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ABSTRACT
Background: The anesthetic properties of etomidate are
largely mediated by �-aminobutyric acid type A receptors.
There is evidence for the existence of �-aminobutyric acid
type A receptor subtypes in the brain, which respond to small
concentrations of etomidate. After awakening from anesthe-
sia, these subtypes are expected to cause cognitive dysfunc-
tion for a yet unknown period of time. The corresponding
patterns of brain electrical activity and the molecular identity
of �-aminobutyric acid type A receptors contributing to
these actions remain to be elucidated.
Methods: Anesthesia was induced in wild-type and �3(N265M)
knock-in mice by intravenous injection of 10 mg/kg etomi-
date. Local field potentials were recorded simultaneously in
the prefrontal cortex and hippocampus using chronically im-
planted electrode arrays. Local field potentials were sampled
before, during, and after anesthesia.
Results: In the prefrontal cortex and hippocampus of wild-
type mice, intravenous bolus injection of etomidate evoked
isoelectric baselines and subsequent burst suppression. These
effects were largely attenuated by the �3(N265M) mutation.
During emergence from anesthesia, power density in the �
band (5–15 Hz) transiently increased in the hippocampus of
wild types, but not in the mutants, indicating that this action

was caused by the receptors harboring �3 subunits. In both
genotypes, etomidate produced a long-lasting (� 1 h after
recovery of righting reflexes) decrease in �-peak frequency.
Significant slowing of � activity was apparent in the hip-
pocampus and prefrontal cortex.
Conclusions: Etomidate-induced patterns of brain activity
during deep anesthesia mostly involve actions at �3 contain-
ing �-aminobutyric acid type A receptors. During the post-
anesthesia period, altered �-band activity indicates ongoing
anesthetic action.

THERE is increasing evidence for the existence of �-ami-
nobutyric acid type A (GABAA) receptors in the brain,

which are highly susceptible to general anesthetics.1–4 It has
been shown that at concentrations well below those at which
consciousness is lost, anesthetic agents in current clinical use
cause sedation and amnesia via acting on these supersensitive
GABAA receptors. For that reason, it seems likely that after
termination of general anesthesia, small concentrations of anes-
thetics impact the brain for a yet unknown period of time,
thereby causing a cognitive dysfunction. Reynolds et al.5 pro-
vided experimental evidence that anesthetic actions can persist
for a long period after terminating anesthesia. These authors
report that slow wave sleep in mice was increased for several
hours after recovery from etomidate anesthesia. On the molec-
ular level, the anesthetic properties of etomidate are mediated by
GABAA receptors incorporating a � subunit.6 Remarkably, eto-
midate-induced changes in slow wave sleep were absent in
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What We Already Know about This Topic

❖ It is speculated that etomidate produces long-lasting effects
on cognition by action on �-aminobutyric acid A (GABAA)
receptor subtypes, which proved to be highly sensitive to this
anesthetic

What This Article Tells Us That Is New

❖ After awakening from eotomidate anesthesia, the long-lasting
effects on brain electrical activity were observed in the hip-
pocampus and prefrontal cortex of mice

❖ These actions were in part abolished by a mutation of the �3
subunit of the GABAA receptor
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knock-in mice harboring a point mutation in the �2 subunit
that rendered GABAA receptors containing the mutated sub-
unit insensitive to etomidate.5 These findings indicate that the
ongoing impairment of brain functions after awakening from
anesthesia is at least in part mediated by GABAA receptors con-
taining the �2 subunit.

Different parts of the brain are not affected to the same
degree by general anesthetics. It is well established that the
neocortex and hippocampus are some of the most sensitive
brain regions.7,8 The cortical–hippocampal system is the cir-
cuitry underlying the formation of declarative memory—
our ability to recollect everyday events and factual knowl-
edge.9 The prefrontal cortex is important for active working
memory.10 Working memory is a basic mechanism, by virtue
of which an item of information can be held “on-line” for
several seconds and used in the brain. It allows the brain to
delay action and gather further sensory information to pre-
pare a behavioral response. Furthermore, working memory
facilitates the coordination of multiple neural systems and
the integration of relevant information. Synchronized oscil-
latory activity in the �-frequency band is discussed as a key
mechanism for structuring recurrent interactions between
neurons in the different brain regions.11–15 This type of ac-
tivity seems to be important for hippocampal learning, cor-
tical–hippocampal interactions, and the organization of
brain activity during working memory tasks.

