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Intravenous anesthetics exert a component of their actions via potentiating inhibitory neurotransmission mediated by �-aminobutyric type-A
receptors (GABAARs). Phasic and tonic inhibition is mediated by distinct populations of GABAARs, with the majority of phasic inhibition by
subtypes composed of�1–3��2 subunits, whereas tonic inhibition is dependent on subtypes assembled from�4 – 6��subunits. To explore the
contribution that these distinct forms of inhibition play in mediating intravenous anesthesia, we have used mice in which tyrosine residues 365/7
within the �2 subunit are mutated to phenyalanines (Y365/7F). Here we demonstrate that this mutation leads to increased accumulation of the
�4 subunit containing GABAARs in the thalamus and dentate gyrus of female Y365/7F but not male Y365/7F mice. Y365/7F mice exhibited a
gender-specific enhancement of tonic inhibition in the dentate gyrus that was more sensitive to modulation by the anesthetic etomidate, together
with a deficit in long-term potentiation. Consistent with this, female Y365/7F, but not male Y365/7F, mice exhibited a dramatic increase in the
duration of etomidate- and propofol-mediated hypnosis. Moreover, the amnestic actions of etomidate were selectively potentiated in female
Y365/7F mice. Collectively, these observations suggest that potentiation of tonic inhibition mediated by �4 subunit containing GABAARs
contributes to the hypnotic and amnestic actions of the intravenous anesthetics, etomidate and propofol.

Introduction
Despite their widespread use to cause a reversible loss of con-
sciousness, the exact molecular mechanisms and brain networks
affected by general anesthetics remain unknown (Franks, 2008;
Brown et al., 2011). Intravenous anesthetics are known to act via
�-aminobutyric acid type A receptors (GABAARs), which are
ligand-gated ion channels assembled from multiple subunit classes.
Subtypes assembled from �1–3��2 subunits are largely responsible
for phasic inhibition, whereas those containing �4–6�� subunits
mediate tonic inhibition (Olsen and Sieghart, 2008).

It has been hypothesized that intravenous anesthetics produce
their different endpoints by affecting distinct regions of the brain:
loss of consciousness by modulating reticular activating systems, in-
cluding thalamic-cortical circuits, and amnesia through enhancing
inhibition in the hippocampus (Steriade et al., 1993; Alkire and
Miller, 2005). Although it is evident that intravenous anesthetics are
able to enhance GABAAR subtypes that mediate phasic and tonic
inhibition, the relative contribution of these distinct forms of inhi-
bition to the mechanism of anesthesia remains elusive.

Tonic inhibition in the dentate gyrus (DG) of the hippocam-
pus, striatum, outer layer of the cortex, and thalamus is largely
mediated by extrasynaptic GABAARs that contain �4�2/3� sub-
units, and activated by ambient concentrations of GABA. The
resulting tonic current determines the gain of the neuronal out-
put, thus regulating the excitability of neurons and the activity of
neuronal circuits (Semyanov et al., 2004; Belelli et al., 2009).
Extrasynaptic GABAARs containing �4 subunits represent an im-
portant pharmacological target. Although they are largely insen-
sitive to benzodiazepines, neurosteroids and intravenous
anesthetics have been shown to modulate the tonic current at
concentrations that do not modulate inhibitory postsynaptic
currents (IPSCs), which are dependent on the activation of syn-
aptic GABAARs (Bieda and MacIver, 2004; Jia et al., 2008; Belelli
et al., 2009; Bieda et al., 2009; Herd et al., 2009).

The efficacy of phasic inhibition is in part determined by regu-
lated GABAAR endocytosis, a critical determinant of which are ty-
rosine residues 365 and 367 (Y365/7) in the �2 subunit, which
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mediate GABAAR entry into the endocytic pathway (Jacob et al.,
2008; Kittler et al., 2008; Jurd and Moss, 2010; Jurd et al., 2010). This
is emphasized in male mice in which the respective residues have
been mutated to phenylalanines (Y365/7F) as these mice have
region-specific increases in the synaptic accumulation of GABAARs
(Tretter et al., 009). Here we examined the Y365/7F mutation on the
efficacy of tonic inhibition and on sensitivity to intravenous
anesthetics.

