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ABSTRACT
The mechanism by which the inhaled anesthetic isoflurane
produces amnesia and immobility is not understood. Isoflurane
modulates GABAA receptors (GABAA-Rs) in a manner that
makes them plausible targets. We asked whether GABAA-R �2
subunits contribute to a site of anesthetic action in vivo. Pre-
vious studies demonstrated that Ser270 in the second trans-
membrane domain is involved in the modulation of GABAA-Rs
by volatile anesthetics and alcohol, either as a binding site or a
critical allosteric residue. We engineered GABAA-Rs with two
mutations in the �2 subunit, changing Ser270 to His and
Leu277 to Ala. Recombinant receptors with these mutations
demonstrated normal affinity for GABA, but substantially re-
duced responses to isoflurane. We then produced mutant
(knockin) mice in which this mutated subunit replaced the wild-

type �2 subunit. The adult mutant mice were overtly normal,
although there was evidence of enhanced neonatal mortality and
fear conditioning. Electrophysiological recordings from dentate
granule neurons in brain slices confirmed the decreased actions of
isoflurane on mutant receptors contributing to inhibitory synaptic
currents. The loss of righting reflex EC50 for isoflurane did not
differ between genotypes, but time to regain the righting reflex
was increased in N2 generation knockins. This effect was not
observed at the N4 generation. Isoflurane produced immobility (as
measured by tail clamp) and amnesia (as measured by fear con-
ditioning) in both wild-type and mutant mice, and potencies (EC50)
did not differ between the strains for these actions of isoflurane.
Thus, immobility or amnesia does not require isoflurane potentia-
tion of the �2 subunit.

Introduction
The advent of general anesthesia in the mid-19th century

was one of the most important developments in the history of
medicine. Despite more than 160 years of clinical use, the

mechanisms of action of inhaled anesthetics remained
largely a mystery until the end of the 20th century (Franks
and Lieb, 1994). Although such anesthetics are some of the
most widely used drugs in clinical practice, no presently
available inhaled anesthetic is ideal. These drugs have a low
therapeutic index and exhibit adverse side effects. Knowl-
edge of the mechanism of action might enable the design,
synthesis, and testing of improved anesthetics and the pre-
vention of adverse events such as intraoperative awareness
and postoperative cognitive dysfunction.

Accumulating evidence suggests that inhaled anesthetics act
by modulating various ligand- and/or voltage-gated ion chan-
nels, rather than through nonspecific perturbation of mem-
brane lipids as suggested previously by the Meyer-Overton hy-
pothesis (Franks and Lieb, 1994; Franks, 2008). Among the
plausible targets, GABAA receptors (GABAA-Rs) have been
strongly implicated in anesthetic action because of their leading
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role in mediating both synaptic and tonic inhibition in the
central nervous system. The function of synaptic and extrasyn-
aptic GABAA-Rs is enhanced by inhaled anesthetics at clini-
cally relevant concentrations (Jones et al., 1992). In contrast,
GABAA-Rs are insensitive to structurally related compounds
that are not anesthetic (nonimmobilizers) (Mihic et al., 1994).
Potentiation of GABAA-R function in vitro parallels in vivo
anesthetic potency for the inhaled agents (Zimmerman et al.,
1994). These receptors are now accepted as the primary targets
and mediators of the central nervous system depressant actions
of the intravenous anesthetics propofol and etomidate (Jurd et
al., 2003; Reynolds et al., 2003).

Pentameric GABAA-Rs are encoded by 19 different GABAA-R
subunit genes (Simon et al., 2004). Most native GABAA-Rs
are composed of two �, two �, and a � or � subunit (McKernan
and Whiting, 1996). Our understanding of the roles of vari-
ous receptor isoforms and specific subunits in the behavioral
effects of anesthetics is limited.

One experimental strategy for defining the contribution of
individual receptor subunits to drug action is to create and
characterize point mutated gene knockin mice that harbor mu-
tations that render individual subunits insensitive to the drug
of interest but otherwise do not affect receptor function. This
knockin strategy clarified the role of individual GABAA-R sub-
units in whole animal responses to benzodiazepines (Rudolph et
al., 1999; McKernan et al., 2000) and intravenous anesthetics
(Jurd et al., 2003; Reynolds et al., 2003).

We used this same genetic strategy to dissect inhaled anes-
thetic action. We initially identified a key amino acid (serine at
position 270; Ser270) in GABAA-R � subunits that, when mu-
tated to histidine (His), abolished sensitivity to isoflurane (Mi-
hic et al., 1997). However, knockin mice with this single S270H
mutation in the �1 subunit displayed behavioral impairments
because of an increased sensitivity to GABA (Homanics et al.,
2005). This increased GABA sensitivity could be corrected by a
second mutation (Leu277 to alanine; L277A), which when com-
bined with S270H, resulted in mutant receptors with isoflurane
insensitivity and near normal GABA responses (Borghese et al.,
2006). GABAA-R �1 subunit knockin mice with these two mu-
tations showed reduced GABAergic cellular responses to isoflu-
rane and reduced sensitivity to isoflurane-induced loss of right-
ing reflex (LORR), but showed normal immobility and amnestic
responses to the drug (Borghese et al., 2006; Sonner et al.,
2007).

In this article, we present results of analogous studies of
the same mutations in the GABAA-R �2 subunit. Approxi-
mately 26% of GABAA-Rs in brain contain the �2 subunit
(McKernan and Whiting, 1996), and �2-containing receptors
are particularly abundant in cerebral cortex, hippocampus,
striatum, olfactory bulb, and the dorsal horn of the spinal
cord (Fritschy and Mohler, 1995; Bohlhalter et al., 1996). We
report on the characterization of recombinant receptors with
the two mutations. We also report that �2 knockin mice are
overtly normal and have normal isoflurane-induced loss of
righting reflex, immobility, and amnesia, but recover more
slowly from isoflurane-induced loss of righting reflex.

