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The specific mechanisms underlying general anesthesia are primarily unknown. The intravenous general anesthetic etomidate acts by
potentiating GABAA receptors, with selectivity for �2 and �3 subunit-containing receptors determined by a single asparagine residue.
We generated a genetically modified mouse containing an etomidate-insensitive �2 subunit (�2 N265S) to determine the role of �2 and
�3 subunits in etomidate-induced anesthesia. Loss of pedal withdrawal reflex and burst suppression in the electroencephalogram were
still observed in the mutant mouse, indicating that loss of consciousness can be mediated purely through �3-containing receptors. The
sedation produced by subanesthetic doses of etomidate and during recovery from anesthesia was present only in wild-type mice,
indicating that the �2 subunit mediates the sedative properties of anesthetics. These findings show that anesthesia and sedation are
mediated by distinct GABAA receptor subtypes.
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Introduction
The way in which general anesthetics produce their CNS effects is
still not clear. Historically, general anesthetics were thought to
interfere with membrane fluidity, affecting the functioning of
cellular processes. However, growing evidence indicates that gen-
eral anesthetics behave in a more specific manner by interacting
with proteins located within the plasma membrane (Franks and
Lieb, 1994). A number of ion channels that control neuronal
excitability have now been shown to be targets for clinically rele-
vant concentrations of many anesthetic agents (Krasowski and
Harrison, 1999; Thompson and Wafford, 2001). GABAA recep-
tors are likely targets for anesthetic agents because they constitute
the major inhibitory neurotransmitter system in the CNS. In this
respect, the intravenous anesthetic etomidate is of particular in-
terest. At clinically relevant concentrations, this anesthetic has
little or no effect on a range of transmitter-gated ion channels,
including the glycine (�1), neuronal nicotinic (�4�2 and �7),
5-HT3 (5-HT3A), AMPA (GluR1/GluR2), and NMDA (NR1a/
NR2A) receptors, but greatly enhances the actions of GABA act-
ing at the GABAA receptor (Belelli et al., 2003). Furthermore, the

GABA-enhancing actions of etomidate are enantioselective and
has selectivity in vitro for �2- and �3-containing receptors over
�1 subunit-containing receptors (Hill-Venning et al., 1997;
Tomlin et al., 1998; Belelli et al., 2003). This selectivity is entirely
dependent on an asparagine residue at position 265 in the trans-
membrane 2 domain of the �2 subunit that is not shared by other
anesthetics such as pentobarbital (Belelli et al., 1997). The activity
of the anticonvulsant loreclezole is also governed by this same
residue (Wingrove et al., 1994) and provides another useful tool
in this study. Here we used a gene-targeting approach, combined
with the unique selectivity profile of etomidate to investigate
mechanisms underlying anesthesia. �2-containing receptors
make up �50% of GABAA receptors in the CNS (McKernan and
Whiting, 1996) and therefore have a major contribution to inhib-
itory neuronal transmission. We therefore used gene targeting to
generate a mouse containing a mutation in the �2 subunit (�2
N265S) in which etomidate will selectively modulate �3-
containing receptors. Here we demonstrate that sedative and an-
esthetic effects are mediated by different GABAA receptor sub-
types. We also demonstrate that recovery of function in the �2
N265S mouse is considerably improved after etomidate anesthe-
sia. This indicates that GABAA �3-selective agents could be used
clinically to produce surgical anesthesia with a significantly im-
proved recovery profile.

Materials and Methods
All animal experiments were performed in accordance with the United
Kingdom Animals (Scientific Procedures) Act 1986 and associated
guidelines.
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Generation of GABAA receptor �2 N265S mutant mice
A murine 129/SvEv � fixII library (Stratagene, LaJolla, CA) was screened
using a cDNA probe containing part of the GABAA receptor �2 gene as a
probe. Two positive hybridizing � clones were subcloned into pBlue-
script and the full 17.5-kb-long DNA sequence, which contained exons 6,
7, and 8 of the �2 subunit gene, was determined. The Asp 265 to Ser 265
codon change was labeled by the novel restriction endonuclease restric-
tion site ScaI, which was introduced by site-directed mutagenesis using
oligonucleotide 5�-ACCACAATCAGTACTCACCTCCGGG-3�. An
8-kb-long DNA fragment containing the �2 N265S mutation (long arm)
and a 2 kb DNA fragment (short arm) were cloned into the pBS246-neo-
tk-1 multiple utility targeting vector (Collinson et al., 2002). After linear-
ization with NotI, the targeting vector was introduced into AB2.2 embry-
onic stem (ES) cells (Lexicon Genetics, The Woodlands, TX) as described
previously (Rosahl et al., 1993). Homologous recombinants were identi-
fied by PCR using the oligonucleotides P1 5�-CTATGATG-
CCTCTGCTGCACGGGTTGC-3� and P2 5�-GGATGCGGTGGGCTCT-
ATGGCTTCTGA-3� and were further confirmed by genomic Southern
blotting. Presence of the �2 N265S mutation was confirmed by cutting the
800-bp-long PCR product amplified by primers P3 5�-AACCTTTCA-
TCTTTAGTCCCCTGG-3� and P4 5�-TGGAAATTTGAGCAGCCCATT-
GTG-3� with the restriction endonuclease ScaI. Correctly targeted ES cell
clones were injected into C57BL/6 blastocysts, and one clone gave rise to
highly chimeric males, which transmitted the targeted allele into the germ
line. �2N265S �/� (heterozygous; F1 generation) mice were further bred
with a cre-transgenic mouse (Schwenk et al., 1995) to remove the neomycin
resistance gene in their offspring. cre-mediated recombination was con-
firmed by PCR using oligonucleotides P5 5�-AGATCTAGGTGATGAC-
TGTC-3� and P6 5�-AGACAGACGCCACATCACAC-3�. By additional
breeding, wild-type and homozygous �2 N265S mice were generated using a
randomized breeding strategy and were kept in a mixed 75% C57BL/6–25%
129SvEv genetic background. Mice were genotyped using oligonucleotides
P5 and P6 (see above), which amplified a 1.1 kb (wild-type) and 1.2 kb
(targeted allele including the loxP site), respectively.