Postoperative cognitive dysfunction is unpleasant and can
be a problem after outpatient surgery. Furthermore, long-
lasting receptor activation is a prime candidate in initiating
persistent changes in the brain function. The current study
was motivated by the fact that very little is known about how
neural activity presents in the brain during and after awak-
ening from general anesthesia. We hypothesized that the pre-
frontal cortex and hippocampus are subjected to anesthetic
action for a considerable period of time after terminating
general anesthesia. To test this hypothesis experimentally, we
investigated the effects of etomidate in mice, making use of a
preparation that allows simultaneous recordings of local field
potentials from prefrontal and hippocampal neurons with
high temporal and spatial resolution. We further addressed
the question as to whether GABAA receptors containing �3
subunits contribute to changes in the brain activity caused by
etomidate.

Materials and Methods

Animals
Electrophysiologic recordings were carried out on wild-type
and �3(N265M) knock-in mice of both sexes on the same
background as described previously (87.5% 129 � 1/SvJ,
12.5% 129/Sv).16 All experimental and surgical procedures
were approved by the Animal Care Committee (Eberhard-
Karls-University, Tuebingen, Germany) and were in accor-
dance with the German law on animal experimentation. The
generation of �3(N265M) knock-in mice and their strain
background have been described previously in detail.16 The

behavioral assessment of motor activity and sensitivity to
pain did not indicate a difference between wild-type and
mutant mice. In addition, wild types and mutants did not
differ significantly in body weight (33.4 � 5.0 vs. 36.4 �
5.9 g, respectively). The N265M point mutation causes an
almost complete loss of modulation of GABAA receptors by
etomidate. Furthermore, the sensitivity to �-aminobutyric
acid is decreased slightly.17

Surgical Procedures
For implanting electrodes in the prefrontal cortex and hip-
pocampus, a similar approach was used as described previ-
ously for rats.18,19 Anesthesia was induced and continued till
the end of the surgery using isoflurane (� 1.5%). Adequate
depth of anesthesia was checked continuously. The body
temperature of animals was kept close to 36°C using feed-
back controlled warming equipment (Fine Science Tools,
Heidelberg, Germany). Mice were placed in a stereotaxic
device, and craniotomy was performed for implanting elec-
trode arrays. Each animal received two linear arrays of four
movable electrodes over the same hemisphere. One array was
placed in the prefrontal cortex at a depth of 200 �m below
the pia, approaching presumably layer II. Another array was
inserted through the somatosensory cortex at 900 �m below
the pia, targeting the hippocampus. The electrode arrays and
connecting wires were fixed to the skull using light-curing
dental cement (Flowline, Heraeus Kulzer, Hanau, Ger-
many). The wound was cleaned and disinfected with hydro-
gen peroxide. Open skin was sutured and carefully attached
to the implant. After surgery, the animals were kept warm
and treated with analgesics (0.02 mg/kg Buprenorphine or
Novalgin) and were allowed to recover for at least 14 days
before experiments were conducted.

Electrophysiology
Microelectrode arrays were assembled in our laboratory. Four
glass-coated platinum tungsten electrodes (shank diameter: 80
�m; diameter of the metal core: 23 �m, free tip length: 10 �m,
and impedance: � 1 M�; Thomas Recording, Giessen, Ger-
many) were placed inside a 1�4 array of polyimide tubing (HV
Technologies, Trenton, GA), with a distance between the tips of
approximately 300 �m. The electrodes were soldered to Teflon-
insulated silver wires (Science Products, Hofheim, Germany),
which in turn were connected to a microplug (Bürklin, Munich,
Germany). They were attached to the screw that allowed mov-
ing them in the orthogonal direction. The simultaneous record-
ings of local field potential signals from both structures were
performed using a multichannel extracellular amplifier (Mul-
tiChannelSystems, Reutlingen, Germany; gain 5000, sampling
rate 20 kHz).

At the end of the experiments, animals were deeply anes-
thetized with barbiturates and perfused intracardially with
0.1 M phosphate buffer followed by paraformaldehyde (4%
in phosphate buffer). The recording sites were marked by
electrolytic lesions of the brain tissue, which were identified
in the Nissl-stained coronal sections.
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Drug Administration
We induced deep etomidate anesthesia because we wanted to
quantify the differences between mutant and wild-type mice.
Because 10 mg/kg etomidate was the minimal dose causing
isoelectric brain activity for a few minutes in wild types, it
was used in our experiments. After injection, wild-type mice
were apneic for a few seconds. For inducing anesthesia, stan-
dard solutions of etomidate (B. Braun Melsungen, Ger-
many) were used. In these standard solutions, etomidate was
dissolved in the solvent lipofundin (B. Braun). Sham-treated
animals were injected with lipofundin. All drugs were ad-
ministered intravenously through the tail vein. Electrophysi-
ologic recording was started after placing the animal in a
head-restraint apparatus. Neuronal activity was monitored
for 10 min before etomidate bolus injection. For this predrug
condition, no differences in the brain electrical activity were
found between wild-type and mutant mice. Awakening from
anesthesia was defined as a recovery of the righting reflex.
The recordings were discontinued 120 min after etomidate
administration. Thereafter, the animals were returned to
their home cages.

