
Anesthesiology 2004; 100:1438–45 © 2004 American Society of Anesthesiologists, Inc. Lippincott Williams & Wilkins, Inc.

�-Aminobutyric Acid Type A Receptor �2 Subunit Mediates
the Hypothermic Effect of Etomidate in Mice
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Background: The authors have previously described that the
�-aminobutyric acid type A (GABAA) receptor �2N265S muta-
tion results in a knock-in mouse with reduced sensitivity to
etomidate. After recovery from etomidate anesthesia, these
mice have improved motor performance and less slow wave
sleep. Because most clinically used anesthetics produce hypo-
thermia, the effect of this mutation on core body temperature
was investigated.

Methods: The effect of etomidate and propofol on core body
temperature were measured using radiotelemetry in freely
moving GABAA receptor �2N265S mutant mice and wild-type
controls.

Results: �2N265S mutant mice have a reduced hypothermic
response to anesthetic doses of etomidate compared with wild-
type controls and after a transient loss of righting reflex regain
normothermia more rapidly compared with wild-type controls.
Subanesthetic doses of etomidate produce hypothermia, which
was not observed in the mutant mice. Vehicle administration
resulted in a stress-induced hyperthermic response in both
genotypes. Propofol produced a hypothermic response that
was similar in both genotypes.

Conclusions: The GABAA receptor �2 subunit mediates a sig-
nificant proportion of the hypothermic effects of etomidate. As
the �2 subunit mediates postrecovery ataxia and sedation, an-
esthetic agents that do not have in vivo potency at �2 subunit–
containing receptors offer the potential for surgical anesthesia
with improved recovery characteristics.

THE majority of clinically used anesthetics, including the
intravenous anesthetic etomidate, have an effect at
�-aminobutyric acid type A (GABAA) receptors.1 GABAA

receptors in the central nervous system are pentameric
structures, the majority of which have a subunit stoichi-
ometry of 2(�)2(�)1(�).2 Three � subunits have been
described, �1, �2, and �3, with �2-containing receptors
making up approximately 50% of GABAA receptors in
the central nervous system2 and therefore having a major
contribution to inhibitory neuronal transmission. Etomi-
date has selectivity for GABAA receptors containing �2
and �3 subunits over �1-containing receptors.3–5 This
selectivity is entirely dependent on an asparagine (N)
residue at position 265 in the transmembrane 2 domain
of the �2 and �3 subunits. This position is occupied by
a serine (S) in the �1 subunit. Dependence on this
residue is not shared by other anesthetics, such as pen-

tobarbital.6 Although this amino acid residue is critical
for the activity of etomidate, it is not known whether
this residue represents a binding site or a site critical for
transducing the effects of etomidate. We have previously
described a knock-in mouse with a point mutation at
position S265 in the �2 subunit gene7 (GABAA receptor
�2N265S). In this mouse, etomidate is a �3-selective tool
that allows investigation of the involvement of different
GABAA receptor subunits in physiologic responses to
anesthetics. We have demonstrated in the GABAA recep-
tor �2N265S mouse that the sedative and ataxic effects
of etomidate are mediated by the �2 subunit, whereas
anesthesia, as defined by loss of righting reflex (LORR),
and presence of burst-suppression activity in the electro-
encephalogram are mediated by the �3 subunit. The
asparagine3serine (N3S) mutation does not affect the
activity of propofol at the GABAA receptor �2 subunit,
although the asparagine3methionine (N3M) mutation
at position 265 abolishes propofol and etomidate
activity.8

The �2N265S mutation does not affect the anatomical
distribution or the level of expression of GABAA �2
subunit–containing receptors in the brain. The electro-
physiologic effect of �-aminobutyric acid (GABA) is un-
affected by the N265S mutation as revealed by extensive
in vitro characterization.7 �2N265S mice are phenotyp-
ically indistinguishable from WT controls, with effect of
mutation evident only on pharmacologic challenge.