Quantitative immunoblotting
Whole brains from heterozygous, homozygous �2 N265S, and wild-type
mice were collected and frozen on dry ice. Brains were homogenized for
the preparation of P2 membrane fractions in 50 mM Tris-HCl, pH 7.4,
and 320 mM sucrose buffer containing appropriate protease inhibitors.
The resulting samples were equalized for protein concentration, and
25–100 �g were analyzed by reducing SDS-PAGE using 7% Tris-acetate
minigels (Novex, San Diego, CA). After Western transfer, nitrocellulose
membranes were immunoblotted using 1 �g/ml of either rabbit anti-�1
(334 –360), anti-�2 (375– 429), or anti-�3 (370 – 433) specific antibodies
and a 1:5000 dilution of mouse anti-actin monoclonal antibody (Abcam,
Cambridge, UK). IRDye800 anti-rabbit (Rockland Immunochemicals,
Gilbertsville, PA) and AlexaFluor 680 (Molecular Probes, Eugene, OR)
anti-mouse infrared labeled secondary antibodies were applied simulta-
neously at a 1:5000 dilution. Immunoreactive intensities were scanned
and quantified using an Odyssey Infrared Imager (LI-COR Biosciences,
Cambridge, UK). Independent immunoblotting experiments were re-
peated at least twice.

Autoradiography
Brains from five male wild-type and four male �2 N265S mice were
collected and immediately dipped in ice-cold isopentane. Cryostat-cut
sections (14 �m) were then processed for t-[ 35S]butylbicyclophos-
phorothionate ([ 35S]TBPS) autoradiography. Slide-mounted coronal
sections were washed for 10 min in 50 mM Tris/citrate and 200 mM NaBr,
pH 7.4, buffer and then incubated in the same buffer containing 8 nM

[ 35S]TBPS. The modulation of [ 35S]TBPS binding was studied in the
presence of 5 �M loreclezole, and nonspecific binding was determined by
the addition of 10 �M picrotoxin. After 90 –120 min incubation at room
temperature, slides were washed twice for 5 min in cold buffer, rinsed in
distilled water, and exposed to film (Hyperfilm; Amersham Biosciences,
Arlington Heights, IL). Autoradiograms were analyzed with MCID M2
imaging system (Imaging Research, St. Catharines, Ontario, Canada),

and optical densities from various brain areas were computed. Optical
densities from three to four sequential slices from each animal were
combined to give a mean value for each brain region per animal.

Electrophysiology
Dissociated Purkinje neuronal recordings. Cerebellum was removed from
wild-type and �2 N265S mutant mice at postnatal days 11–17, and the
vermal layer was isolated and placed into ice-cold oxygenated dissocia-
tion media containing (in mM): 82 Na2SO4, 30 K2SO4, 5 MgCl2, 10
HEPES buffer, and 10 glucose, pH 7.4. Tissue was then prepared as
described previously (Sur et al., 2001), and cells were plated onto a glass
coverslip and left to settle for at least 30 min before use. Their character-
istic size and morphology identified Purkinje cell bodies. Cells could be
used for up to 5 hr after preparation. Glass coverslips containing the
dissociated cells were placed in a Perspex recording chamber on the stage
of a Nikon (Tokyo, Japan) Diaphot inverted microscope. Cells were per-
fused continuously with artificial CSF (aCSF) containing (in mM): 149
NaCl, 3.25 KCl, 2 CaCl2, 2 MgCl2, 10 HEPES, 11 D-glucose, and 22
D(�)-sucrose, pH 7.4, and were observed with phase-contrast optics.
Fire-polished patch pipettes were pulled on a WZ, DMZ universal puller
(Zeitz Instrumente, Munich, Germany) using conventional 120TF-10
electrode glass. Pipette tip diameter was �1.5–2.5 �m, with resistances
�4 M�. The intracellular solution contained the following: 130 mM

CsCl, 10 mM HEPES, 10 mM BAPTA-Cs, 5 mM ATP-Mg, 0.1 mM leupep-
tin, 1 mM MgCl2, and 100 �M NaCO3, pH adjusted to 7.3 with CsOH and
320 –340 mOsm. Cells were voltage clamped at �60mV using an Axo-
patch 200B amplifier (Axon Instruments, Foster City, CA). Drug solu-
tions were applied to the cells through a multi-barrel drug delivery sys-
tem, which pivot the barrels into place using a stepping motor. This
ensured rapid application and washout of the drug within 12–15 msec.
GABA was applied to the cell for 5 sec with a 30 sec washout period
between applications. Allosteric potentiation of GABAA receptors was
measured relative to a GABA EC20 determined for each cell to account for
differences in GABA potency. Modulators were preequilibrated for 30 sec
before coapplication of GABA.

Cerebellar slice recordings. Cerebellar slices were prepared from wild-
type or �2 N265S mice of either sex (postnatal days 16 –25) according to
standard protocols. Animals were killed by cervical dislocation, and the
brain was then rapidly removed and placed in ice-cold aCSF containing
the following (in mM): 225 sucrose, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4,
0.5 CaCl2, 10 D-glucose, 10 MgSO4, 1 ascorbic acid, and 3 pyruvic acid
(osmolarity of 328 –335 mOsm). Parasagittal cerebellar slices (250 �m
thick) were cut using a Leica (Nussloch, Germany) vibratome at 0 – 4°C
and subsequently incubated at 30 –32°C in a holding chamber with ex-
tracellular solution (containing 126 mM NaCl, 2.95 mM KCl, 26 mM

NaHCO3, 1.25 mM NaH2PO4, 2 mM CaCl2, 10 mM D-glucose, and 2 mM

MgCl2 2, pH 7.4 when bubbled with 95% O2–5% CO2, and osmolarity of
300 –310 mOsm, supplemented with 10 �M AP-5) for 1 hr before record-
ing. Slices were then kept at room temperature in extracellular solution
with a continuously refreshed atmosphere of 95% O2–5% CO2 for up to
8 hr. Whole-cell patch-clamp recordings were made at 35°C from sub-
merged cerebellar Purkinje neurons in extracellular recording solution
(see above), additionally containing 2 mM kynurenic acid and 0.5 �M

tetrotodoxin to block ionotropic glutamate receptors and action poten-
tials, respectively. Purkinje cells were visually identified with an Olympus
Optical (Tokyo, Japan) BX50WI microscope equipped with differential
interference contrast–infrared optics. Patch pipettes were prepared from
thick-walled borosilicate glass (1.55 mm outer diameter; Garner Glass,
Claremont, CA) using a PP830 Pipette Puller (Narishige, Tokyo, Japan)
with a resistance of �3– 4M�. Electrodes were filled with intracellular
solution containing (in mM): 135 CsCl, 10 HEPES, 10 EGTA, 2 MgCl2, 2
Mg 2�-ATP, and 5 QX-314, pH 7.2–7.3 with CsOH, and osmolarity of
�300 mOsm). Miniature IPSCs (mIPSCs) were recorded at a holding
potential of �60 mV using an Axopatch 1D amplifier (Axon Instru-
ments) and filtered at 2 kHz with an eight-pole low-pass Bessel filter.
Series resistance was between 7 and 20 M� and was compensated up to
80%. Only cells with stable access resistance were used. mIPSCs were
recorded on a DTR 1204 digital tape recorder (Bio-Logic Science Instru-
ments, Claix, France) and at a later stage digitized using a DigiData
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1200A/B Series Interface (Axon Instruments) at a sampling rate of 10
kHz.