Data Analysis
We analyzed the neurophysiologic data by domestic software
written in MATLAB version 7.8.0 including the Statistics
Toolbox (Mathworks, Natick, MA). For quantifying the co-
herence between the electrical activity in the prefrontal cor-
tex and hippocampus, the coherence function provided by
MATLAB was used. This function takes two time series,
computes their power spectra and the cross-spectral density,
and returns the quotient of the magnitude of the cross-spec-
tral density and the product of the power spectra. This quo-
tient, a number between 0 and 1, measures the correlation
between the two time series as a function of frequency. For
analyzing coherent activity, local field potentials were re-
corded simultaneously in the prefrontal cortex and hip-
pocampus at a temporal resolution of 10 ms. Coherence was
integrated in a frequency interval of 0.5–200 Hz.

To quantify the effects of etomidate during the period the
animals emerged from anesthesia, we first computed power
spectra of the local field potential traces at a time resolution of 10
ms and calculated the integral of power spectrum density within
� bandwidth. � Band was defined as the frequency spectrum
between 5 and 15 Hz. In a following step, we averaged the
integrals at 1-min intervals and normalized the numbers to the
mean integral of the power in the predrug recording. To esti-
mate the time course of � power recovery, a fourth order
polynom was fitted to the data. To assess the effects of the drug
on the � rhythm in both drug and sham-injected mice, the
nonparametric Kruskal–Wallace test was applied. In all other
cases, the two-sided t test was used. Data are expressed as
mean � SD. In some cases, the sample sizes were different
because a small portion of the data was contaminated with arti-
facts and, therefore, had to be excluded from further analysis. P
values � 0.05 were considered significant.

Results

Neuronal Activity during Etomidate Anesthesia
The current study investigates the role of �3 subunit con-
taining GABAA receptors in mediating anesthetic-induced
changes in the spontaneous neuronal activity of the prefron-
tal cortex and hippocampus. We have shown previously that
the bolus injection of 10 mg/kg etomidate causes the loss of
the righting reflex, a standard measure of hypnosis in ro-
dents, for approximately 40 min in wild types and for ap-
proximately 10 min in �3 knock-in mice.16 We expected
that within these time windows, the activity of cortical neu-
rons should be significantly altered by the anesthetic. In wild-
type mice, 10 mg/kg etomidate dramatically changed the
ongoing activity monitored simultaneously in the prefrontal
cortex and hippocampus. The results from a typical record-
ing are shown in figure 1. Within the first 5 min after injec-
tion, isoelectric baselines were visible, indicating almost
complete neuronal depression. Thereafter, the burst suppres-
sion patterns developed. Bursts appeared highly synchro-
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Fig. 1. Etomidate-induced modulation of electrical activity
monitored simultaneously in the prefrontal cortex and hip-
pocampus of wild-type mice. (A) Duration of loss of righting
reflex, a common measure for a hypnotic state, caused by
bolus injection of 10 mg/kg etomidate. The points in time at
which the anesthetic was provided and when recovery of
righting reflexes (RoRR) occurred are indicated by arrows.
Field potential traces monitored at 5, 18, and 25 min after
etomidate administration reflect brain activity during anes-
thetic-induced hypnosis. (B) Local field potential traces as
recorded before and after etomidate injection. Isoelectric
activity (5 min) is followed by typical burst suppression pat-
terns (18 min). Single bursts are marked by asterisks.
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nized across adjacent recording electrodes (fig. 2). Burst fre-
quency increased from approximately 1 Hz, as measured 5
min after etomidate injection, up to 10 Hz, approximately
20 min later. Etomidate-induced burst suppression closely
resembled the activity patterns evoked by thiopental or
propofol in the neocortex of cats.20 Approximately 20–30
min after the administration of etomidate, burst amplitudes
gradually declined. In �3-mutant mice, episodes of isoelec-
tric baselines were never observed on etomidate administra-
tion. Instead, burst suppression activity immediately became
established after injection of the anesthetic (fig. 3, traces at 5
min). The burst frequency was close to 1 Hz shortly after
etomidate application and increased up to 5 Hz approxi-
mately 15 min later. To quantify the strength and duration
of synchronized brain activity during the period of burst
suppression, we computed the coherence in the local field
potential between the prefrontal cortex and the hippocam-
pus. Figure 4A shows a representative example of how coher-
ence in the frequency spectrum between 0.5 and 200 Hz
developed over 60 min after drug administration in wild-
type and mutant mice. To quantify the duration of coherent
activity, we integrated the data in figure 4A between 1 and
100 Hz and extracted the duration by setting the threshold as

the upper confidence interval of coherence before drug ad-
ministration (fig. 4B). In wild types, etomidate-induced in-
crease in coherence lasted significantly longer than in mu-
tants (16.20 � 1.95 [n � 19] and 9.19 � 3.36 [n � 25],
respectively, P � 0.01) as indicated in figure 4C.