Materials and Methods
Electrophysiology in Xenopus Oocytes

The materials and methods were detailed in Borghese et al.,
(2006). In brief, Xenopus laevis oocytes were manually isolated,

treated with collagenase, and placed in sterile modified Barth’s so-
lution [88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 10 mM HEPES,
0.82 mM MgSO4, 0.33 mM Ca(NO3)2, and 0.91 mM CaCl2, adjusted
to pH 7.5], supplemented with 10,000 units penicillin, 50 mg of
gentamicin, 90 mg of theophylline, and 220 mg of sodium pyruvate
per liter (incubation medium). Oocytes were then injected into the
nucleus with cDNA encoding GABAA subunits (�/�/� 1:1:3 in ng/
oocyte). The cDNAs were human �2 (wild type and mutated), rat �2,
and human �2S in vector pCIS2 and human �3 in vector
pcDNA1AMP. The injected oocytes were kept at 13°C in incubation
medium.

Recordings were carried out 1 to 3 days after injection. The oocytes
were placed in a rectangular chamber and continuously perfused
with ND96 buffer at room temperature. The perfusion buffer com-
position was 96 mM NaCl, 1 mM CaCl2, 2 mM KCl, 1 mM MgCl2, and
5 mM HEPES, pH 7.5. The whole-cell voltage clamp at �70 mV was
achieved through two glass electrodes filled with 3 M KCl, using an
oocyte clamp.

All drugs were applied by bath perfusion. All solutions were pre-
pared the day of the experiment. The concentration response curves
were obtained with increasing concentrations of GABA, applied for
20 to 30 s at intervals ranging from 5 to 15 min. From these concen-
tration response curves, the concentration evoking a half-maximal
response (EC50) was calculated, along with the Hill coefficient. To
study the Zn2� (1 and 10 �M), etomidate (1 �M), isoflurane (0.3 mM),
and flunitrazepam (1 �M) modulation of GABA currents, the GABA
concentration equivalent to EC5–10 was determined after 1 mM
GABA gave the maximal current, and then the modulator was coap-
plied with EC5–10 GABA. For zinc, isoflurane, and flunitrazepam, the
coapplication was preceded by 1-min application of the modulator
alone. Percentage change was then calculated as the percentage
change from the control response to EC5–10 GABA in the presence of
modulator. To observe the direct effect of etomidate on GABAA-R
function, 10 �M etomidate was applied for 1 min. All experiments
shown include data obtained from oocytes taken from at least two
different frogs.

Nonlinear regression analysis was performed with Prism (Graph-
Pad Software Inc., San Diego, CA). Pooled data are represented as
mean � S.E.M. Statistical significance was determined by Student’s
t test.

Knockin Mouse Production and Molecular
Characterization

The targeting construct shown in Fig. 2B was designed to modify
the �2 locus. The targeting vector was created with mouse genomic
DNA (Strain 129 	 1). A 6.2-kb PstI fragment containing exon 9 was
isolated from a bacterial artificial chromosome and subcloned into
pZErO-2 (Invitrogen, Carlsbad, CA). A 3.05-kb NdeI fragment con-
taining exon 9 was further subcloned and subsequently mutated by
using a QuikChange XL site-directed mutagenesis kit (Stratagene,
La Jolla, CA) to change the Ser270 codon (AGC) to His (CAC), the
Leu277 codon (CTC) to Ala (GCC), and a silent single-base pair (A to
G) substitution 7 bp upstream of Leu277 to create an EcoRI site.
[Note: amino acid numbering is based on the human �1 GABAA-R
protein sequence (Ensembl protein ID ENSP00000377517) for com-
parison.] A BamHI site 
340 bp downstream of exon 9 was destroyed
and converted to a SmaI, and a blunt-end fragment containing a
PGK-neomycin resistance gene (Neo) flanked 5� and 3� by Frt sites
was inserted. The modified NdeI fragment was returned to the
parent vector, and a PGK-thymidine kinase cassette was cloned
downstream of the 3� arm of homology. The resulting targeting
construct was linerized by using NotI and electroporated into R1
embryonic stem cells (Nagy et al., 1993) using conditions described
previously (Homanics et al., 1997). G418 and gancyclovir-resistant
embryonic stem cell clones were screened by Southern blot analysis
using EcoRV and hybridization with a 3� external probe. Targeted
clones were further analyzed with multiple enzyme/probes to verify
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the integrity of the modified locus. Details of embryonic stem cell
Southern blot analysis (and mouse genotyping) are available in Sup-
plemental Fig. 1. Correctly targeted embryonic stem cell clones (
4%
of clones screened) were microinjected in C57BL/6J blastocysts, and
male chimeras were subsequently bred to female C57BL/6J mice to
produce the F1 generation. The resultant �2 colony was derived from
embryonic stem cell clone 160-I4. Heterozygous mice were subse-
quently bred to FLPe mice (Rodriguez et al., 2000) on a C57BL/6J
background to remove the Neo cassette. The FLPe transgene even-
tually was eliminated from the pedigree by further breeding. For
some experiments, the knockin mutation was further backcrossed to
C57BL/6J for an additional two generations (i.e., resulting in the N4

generation). For all experiments, heterozygous mice for the knockin
allele were interbred to obtain wild-type controls (SL/SL), heterozy-
gotes (SL/HA), or knockin (HA/HA) littermates. Mice were housed in
a controlled environment with lights on at 7:00 AM and off at 7:00
PM. Mice had unlimited access to water and rodent chow. Institu-
tional Animal Care and Use Committees approved all experiments.

For analysis of �2 mRNA, whole-brain total RNA was extracted by
using TRIzol (Invitrogen), and cDNA was prepared by using the
Superscript First Strand Kit (Invitrogen) and oligo(dT) as recom-
mended by the manufacturer. �2 cDNA was selectively amplified by
using PCR Supermix (Invitrogen) with an exon 8 primer (5�-TGGCT-
GAACAGAGAATCGGTG-3�) and an exon 10 primer (5�-ATGGACT-
GACCCCTAATACAGGC-3�). PCR cycles consisted of 95°C for 1 min,
followed by 35 cycles of 95°C for 20 s, 60°C for 30 s, and 72°C for 60 s.
DNA sequence analysis of cDNA from exon 8 to exon 10 from SL/SL
and HA/HA mice were compared.