Drugs were applied via the perfusion system (2– 4 ml/min) and were
allowed to infiltrate the slice for a minimum of 5 min before recordings
were acquired. Vehicle (ethanol and DMSO; maximum of 0.3%) had no
effect on any of the mIPSC parameters.

Data was analyzed using the Strathclyde Electrophysiology Software
(electrophysiology data recorder; whole cell analysis program; J. Demp-
ster, Department of Physiology and Pharmacology, University of Strath-
clyde, Glasgow, UK). Individual mIPSCs were detected (offline) using a
software trigger (�5 pA threshold, duration of 3 msec). For each exper-
iment, the detected events were examined manually, and any noise that
falsely met the trigger specifications was rejected. For analysis of the
decay phase of mIPSCs, events were selected only if they met the follow-
ing criteria: (1) traces containing overlapping events were discarded; (2)
events had to have a stable baseline before and after the event; and (3)
events had to return completely to baseline after the event. To average
mIPSCs for each cell, the histogram distribution of the rise time was
plotted, and those events that fell within a Gaussian distribution were
used for additional analysis. Rise time histograms generally displayed a
normal distribution with a clear peak �0.6 msec. Peak amplitudes, rise
times, time for events to decay to 90% (T90), and decay time constants
were calculated for a minimum of 50 averaged mIPSCs per cell. Decay
time constants were calculated by fitting either of the following: a one-
exponential equation in which f(t) � Aexp( �t/�); or a two-exponential
equation in which f(t) � Asexp( �t/�f) � Afexp( �t/�s), where �f and �s

represent the fast and slow time constants, and Af and As represent the
current contribution of the fast and slow components, respectively, to the
resulting averaged mIPSC. An improvement of the fit by two exponen-
tials compared with one resulted in a reduction in the SD of the residuals
and was confirmed by use of the F test.

Frequency of mIPSCs in each cell was determined by counting the
number of events in a 30 – 60 sec period.

Because all resultant mIPSCs were best fit by a two-exponential equa-
tion, the weighted mean � (�w) was also determined using the following
equation: �w � [Af/(Af � As)] * �f � [As/(Af � As)] * �s, where parameters
�f, �s, Af, and As are the same as above.

Neuroscreen of the �2 N265S mouse
A neurological screen was performed on the �2 N265S mice to investi-
gate whether the point mutation has any behavioral phenotype. �2
N265S mice did not differ from wild-type mice in body weight, rectal
temperature, grip strength, beam balancing, or swimming ability.

Behavioral studies
F4 generation mice, aged 2–5 months, were used for the intraperitoneal
loss of righting reflex (LORR) and low-dose locomotor and rotarod ex-
periments. The intravenous LORR, loss of pedal withdrawal reflex
(LOPWR), and recovery rotarod experiments used F7 mice at 7 months
of age. The EEG studies used 7-month-old F4 mice.

Loss of righting reflex. Wild-type and �2 N265S mice received intra-
peritoneal injections of either etomidate (20 – 40 mg/kg; n � 10 –11) or
pentobarbital (50 mg/kg; n � 11) or intravenous tail vein injections of
etomidate (5–15 mg/kg; n � 6 – 8) or propofol (30 mg/kg; n � 5) and
were then placed into a clean cage. The time to LORR was recorded. The
mice were then laid on their backs, and the time until they could right
themselves was recorded. To reduce heat loss, a heat lamp was suspended
above the supine mice to maintain the air temperature at 27 � 2°C.

Loss of pedal withdrawal reflex. Wild-type and �2 N265S mice received
intravenous injections (flow rate, 300 �l/min) of etomidate (5–15 mg/kg;
n � 7– 8) or propofol (30 mg/kg; n � 7– 8). The mice were then laid on
their back. Again, a heat lamp was suspended above the supine mice to
maintain air temperature at 27 � 2°C. The hindlimb of each subject was
slightly extended, and the interdigital webbing of the foot was pinched
firmly by atraumatic forceps. The forceps were fitted with a block to
prevent full closure, thus allowing uniform application of pressure. A
clear attempt to withdraw the limb was recorded as regaining the pedal
withdrawal reflex. This was tested, in alternative limbs, every 1 min in the

case of mice treated with 5 mg/kg etomidate and propofol and every 3
min in the other treatment groups, until withdrawal reflex was regained.

Spontaneous locomotor activity. Naive wild-type and �2 N265S mice
were dosed with etomidate (0.3–12.5 mg/kg, i.p.) and immediately
placed in activity chambers as described previously (Reynolds et al.,
2003). Cage crossing activity (i.e., consecutive breaks of beams on either
side of the cage) was recorded for 20 min. This experiment was run on
separate groups of mice over three dose ranges (0.3–3, 3–7.5, and 7.5–
12.5 mg/kg) for the �2 N265S mice with a vehicle group in each experi-
ment. There were no differences in the vehicle responses or the overlap
doses between experiments, and so the three data sets have been com-
bined. The final group sizes were as follows: n � 31 for vehicle; n � 12 for
0.3, 1, and 5 mg/kg; n � 24 for 3 mg/kg; n � 18 for 7.5 mg/kg; and n � 6
for 10 and 12.5 mg/kg.