All anesthetics result in a reduction of core body tem-
perature (CBT).9,10 In the clinical situation, hypothermia
results from anesthetic-induced impairment of thermo-
regulation, cold exposure, and altered distribution of
body heat.11 Deliberate hypothermia may be desirable
during certain surgical procedures, e.g., to reduce intra-
cranial pressure or during cardiac procedures involving
bypass.12 However, in the majority of surgical cases,
hypothermia is problematic and may result in adverse
cardiac events,13 impaired wound healing,14 and in-
creased bleeding,15 all of which result in increased inpa-
tient stay and increased costs. In mammals, the main
neural regulator of body temperature is the preoptic
area/anterior hypothalamus (POAH).16,17 Regulation of
body temperature in this brain region is dependent on
GABA.18,19 We have previously shown that GABAA re-
ceptor �2N265S mice recover locomotor function more
rapidly after recovery from etomidate anesthesia, and it
may be possible that this results from an effect on CBT.
We have therefore examined the effect of the �2N265S
mutation on the hypothermic effect of etomidate anes-
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thesia using radiotelemetry to measure CBT in freely
moving, unrestrained mice.

Materials and Methods

All animal experiments were performed in accordance
with the United Kingdom Animals (Scientific Proce-
dures) Act 1986 and associated guidelines, including
Local Ethical Review Process (Merck Sharp & Dohme,
Harlow, United Kingdom) approval.

Generation and characterization of GABAA receptor
�2N265S mutant mice has been previously described.7

Neuroscreening evaluation revealed that �2N265S mice
did not differ from wild-type (WT) mice in body weight,
rectal temperature, grip strength, beam balancing, or
swimming ability. Mice used for these experiments were
from the F4 generation and were aged between 2 and 5
months.

Surgical Preparation
During isoflurane anesthesia (2–3% in O2), eight mice

(four GABAA �2N265S and four WT controls) were im-
planted with intraperitoneal radiotelemetry transmitters
(Data Sciences International, St. Paul, MN) for measuring
CBT (model No. TA-F20). Adequate anesthetic depth was
assessed by the tail withdrawal reflex. Strict asepsis was
maintained, and mice received preoperative and postoper-
ative analgesia (5 mg/kg subcutaneous carprofen) and an-
tibiotics (long-acting preparation of 150 mg/kg subcutane-
ous amoxicillin). Mice were allowed to recover for 2 weeks
before the first experiment.

Experimental Protocol
Mice were singly housed in standard laboratory condi-

tions with a 12 h light:dark lighting schedule and free
access to food and water. For drug administration exper-
iments, all dosing was conducted at circadian time 5
(CT5; 5 h after lights on). Room temperature was main-
tained at 21 � 2°C.

Assessment of Baseline Core Body Temperature
and Activity Levels. Body temperature was recorded in
the absence of drugs to ensure that there was no geno-
type difference in these parameters. CBT and locomotor
activity were recorded for 72 h with 8-s sampling every
5 min.

Effect of Etomidate on Core Body Temperature.
Etomidate (Hypnomidate; Janssen-Cilag, Berchem, Bel-
gium; 2 mg/ml) or vehicle (35% propylene glycol in
water for injection) was administered via either the
intraperitoneal (5 and 20 mg/kg) or the intravenous
route (5-mg/kg single bolus via lateral tail vein). These
same doses and routes have previously been examined
for their effect on spontaneous locomotor activity and
rotarod performance in GABAA �2N265S mice and WT
controls.4 Data were sampled for 8 s each minute and

recorded for 6 h after return of righting reflex for ani-
mals dosed with anesthetic. Propofol (Rapinovet;
Genusxpress, York, United Kingdom; 10-mg/ml solution
in an aqueous isotonic emulsion) was administered as a
single intravenous bolus at a dose of 24 mg/kg. This dose
of propofol was selected to produce a similar duration of
LORR7 to 5 mg/kg intravenous etomidate to compare the
hypothermic responses to these two agents.

Pretreatment CBT was the mean � SEM of the previ-
ous 10-min data. Normothermia was defined as return to
pretreatment mean CBT.