For analysis of �2 protein levels in mice from the N3 generation,
Western blot analysis was performed as described previously (Borgh-
ese et al., 2006). In brief, cerebral cortices were rapidly dissected out,
frozen on dry ice, and stored at �80°C until further use. P2 mem-
brane fractions were isolated, and 25 �g of protein per sample was
denatured and subjected to SDS-polyacrylamide gel electrophoresis
and transferred to polyvinylidene difluoride membranes (Bio-Rad
Laboratories, Hercules, CA). Membranes were probed with an �2
GABAA-R subunit-specific antibody (Novus Biologicals Inc., Little-
ton, CO) followed by horseradish peroxidase-conjugated goat anti-
rabbit (Novus Biologicals Inc.) and visualized by enhanced chemilu-
minescence (Western Lightning; PerkinElmer Life and Analytical
Sciences, Waltham, MA). Membranes were reprobed with �-actin as
a loading control (Abcam Inc., Cambridge, MA). Multiple exposures
were used to ensure that the proteins fell within the linear range.
Band intensities were quantified by densitometry, and genotypes
were compared with Student’s t test.

Electrophysiological Recordings in Brain Slices

Postnatal days 28 to 40, �2 SL/SL and HA/HA mice of the N4

generation were anesthetized with isoflurane, and coronal slices
were prepared. Whole-cell patch-clamp recordings on dentate gyrus
granule cells were performed under voltage-clamp using an Axo-
patch 200A (Axon Instruments, Union City, CA) amplifier at room
temperature. This cell type was selected because the hippocampus is
potentially involved in the amnestic effects of anesthetics and these
cells robustly express the �2 subunit. Intracellular solution for volt-
age-clamp recordings contained 130 mM Cs-methanesulfonate, 8.3
mM Na-methanesulfonate, 1.7 mM NaCl, 1 mM CaCl2, 10 mM
EGTA, 2 mM ATP-Mg2�, 0.3 mM GTP-Na�, and 10 mM HEPES, pH
adjusted to 7.2 with CsOH. Access resistance was monitored by using
a 5-mV test pulse throughout the recording period; cells were in-
cluded for analysis only if the series resistance was less than 25
MOhm and the change of resistance was less than 25% during the
experiment. During recordings, GABAA-R-mediated miniature in-
hibitory postsynaptic currents (mIPSCs) were recorded at 0 mV and
isolated pharmacologically by bath application of the ionotropic ex-
citatory amino acid receptor blocker kynurenic acid (5 mM) and
tetrodotoxin (0.5 �M). Both drugs were obtained from Sigma-Aldrich
(St. Louis, MO) and dissolved in artificial cerebrospinal fluid, which

contained 124 mM NaCl, 2.5 mM KCl, 2 mM MgSO4, 2 mM CaCl2, 26
mM NaHCO3, 1.25 mM NaH2PO4, and 10 mM glucose. Isoflurane
was obtained from Abbott Laboratories (Abbott Park, IL). Isoflurane
solutions were prepared by injection of liquid anesthetic with a
gas-tight syringe (Hamilton Co., Reno, NV) into intravenous solution
bags containing artificial cerebrospinal fluid solution and were used
within 2 h (Krasowski and Harrison, 2000).

Data were analyzed as described previously (Jia et al., 2005); in
brief, off-line analysis was performed by using MiniAnalysis 5.5
(Synaptosoft, Decatur, GA), SigmaPlot 6.0 (SPSS Inc., Chicago, IL),
and Excel 2000 (Microsoft, Redmond, WA). IPSCs were detected and
analyzed by using MiniAnalysis. Unless otherwise indicated, aver-
aged data are expressed as mean � S.E.M. Statistical significance
was assessed by using Student’s t test or one-way analysis of vari-
ance (ANOVA) with a Dunnett test, and p � 0.05 was considered
statistically significant.

Animal Behavioral Responses

Gross Behavioral Response to Anesthetics. Adult (6–9 weeks
old) mice of the N2 generation were placed in a sealed acrylic cham-
ber and anesthetized with 0, 0.4, or 1.2% isoflurane or halothane
(Halocarbon Laboratories, River Edge, NJ) in oxygen. Chamber tem-
perature was maintained at 35 � 0.2°C. Anesthetic concentrations
were monitored by using a Datex Capnomac Ultima device (Datex-
Ohmeda, Helsinki, Finland), and oxygen was delivered at a rate of
1.5 L/min. Mice were equilibrated at each concentration of anesthetic
for at least 15 min. Mice were observed for overt behavioral re-
sponses (e.g., sedation, motor activity) while anesthetized and after
termination of anesthetic exposure.

Recovery from Anesthesia. Adult mice (
10–15 weeks old) of
the N2 or N4 generations were anesthetized with 1.5% isoflurane or
1.5% halothane as described above for 60 min. Approximately 30 min
into the exposure period, the mice were placed in a supine position.
Delivery of anesthesia to the chamber was terminated, anesthetic
was removed from the chamber with an exhaust fan, and the air was
replaced with 100% O2 at 5 L/min. The time from termination of
anesthesia until each mouse spontaneously rolled over was recorded.
Differences in recovery time between genotypes were compared by
Student’s t test.

Loss of Righting Reflex. Adult (
8–13 weeks old) male and
female mice of the N2 generation were tested for LORR to inhala-
tional anesthetics as described previously (Homanics et al., 1997). In
brief, mice were placed into individual wire mesh cages and placed
onto a rotating carousel within a sealed acrylic chamber and anes-
thetized with either isoflurane or halothane. Mice were equilibrated
with concentrations ranging from 0.4 to 0.8% inhalational anesthetic
for 15 min, and then LORR was assessed. Scoring was done by using
a quantal method. The carousel rotated a total of five times at a
speed of 4 rpm. Animals that passively rolled over twice while the
carousel was rotating were given a positive score. After scoring at
each concentration, mice recovered in anesthetic-free air for 20 min
before the procedure was repeated at a different concentration. The
dose response for each anesthetic was analyzed by using the Z
statistic (Waud, 1972; Alifimoff et al., 1987).

Minimum Alveolar Concentration. Mice (age 
8–13 weeks) of
the N2 generation were placed into an acrylic chamber and exposed
to isoflurane or halothane as described previously (Homanics et al.,
1997). In brief, mice were equilibrated with a given concentration of
anesthetic for 20 min, after which the base of the tail was pinched
with a hemostat. Scoring was done by using a quantal method. Any
purposeful movement was considered a positive response. After scor-
ing, mice recovered in anesthetic-free air for 20 min before the
procedure was repeated at a different concentration. Data were
analyzed as described above for LORR.