Figures 5A and B display spectrograms computed from rep-
resentative local field potential recordings in wild-type and mu-
tant mice. In wild-type mice, power density was almost com-
pletely depressed for a period of several minutes after drug
injection in all frequency bands (fig. 5C). In the mutant, this
effect was less pronounced in the hippocampus and almost com-
pletely absent in the prefrontal cortex.

Recovery from Deep Etomidate Anesthesia
To provide a quantitative measure of recovery from deep
anesthesia, we plotted the averaged time course of the power
in the � band after etomidate bolus injection (fig. 6). Data
were normalized to the control recordings carried out before
drug administration. � Power dropped immediately on eto-
midate administration. In wild-type mice, the activity
reached the level of the predrug condition in 17.5 � 12.8
and 17.1 � 8.23 min in both hippocampus (n � 26) and
prefrontal cortex (n � 19), respectively. In mutants, it only
took 2.97 � 2.8 min in the hippocampus (n � 30) and
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1s

Wild-type

Hippocampus

Prefrontal cortex

Fig. 2. Burst suppression activity recorded simultaneously
with four electrodes in the hippocampus and four electrodes
in the prefrontal cortex. The distance between two recording
sites in the hippocampus and prefrontal cortex, respectively,
was 300 �m. To facilitate easy comparison between different
electrodes, hippocampal spikes displaying large amplitudes
are marked by vertical bars. The traces show that spontane-
ous electrical brain activity is highly regular and synchronized
between prefrontal cortex and hippocampus.
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Fig. 3. The �3(N265M) mutation largely attenuates the effects
of etomidate on brain electrical activity observed in wild-type
mice. (A) In �3(N265M) mice, hypnosis lasts less than 10 min,
compared with approximately 40 min in wild types. (B) Local
field potential recordings before and after etomidate injection
show that in mutant mice, bolus injection of 10 mg/kg eto-
midate does not evoke isoelectric brain activity. RoRR �
recovery of righting reflexes.
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3.55 � 2.03 min in the prefrontal cortex (n � 25) to reach
control level. The difference between wild types and mutants
was statistically significant (hippocampus and prefrontal cor-
tex: P � 0.01). In both genotypes, the power returned to
values exceeding the control level. This overshoot was ex-
pected because at moderate concentrations causing hypnosis
but not surgical anesthesia, general anesthetics increase the
power in all frequency bands except the � range. In sum-
mary, the dissimilar anesthetic actions observed in wild-type
and mutant mice strongly suggest that the modulation of �3
subunit containing GABAA receptors is required for produc-
ing deep anesthesia. Because in mutant mice, anesthetic
depth is largely reduced, recovery is much faster.

�-Band Activity during Emergence from Anesthesia
We quantified the changes in � power after etomidate bolus
injection, including the time period of emergence from anesthe-
sia (fig. 7). In wild-type mice, enhancement of � power was
observed 40–60 min after etomidate injection in the hip-
pocampal recordings, immediately after the recovery of righting
reflexes (fig. 7A). In �3 mutants, � power in the hippocampus
returned to the baseline level within a few minutes on injecting
the anesthetic and remained almost constant for the rest of the
recording. To see whether the difference between the actions of
etomidate in wild-type and mutant mice was statistically signif-
icant, we compared the integrated � activity between 40–60
min and 80–100 min after injection, respectively. The first time
window corresponded to the very early phase of emergence from
anesthesia, soon after righting reflexes had returned. In the sec-
ond time window, recovery from anesthesia had closely ap-
proached predrug conditions. Hippocampal � power was signif-
icantly different between wild-type (n � 26) and mutant mice

(n � 30) in the first (P � 0.01) but not the second (P � 0.05)
time window. The recordings in sham-injected animals of both
genotypes in both structures (wild type: n � 14 in the prefrontal
cortex, n � 16 in the hippocampus; mutant: n � 11 in the
prefrontal cortex, n � 16 in the hippocampus) did not show
enhanced � activity 40–60 min after injection. In summary,
these results indicate that etomidate-induced augmentation of
hippocampal � oscillations is time locked to the early phase of
emergence from anesthesia and is mediated via �3 subunit con-
taining GABAA receptors.