Loss of Righting Reflex. Loss of righting reflex oc-
curred at 20 mg/kg intraperitoneal and 5 mg/kg intrave-
nous etomidate and 24 mg/kg intravenous propofol.
After intravenous administration, mice immediately lost
consciousness. For intraperitoneal administration, mice
lost consciousness within 60 s of drug administration.
Mice were placed on their backs, and the time until mice
were able to recover normal righting posture was
measured.

Statistical Analysis
Effect of genotype on differences in mean CBT over

time were tested for statistical significance using a re-
peated-measures analysis of variance (Statistica; Statsoft,
Tulsa, OK). Significant genotype differences between
minimum CBT (CBTmin), maximum CBT (CBTmax), and
LORR duration were determined using the Student t test.

Results

Baseline Body Temperatures Are Similar in Both
Genotypes
Baseline measurement of CBT in the absence of any

drug treatment was performed in both genotypes. Both
GABAA receptor �2N265S mice and their WT controls
display a well-defined circadian variation in CBT (fig. 1).
There was no difference in the mean active (dark) phase
CBT (WT, 36.89° � 0.3°C; �2N265S, 36.89° � 0.3°C).
During the rest (light) phase, there was also no genotype
difference in CBT (WT, 36.13° � 0.3°C; �2N265S,
36.18° � 0.3°C). These data were used to select time of
drug administration in further experiments in which
CBT did not significantly vary (CT5). This reduced any
compounding effect of circadian CBT change during
anesthetic challenge.

Etomidate Anesthesia Produces Less Hypothermia
in GABAA Receptor �2N265S Mice Compared with
WT Controls
With an intraperitoneal dose that produced an LORR

(20 mg/kg; duration: WT, 66 � 5.1 min; �2N265S,
68.5 � 6.2 min), the mean CBTmin in WT mice was
significantly lower (28.46° � 0.72°C) compared with
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GABAA �2N265S mice (CBTmin, 32.26° � 0.50°C; P �
0.05) (fig. 2). Predosing temperatures were not signifi-
cantly different (WT, 36.51° � 0.23°C; �2N265S, 35.89°
� 0.35°C). After recovery of righting reflex, return to
normothermia was faster in �2N265S mice. GABAA re-
ceptor �2N265S mice attained predose CBT 2 h 31 min
after LORR; however, WT controls did not regain nor-
mothermia during the 5-h postdosing recording period.

Etomidate Vehicle Does Not Produce Hypothermia
After dosing of vehicle (35% wt/vol propylene glycol in

water for injection), both genotypes showed an increase
in CBT, which then diminished over time. The profile of
this change was not significantly affected by the geno-
type of the mice (F � 0.05) (fig. 3A). As before, there
was no genotype difference in pretreatment CBT (WT,
36.32° � 0.4°C; �2N265S, 36.49° � 0.45°C).

Fig. 1. Core body temperature in �-aminobutyric acid type A (GABAA) �2N265S mice and wild-type (WT) controls has a well-defined
circadian variation. Mean core body temperature of GABAA receptor �2N265S (open triangles) and WT controls (filled squares)
plotted over the 3-day recording period. Error bars omitted for clarity. Dark period denoted by shaded bars on x axis. n � 4 for each
genotype.

Fig. 2. �-Aminobutyric acid type A (GABAA) receptor �2N265S mice have a reduced hypothermic response to etomidate anesthesia
compared with wild-type (WT) mice. Core body temperature recorded after 20 mg/kg intraperitoneal etomidate. Average loss of
righting reflex duration � 67.25 min. GABAA receptor �2N265S mice (open triangles) have a smaller decrease in core body
temperature (genotype: F1,6 � 6.19, P < 0.05) over a shorter time course (genotype � time: F120,720 � 6.30, P < 0.0001) compared
with WT controls (filled squares). Error bars (� SEM) shown in one direction only for clarity. First vertical line indicates mean time
of recovery of righting reflex in WT mice; second vertical line indicates mean recovery time of GABAA receptor �2N265S mice. n �
4 for each genotype. Because of limitations of the statistics package used, we were unable to perform a repeated-measures analysis
on the full data set, and hence, only the first 120 min has been analyzed.
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Subanesthetic Doses of Etomidate Do Not Produce
Hypothermia in GABAA Receptor �2N265S Mice
An intraperitoneal dose of 5 mg/kg etomidate does not