Fear Conditioning. Fear conditioning was used to assess mice
(age 10–12 weeks) of the N4 generation for isoflurane-induced am-
nesia. An average of eight mice of each genotype were assessed at
each isoflurane concentration. Concentrations of 0.0, 0.2, 0.4, and
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0.8% were tested. Before fear conditioning, mice were placed in a
chamber (28 cm long 	 12.5 cm wide 	 17.5 cm high) equilibrated to
the desired isoflurane concentration. A Gow-Mac gas chromatograph
(Gow-Mac Instrument Corp., Bridgewater, NJ) equipped with a
flame ionization detector and an infrared monitor (Instrumentarium
Corp., Helsinki, Finland) were used to measure concentrations of
isoflurane throughout the training procedures.

After 30 min of equilibration, the mice were quickly transferred to
the training chambers, which contained the same isoflurane concen-
tration as in the equilibration chamber. The chambers (32 cm long 	
25 cm wide 	 25 cm high) were constructed of clear acrylic. The grid
floor used to deliver shock was composed of 36 stainless-steel bars,
each 2.5 mm in diameter, spaced 6 mm apart. These floors were
connected to a shock delivery system (MED Associates, St. Albans,
VT). The chambers were wiped down with a pine-scented cleaner (5%
pine-scented disinfectant; Midland, Inc., Sweetwater, TN) before and
after each session. In the room in which training took place, the
overhead fluorescent bulbs were left on and a ventilation fan pro-
vided background noise (65 db). The appearance, odor, and texture of
the chambers and room comprised the training context.

After 3 min in the chambers, the mice received three tone (2000
Hz, 90 db)–shock (1 mA, 2 s) pairings, separated by 1 min. During
training, freezing was scored only in animals receiving 0% isoflu-
rane, because freezing may be visually difficult to distinguish from
sedation in mice treated with isoflurane, thus confounding scoring
procedures. Freezing, the absence of all movement except that nec-
essary for respiration, is an innate defensive response in rodents and
is a reliable measure of learned fear (Fanselow, 1994). Each animal’s
behavior was scored every 8 s during the observation period, and a
percentage was calculated by dividing the number of freezing obser-
vations a mouse had by the total number possible during the obser-
vation period.

Over the next 2 days, mice were tested for fear to the training
context and fear to tone. The testing order was counterbalanced
between isoflurane concentration and genotype. For the context test,
each mouse was placed back in the chamber in which it was trained
for 8 min (in the absence of shock). For the tone test, groups of mice
were transported in separate plastic pots (14 cm high 	 15.5 cm
diameter) to a different context in a different room. The test cham-
bers were triangular in shape with an acrylic floor (28 cm long 	 25
cm wide) and two acrylic sidewalls (28 cm long 	 22 cm wide) at a 45°
angle. The chambers were equipped with a speaker and were wiped
down with 1% acetic acid (Fisher Scientific, Pittsburgh, PA) before
and after each session. The room, lit by a single red 30-W bulb,
seemed dark to the mice. No background noise was present during
this test. Mice were given a 3-min exploratory period, then six 30-s
tones (2000 Hz, 90 db) were presented, separated by 60 s. As with the
context test, no shocks were administered during the tone test.
Animals were removed from the chamber after an additional 30 s.
Freezing was scored during both tests.

Split plot ANOVA was used to analyze freezing scores during
training, and t tests were used to analyze context and tone freezing
scores at 0% isoflurane. Nonlinear regression was used to calculate
EC50 values and the maximum value of the dose-response curve for
context and tone freezing scores. Equation 1 was used in the regres-
sion, with n 
 the Hill coefficient, and A 
 the maximal value.

Freezing � A � � isofluranen

isofluranen � EC50
n� (1)

Results
Pharmacology of Recombinant Receptors in Xenopus
Oocytes

Recombinant GABAA-Rs containing either WT or mutant
(SHLA) �2 subunits in combination with either �2�2 or �3�2
subunits were assessed. The GABA concentration response

curves were similar for control and mutant �2 subunits co-
expressed with �3�2s subunits (Fig. 1A); the GABA EC50

values [WT, 11.0 �M (95% confidence interval 
 8.44 to
14.87); SHLA, 7.6 �M (95% confidence interval 
 5.82 to
9.84)] and the Hill coefficients (WT, 1.08 � 0.14, SHLA,
0.96 � 0.10) were not different. However, the maximal cur-
rents of mutant �2�3�2s receptors were decreased 3 days
after injection compared with WT receptors (p � 0.05; Fig.
1B). This difference was not observed for �2 coexpressed with

Fig. 1. GABA responses and their modulation in �2 wild-type and mutant
(SHLA) subunits coexpressed with �2/3�2s subunits in Xenopus oocytes.
A, GABA concentration response curves (n 
 7–8). B, maximal GABA-
induced current 3 days after injection (n 
 4–13). C, isoflurane (0.3 mM)
modulation of EC5–10 GABA (n 
 4). �, p � 0.05, t test.
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�2�2s (Fig. 1B). Potentiation by isoflurane (0.3 mM) of GABA
responses was decreased 
60% in mutant �2�3�2s and
�2�2�2s compared with WT receptors (p � 0.05; Fig. 1C).
GABA responses were inhibited similarly for WT and mutant
receptors by 1 or 10 �M Zn2� (Table 1). GABA responses
were potentiated equally for the WT and mutant receptors by
a benzodiazepine, flunitrazepam (1 �M), and by the intrave-
nous anesthetic etomidate (1 �M). At higher concentrations,
etomidate can act as a channel activator in the absence of
GABA. Therefore, we tested the direct effects of 10 �M eto-
midate on receptor responses. There were no differences be-
tween control and mutant receptors.