We further analyzed the effects of etomidate on � activity in
the prefrontal cortex of mice of both genotypes (wild types: n �
19; mutants: n � 25). In this part of the brain, the anesthetic did
not boost � power, and a difference between wild-type and mutant
animals was not observed (fig. 7B). Thus, etomidate-induced en-
hancement of � oscillations was selective for the hippocampus.

Finally, we compared the peak frequency in the � band before
and after recovery from etomidate anesthesia. For this purpose, we
averaged the peak frequencies in the � range for 20 min immedi-
ately before etomidate injection and 40–60 min and 80–100 min
after etomidate injection. Under predrug conditions, no difference
was found between genotypes and between the prefrontal cortex
and the hippocampus. Etomidate reduced the peak frequency in
the hippocampus and prefrontal cortex to a similar extent (fig. 8).
The differences between genotypes were not observed. In wild
types, the peak frequency had changed after injection from 6.97 �
0.6 Hz to 6.22 � 0.44 Hz and from 6.83 � 0.58 Hz to 6.39 �
0.48 Hz in the hippocampus (n � 26) and prefrontal cortex (n �
19), respectively. This effect reached statistical significance in both
structures (P � 0.01). In mutants, the initial peak frequency de-
creased from 7.04 � 0.6 to 6.21 � 0.4 in the hippocampus (n �
30) and from 6.83 � 0.59 to 6.36 � 0.54 in the prefrontal cortex
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Fig. 4. Synchronization of the brain activity between the hippocampus and the prefrontal cortex during etomidate anesthesia.
(A) Spectrograms of coherent activity between 0.5 and 200 Hz. (B) Integrated coherent activity between 1 and 100 Hz. In wild
types, synchronized activity was low immediately after the injection of etomidate. Coherent activity increased after a delay of
4 min, reaching a maximum when burst suppression patterns were apparent in the hippocampus and prefrontal cortex. In
mutants, injection of etomidate immediately increased coherent activity. (C) In wild types, coherent activity lasted significantly
longer than in mutants (** P � 0.01). RoRR � recovery of righting reflexes.
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(n � 25). This reduction was also statistically significant in both
structures (P � 0.01), suggesting that this effect is not mediated by
�3 subunit containing GABAA receptors.

Discussion

Major Findings of the Study
We studied the effects of etomidate in wild-type and �3 mutant
mice during and after awakening from anesthesia. The anesthe-
sia-related patterns of brain electrical activity were attenuated by
the mutation as indicated by the absence of isoelectric activity
(figs. 3 and 5) and faster recovery of �-band power (fig. 6) in
mutant mice. These findings are in accordance with behavioral
studies, showing that the duration of loss of righting reflex is
considerably shorter in mutants.16

Soon on emergence from anesthesia, as indicated by the re-
appearance of righting reflexes, the power in the � band rapidly
increased in the hippocampus (fig. 7A). During the next hour, �
power gradually declined. We speculate that the latter effect is
linked to a decline in the brain concentration of etomidate,
caused by metabolism and elimination of the drug. Further-
more, etomidate-induced enhancement of hippocampal �

power was abolished by the �3 mutation, indicating the in-
volvement of GABAA receptors containing the �3 subunit. In
summary, these findings are consistent with the hypothesis that
the transient enhancement of hippocampal � power during the
postanesthesia period is caused by the modulation of hippocam-
pal GABAA receptors by small concentrations of etomidate.

In addition, we observed that after awakening from anes-
thesia, the peak frequency in the � band was significantly
shifted to lower values. This was found in the prefrontal
cortex and in the hippocampus. The underlying mechanisms
remain to be elucidated in further studies, because this effect
was not sensitive to the mutation, and no recovery was ob-
served during the recording period. Longer recordings dur-
ing the postanesthesia period are required to determine
whether this action persists over days or weeks.

Effects of Etomidate in the Hippocampus and Prefrontal
Cortex during Anesthesia
Intravenous bolus injection of etomidate in wild-type mice
rapidly produced isoelectric activity and subsequent burst
suppression in the prefrontal cortex and hippocampus. Only
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Fig. 5. (A) Spectrograms calculated from etomidate-induced electrical brain activity monitored in wild-type (A) and �3(N265M)
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mutants. RoRR � recovery of righting reflexes.
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if burst suppression patterns were apparent, neuronal activity
was highly synchronized in the hippocampus and prefrontal
cortex. In a pioneering study, MacIver et al.21 compared the
effects of thiopental in the neocortex and hippocampus. Sim-
ilar to our findings with etomidate, these authors report that
during burst suppression, (1) cortical burst events were syn-
chronized with events in the hippocampus, (2) the peaks of
hippocampal and neocortical events did not show a stable
phase relationship (fig. 2), and (3) synchrony was markedly
reduced in the late stages of burst suppression (fig. 3). The

same authors report an uncoupling of hippocampal and neo-
cortical activity at high anesthetic concentrations. A related
phenomenon was observed in our recordings because after
injection of etomidate, burst suppression activity appeared
earlier in the prefrontal cortex when compared with the
hippocampus (fig. 5).