produce LORR in either mouse genotype.4 After dosing,
a significant hypothermic response was observed in WT
mice (CBTmin, 34.28° � 1.1°C; P � 0.05). In GABAA

receptor �2N265S mice, a significant increase in CBT
was observed (CBTmax, 37.28° � 0.46°C; P � 0.05); this
is a “stress-induced hyperthermic response” resulting
from dosing and restraint stress and is well described in
the literature.20 As before, pretreatment CBT did not
differ between genotypes (WT, 36.06° � 0.25°C;
�2N265S, 36.37° � 0.46°C) (fig. 3B).

Differential Hypothermic Effect Is Pronounced
during Brief Anesthetic Periods
To examine the hypothermic response during a brief

period of anesthesia, etomidate was administered intra-
venously (5-mg/kg single intravenous bolus). There was

no significant effect of genotype on duration of LORR
(WT, 359 � 7 s; �2N265S, 381.5 � 9 s).

As with the intraperitoneal dosing experiment, CBT in
WT mice was significantly lower compared with GABAA

�2N265S mice (WT CBTmin, 32.21° � 0.77°C; �2N265S
CBTmin, 33.88° � 0.48°C; P � 0.05) (fig. 4). Tempera-
ture began to recover shortly after recovery of righting
reflex in GABAA receptor �2N265S mice; however, in
WT mice, CBT continued to decrease after recovery of
righting reflex. WT mice took significantly longer to
recover normothermia (mean � 188 min) compared
with GABAA receptor �2N265S mice (mean � 37 min;
P � 0.05).

Effect of Propofol on CBT
The effect of the intravenous anesthetic propofol on

CBT was examined. For comparison with the hypother-
mic response of etomidate, doses were chosen that re-
sult in a similar duration of LORR in WT mice (24 mg/kg
intravenous propofol: LORR, 349.6 � 9.1 s; 5 mg/kg
intravenous etomidate: LORR, 327 � 7 s). Propofol pro-
duced a similar degree of hypothermia in both WT and
GABAA receptor �2N265S mice (WT CBTmin, 35.1° �
0.16°C; �2N265S CBTmin, 34.5° � 0.4°C), whereas eto-
midate produced an enhanced hypothermic effect in WT
mice (CBTmin, 32.2° � 0.24°C) compared with GABAA

receptor �2N265S mice (CBTmin, 33.9° � 0.09°C) (figs.
5A and B). These conclusions are supported by a two-
way repeated-measures analysis of variance that indi-
cated significant effects of both genotype (F1,12 � 50.0,

Fig. 3. Nonanesthetic dose of etomidate increased core body
temperature in �-aminobutyric acid type A (GABAA) receptor
�2N265S mice and reduced core body temperature in wild-type
(WT) controls. (A) Injection of vehicle (35% propylene glycol in
water for injection) produces an increase in core body temper-
ature in GABAA receptor �2N265S (open circles) and WT mice
(filled squares). There were no significant differences between
the genotypes (F1,6 < 0.05). Error bars (� SEM) are shown in
one direction only for clarity. n � 4 each genotype. (B) After
intraperitoneal administration of a nonanesthetic dose of eto-
midate (5 mg/kg), GABAA receptor �2N265S mice (open trian-
gles) and WT controls (filled circles) respond differently (F1,6 �
8.92, P < 0.05): The core body temperature of �2N265S mice
increases, whereas that of the WT controls decreases. Data plot-
ted from 1 min post dosing. Error bars � � SEM. n � 4 for each
genotype.

