pyle et al., 2000). After
neurotransmitter release, the fusion pores seal rapidly, and the ves-
icles immediately refill with neurotransmitter. The entire process of
neurotransmitter release, uptake and repriming occurs within
several seconds (Ryan and Smith, 1995). A single action potential
releases 0.5% of neurotransmitter pool from presynaptic terminals
(Ryan and Smith, 1995). Therefore, the pre-pulse train could first
enhance GABA release and attenuate the PS amplitude (Phase I).
Subsequently more than 200 pulses of a pre-pulse train could
release all the active pool of GABA, and temporally deplete readily
releasable neurotransmitter (Phase II).

In the present study, thiopental depressed Phase I and pro-
longed the onset of Phase II, suggesting that thiopental enhances
GABA release at presynaptic terminals. It has been reported that
thiopental, like other barbiturates, potentiates the GABAA receptor
in the central nervous system (Rudolph and Antkowiak, 2004). In
our hippocampal synaptic circuits, however, thiopental had no
consistent effect on the PS amplitude in the absence of RIE (Fig
1B), whereas GABAA receptor agonist, muscimol, reduces the
amplitude (Hirota and Roth, 1997). Therefore, direct actions of

thiopental on the post-synaptic GABAA receptor might be minimal
or negligible in the excitatory mono-synaptic hippocampal trans-
mission. Taken together with the present data, the age-related
changes in GABA release from pre-synaptic terminals could explain
the age-dependent modification of thiopental actions.

Papatheodoropoulos and Kostopoulos (1996) examined synap-
tic transmission of hippocampal circuits in rats aged 1–34 months
and found that aging impaired recurrent inhibitory synaptic trans-
mission. This was evidenced by a progressive functional loss of hip-
pocampal GABAergic interneurons during aging (Vela et al., 2003).
It has also been reported that glutamate decarboxylase (synthesiz-
ing enzyme of GABA) is reduced in hippocampal interneurons of el-
derly rats (Stanley and Shetty, 2004; Shetty and Turner, 1998). The
reduction of glutamate decarboxylase leads to a decrease in the
pool of GABA vesicles in pre-synaptic terminals. These facts sup-
port our hypothesis that recurrent inhibition is decreased in the
aged hippocampus, and that decreased GABA stores at pre-synaptic
terminals may provide an explanation for the age-dependent
attenuation of thiopental actions.

We must take into account the fact that an age-dependent de-
crease in the rate of metabolism and distribution of intravenous
anesthetics can take place in vivo. The thiopental pharmacokinetics
have been analyzed in human subjects (Stanski and Maitre, 1990),
and the relations between calculated thiopental serum concentra-
tion and EEG configurations have been determined (Harashima
et al., 1997). They found no age-related change in whole brain neu-
ral responsiveness to thiopental. Although their results are incon-
sistent with our electrophysiological results in hippocampal
slices, it is worthwile to obtain information about the effects of
age on anesthetic potencies in vitro without indirect influences of
drug-metabolism in the present study.

Basically, there is no ideal methodology to evaluate depth of
anesthesia or hypnotic effects of general anesthetics, since physio-
logical basis of consciousness has not been determined (Miller,
2005). Greenfield and Collins (2005) proposed that the transient,
three-dimensional large-scale neuronal ‘‘assemblies’’ throughout
the brain can generate different degree of consciousness. During
the series of neuroscientific approaches, they studied the optical
imaging in hippocampal slices following a paired-pulse stimula-
tion. In the paired-pulse paradigms, the first stimulus elicits the
GABAergic inhibitory interneurons, and the enhanced recurrent
inhibition synchronizes with the second stimulus, resembling RIE
network in the present study. Greenfield’s results demonstrated
that anesthetics, but not analgesics, prolong the enhancement of
recurrent inhibition, implying that anesthetics reduce the spatial
spread of neural activities, disturb neuronal assembly formations,

Fig. 5. The pre-pulse train protocol was employed to examine neurotransmitter (GABA) release from presynaptic terminals of inhibitory interneurons. Different numbers of
pre-pulses (0–320) were applied at 200 Hz to activate the gamma-aminobutyric acid (GABA) release. The relationships between number of pre-pulses and population spike
amplitudes of young (n = 6) and elderly (n = 5) rats in the absence (open symbols) and presence (closed symbols) of thiopental (10�5 mol/L) are shown. Closed symbols were
significantly different (P < 0.0001) from closed symbols in both figures, with the two-way ANOVA. Closed circles (Young, thiopental) were significantly different (P < 0.0001)
from closed squares (Elderly, thiopental). ⁄P < 0.05 (Boneferroni posttests).
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and produce loss of awareness in the presence of general anesthet-
ics (Collins et al., 2007). According to this opinion, the anesthetic-
induced GABA release and prolongation of recurrent inhibition in
the present study may be closely related to degree of conscious-
ness. Thus, our findings that thiopental is less sensitive to inhibi-
tory synaptic transmission in senior hippocampus might have
important implications for age-related modification of hypnotic ef-
fects following general anesthetic application.

Our previous studies have demonstrated that anesthetic-in-
duced GABA release is less pronounced in the presence of volatile
general anesthetics compared to intravenous anesthetics (Hirota
et al., 2010). This suggests that age-dependent GABAergic altera-
tions may not be involved in the actions of the volatile anesthetics.
It is generally accepted that aging influences the minimum alveolar
concentration (MAC) that prevents movements in response to a
noxious stimulus in 50% of a population (Eger, 2001). However,
MAC is determined in the spinal cord, not in the brain, since func-
tional separation of brain from the spinal cord does not affect MAC
(Rampil et al., 1993; Rampil, 1994). MAC merely reflects the spinal
reflex, whereas hypnosis of general anesthesia is probably related
to the large-scale neuronal assemblies throughout the brain
(Greenfield and Collins, 2005; Collins et al., 2007). The present re-
sults on volatile anesthetic actions in young and elderly hippo-
campi in vitro would be of significance in higher brain function.

In summary, thiopental, but not sevoflurane, produced an age-
dependent alteration in the RIE circuit model of hippocampus
in vitro. The anesthetic actions on GABA release from pre-synaptic
terminals appear to be responsible for the observed difference be-
tween young and elderly hippocampi. Although we did not directly
measure the GABA release in situ in this study, the age-dependent
reduction in neurotransmitter pools in pre-synaptic terminals,
involving GABA synthetase, can support our opinion. Our conclu-
sions might have basic implications to understand the mechanisms
for age-related modification of hypnotic effects following general
anesthetic application.
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