Rotarod. Mice were trained to remain on a rod (constant speed model
7600; Ugo Basile, Comerio, Italy) revolving at 16 rpm until they could
perform three consecutive 120 sec trials. Mice were then dosed with
vehicle (n � 5 for wild type and n � 6 for �2 N265S) or etomidate (5 or
7.5 mg/kg, i.p.; n � 10 for wild type and n � 11 for �2 N265S) and, 5 min
later, were given a single rotarod trial. The time that the mouse could
remain on the rotarod was recorded up to a maximum of 120 sec. For the
experiments examining recovery of motor coordination after anesthesia,
trained mice were intravenously dosed and handled as described in the
LORR experiments. For each dose of etomidate (n � 6 – 8), rotarod
testing began when the mouse recovered its righting reflex. Mice were
tested every 3 min for a total of 30 min. Between trials, the mice were
placed back in their home cages.

EEG studies
Male �2 N265S mice and wild-type controls (n � 4 each genotype) were
implanted with radiotelemetry transmitters (Data Sciences Interna-
tional, St. Paul, MN) under isoflurane anesthesia for the recording of
EEG activity (unilateral electrode coordinates were �2 mm anteropos-
terior and �2.2 mediolateral from lambda and bregma). Mice were al-
lowed to recover for at least 14 d before the experiment.

Anesthesia experiment. Mice were restrained in a tube, and etomidate
was administered as a single bolus via the lateral tail vein at doses of 10
and 12.5 mg/kg. Mice were returned to their home cage for collection of
EEG (sampling rate, 250 Hz) data. EEG data were analyzed (Somnologica
3.1; Flaga, Reykjavik, Iceland) in 100 msec epochs for percentage sup-
pression versus burst activity per minute. Isoelectric “suppression” activ-
ity was defined as waveform data �5�V in amplitude (typical peak-to-
peak amplitude of “burst” activity, 250 �V).

Assessment of sedation experiment. Amount of slow-wave sleep (SWS)
was assessed under baseline conditions on experimental day 1 by scoring
8 sec epochs of EEG and activity data for “wake” or “slow-wave sleep”
according to standard electrophysiological criteria (van Gool and Mirmi-
ran, 1986). On experimental day 2, after recovery from etomidate anes-
thesia, the amount of sleep per hour was compared with the same circa-
dian hour the previous day.

Statistics
In vitro electrophysiology. All results are reported as the arithmetic
mean � SEM. All normalized data are expressed as percentage of control,
and statistical significance was assessed using the Student’s t test or
repeated-measures ANOVA as appropriate.

Autoradiography. Optical densities were analyzed with unpaired t tests
to determine the effect of genotype and addition of loreclezole.

Quantitative Western blotting. All � subunit optical densities are arith-
metic mean � SD. Values are normalized to actin optical densities and
are expressed as percentage of the maximum intensity. Statistical differ-
ences between genotype were assessed using unpaired t tests.

Behavioral experiments. LORR, LOPWR, locomotor activity, and low-
dose rotarod experiments were analyzed using two-way ANOVA, with
genotype and drug dose as the two factors. When a significant effect was
found, a Newman–Keuls post hoc test was then used to compare between
genotypes at a given drug dose. The recovery rotarod experiment was
analyzed using two-way repeated-measures ANOVA for the three doses
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of etomidate (factors of genotype and drug dose) and a one-way
repeated-measures ANOVA for the propofol-treated mice. For the EEG
experiments, the Mann–Whitney test was used to test for statistical sig-
nificance between genotypes.

Drug preparation
In vitro electrophysiology. All drugs were made initially as concentrated
stock solutions (10 �2

M) and subsequently diluted in extracellular
solution. R(�)Etomidate (Organon, West Orange, NJ), bicuculline
methobromide (Sigma, St. Louis, MO), and pentobarbitone (Aldrich,
St. Louis, MO) were prepared in H2O and diluted in extracellular solution to
the desired concentration. Loreclezole (Janssen Pharmaceutica, Titusville,
NJ) was prepared in DMSO.

Behavioral experiments. Commercially available etomidate (Hypno-
midate; Janssen Pharmaceutica) was administered as a 2 mg/ml solution
in 35% propylene glycol–water for injection. Commercially available
propofol (Rapinovet; Schering-Plough Research Institute, Union, NJ)
was administered as a 10 mg/ml solution in an aqueous isotonic
emulsion.

Results
The �2 N265S mutant mice were generated in a similar way
to that described previously for the �1H101R mutant mice
(McKernan et al., 2000). The site-directed codon change from
N265 to S265 was introduced into exon 8 of the murine �2 sub-
unit gene of the GABAA receptor by homologous recombination
and confirmed at the DNA level (Figs. 1, 2A). Northern blot data
confirmed normal expression of the �2 subunit gene in the �2
N265S mice (data not shown). Quantitative immunoblot analysis
of whole-brain membranes using � subtype-specific antibodies
(Fig. 2B–G) showed there was no change in the expression of any
� subunit in heterozygous and homozygous �2 N265S mice com-
pared with wild type. The quantitative analysis of autoradiograms
(Fig. 2) revealed no changes in the total number of [ 35S]TBPS
binding sites in the cortex, hippocampus, striatum, and thalamus
of �2 N265S mice compared with wild-type mice, indicating that
the introduced point mutation is without effect on the expression
of �2-containing receptors. However, striking differences in the
[ 35S]TBPS binding were observed between wild-type and �2
N265S animals in the presence of loreclezole, a selective modula-
tor of �2 and �3 subunit-containing GABAA receptors. Indeed,
this anticonvulsant greatly reduced [ 35S]TBPS binding in wild-

type (in which binding to both �2- and �3-containing receptors
will be allosterically inhibited) (Fig. 2 J) compared with �2 N265S
(in which only �3-containing receptors will be modulated) (Fig.
2K) mice. For example, reduction of 	50% of [ 35S]TBPS bind-
ing was found in cortex, hippocampus, and striatum of wild-type
mice, whereas [ 35S]TPBS signal was decreased only by 16 –35%
in these regions in �2 N265S mice (Table 1). This was particularly
striking in thalamus, a region expressing high levels of �2 in
which 47% was displaced in wild-type mice compared with only
17% in the �2 N265S mutant mice. Altogether, the data con-
firmed that the N265S mutation has been successfully introduced
in the mutant mice without changing the expression level of the
�2 subunit of the GABAA receptor.