On the molecular level, etomidate predominantly acts via
GABAA receptors incorporating �2 or �3 subunits.6,22,23

Moreover, the anesthetic properties of etomidate have been
investigated in knock-in mice, in which GABAA receptors
containing the �2 or the �3 subunit were rendered insensi-
tive to etomidate by a point mutation.5,16 In �2 knock-in
mice, a significant reduction in the loss of motor reflexes in
response to intravenously applied etomidate was reported.5

However, in the same genotype, the changes in electroen-
cephalographic activity that were caused by etomidate did
not differ from those observed in wild-type mice. This find-
ing provided indirect evidence that etomidate alters electro-
encephalographic activity predominantly via �3 subunit
containing GABAA receptors. Our results are in good accor-
dance with this suggestion. The effects of etomidate on the
electrical activity of the cortical neurons clearly differed be-
tween �3 mutant and wild-type mice. Most importantly,
etomidate failed to evoke isoelectric baselines in �3 mutants,
indicating that deep anesthesia was not achieved in these
animals. Conversely, the current study shows that further
molecular targets contribute to etomidate anesthesia, be-
cause the burst suppression patterns were not completely
abolished in �3 knock-in animals (fig. 3).

�-Band Power in the Hippocampus Increases
Transiently after Awakening from Anesthesia
� Oscillations in the hippocampus arise from the synchro-
nized activity of a large population of neurons, causing fluc-
tuations of extracellular field potentials in the �-frequency
band.24 There is extensive evidence for a causal link between
the hippocampal � rhythm and the mnemonic functions in
rodents.24 At subhypnotic concentrations, etomidate sup-
presses hippocampus-dependent learning tasks such as con-
textual fear conditioning and spatial learning.2 Cheng et al.2

showed that these actions are largely produced by the �5
subunit. The GABAA receptors incorporating this subunit
are densely packed in the dendrites of hippocampal pyrami-
dal cells, mediating a tonic conductance.25 Furthermore,
GABAA receptors harboring �5 subunits contribute to a slow
form of synaptic inhibition in the hippocampal CA1 pyra-
midal cells (GABAA,slow).26 The presence of GABAA,slow has
also been demonstrated in the neocortical pyramidal cells.27

By virtue of its dendritic localization and kinetic properties,
which closely match those of N-methyl-D-aspartate receptor-
mediated excitation, GABAA,slow controls synaptic plasticity
and memory formation. In a recent study, Dai et al.4 have
shown that GABAA,slow is potentiated by the amnestic con-
centrations of etomidate, leaving synaptic inhibition at the
soma almost unaffected. These findings strongly suggest that
impairment of hippocampal learning by etomidate involves
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Fig. 6. Polynomial fits of the time course of �-band power after
bolus injection of etomidate in the hippocampus (A) and pre-
frontal cortex (B). The traces represent grand averages. Corre-
sponding raw data are shown in figures 7A and B. (C) In the
�3(N26 5M) mutants, � power reaches baseline levels within 3
min after etomidate administration. In wild types, this takes
more than 15 min. The difference between wild types and mu-
tants is statistically significant (** P � 0.01).
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to a large degree GABAA,slow. It seems possible that
GABAA,slow contributes to the hippocampal and neocortical
� rhythms.28–30 Accordingly, we found that subhypnotic
concentrations of etomidate slowed � oscillations. This effect
was observed in both the hippocampus and prefrontal cortex.
Although the function of � activity in the prefrontal cortex is
less clear than in the hippocampus, there is evidence for a role
during working memory tasks.13

Because etomidate enhanced �-band power only in the
hippocampus and the �5 subunit of the GABAA receptor is
mostly expressed in the hippocampus, we speculate that eto-
midate-induced amplification of �-band power is mediated

by GABAA receptors harboring the �5 subunit. Our finding
that etomidate-induced enhancement of � power was absent
in �3 knock-in mice suggests that �3 subunit containing
receptors are involved.

Slowing of � Activity Is Observed in the Prefrontal
Cortex and Hippocampus
Etomidate caused a slowing of � activity in the hippocampus
and prefrontal cortex. In striking contrast to the enhance-
ment of hippocampal � power, which only transiently ap-
peared during emergence from anesthesia, etomidate-in-
duced slowing of �-peak frequency did not show signs of
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recovery. However, the recording sessions were terminated
1 h after reappearance of righting reflexes. The duration of
recording was restricted to this time window to avoid con-
siderable discomfort for animals, which were head fixed dur-
ing all experiments.