Our results reveal that mutation of Y365/7 has gender-specific
effects on tonic inhibition. In female Y365/7F mutant mice, ele-
vated levels of �4 subunit expression are found in the hippocam-
pus and thalamus, but such elevations do not occur in male
Y365/7F mice. Consistent with this, tonic inhibition and its po-
tentiation by etomidate, but not phasic inhibition, was enhanced
in Y365/7F females compared with wild-type (WT). In parallel,
Y365/7F�/� females show enhanced sensitivity to the hypnotic
and amnestic effects of etomidate compared with WT females
and males. Collectively, our results suggest that the selective po-
tentiation of tonic inhibition is central to the hypnotic and am-
nestic effects of intravenous anesthetics.

Materials and Methods
Animals. All procedures were approved by the Institutional Animal Care
and Use Committee at Tufts University and the University of Pennsylva-
nia, and were in accordance with National Institutes of Health guidelines.
All efforts were made to minimize animal suffering and minimize the
number of mice studied in experiments. Mice were housed under con-
trolled conditions with temperatures ranging between 20°C and 24°C, on
a 12:12 h light/dark cycle with lights on starting at 7:00 A.M. in an isolated
ventilated room with free access to food and water.

Mice homozygous for the Y365/7F mutation die in utero, but heterozy-
gotes survive into adulthood (Tretter et al., 2009). GABAA �2 Y365/7F
heterozygous knock-in (Y365/7F�/�) mice and littermate controls were
maintained on a C57BL6/J genetic background and had been backcrossed a
minimum of 9 times. The mating scheme used to produce experimental
animals was Y365/7F�/� crossed with WT C57BL6/J. Resulting progeny are
screened by PCR and/or Southern blotting on tail clips taken at 3–4 weeks to
determine genotype. Mice were separated at weaning into male and female
littermate groups and are housed throughout their lifetime in isolation from
other groups in HEPA-filtered ventilated cage racks. We did not observe
regular estrus cycling in females from the colony as indicated by noncorni-
fied epithelial cells from vaginal smears (Caligioni, 2009; McLean et al.,
2012), which has been noted before with isolated females (Whitten, 1957;
Marsden and Bronson, 1964, 1965; Champlin, 1971).

Immunohistochemistry. Animals (8–13 weeks old) were anesthetized and
intracardially perfused with saline solution followed by 4% paraformalde-
hyde. Brains were quickly removed, postfixed overnight, and cryoprotected
in 30% sucrose. Free-floating sections were cut at 40 �m using a freezing
microtome and stored at �20°C in cryoprotective solution (30% sucrose,
30% ethylenglycol, 1% polyvinylpyrrolidone in PBS) until processing. Sec-
tions were washed in PBS and incubated for 10 min in 0.1% H2O2 to block
endogenous peroxidase activity. After washing in PBS sections were incu-
bated for 2 h in blocking solution (2% normal horse serum, 0.5% BSA, and
0.3% Triton X-100 in PBS) followed by incubation for 48 h at 4°C in blocking
solution containing the primary antibodies against the �2 (Tretter et al.,
2009), �4, and � subunits (Bencsits et al., 1999).

After rinsing in PBS, sections were incubated in blocking solution
containing biotinylated anti-rabbit or guinea pig antibody for 2 h at
room temperature, then rinsed in PBS and incubated for 1 h in ABC
solution (Vectastain Elite ABC kit, Vectorlabs). After washing, sections
were incubated for 10 min in DAB (peroxidase substrate) containing
nickel chloride as an enhancing reagent. The reaction was terminated by
washing twice in water. Sections were mounted onto slides, air-dried,
dehydrated through graded alcohols followed by xylenes, and then
mounted for viewing. Sections were visualized with an Olympus BX51
microscope (Olympus Optical), and the optical density was obtained
using MetaMorph software (Universal Imaging).

Surface biotinylation. Brain slices were chilled to 4°C and incubated for
30 min with 1 mg/ml NHS-SS-biotin (Pierce). Excess biotin was removed
by washing three times in cold artificial CSF and lysed. After correction
for protein content, lysates were incubated with streptavidin beads for
12 h at 4°C. Bound material was subjected to SDS-PAGE and then im-
munoblotted with antibodies against the �2 and �4 subunits and visual-
ized by ECL (Pierce). Blots were then quantified using the CCD-based
FujiFilm LAS 3000 system.