In vitro modulation of �2-containing receptors
Cerebellar Purkinje neurons express predominantly �1�2�2
GABAA receptors (Laurie et al., 1992a) and are consequently use-
ful tools for evaluating the effects of genetic manipulation of any
of these subunits. Cerebellar neurons from 11- to 17-d-old mice
were dissociated, and visually identified Purkinje cell bodies were
used to study the pharmacology of GABAA receptors expressed
therein. Application of GABA elicited currents that were equiva-
lent amplitude in both wild-type and �2 N265S mice (wild type,
2963 � 276 pA, n � 11; �2 N265S, 3067 � 296, n � 14). The EC20

concentration for GABA used in subsequent experiments was
also unchanged (wild type, 3.1 � 0.3 �M, n � 11; �2N265S, 3.9 �
0.4 �M, n � 14), indicating no difference in GABA potency.
Submaximal GABA responses in wild-type Purkinje neurons
were potentiated by coapplication of 3 �M etomidate or 3 �M

loreclezole; however, in neurons isolated from �2 N265S mice,
this potentiation was absent or severely reduced (Fig. 3a,b). In
contrast, potentiation of GABA responses by the barbiturate pen-
tobarbital was unaffected (Fig. 3c). Analysis of mIPSCs from Pur-
kinje neurons in cerebellar slices revealed no difference in the
amplitude and kinetic properties of these currents (Fig. 3d) or
frequency of occurrence (wild type, 16.5 � 3.6 Hz, n � 15; �2
N265S, 15.8 � 2.9 Hz, n � 15). On application of 10 �M etomi-
date to slices from wild-type mice, the currents showed an in-
crease in peak amplitude (133 � 21 to 168 � 28 pA; p � 0.05) and
a marked prolongation of the decay phase of the current (�w of
2.8 � 0.2 msec compared with 29.2 � 5.8 msec; p � 0.01). In �2
N265S mice, there was no significant increase in peak amplitude
(147 � 13 to 163 � 13 pA) and a reduction in the prolongation of
the decay in the presence of etomidate (�w of 2.4 � 0.1 msec
compared with 7.3 � 0.3 msec; p � 0.01) (Fig. 3e). Cumulative
probability plots of time taken to reach 90% of decay (Fig. 3f)
illustrate the prolongation of the synaptic current by etomidate
and the reduced effect in the �2 N265S mice.

In vivo response to anesthetics
The anesthetic effects of etomidate in �2 N265S mice were first
investigated using the LORR test (Fig. 4a). The time taken for
mice to lose their righting reflex after intraperitoneal injection of
etomidate did not show dose dependence and was not different
between the two genotypes (wild type, 125 � 16 sec; �2 N265S,
125 � 6.0 sec at 30 mg/kg). The duration of LORR induced by
intraperitoneal etomidate was highly dose dependent, and wild-
type and �2 N265S mice displayed very similar LORR times when
compared across the three doses of etomidate tested. Likewise,
another class of anesthetic (pentobarbital, a barbiturate) pro-
duced similar LORR durations in both wild-type and �2 N265S

Figure 1. Generation of �2 N265S mutant mice. Targeting strategy for the GABAA receptor
�2 N265S mice. Schematic representation of the wild-type �2 allele of the GABAA receptor ( a)
and targeting vector including the site-specific �2 N265S mutation indicated by an asterisk ( b).
E, EcoRI; K, KpnI restriction sites; 6, 7, 8, exons 6, 7, and 8, respectively; black arrowhead, loxP
site; neo, neomycin resistance gene; TK, thymidine kinase gene; P1–P6, oligonucleotides used
for PCR (see Materials and Methods). Targeted �2 allele after homologous recombination be-
fore ( c) and after ( d) cre-mediated excision of the loxP flanked neomycin cassette.
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mice. None of the intraperitoneal doses of
etomidate produced a robust LOPWR
(data not shown). Intravenous adminis-
tration of etomidate also produced a dose-
dependent LORR in both genotypes, al-
though the duration of LORR was
significantly longer ( p � 0.05 for 10 and
15 mg/kg, i.v.) in the wild-type mice at the
higher doses (Fig. 4a). A 5 mg/kg intrave-
nous dose of etomidate was not sufficient
to induce LOPWR (Fig. 4b), but higher
doses of 10 and 15 mg/kg intravenously
produced a dose-dependent increase in
LOPWR duration. �2 N265S mice showed
a shorter LOPWR duration than wild-type
mice (genotype, F(1,41) � 13.4; p �
0.0007), and this effect was dose depen-
dent (genotype 
 drug dose interaction,
F(2,41) � 5.25; p � 0.009). An intravenous
anesthetic that is unaffected by the point
mutation propofol did not show any dif-
ferences between wild-type and �2 N265S
mice in either LORR (Fig. 4a) or LOPWR
(Fig. 4b).

The effects of low intraperitoneal doses
of etomidate on spontaneous activity and
forced motor activity were examined in lo-
comotor activity chambers and the ro-
tarod, respectively. Vehicle-treated wild-
type and �2 N265S mice showed the same
level of locomotor activity (Fig. 4c) and to-
tal activity (data not shown) as they ex-
plored the unfamiliar environment of the
activity chambers. Etomidate (0.3–7.5 mg/
kg, i.p.) dose dependently decreased activ-
ity in the wild-type mice, with significantly
less activity being seen at 5 and 7.5 mg/kg
etomidate ( p � 0.05 compared with �2
N265S). In contrast, etomidate-treated �2
N265S mice did not show any reduction in
activity over this dose range and were signif-
icantly more active than wild-type controls
at 3–7.5 mg/kg etomidate. At the higher
doses of 10 and 12.5 mg/kg etomidate, both
genotypes showed very low levels of activity.
From this experiment and others, it was ob-
served that 10 mg/kg intraperitoneal etomi-
date produced LORR in some mice, and, if
the dose was increased to 15 mg/kg intra-
peritoneally, all mice displayed LORR (data
not shown). Thus, the low level of activity
seen at the high end of the dose range in this
activity experiment indicated that the LORR
threshold for etomidate had been reached.
Forced motor activity (Fig. 4d) produced
similar results. The wild-type mice displayed
significant deficits compared with vehicle-
treated control mice after 5 or 7.5 mg/kg eto-
midate, whereas �2 N265S mice did not.