Fig. 4. During a brief anesthetic period, etomidate produced less
hypothermia in �-aminobutyric acid type A (GABAA) receptor
�2N265S mice compared with wild-type (WT) mice. After a brief
anesthetic period induced by a 5-mg/kg single intravenous bo-
lus, GABAA receptor �2N265S mice (open triangles) showed a
smaller CBT reduction (genotype: F1,6 � 95.5, P < 0.0001) for a
shorter time (genotype � time interaction: F90,540 � 67.5, P <
0.0001) than WT controls (filled squares). Time to recover nor-
mothermia was faster in GABAA receptor �2N265S mice com-
pared with WT controls. Error bars � � SEM. Left dotted line
indicates mean time of recovery of righting reflex in WT mice;
right dotted line indicates mean time of recovery in GABAA

receptor �2N265S mice. n � 4 for each genotype.
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P � 0.0001) and anesthetic (F1,12 � 110.9, P � 0.0001),
and there was a significant interaction between the two
(F1,12 � 45.1, P � 0.0001).

Discussion

We have demonstrated that the �2 subunit of the
GABAA receptor mediates a significant proportion of the
hypothermic response to etomidate. Previously, we have
shown that the sedative/ataxic effects of etomidate can
be separated from the anesthetic activity of etomidate.
Anesthetic effects (as measured by LORR and the pres-
ence of burst-suppression activity in the electroenceph-
alogram seem to be mediated by the �3 GABAA receptor

subunit, whereas the sedative and ataxic effects are me-
diated by the �2 subunit. After etomidate anesthesia,
�2N265S mice recover rotarod performance and attain
normal levels of locomotor activity faster compared with
WT controls.7 It is highly likely that the reduced hypo-
thermia and ability to recover normothermia at a faster
rate are major contributing factors in the improved func-
tional recovery observed in �2N265S mice.

Although �2 subunit–containing GABAA receptors
constitute approximately 50% of all GABAA receptors in
the central nervous system, remarkably, loss of the �2
subunit is not lethal.21 In �2�/� mice, etomidate pro-
duces a LORR although the period of LORR is reduced.22

This confirms the role of �3 in anesthesia as measured by
LORR. The reduction in duration of LORR in �2�/� mice
may result from a loss of sedative and ataxic effect
mediated by the �2 subunit. Etomidate produces some
LORR in mice containing the corresponding �3 mutation
(�3N265M),23 and the duration of the LORR period is
reduced, but these animals show no anesthetic effect of
etomidate as measured by loss of pedal withdrawal re-
flex. Etomidate still produces a LORR in �3�/� mice,
which is reduced compared with WT24; however, �3�/�

mice present with severe developmental abnormali-
ties,25 and it is possible that developmental compensa-
tion, perhaps by other GABA subunits, in brain regions
critical for anesthesia may underlie the reduced effect of
etomidate in these mice.

Baseline recordings of CBT in the absence of drug
treatment were made to ensure that the �2N265S muta-
tion did not result in a change in CBT. Recordings made
over 3 days revealed that both genotypes expressed a
well-defined circadian variation in CBT, with an increase
during the active (dark) period compared to the rest
(light) phase. Data from this study were also used to
select a time of day for drug administration when CBT
was relatively stable (i.e., during the nadir), and results
could be interpreted without confounding effects of
circadian variation. All drug administration experiments
were conducted at the same circadian time point (CT5)
to allow direct comparison between experiments. In all
experiments, there was no effect of genotype on pre-
treatment CBT. At 20 mg/kg (intraperitoneal), we ob-
served a very pronounced and extended period of hypo-
thermia in the WT mice, which was much reduced in the
�2N265S mice. We have previously shown that this dose
significantly impairs postrecovery rotarod performance
in WT mice.7 The hypothermic response in both geno-
types was of a longer duration that the period of LORR.

After intraperitoneal administration of a subanesthetic
dose of etomidate (5 mg/kg), a hypothermic response
was present in the WT mice that was absent in the
�2N265S mice. This indicates that etomidate, acting via
�2-containing receptors, mediates hypothermic effects
that are independent of anesthesia (as defined by LORR).
In �2N265S mice, a modest “stress hyperthermia” re-