Hippocampal slice preparation. Brain slices were prepared from 8- to
13-week-old heterozygous Y365/7F �/� mice and control littermates.
Mice were anesthetized with isoflurane, decapitated, and brains were
rapidly removed and put in an ice-cold cutting solution containing for
whole-cell patch-clamp recordings (in mM) as follows: 124 NaCl, 2.5 KCl,
0.5 CaCl2, 4 MgCl2, 27 NaHCO3, 1.25 NaH2PO4, 10 glucose, 1 ascorbic
acid, 0.6 sodium pyruvate, and 3 kynurenic acid, and for extracellular
field potential recordings (in mM) as follows: 85 NaCl, 75 sucrose, 2.5
KCl, 0.5 CaCl2, 4 MgCl2, 24 NaHCO3, 1.25 NaH2PO4, 25 glucose, 1
ascorbic acid, and 0.6 sodium pyruvate. Coronal 310 �m thick (for
whole-cell patch-clamp recording) or transversal 400 �m thick (for ex-
tracellular field potential recording) hippocampal slices were cut with the
vibratome VT1000S (Leica Microsystems). Slices were then transferred
into incubation chamber filled with prewarmed (32°C-33°C) oxygenated
artificial CSF of the following composition (in mM): 124 NaCl, 2.5 KCl,
2 CaCl2, 1 MgCl2, 27 NaHCO3, 1.25 NaH2PO4, 10 glucose, and 3
kynurenic acid; for extracellular field potential recordings, kynurenic
acid was omitted and concentration of NaHCO3 was lowered to 24 mM.
Slices were allowed to recover for 1.5–2 h before recording. After recov-
ery, a single slice was transferred to a submerged recording chamber on
the stage of an upright microscope (Nikon FN-1) and perfused at rate of
1.5–2 ml/min with oxygenated (O2/CO2 95/5%) artificial CSF heated to
32°C-33°C by in-line heater (Warner Instruments).

Extracellular field recording. A bipolar concentric platinum–iridium stim-
ulating electrode (125 �m/25 �m; FHS) was used to stimulate the medial
perforant pathway. The field excitatory postsynaptic potentials (fEPSPs)
were recorded via a glass micropipette filled with 0.5 M NaCl (3–4 M�)
placed in the middle third of the molecular layer. Stimuli (0.1 ms duration)
were delivered every 30 s. Stimulus intensity was set to produce 40–50% of
the maximal response, and baseline responses were recorded for 20 min
before inducing LTP. High-frequency stimulation was delivered as four
trains of hundred pulses (100 Hz, for 1 s) with 30 s of intertrain interval.
Data were acquired using Axopatch 200B amplifier (Molecular De-
vices) and analyzed by pClamp software (Molecular Devices).

Whole-cell patch-clamp recordings. Spontaneous IPSCs (sIPSCs) and
tonic currents were recorded from the visually identified somata of gran-
ular cells localized in the medial section of suprapyramidal blade of DG.
Patch pipettes (5–7 M�) were pulled from borosilicate glass (World
Precision Instruments) and filled with intracellular solution of the com-
position (in mM) as follows: 130 KCl, 4 MgCl2, 0.5 CaCl2, 10 HEPES, 5
EGTA, 2 Mg-ATP, 0.3 GTP, pH 7.2. A 5 min period for stabilization after
obtaining the whole-cell recording conformation was allowed before
currents (holding potential of �70 mV) were recorded using an Axo-
patch 200B amplifier (Molecular Devices), low-pass filtered at 5 kHz,
digitized at 20 kHz (Digidata 1320A; Molecular Devices), and stored for
off-line analysis (using Minianalysis, Synaptosoft).

For tonic current measurements, an all-points histogram was plotted
for a 10 s period before and during drug application, once the response
reached a plateau level. Tonic currents were measured as the change in
baseline amplitude and normalized to cell capacitance (pA/pF). For pha-
sic inhibition, amplitude, frequency, and decay time (�) of sIPSCs were
analyzed using Minianalysis software (Synaptosoft). For decay, at least 30
events without superposition were selected and averaged per cell. Decay
was then fitted with biexponential curve, and weighted decay (�w) was
calculated using the equation: �w � ((�1*A1) � (�2*A2))/(A1�A2),
where A1 and A2 are amplitudes of fast and slow decay components and
�1 and �1 are their respective decay time constants. Unless otherwise
indicated, data were expressed as mean � SEM. Statistical significance
was determined using t test.