The lack of sedation–ataxia in �2 N265S mice receiving low doses
of etomidate suggested that recovery from anesthesia may be more
rapid. We examined the rate of recovery of motor function using the
rotarod after varying durations of LORR induced by intravenous

administration of etomidate (Fig. 5). The results clearly show that �2
N265S mice recover performance on this motor task more quickly
than wild-type mice (genotype, F(1,38) � 63.1; p � 0.00005), espe-
cially as the dose of etomidate is increased (drug dose, F(2,38) � 4.52;

Figure 2. In vitro validation of �2 N265S mice. Genotyping examples of tail biopsy samples from wild-type (WT), heterozygous (HE),
and homozygous (HO) mice using primers P3 and P4 (see Material and Methods) and digestion of the resulting PCR product with the
restriction endonuclease ScaI ( A). The 800 bp PCR product is nearly fully cut into two 400 bp fragments for homozygous, less cut for
heterozygous, and not cut at all for wild-type samples. M, Marker. Quantitative Western blots showing analysis of P2 membranes from
wild-type (WT), heterozygous (HE), and homozygous (HO) mice using anti-�1 ( B), anti-�2 ( C), and anti-�3 ( D) antibodies (green).
Immunoreactive intensities were quantified and normalized against anti-actin controls (red). The comparison of � subunit expression
across genotypes is represented graphically in E–G. OD, Optical density. Example autoradiographs of brain sections from wild-type (H, J )
and �2 N265S (I, K ) mice showing [ 35S]TBPS binding sites. In J and K, [ 35S]TBPS binding was performed in the presence of 5 �M

loreclezole to allosterically inhibit binding to �2 and �3 subunit-containing receptors. Scale bar, 2 mm.
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p � 0.02). Indeed, at 15 mg/kg intravenous etomidate, wild-type
mice hardly improved above baseline performance during the 30
min test period after recovery of LORR, and yet �2 N265S mice
reach maximum performance by 21 min (Fig. 5c). Wild-type and

�2 N265S mice did not differ in their recovery rate after
propofol-induced LORR (genotype, F(1,8) � 1.35; p 	 0.1)
(Fig. 5d).

Encephalographic activity after etomidate anesthesia
Etomidate anesthesia results in a characteristic EEG pattern
called “burst suppression” (Vijn and Sneyd, 1998). Such activity
is characterized by large-amplitude, fast spikes interspersed by
relatively isoelectric periods in the EEG. Such waveforms are dis-
tinctly different to the waking and sleeping EEG (Fig. 6a). Burst
suppression activity is evident in the cortical EEG of both the

Figure 3. Electrophysiological properties of cerebellar Purkinje neurons in wild-type and �2
N265S mice. Representative recordings from dissociated cerebellar Purkinje neurons isolated
from wild-type or �2 N265S mice in response to a predetermined EC20 concentration of GABA,
in the absence and presence of 3 �M loreclezole ( a), 3 �M etomidate ( b), and 100 �M pento-
barbital ( c). Associated histograms illustrate mean potentiation � SEM from four or more cells
in each case. d, Overlayed averaged mIPSCs recorded from Purkinje cells from wild-type (dark)
and �2 N265S (light) mice. e, Representative traces illustrating the effect of 10 �M etomidate
on wild-type ( i) and �2 N265S (ii) mIPSCs from Purkinje cells. f, Cumulative probability plots for
T90 values in the presence and absence of 10 �M etomidate obtained from an exemplar neuron
of wild-type ( i) and �2 N265S (ii) mice show that etomidate preferentially prolonged mIPSC
decay of wild-type mice [from 6.32 � 0.47 to 61.9 � 10.55 msec (n � 5) in wild-type mice,
p � 0.01, paired Student’s t test; from 5.56 � 0.21 to 18.52 � 0.62 msec (n � 5) in �2 N265S
mice, p � 0.001, paired Student’s t test] Mean percentage increase of T90 values by 10 �M

etomidate from five neurons was 927 � 220 and 225 � 14 for wild-type and �2 N265S mice,
respectively ( p � 0.01 by repeated-measures ANOVA).

Figure 4. Etomidate-induced LORR is preserved but sedation is decreased in �2 N265S mice.
The duration of LORR (a; mean � SEM duration) induced by intraperitoneal etomidate was very
similar for both wild type (WT) and �2 N265S at all three doses of etomidate examined
(F(1,57) � 0.005; p 	 0.1). Likewise, 50 mg/kg intraperitoneal pentobarbital produced similar
LORR durations in both wild-type and �2 N265S mice (F(1,20) � 2.24; p 	 0.1). n � 10 –11 for
etomidate and pentobarbital groups. Intravenous etomidate produced a dose-dependent in-
crease in LORR duration, although this was significantly shorter for the �2 N265S mice at the
higher doses (n � 6 – 8). Propofol, an intravenous anesthetic not effected by the point muta-
tion, gave a similar LORR in both genotypes (n � 5). Intravenous etomidate produced a dose-
dependent increase in LOPWR (b; mean � SEM duration), although this was shorter in the �2
N265S mice (n � 7– 8). Low doses of etomidate (0.3–7.5 mg/kg, i.p.) dose-dependently de-
creased spontaneous cage crossings (c; exploration–locomotion) in wild-type mice. In contrast,
these doses of etomidate did not reduce activity in �2 N265S mice. At higher doses of etomidate
(10 and 12.5 mg/kg), both wild-type and �2 N265S mice behaved similarly (n � 31 for vehicle;
n � 12 for 0.3, 1, 3, and 5 mg/kg; n � 18 for 7.5 mg/kg; n � 6 –7 for 10 and 12.5 mg/kg). In
the rotarod test of motor coordination ( d), wild-type mice showed a marked deficit compared
with vehicle-treated mice at 5 and 7.5 mg/kg intraperitoneal etomidate, whereas the perfor-
mance of �2 N265S mice was not significantly affected. Data shown are mean � SEM time on
rotarod; n � 5– 6 for vehicle and n � 10 –11 for etomidate; �p � 0.05 compared with
vehicle-treated mice; *p � 0.05 compared with wild-type mice receiving the same dose of
etomidate.