Production and Characterization of �2 Knockin Mice

The �2 locus in embryonic stem cells was modified by using
the targeting strategy outlined in Fig. 2. Correctly targeted
embryonic stem cells were used to create chimeric mice, and
the mutant locus was transferred through the germ line to
generate heterozygous offspring. The neomycin-selectable
marker flanked by FRT sites was deleted by site-specific
recombination. Homozygous wild-type (SL/SL) and knockin

(HA/HA) mice were produced from heterozygous (SL/HA)
mating pairs for subsequent analysis.

GABAA �2 subunit mRNA was reverse-transcribed and
amplified by PCR, and the resulting �2 cDNA was analyzed
by sequence analysis. The sequence of the mRNA encoded by
exon 9 from SL/SL mice was identical to that reported pre-
viously (Ensembl Transcript ID: ENSMUST00000000572).
Analysis of HA/HA mice verified that only the intended mu-
tations were introduced (Fig. 2C). Western blot analysis re-
vealed that the amount of the �2 GABAA-R subunit did not
differ between SL/SL and HA/HA mice in cortex (100 � 9%
versus 109 � 12%, respectively; Fig. 2D) or hippocampus
(100 � 17% versus 94 � 15%, respectively; data not shown).

We did observe an altered Mendelian distribution of geno-
types of offspring at weaning from SL/HA breeding pairs;
HA/HA mice were underrepresented. The genotype distribu-
tion of SL/SL, SL/HA, and HA/HA mice was 373:655:156.
This differed from the 1:2:1 distribution expected (p �
0.0001; �2 analysis). However, genotype analysis of a small
number of fetuses collected during late gestation revealed
that 11 of 27 fetuses were HA/HA. Thus, HA/HA animals

TABLE 1
Drug effects on �2�3�2s wild-type and SHLA mutant receptors
Data are expressed as mean � S.E.M. Numbers in parentheses are numbers of oocytes tested.

Drug
Change of EC5–10 GABA Response Maximal GABA Response

�2�3�2s �2(SHLA)�3�2s �2�3�2s �2(SHLA)�3�2s

%
Coapplied with EC5–10 GABA

1 �M Zn2� �12.2 � 1.5 (4) �9.2 � 0.8 (4)
10 �M Zn2� �49.1 � 1.6 (8) �44.4 � 1.6 (8)
1 �M flunitrazepam 234 � 22 (8) 200 � 42 (7)
1 �M etomidate 355 � 83 (4) 316 � 29 (4)

Applied alone
10 �M etomidate 3.9 � 1.5 (4) 3.9 � 0.8 (4)

Fig. 2. Production of �2 knockin mice by gene targeting. A, partial DNA sequence of wild-type and mutant �2 genes. Note that the nucleotides
highlighted in yellow in the knockin sequence denote the bases changed to alter the codons at amino acid positions 270 and 277. An additional
nucleotide was altered to introduce an EcoRI restriction endonuclease recognition site that did not change the codon at position 274. B, gene-targeting
strategy used to modify the �2 locus in embryonic stem cells. Exon 9 corresponds to nucleotides 859 to 1059 (note: nucleotide 1 corresponds to the start
of translation) of the mouse �2 cDNA (Ensembl Transcript ID: ENSMUST00000000572). C, DNA sequence analysis of whole brain �2 reverse
transcription-PCR products from SL/SL (top) or HA/HA (bottom) mice. This analysis demonstrates the presence of the introduced mutations in the �2
gene product in the brain of knockin mice. D, Western blot analysis of �2 GABAA-R subunits (top) or �-actin (bottom) in cortex. Shown is a
representative immunoblot. After normalization to �-actin, the amount of �2 did not differ with respect to genotype (n 
 4/genotype).
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were not underrepresented before birth. Those HA/HA mice
that survived were normal in appearance and weight (e.g., at
10 weeks: SL/SL 
 27.7 � 0.6 g versus HA/HA 
 27.8 �
0.5 g), did not display any gross abnormality in overt behav-
ior, and were indistinguishable from littermates in the home
cage environment. Both male and female HA/HA mice were
able to mate and reproduce. In addition, HA/HA females
were able to feed and care for their offspring.

Slice Electrophysiology

mIPSCs were recorded from hippocampal dentate granule
cells (Fig. 3). The amplitude (SL/SL 
 21.2 � 4.5 pA, n 
 13
versus HA/HA 
 20.4 � 2.0 pA, n 
 14) and frequency of
mIPSCs (SL/SL 
 4.3 � 2.4 Hz, n 
 13 versus HA/HA 

3.9 � 3.0 Hz, n 
 14) did not differ significantly between
genotypes. The average decay time constant of mIPSCs from
HA/HA mice (24.1 � 2.4 ms, n 
 14) was reduced (p � 0.01)
compared with SL/SL controls (34.6 � 2.4 ms, n 
 13).

Bath application of isoflurane (0.15 and 0.30 mM; 1 mini-
mum alveolar concentration corresponds to 0.31 mM) dose-
dependently increased the decay phase of mIPSCs recorded
from dentate granule cells in SL/SL mice; 0.15 and 0.30 mM
isoflurane increased the decay time constants to 54.5 � 2.4
ms (n 
 10) and 91.7 � 6.3 ms (n 
 13), respectively (Fig. 3A).
In HA/HA mice, 0.15 and 0.30 mM isoflurane increased the
averaged decay time constants to 30.7 � 2.7 ms (n 
 9) and
48.2 � 4.8 ms (n 
 14), respectively. To compare isoflurane
responses between two genotypes, we normalized decay time
constants to the control for each genotype (Fig. 3B). At 0.15
mM, isoflurane increased decay time constants similarly in
both genotypes [SL/SL 
 57.2 � 6.0% (n 
 10) versus HA/
HA 
 46.4 � 0.38% (n 
 13)]. In contrast, at 0.30 mM
isoflurane, the percentage change of the decay time constant
was significantly reduced in knockins (101.9 � 8.0%, n 
 13)
compared with controls (159.6 � 19.7%, n 
 14; p � 0.01).
Isoflurane did not affect frequency or amplitude of mIPSCs in
either genotype (data not shown).