Fig. 5. Propofol produced a similar degree of hypothermia in
both genotypes. (A) Effect of intravenous propofol (24 mg/kg;
open squares) and etomidate (5 mg/kg; filled squares) both
administered as a single bolus in wild-type mice. Extent of
hypothermia produced by propofol is significantly less than
that produced by etomidate during a comparable period of loss
of righting reflex. Dotted line indicates mean time of recovery
of righting reflex for etomidate and propofol. Error bars �
� SEM. n � 4 each genotype. (B) Effect of intravenous propofol
(24 mg/kg; open triangles) and etomidate (5 mg/kg; filled tri-
angles) administered as a single bolus in �-aminobutyric acid
type A (GABAA) receptor �2N265S mice. Duration of loss of
righting reflex is similar with both drug treatments. Dotted line
indicates mean time of recovery of righting reflex (left � propo-
fol; right � etomidate). n � 4 for each genotype.
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sponse was observed with the subanesthetic etomidate
dose. This is due to the stress of restraint and injection
and was also observed with administration of vehicle
solution in both genotypes.

Although etomidate has a favorable cardiovascular pro-
file, it is used clinically only for the induction of general
anesthesia (rather than maintenance) because it sup-
presses cortisol production.26 Conversely, propofol is
widely used for both induction and maintenance of an-
esthesia. Because of their different uses, it is difficult to
compare their hypothermic effects directly in the clini-
cal population; however, intraoperative hypothermia oc-
curs with both agents.27 In a study in which the effects
of both agents were compared in hypothermic patients
for cerebral oxygen supply and demand during cardio-
pulmonary bypass, propofol seemed to have better re-
covery characteristics after rewarming recommenced,
perhaps suggesting that propofol resulted in less
hypothermia.28

It was observed in both genotypes that after recovery
of righting reflex, the mice engaged in a brief period of
intense locomotor activity. Although �2N265S mice
have higher levels of locomotor activity over a few hours
after recovery (data not shown), it is unlikely that higher
levels of locomotor activity can account wholly for the
faster return to normothermia in �2N265S mice because
there is no sudden increase in CBT after recovery of
righting reflex in either genotype. During a brief anes-
thetic period induced intravenously with 5 mg/kg eto-
midate, CBT continued to decrease after recovery in the
WT group and did not increase during the brief recovery
period of locomotor activity, again suggesting that activ-
ity is not a significant factor in improved normothermic
recovery in �2N265S mice.

Although �2N265S mice have a much reduced hypo-
thermic response to etomidate anesthesia compared
with WT mice, a significant hypothermic effect is still
evident when LORR occurs. The hypothermic effect of
propofol, which has in vitro activity at �1-, 2-, and
3-containing receptors,29 is similar to that of etomidate
in �2N265S mice. Although our study strongly impli-
cates the GABAA �2 receptor subunit in the hypothermic
response to etomidate, during anesthesia, many factors
are involved in the generation of anesthetic hypother-
mia. These include abolition of behavioral responses,
interference with cutaneous vascular smooth muscle
tone, and reduction of nonshivering thermogenesis. Al-
though a significant proportion of anesthetic hypother-
mia could be overcome with an anesthetic agent lacking
in vivo activity at �2-containing receptors, it is unlikely
that anesthetic hypothermia can be completely abol-
ished because of hypothermic mechanisms that are
GABA independent. Indeed, hypothermia produced by
etomidate in �2N265S mice was only evident when loss
of consciousness occurred, with subanesthetic doses not
producing hypothermia. This indicates that mechanisms

other than the GABAA receptor �2 subunit may also
contribute to anesthetic hypothermia. Given that the
hypothermic effect of propofol is much less pronounced
than that produced by etomidate in WT mice, the rea-
sons for this remain to be investigated. Consistent with
the reduced hypothermia observed in this study, both
WT and �2N265S mice demonstrated rapid recovery in
rotarod performance after propofol-induced anesthesia.7

We have previously reported that etomidate is without
activity at other receptors and ion channels at clinically
relevant concentrations,7 and based on previously mea-
sured effective plasma concentrations at the doses used
in the current study, it is unlikely that direct activation of
the GABAA receptor occurs. It is therefore feasible to
assume that the differential hypothermic effect observed
in �2N265S mice is dependent on specific GABAA �2
subunit properties. Although we suggest the major ef-
fects observed here are centrally mediated, GABAA re-
ceptors in the spinal cord also express �2 and �3 sub-
units, and these may also play a role.