Table 1. Loreclezole inhibition of [35S]TBPS binding

Brain
regiona

Wild-type percentage
inhibition by loreclezole

�2 N265S percentage inhibition
by loreclezole

Cortex 54.3 � 0.75 (5) 35.1 � 2.7 (4)**
Hippocampus 54.1 � 4.2 (5) 35.3 � 8.7 (4)
Striatum 55.6 � 3.2 (5) 28.5 � 1.9 (4)**
Thalamus 46.6 � 4.6 (5) 16.5 � 5.7 (4)*

[35S]TBPS autoradiograms were analyzed with an MCID M2 system, and optical densities from various brain regions
were determined under different pharmacological conditions in wild-type and �2 N265S mice. Data represent the
percentage inhibition of [35S]TBPS-specific binding by loreclezole in different brain regions and are the mean � SD.
Brackets indicate the number of individual animals used. *p � 0.01 compared with the inhibition in wild type;
**p � 0.001 compared with the inhibition in wild type.
a[ 35S]TBPS binding in the absence of loreclezole was not significantly different between genotypes.
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wild-type and �2 N265S mice, and quan-
tification of such activity (percentage of
each minute EEG in suppression) reveals
no significant difference in the EEG pat-
tern of both genotypes (Fig. 6bi). Further-
more, the level of EEG suppression is dose
dependent (Fig. 6bii).

After recovery from etomidate anesthe-
sia, the amount of SWS was expressed as a
percentage of the circadian timed matched
baseline (see Materials and Methods). Af-
ter recovery, wild-type mice have dose-
dependent enhanced levels of SWS (Fig.
6c), whereas �2 N265S mice exhibit nor-
mal levels of sleep. Wild-type mice there-
fore display a “hypnotic hangover” effect
after recovery from etomidate anesthesia,
which prolongs the anesthetic recovery
phase.

Discussion
Our understanding of what happens dur-
ing clinical anesthesia is still rudimentary;
however, it is clear that the major require-
ments are unconsciousness as determined
by lack of sensitivity to noxious stimuli,
amnesia, and preferably lack of move-
ment. The low potency and lack of selec-
tivity of many anesthetic compounds has
hampered research into defining the
mechanisms of hypnotic and anesthetic
activity. Etomidate is unusual in that it is a
GABAergic modulator that has selectivity
for receptors containing �2 and �3 sub-
units. Etomidate was also without effect in
a general screen of other types of receptor
and enzymes. In addition, the separated (�)enantiomers of eto-
midate differ in their in vivo anesthetic potency in a manner
consistent with their individual potency at GABAA receptors
(Dunwiddie et al., 1986; Tomlin et al., 1998; Belelli et al., 2003).
Estimated effective plasma concentrations of etomidate also cor-
relate well with the concentration range over which this drug
potentiates GABAA receptors (Krasowski and Harrison, 1999),
particularly those containing �2 or �3 subunits. The in vitro po-
tentiation of GABAA receptors by etomidate is determined by
N265; however, it is currently unclear whether this residue deter-
mines part of a binding site for the drug or is essential for trans-
ducing the effects of the anesthetic. In �1, the equivalent residue
is serine, and in vitro the �2 N265S mutation does not confer any
other apparent difference in the pharmacological or biophysical
properties of the channel (Wingrove et al., 1994). We hypothe-
sized that generating this mutation in vivo would not produce any
phenotype by itself that would compromise additional evalua-
tion, i.e., the phenotype would only be manifest during pharma-
cological challenge. This proved to be the case because naive �2
N265S mice were phenotypically normal in a general behavioral
screen. In addition, the levels of expression and physiological
properties of GABAA receptors that contained �2 and corre-
sponding synaptic inhibitory currents were, as far as could be
determined, identical to those in wild-type animals.

Lack of allosteric inhibition of [ 35S]TBPS binding by
loreclezole in brain sections from �2 N265S mice demonstrated

first that the �2 subunit was appropriately expressed and corre-
lated well with reported distribution and quantification of this
subunit (Pirker et al., 2000, Sur et al., 2001). Similarly, using �
subunit-selective antibodies, levels of �1, �2, and �3 subunit
protein were equivalent in wild-type heterozygote and homozy-
gote mice. Electrophysiological investigation of receptors ex-
pressed in cerebellar Purkinje neurons demonstrates that these
cells express primarily �2-containing receptors and that the sen-
sitivity of these receptors to etomidate and loreclezole was lost in
cells from �2 N265S mice compared with the anesthetic pento-
barbital, which was unaffected. In addition, inhibitory synaptic
currents that are prolonged by application of etomidate were
considerably less sensitive compared with wild type.

The data presented here complement those published recently
by Jurd et al. (2003), who showed that �3 is absolutely required
for surgical anesthesia induced by etomidate. The current results
significantly extend the findings of Jurd et al. by defining the role
of �2. Clearly, activity of etomidate at the �2 subunit is not re-
quired to obtain an LORR. However, �2 does contribute to the
duration of LORR, depending on the route of administration
used. These differences are most likely to be accounted for by the
very different pharmacodynamics of etomidate when dosed ei-
ther intraperitoneally or intravenously. Intraperitoneal adminis-
tration results in slow absorption of the drug (LORR onset, �2
min) and produces prolonged LORR but no LOPWR, presum-
ably because insufficient �3-containing GABAA receptors are oc-
cupied. Intravenous administration, in contrast, rapidly (LORR

Figure 5. �2 N265S mice recover more quickly from etomidate-induced LORR. Mice were tested for recovery of motor coor-
dination after administration of etomidate (5–15 mg/kg, i.v.) or propofol (30 mg/kg, i.v.). Each group of mice were repeatedly
tested on the rotarod starting from the recovery of righting reflex. a– c, �2 N265S mice recovered maximal rotarod performance
much more quickly than wild-type mice (WT) (genotype, F(1,38) � 63.1; p � 0.00005), and this effect was more pronounced at
higher doses of etomidate (drug dose, F(2,38) � 4.52; p � 0.02). d, Both genotypes recovered at a similar rate after propofol-
induced LORR (F(1,8) � 1.35; p 	 0.1). n � 6 – 8 for all etomidate groups; n � 5 for propofol.
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onset, �5 sec) produced both LORR and LOPWR. Detailed
pharmacokinetic and pharmacodynamic studies would be re-
quired to clarify this point, which is beyond the scope of this
investigation. A second measure of the depth of anesthesia is EEG

burst suppression, which is commonly
used in the clinic. We observed that burst
suppression was identical in wild-type and
�2 N265S mice, demonstrating a �3-
specific mechanism of anesthesia in the
brain. The significantly shorter duration of
LOPWR in the �2 N265S mice reflects that
using spinal reflexes as the anesthesia end-
point can yield different results from using
physiological or central measures, which is
well documented in the literature (Arras et
al., 2001; Antognini and Carstens, 2003).
We observed that, after intravenous eto-
midate, the �2 N265S mice recovered their
motor abilities quicker than wild-type
mice and spent less time asleep. This dem-
onstrated that �2-containing receptors
mediate the sedative– hypnotic properties
of etomidate. Recovery from propofol-
induced anesthesia was the same in both
genotypes, suggesting that the point muta-
tion has not caused a nonspecific change in
excitability of these mice.