Behavioral Responses

Gross Response to Inhaled Anesthetics. In initial ex-
periments after production of the first HA/HA mice, we quali-
tatively compared them to SL/SL littermates for gross behav-
ioral responses to isoflurane and halothane (see Supplemental
Video). Upon exposure to 0.4% atm isoflurane, HA/HA mice

were sedated and displayed less locomotor activity compared
with SL/SL control littermates. At 1.2% atm isoflurane, both
genotypes were sedated and did not ambulate, i.e., they were
immobile. However, upon discontinuation of isoflurane anes-
thesia, SL/SL mice quickly recovered from anesthesia and
moved about the test chamber. In contrast, HA/HA mice re-
mained sedated and immobile for a longer time. In contrast to
isoflurane, gross behavioral response to halothane did not differ
on this assay (data not shown).

Recovery From Anesthesia. To quantitatively assess
recovery from anesthesia, mice were deeply anesthetized

Fig. 3. Whole-cell patch clamp recordings from hippocampal dentate
gyrus granule cells. A, the left traces illustrate the averaged mIPSCs
(from 100 single events) recorded from a granule neuron from a SL/SL
mouse in the absence or presence of 0.15 and 0.30 mM isoflurane. The
right traces show the averaged mIPSCs from an �2 ��/�� animal. Under
control conditions, the decay time constant of mIPSCs recorded from
HA/HA mice was reduced compared with SL/SL (P � 0.01). B, histogram
summarizing the effects of isoflurane on decay time constants. Isoflurane
dose-dependently increased the decay time constants in both genotypes,
but the increase in HA/HA mice was reduced compared with SL/SL mice
in response to 0.30 mM isoflurane. ��, p � 0.01.

Fig. 4. Recovery from isoflurane anesthesia. A, recovery time after expo-
sure to 1.5% atm isoflurane was significantly different between genotypes
when studied on mice on a N2 genetic background. B, recovery time after
exposure to 1.5% atm halothane did not differ between mice on a N2
genetic background. C, no differences between genotypes were observed
on this same assay when mice of the N4 genetic background were tested
with 1.5% atm isoflurane. �, p � 0.05.
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with 1.5% atm isoflurane or halothane. Mice were placed on
their backs, anesthesia was discontinued, and the time until
the animals regained the righting reflex and spontaneously
rolled over was determined. Time to recover from isoflurane
anesthesia was significantly longer for HA/HA mice com-
pared with SL/SL mice (p � 0.05; Fig. 4A). In contrast, time
to recover from halothane anesthesia did not differ between
genotypes (Fig. 4B). To determine the reproducibility of the
altered isoflurane phenotype and determine whether the ef-
fect persisted on a more uniform inbred genetic background,
this same assay was later repeated on mice that had been
backcrossed onto the C57BL/6J for two additional genera-
tions (i.e., the N4 generation). We were surprised to find that
time to recover from isoflurane anesthesia did not differ
between genotypes on this genetic background (Fig. 4C).

Loss of Righting Reflex. A standard LORR assay was
used to compare genotypes on the N2 genetic background for
the obtunding effect of isoflurane (Fig. 5A) and halothane
(Fig. 5B). For isoflurane, neither the slopes of the concentra-
tion response curves (SL/SL: 11.3 � 2.6 versus HA/HA:
11.2 � 2.6) or the EC50 values (SL/SL: 0.64 � 0.02% atm
versus HA/HA: 0.66 � 0.02% atm) differed between geno-
types. Likewise, no differences between genotypes were ob-
served for responses to halothane on this same assay; the
slopes of the concentration response curves (SL/SL: 20.1 �
5.4 versus HA/HA: 23.8 � 7.6) and the EC50 values (SL/SL:
0.81 � 0.18% atm versus HA/HA: 0.80 � 0.02% atm) did not
differ between genotypes.

Minimum Alveolar Concentration. A tail clamp/with-
drawal assay was used to compare genotypes on the N2

genetic background for the effects of isoflurane (Fig. 5A) and
halothane (Fig. 5B) on suppression of movement in response
to a noxious stimulus. For isoflurane, neither the slopes of
the concentration response curves (SL/SL: 22.6 � 6.1 versus
HA/HA: 21.7 � 6.3) nor the EC50 values (SL/SL: 1.64 � 0.03%
atm versus HA/HA: 1.63 � 0.04% atm) differed between
genotypes. Likewise, no differences between genotypes were
observed for responses to halothane on this same assay; the
slopes of the concentration response curves (SL/SL: 30.7 �
9.2 versus HA/HA: 31.1 � 9.8) and the EC50 values (SL/SL:
1.90 � 0.03% atm versus HA/HA: 1.89 � 0.04% atm) did not
differ between genotypes.

Fear Conditioning: Training and Testing Without
Anesthesia. Mice on the N4 genetic background were tested
for basal learning and memory by using fear conditioning.

HA/HA mice showed enhanced acquisition during training
compared with SL/SL control mice (Fig. 6A). This was con-
firmed by the split plot ANOVA, in which there was a main
effect of genotype (F1,90 
 13.14, P � 0.005), a main effect of
time (F5,90 
 28.79, P � 0.0001), and an interaction of the two
(F5,90 
 6.76, P � 0.0001). Given that differences in freezing
at 0% isoflurane during the test would make it difficult to
evaluate a shift in EC50 values for isoflurane, we modified
the protocol by increasing the number of tone–shock pairings
from three to six. This method has worked previously to
equate freezing in mutant and control strains, thus allowing
for an appropriate assessment of the effect isoflurane on
conditional fear (Rau et al., 2009). However, as with the
protocol with three tone–shock pairings, HA/HA mice also
showed enhanced acquisition during training compared with
SL/SL mice (Fig. 6B). Split plot ANOVA indicated a main
effect of genotype (F1, 20 
 13.37, P � 0.005), a main effect of
time (F11,220 
 30.18, P � 0.0001), and an interaction of the
two (F11,220 
 2.52, P � 0.01). HA/HA mice also displayed
higher fear to context scores after both the three [t(18) 

4.30, P 
 0.05] and six [t test, t(19) 
 15.45, P � 0.001]
tone–shock training protocols (Fig. 6C). HA/HA mice also had
a higher level of fear to tone after the six tone–shock training
protocol [t(20) 
 10.15, P � 0.005], but not for the three
tone–shock training protocol (Fig. 6D).