We observed that etomidate slowed � activity in wild
types and mutants to almost the same extent, indicating that
this action does not depend on �3-containing GABAA recep-
tors. Because etomidate acts predominantly via receptors
harboring the �2 or �3 subunit, slowing of � activity is most
likely linked to the �2 subunit.

Reynolds et al.5 showed that GABAA receptors containing
the �2 subunit contribute to sedation during the postanesthesia
period. These authors demonstrated that after awakening from
10 mg/kg intravenous etomidate, a dose that also was applied in
the current study, the levels of slow wave sleep were largely
increased in the wild-type but not in the mutant mice carrying
the N265S mutation in the �2 subunit of the GABAA receptor.
In their study, enhancement of slow wave sleep was quantified
for up to 3 h after mice regained the righting reflex. During this
time, no recovery was observed. These findings raise the possi-
bility that (1) the enhancement of slow wave sleep and (2) the
decrease in brain � activity are linked to the same molecular
target, as both involve the �2 subunit and recovery is not ob-
served within hours after terminating etomidate anesthesia. The
neuronal substrates mediating these long-lasting actions are un-
known. However, the changes in sleep regulation reported by
Reynolds and coworkers5 are pointing to the neuronal pathways
of sleep and arousal, which have been shown to be subject to
anesthetic modulation31 and also regulate cortical � activity.29 A
subcortical mechanism of action could explain why the amount
by which �-peak frequency shifted toward smaller values was
found to be almost identical in the prefrontal cortex and
hippocampus.

References
1. Caraiscos VB, Newell JG, You T, Elliott EM, Rosahl TW,

Wafford KA, MacDonald JF, Orser BA: Selective enhance-
ment of tonic GABAergic inhibition in murine hippocam-
pal neurons by low concentrations of the volatile anes-
thetic isoflurane. J Neurosci 2004; 24:8454 – 8

2. Cheng VY, Martin LJ, Elliott EM, Kim JH, Mount HT, Tav-
erna FA, Roder JC, MacDonald JF, Bhambri A, Collinson N,
Wafford KA, Orser BA: Alpha5GABAA receptors mediate
the amnestic but not sedative-hypnotic effects of the gen-
eral anesthetic etomidate. J Neurosci 2006; 26:3713–20

3. Perouansky M, Hentschke H, Perkins M, Pearce RA: Am-
nesic concentrations of the nonimmobilizer 1,2-dichloro-
hexafluorocyclobutane (F6, 2N) and isoflurane alter hip-
pocampal theta oscillations in vivo. ANESTHESIOLOGY 2007;
106:1168 –76

4. Dai S, Perouansky M, Pearce RA: Amnestic concentrations
of etomidate modulate GABAA,slow synaptic inhibition in
hippocampus. ANESTHESIOLOGY 2009; 111:766 –73

5. Reynolds DS, Rosahl TW, Cirone J, O’Meara GF, Haythorn-
thwaite A, Newman RJ, Myers J, Sur C, Howell O, Rutter
AR, Atack J, Macaulay AJ, Hadingham KL, Hutson PH,
Belelli D, Lambert JJ, Dawson GR, McKernan R, Whiting
PJ, Wafford KA: Sedation and anesthesia mediated by dis-
tinct GABA(A) receptor isoforms. J Neurosci 2003; 23:
8608 –17

6. Belelli D, Lambert JJ, Peters JA, Wafford K, Whiting PJ: The
interaction of the general anesthetic etomidate with the
gamma-aminobutyric acid type A receptor is influenced by
a single amino acid. Proc Natl Acad Sci U S A 1997;
94:11031– 6

7. Heinke W, Koelsch S: The effects of anesthetics on brain
activity and cognitive function. Curr Opin Anaesthesiol
2005; 18:625–31

8. Rudolph U, Antkowiak B: Molecular and neuronal sub-
strates for general anaesthetics. Nat Rev Neurosci 2004;
5:709 –20

9. Eichenbaum H: A cortical-hippocampal system for declar-
ative memory. Nat Rev Neurosci 2000; 1:41–50

10. Wang XJ: Synaptic reverberation underlying mnemonic
persistent activity. Trends Neurosci 2001; 24:455– 63

11. Buzsaki G: Theta oscillations in the hippocampus. Neuron
2002; 33:325– 40

12. Siapas AG, Lubenov EV, Wilson MA: Prefrontal phase lock-
ing to hippocampal theta oscillations. Neuron 2005; 46:
141–51

13. Lee H, Simpson GV, Logothetis NK, Rainer G: Phase lock-
ing of single neuron activity to theta oscillations during
working memory in monkey extrastriate visual cortex.
Neuron 2005; 45:147–56

14. Axmacher N, Mormann F, Fernandez G, Elger CE, Fell J:
Memory formation by neuronal synchronization. Brain Res
Rev 2006; 52:170 – 82