In mammals, the principle brain region controlling
body temperate is the POAH and contains both warm-
and cold-sensitive neurons. Warm-sensitive neurons are
activated at higher temperatures and stimulate processes
that reduce body temperature. Cold-sensitive neurons
are activated by relatively cooler brain temperatures and
generate hypothermic responses. GABA, acting via
GABAA receptors, directly inhibits cold-sensitive neu-
rons, whereas modulation of warm-sensitive neurons by
GABA occurs at the site of afferent input.30 Central or
systemic administration of GABA and GABA agonists
results in hypothermia,18 whereas GABA antagonists pro-
duce hyperthermia.30 It is interesting to note that in the
POAH, there is a high ratio of �2-containing GABAA

receptors compared with �3-containing receptors. An
immunohistochemical study31 found intense labeling of
processes within the POAH with a specific �2 antibody
along with moderate “diffuse” immunoreactivity. In con-
trast, no processes were labeled with the �3 antibody,
although some diffuse labeling was reported. Studies
examining the distribution of GABAA �2 subunit expres-
sion reveal that expression of �2 messenger RNA is weak
in the POAH.32 Consistent with the results showing
strong �2 immunoreactivity in processes but no cell
body staining,31 it is likely that the source of �2 immu-
noreactivity in the POAH is from afferent sources. It is
highly possible that the hypothermic effect of etomidate
observed in WT mice results from activation of �2-
containing GABAA receptors in the POAH and that this
effect is much reduced in �2N265S mice because of the
relative lack of effect of etomidate at the mutant �2-
containing receptors.

Previously, we have demonstrated that an equivalent
depth of anesthesia is attained in GABAA �2N265S mice
and WT controls as determined by analysis of isoelectric
activity in the electroencephalogram.7 Hypothermia can
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affect the Bispectral Index value, an integrated measure
of the human intraoperative electroencephalogram.33–35

Because �2N265S mice experience much less hypother-
mia during etomidate anesthesia compared with WT
controls, it is curious that no detectable differences were
measured in the electroencephalograms of these mice.
However, it is possible that a much greater hypothermic
response than that produced in the WT mice in this
study is required before differences in the electroen-
cephalogram are apparent.34

Previously, we have observed that when a heat lamp
was used to maintain the surrounding air temperature at
27° � 2°C, that the duration of LORR was significantly
longer in WT compared with knock-in mice at higher
doses (10 and 15 mg/kg) of intravenous etomidate.7

Because body temperature of the mice was not mea-
sured in these experiments, it is not possible to deter-
mine what effect active warming had on CBT. However,
it is highly likely that a more pronounced hypothermic
effect would have occurred in the WT mice compared
with the knock-in mice even when actively warmed.
Hypothermia has been shown to augment anesthetic
potency and to significantly delay the metabolism of
anesthetics and concomitantly administered agents re-
sulting in a longer recovery period and increased hyp-
notic hangover.36,37 It would be interesting to study
plasma concentrations of etomidate on recovery to de-
termine any difference in etomidate metabolism. Faster
metabolism of etomidate in the knock-in mice could be
a contributing factor to the improved functional recov-
ery and reduced sedation observed in the knock-in
�2N265S mice. Anesthetic hypothermia can also result
in a depression of cognitive functioning on awakening,
which could also contribute to the improved functional
performance observed in the �2N265S mice.

The data presented here support the role of GABAA

�2-containing receptors being involved in the hypother-
mic response to etomidate. We have previously shown
that the �2 subunit mediates the ataxic and sedative
effects of etomidate. Evidence that the �2 subunit also
produces hypothermia indicates that several undesirable
properties of etomidate anesthesia are mediated by this
subunit. Because the anesthetic qualities (i.e., loss of
consciousness, lack of purposeful movement in re-
sponse to noxious stimuli, and presence of burst-sup-
pression activity on the electroencephalogram) of eto-
midate seem to be mediated by the �3 subunit, this
further indicates that anesthetics that selectively activate
specific subunits may produce surgical anesthesia with
improved recovery characteristics.
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