Because HA/HA mice displayed enhanced acquisition of
learning and perform better in memory tests compared with
SL/SL controls when the task is easier (higher shock inten-
sities), mice were tested at a lower shock intensity of 0.6 mA.
Because it is possible that the mice used in this study may
have had impaired hearing (Zheng et al., 1999; Maison et al.,
2006) instead of giving the mice pure tone as in the previous
three and six tone–shock pairings, they were given three
white noise (0 Hz, 75–80 db)–shock (0.6 mA) pairings. White
noise contains a wide spectrum of tones, so it will be less
affected by hearing loss of specific Hz intervals. Again,
HA/HA mice displayed enhanced acquisition compared with
SL/SL mice (Fig. 7A). Repeated measures showed there was
a main effect of genotype (F1,80 
 7.69, P � 0.05), a main
effect of time (F5,80 
 27.29, P � 0.0001), and an interaction
of the two (F5,80 
 3.32, P � 0.01). However, SL/SL and
HA/HA mice did not differ on fear to context and white noise
tests (Fig. 7B).

Isoflurane Effects on Context and Tone. Because geno-
types did not differ on context and white noise tests when

Fig. 5. Concentration response curves for
LORR and tail clamp/withdrawal assays
in response to isoflurane (A; n 
 11–13/
genotype) and halothane (B; n 
 10–12/
genotype). Genotypes did not differ on ei-
ther assay for either anesthetic.
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trained with three white noise–0.6 mA shock pairings, this
protocol was used to test isoflurane at 0.0, 0.2, 0.4, and 0.8%
atm. Calculated EC50 values for SL/SL and HA/HA mice did not
significantly differ for fear to context; isoflurane EC50 values
were 0.14 � 0.25% atm for SL/SL mice and 0.20 � 0.03% atm
for HA/HA mice (Fig. 7C). There was also no significant differ-
ence between the EC50 values calculated for fear to white noise;

isoflurane EC50 values were 0.29 � 0.09% atm for SL/SL mice
and 0.39 � 0.01% atm for HA/HA mice (Fig. 7D).

Discussion
In this article, we report on the characterization of mu-

tant recombinant GABAA-R �2 subunits that are function-
ally normal with the exception that they show reduced

Fig. 6. Fear conditioning during training.
A and B, HA/HA mice show facilitated
acquisition of conditional fear during
training to the three tone–1-mA shock
pairings (A, p � 0.0001) and the six tone–
1-mA shock pairings (B, p � 0.005) com-
pared with SL/SL mice. T refers to tone,
and PT refers to posttone. C, HA/HA mice
displayed increased performance on the
fear to context test compared with SL/SL
mice after training with either the three
or six tone–shock pairings. D, HA/HA
mice displayed increased performance on
the fear to tone test compared with SL/SL
mice after the six, but not the three, tone–
shock pairings. n 
 8–14/genotype. �, p �
0.05; ��, p � 0.001; ���, p � 0.005.

Fig. 7. Fear conditioning with white
noise. A, SL/SL and HA/HA mice were
trained by using three white noise (0
Hz, 75– 80 db)–shock (0.6 mA) pairings.
HA/HA show facilitated acquisition of
learning compared with SL/SL mice
(p � 0.05). n 
 8 –10/genotype. B, There
was no difference between genotypes
during testing, however. C, Effect of
isoflurane on fear to context. SL/SL and
HA/HA mice were statistically similar
at 0% isoflurane during the fear to con-
text test. EC50 values did not differ be-
tween genotypes for fear to context.
D, SL/SL and HA/HA mice did not differ
in fear to white noise at 0% isoflurane.
EC50 values did not differ between ge-
notypes for fear to tone. n 
 6 –10/geno-
type per concentration.
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sensitivity to potentiation by isoflurane. We subsequently
introduced these mutations into the mouse germ line to
produce gene knockin mice. Although approximately half
of the knockin mice died prematurely, those that survived
seemed overtly normal and were used to investigate the
role of the �2 subunit of the GABAA-R in inhaled anes-
thetic action. In the first generation of knockin mice that
were studied, the knockins were found to be paradoxically
more sensitive to isoflurane exposure and recovered more
slowly from isoflurane anesthesia. However, this altered
sensitivity was not observed after backcrossing to C57BL/6J
for two additional generations. Other isoflurane-induced
behavioral alterations (LORR, tail clamp/withdrawal, and
amnesia) were unaltered by the knockin. These results
must be interpreted with caution because of the neonatal
mortality observed. Because we could only study surviving
knockin mice for behavioral responses to isoflurane, it is
possible that the phenotype of the survivors may not be
representative of those that did not survive. It is conceiv-
able that a unique blend of genetic factors in combination
with the knockin mutations may be responsible for animal
viability and anesthetic responses in this mouse line.

Our studies of recombinant GABAA-Rs with mutations of
Ser270 to His and Leu277 to Ala in the �2 subunit dem-
onstrated normal affinity for GABA, but substantially re-
duced responses to the volatile anesthetic isoflurane. Pre-
vious studies have demonstrated that Ser270 is involved in
modulation of GABAA-Rs by volatile anesthetics and alco-
hol both in vitro and in vivo (Mihic et al., 1997; Borghese
et al., 2006). The L277A mutation is important for rescuing
the alteration in GABA sensitivity induced by the S270H
mutation (Borghese et al., 2006). It is noteworthy that,
although not tested here on �2 receptors, incorporation of
these mutations selectively reduces sensitivity to isoflu-
rane but not to halothane (Borghese et al., 2006). The
action of additional GABAA-R modulators such as Zn2�,
etomidate, and flunitrazepam were not altered between
control and mutant �2 receptors.

The finding that these mutations markedly reduced
isoflurane sensitivity of �2 receptors but minimally af-
fected other receptor responses, including response to the
endogenous ligand GABA, prompted their introduction
into the mouse germ line. We subsequently generated a
knockin mouse line harboring these mutations to allow for
in vivo analysis of �2-containing GABAA-Rs. We observed
that the number of HA/HA mice at weaning from heterozy-
gous matings was only 
50% of that expected, suggesting
lethality before weaning. A genotype analysis of several
litters collected before birth did not reveal a deficiency
of HA/HA embryos. This suggests that the HA/HA pups
that died did so between birth and weaning. We do not
know why those animals died. HA/HA knockin mice that
survived were overtly normal and indistinguishable from
controls. The amount of �2 subunit protein in cortex
and hippocampus from HA/HA mice did not differ from
controls.