15. Sauseng P, Griesmayr B, Freunberger R, Klimesch W: Con-
trol mechanisms in working memory: A possible function
of EEG theta oscillations. Neurosci Biobehav Rev 2010;
34:1015–22

16. Jurd R, Arras M, Lambert S, Drexler B, Siegwart R, Crestani
F, Zaugg M, Vogt KE, Ledermann B, Antkowiak B, Rudolph
U: General anesthetic actions in vivo strongly attenuated
by a point mutation in the GABA(A) receptor beta 3 sub-
unit. FASEB J 2003; 17:250 –2

17. Siegwart R, Jurd R, Rudolph U: Molecular determinants for
the action of general anesthetics at recombinant �2b3�2

receptors. J Neurochem 2002; 80:140 – 8

18. Hentschke H, Schwarz C, Antkowiak B: Neocortex is the
major target of sedative concentrations of volatile anaes-
thetics: Strong depression of firing rates and increase of
GABAA receptor-mediated inhibition. Eur J Neurosci 2005;
21:93–102

19. Haiss F, Butovas S, Schwarz C: A miniaturized chronic
microelectrode drive for awake behaving head restrained
mice and rats. J Neurosci Methods 2009; 187:67–72

20. Kroeger D, Amzica F: Hypersensitivity of the anesthesia-
induced comatose brain. J Neurosci 2007; 27:10597–607

21. MacIver MB, Mandema JW, Stanski DR, Bland BH: Thio-
pental uncouples hippocampal and cortical synchronized
electroencephalographic activity. ANESTHESIOLOGY 1996;
84:1411–24

22. Hill-Venning C, Belelli D, Peters JA, Lambert JJ: Subunit-
dependent interaction of the general anaesthetic etomi-
date with the gamma-aminobutyric acid type A receptor.
Br J Pharmacol 1997; 120:749 –56

23. Sanna E, Murgia A, Casula A, Biggio G: Differential subunit
dependence of the actions of the general anesthetics al-
phaxalone and etomidate at gamma-aminobutyric acid
type A receptors expressed in Xenopus laevis oocytes. Mol
Pharmacol 1997; 51:484 –90

24. Bland BH: The physiology and pharmacology of hippocampal
formation theta rhythms. Prog Neurobiol 1986; 26:1–54

25. Caraiscos VB, Elliott EM, You T, Cheng VY, Belelli D, Newell
JG, Jackson MF, Lambert JJ, Rosahl TW, Wafford KA, Mac-
Donald JF, Orser BA: Tonic inhibition in mouse hippocampal
CA1 pyramidal neurons is mediated by alpha5 subunit-con-
taining gamma-aminobutyric acid type A receptors. Proc Natl
Acad Sci U S A 2004; 101:3662–7

PERIOPERATIVE MEDICINE

56 Anesthesiology, V 113 • No 1 • July 2010 Butovas et al.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/113/1/48/658004/0000542-201007000-00011.pdf by guest on 13 M
arch 2024



26. Zarnowska ED, Keist R, Rudolph U, Pearce RA: GABAA

receptor {alpha}5 subunits contribute to GABAA, slow syn-
aptic inhibition in mouse hippocampus. J Neurophysiol
2009; 101:1179 –91

27. Sceniak MP, MacIver MB: Slow GABA(A) mediated syn-
aptic transmission in rat visual cortex. BMC Neurosci
2008; 9:8

28. White JA, Banks MI, Pearce RA, Kopell NJ: Networks of inter-
neurons with fast and slow gamma-aminobutyric acid type A
(GABAA) kinetics provide substrate for mixed gamma-theta
rhythm. Proc Natl Acad Sci U S A 2000; 97:8128–33

29. Lukatch HS, MacIver MB: Physiology, pharmacology, and
topography of cholinergic neocortical oscillations in vitro.
J Neurophysiol 1997; 77:2427– 45

30. Lukatch HS, MacIver MB: Synaptic mechanisms of thiopen-
tal-induced alterations in synchronized cortical activity.
ANESTHESIOLOGY 1996; 84:1425–34

31. Zecharia AY, Nelson LE, Gent TC, Schumacher M, Jurd R,
Rudolph U, Brickley SG, Maze M, Franks NP: The involvement
of hypothalamic sleep pathways in general anesthesia: Testing
the hypothesis using the GABAA receptor beta3N265M
knock-in mouse. J Neurosci 2009; 29:2177–87

Brain Electrical Activity after Etomidate Anesthesia

Butovas et al. Anesthesiology, V 113 • No 1 • July 2010 57

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/113/1/48/658004/0000542-201007000-00011.pdf by guest on 13 M
arch 2024