The data presented here clearly demon-
strate that the sedative and anesthetic prop-
erties of etomidate can be separated. These
findings are consistent with the recent study
of �3 N265M mice (Jurd et al., 2003) and a
number of other studies that have potenti-
ated �2- and/or �3-containing receptors by
other means. GABAA receptors containing
�2 subunits (in combination with �1 and �2
subunits) account for �50% of GABAA re-
ceptors in the brain (McKernan and
Whiting, 1996). This receptor combina-
tion is sensitive to benzodiazepines. Sev-
eral studies using both �1 H101R mutated
mice (Rudolph et al., 1999; Crestani et al.,
2000; McKernan et al., 2000) and subunit-
selective compounds (McKernan et al.,
2000) have clearly shown that �1-containing
receptors mediate the sedative and ataxic
effects of benzodiazepines. This is consistent
with our finding that the selective potentia-
tion of �2-containing receptors produces
sedation.

Previous studies have looked at the ef-
fect of anesthetics in �3 �/� mice and
found that the LORR duration was re-
duced for the benzodiazepine midazolam
and for etomidate (Quinlan et al., 1998).
These data are consistent with the present
findings that �3-containing receptors me-
diate the anesthetic effects of etomidate.
They do not explain why an anesthetic ef-
fect (LORR) is observed in �3 �/� mice.
Although there is no definitive answer, this
discrepancy may well occur through com-
pensatory changes that occur in the �3

�/� mice (Ramadan et al., 2003). �3 is normally expressed in the
embryo (Laurie et al., 1992b), and �3 �/� mice show severe
developmental abnormalities similar to those seen in Angelman’s
syndrome (Homanics et al., 1997; DeLorey et al., 1998). Devel-

Figure 6. EEG analysis of anesthesia and recovery in �2 N265S mice. a, Data from wild-type (WT) and �2 N265S mice showing
differences in EEG across different stages of vigilance. i, Wake EEG is characterized by a low-amplitude signal, containing higher
frequencies. ii, During slow-wave sleep, signal amplitude is increased, with slower frequencies evident. iii, Etomidate anesthesia
produces a very different type of EEG waveform that is defined as burst suppression. Large-amplitude, fast bursts are interspersed
by periods of relatively isoelectric EEG. iv, Magnification of a portion of EEG trace shown in iii. Suppressed EEG was defined as a
waveform of �5 �V amplitude, of not �100 msec duration, and is defined by dotted window. b, Depth of anesthesia as defined
by EEG burst suppression activity is similar in both wild-type and �2 N265S mice. i, Percentage of suppression in EEG per minute
after etomidate anesthesia (12.5 mg/kg, i.v.) is not significantly different in �2 N265S mice compared with wild type. ii, Percent-
age EEG suppression is dose dependent. Higher levels of suppression are evident at 12.5 mg/kg intravenously in both genotypes
(wild type, filled squares; �2 N265S, open triangles) compared with 10 mg/kg intravenously (wild type, open squares; �2 N265S,
filled triangles), although there is no effect of genotype at both doses. c, There is increased sedation in wild-type compared with
�2 N265S mice after recovery from etomidate anesthesia. i, After recovery from 10 mg/kg intravenous etomidate, increased levels
of slow-wave sleep (compared with baseline circadian matched control) are evident in the first 2 hr after recovery. Sleep in �2
N265S mice is not significantly different from baseline. ii, After recovery from 12.5 mg/kg intravenous etomidate, there is
enhanced SWS in the wild-type mice in the following 3 hr. Amount of SWS is not significantly enhanced in the �2 N265S mouse.
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opmental compensation, perhaps by other GABA subunits, in
brain regions critical for anesthesia may underlie the reduced
effect of etomidate in these mice. The use of a �2 N265S mouse in
our current study avoids these problems because the normal
complement of functional GABAA receptors is expressed in the
brains of these mice, and the function of these receptors in the
absence of anesthetic is completely unaffected by the mutation.
Our data also support the hypothesis that at least the majority of
�2 and �3 subunits are not assembled together in a single recep-
tor complex because they appear to serve different functions and,
in many regions, are differentially localized (Pirker et al., 2000).

A recent study has demonstrated that anesthetics can produce
sedative effects via a specific sleep pathway in the hypothalamus.
By direct injection into the tuberomammillary nucleus, Nelson et
al. (2002) discovered that propofol could induce sedation that
was reduced by the GABA antagonist gabazine in a very precise
manner. This study demonstrated that individual pathways in the
brain are involved in determining the properties of anesthetics
that until now have been viewed as being produced by general
dampening down of synaptic signaling. Clearly, considered in
combination with our study, it is apparent that anesthetic hyp-
nosis is generated by a much more specific mechanism, involving
discrete pathways and receptor subtypes. The reticular thalamic
nucleus has been reported to play a major role in generation of
dynamic changes in thalamo-cortical oscillations across the
sleep–wake cycle and has been shown to express primarily
GABAA receptors that contain �3 subunits (Pirker et al., 2000).
The bursting properties of neurons in this region are critically
dependent on GABAergic interactions (Kim et al., 1997), and
genetic disruption of �3 results in abolition of GABAA-mediated
inhibition in this region and enhanced synchrony of thalamic
oscillations accounting for the seizure activity in these animals
(Huntsman et al., 1999). The clear demarcation of �3 and �2 in
this region suggests very defined functional roles consistent with
our findings here.

This study demonstrates that a defined subtype of GABAA

receptor can completely confer the hypnotic properties of an
anesthetic and that the associated sedation is controlled primarily
independently via a different subtype and a separate mechanism.
The previous hypothesis of anesthesia producing “general global
depression” should be revised in light of these data. Using a
combination of genetically modified mice and receptor sub-
type-specific compounds, we will be able to more closely
define the mechanism of action of anesthetics and our under-
standing of which neuronal pathways are involved. It may also
enable a closer understanding of what differentiates sleep and
unconsciousness.
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