In electrophysiological recordings from dentate gyrus gran-
ule cells, although most parameters measured were normal,
mIPSCs decayed more quickly in cells from HA/HA mice
compared with SL/SL mice, as evidenced by the decreased
decay time constant. A similar result was observed in
knockin mice with the same mutations in the �1 subunit of

the GABAA-R (Sonner et al., 2007). In response to isoflurane,
although the decay phase of mIPSCs was prolonged in both
genotypes, this prolongation was substantially decreased in
HA/HA mice compared with SL/SL mice, at the higher con-
centration of isoflurane tested, 0.30 mM. This result indi-
cates that GABAA-R isoforms containing �2 subunits nor-
mally contribute to the mIPSC envelope in dentate granule
cells and to prolongation of IPSCs by isoflurane. It is not
surprising that anesthetic potentiation of mIPSC is not com-
pletely ablated, because these cells also express other � sub-
units (Sperk et al., 1997), notably �1 and �4, which retain
their anesthetic sensitivity in the knockin animals. In addi-
tion, the knockin mutations do not totally remove isoflurane
sensitivity (Fig. 1).

Our studies of the behavioral effects of isoflurane sug-
gest that �2-containing GABAA-Rs do not play a key role in
mediating several primary clinically relevant behavioral
responses, namely obtunding effects (assayed by LORR),
immobility (assayed by tail clamp/withdrawal), or amnesia
(assayed by impairment of fear conditioning). Although
immobility results from anesthetic action in the spinal
cord (Antognini and Schwartz, 1993; Rampil et al., 1993),
and �2 is highly expressed in the dorsal horn of the spinal
cord (Bohlhalter et al., 1996), this negative result is con-
sistent with the conclusions of previous studies with
GABAA-R mutant mice and pharmacologic perturbations
that GABAA-Rs have at most a limited role in mediating
inhaled anesthetic-induced immobility (Eger et al., 2008).
Furthermore, immobility is caused by actions of inhaled
anesthetics on the ventral horn of the spinal cord (Barter
et al., 2008; Jinks et al., 2008).

In contrast to the negative results observed on the
LORR, tail clamp, and fear conditioning assays in response
to isoflurane, we made the unexpected observation that
HA/HA mice were more sensitive to isoflurane as evi-
denced by locomotor activity (see Supplemental Video) and
a recovery from anesthesia assay. This is surprising be-
cause we hypothesized that if �2 receptors were important
for an isoflurane-induced behavioral response, then mice
with isoflurane-insensitive �2 receptors would be less (not
more) sensitive to isoflurane. Such a result is not unprec-
edented, however. As we reported previously (Werner et
al., 2006), this same mutation in the �1 subunit eliminated
potentiation by ethanol at the receptor level, but at the
behavioral level we observed that sensitivity to ethanol
was decreased, unchanged, or actually increased depend-
ing on the behavioral endpoint tested. It is conceivable
that these paradoxical effects reveal a circuit level phe-
nomenon about the location of GABAA-Rs that are impor-
tant for drug effects. For example, if �2 receptors on inhib-
itory interneurons are normally potentiated by isoflurane, this
could serve to limit inhibitory output from those cells. In con-
trast, impairment of isoflurane potentiation at that same loca-
tion by our knockin mutations would remove this limitation on
inhibitory output, i.e., result in disinhibition. It is also possible
that unexpected effects of the mutant and compensatory
changes could account for the unexpected phenotypes. It is
important to note that this paradoxical increase in isoflurane
sensitivity on these particular endpoints was observed only
in the first generation studied. Backcrossing to C57BL/6J for
two additional generations eliminated the genotypic differ-
ence. This observation, together with the low number of
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homozygous mutant mice in the litters, suggests that the
mutant subunit is not completely normal in function. At
birth, the �2 is the major � subunit in brain, and only after
birth does �1 emerge as the main GABAA-R subunit
(Fritschy et al., 1994). Thus, newborns rely on �2 for
GABAergic function and would be particularly sensitive to
changes in function of this subunit.

Another indication that the knockin mutations are not
completely “silent” is the finding that in studies of learning
and memory in the absence of anesthesia we observed that
HA/HA mice displayed increased learning and memory during
training and testing compared with SL/SL controls. This is
somewhat surprising, given that functional studies of recombi-
nant and native mutant receptors in the current study showed
near normal GABA responses and the levels of the mutant �2
subunit were not different from wild type. However, the intro-
duced mutations produced some subtle changes in GABAA-R
function. We observed some decrease of maximal current in
recombinant receptors and HA/HA mice had faster mIPSCs.
This could result in decreased inhibition and may thereby fa-
cilitate enhanced learning. This behavioral effect is consistent
with other findings indicating that altering GABAA-R subunits
facilitates acquisition of learning. For example, knockout of the
�1 subunit produces enhanced fear to tone (Sonner et al., 2005;
Wiltgen et al., 2009). Knockout of the �4 subunit generally
facilitates acquisition of fear conditioning (Rau et al., 2009;
Moore et al., 2010), whereas knockout of the �5 or delta
subunit results in facilitated trace fear conditioning (Cres-
tani et al., 2002; Wiltgen et al., 2005). Although the exact
nature of the facilitation depends on the subunit and its
anatomical distribution (Wiltgen et al., 2009), the phenotype
found is typically a facilitation, not depression, of fear condi-
tioning. Thus, although the �2 subunit may not play a role in
mediating isoflurane-induced amnesia, it does play a role in
both hippocampal-dependent and independent learning.

In summary, we engineered a mutant �2 GABAA-R sub-
unit with substantially reduced response to the inhaled
anesthetic isoflurane in Xenopus oocytes and in hippocam-
pal slice recordings from gene-targeted mice. This allowed
a critical test of the role of this subunit in isoflurane
anesthesia. Behavioral analysis of gene knockin mice dem-
onstrated that isoflurane potentiation of the �2 subunit is
not required for immobility or amnesia, the major clini-
cally relevant behavioral effects associated with isoflurane
anesthesia.
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