Loss and return of the righting reflex. Anesthetic sensitivity was assayed
behaviorally with the loss of righting reflex according to published pro-
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tocols (Jurd et al., 2003; Sun et al., 2006; Hu et
al., 2012). Mice 11–38 weeks of age (Table 1)
were only used once in each study and received
a single intravenous injection of etomidate 2.5,
5.0, or 10.0 mg/kg or of propofol 20.0 mg/kg
administered in identical volumes of 5 ml/kg
via the tail vein. As loss of righting reflex was
instantaneous upon intravenous injection,
mice were placed supine into a 200 ml closed
cylindrical chamber with 100 ml/min of fresh
air flowing through it immediately after injec-
tion. The chamber was placed on a heating pad
set to 37°C to maintain body temperature dur-
ing the anesthetic state. The time until return of
the righting reflex was recorded by an experi-
menter blinded to genotype. A total of 21 of
140 were excluded from the study because of
failed intravenous injections. Rectal tempera-
tures were measured both before injection and
after anesthesia to verify preservation of nor-
mothermia. All studies were conducted be-
tween ZT6 and ZT8. For analysis of duration of
loss of righting reflex, a two-way ANOVA was
constructed with main factors of genotype and
etomidate dose. Another two-way ANOVA
was used to determine the effects of genotype
and gender on propofol induced loss of right-
ing. Statistical analysis was conducted using
Prism 5.0c (GraphPad Software) with Bonfer-
roni post-testing where appropriate.

Fear conditioning learning. Behavioral stud-
ies of Y356/7 �/� mice used WT littermate con-
trols (16 weeks of age), divided into cohorts of
four mice per cage. To avoid potential influ-
ences of exposure to the opposite sex, males
and females were trained and tested on sepa-
rate days. The experimenter was blind to the
drug treatment and genotype of the mice for all
studies. Thirty minutes before being placed in
the fear conditioning chamber, mice were ran-
domly assigned to receive an intraperitoneal
injection (0.1 ml/g of body weight) of vehicle
(35% propylene glycol, 10% dimethyl sulfoxide),
or etomidate (4 mg/kg). The dose of etomidate
was based on previous studies demonstrating
that 4 mg/kg results in a state of conscious amne-
sia with minimal sedation while still resulting in
impairment of explicit or episodic memory (Cheng et al., 2006; Martin et al.,
2009). During training, individual mice were allowed to explore the novel
conditioning context for 180 s before being exposed to a series of 3 weak (2 s,
0.5 mA) foot shocks, each separated by 57 s (total training time of 5 min). On
test day, 24 h after the conditioning training session, each mouse was assessed
for the characteristic freezing response by returning it to the conditioning
context for 5 min. Freezing data were analyzed using either two-way
ANOVA (average freezing) or two-way repeated-measures ANOVA (train-
ing and freezing) with Student–Newman–Keuls where appropriate for
multiple-comparison procedures.

Results
Mutations of Y365/7F in the �2 subunit have gender-specific
effects on the expression levels of GABAAR subtypes that
mediate phasic and tonic inhibition
The excitability of neurons is determined by the combined effi-
cacies of phasic and tonic inhibition. To explore how neurons
coordinate these processes, we have used mice in which Y365/7 in
the �2 subunit have been mutated to phenyalanine residues
(Y365/7F) (Kittler et al., 2008; Tretter et al., 2009). Y365/7 is the

Figure 1. Analysis of �2, �4, and � subunits in the brains of Y365/7F �/� mice using immunohistochemistry. The 40 �M

whole brain sections from male and female WT and Y365/7F �/� mice were stained with antibodies against the GABAAR �2 (A),
�4 (B), and � subunits (C) followed by HRP-conjugated secondary antibodies. The arrowheads indicate the DG, and arrows
indicate the thalamus. A–C, Bottom, Enlargements of the hippocampus. Arrowheads indicate the DG.

Table 1. Mean ages and weights in Y365/7 �/� and WT mice used in righting reflex studies

Gender, dose Heterozygote age (weeks) WT age (weeks) p (t test) Heterozygote weight (g) WT weight (g) p (t test)

Female, 2.5 mg/kg etomidate 15.9 � 1.6 14.6 � 0.8 0.07 20.9 � 1.6 20.8 � 2.0 0.87
Female, 5 mg/kg etomidate 13.8 � 4.1 13.9 � 3.2 0.98 21.5 � 1.8 22.5 � 1.8 0.32
Female, 10 mg/kg etomidate 37.7 � 0.7 37.9 � 0.3 0.15 25.3 � 3.4 25.6 � 2.4 0.85
Male, 2.5 mg/kg etomidate 29.0 � 3.0 30.4 � 2.8 0.41 31.5 � 2.4 33.2 � 2.6 0.26
Male, 5 mg/kg etomidate 25.8 � 3.7 26.6 � 2.4 0.28 30.5 � 2.5 31.1 � 2.9 0.62
Male, 10 mg/kg etomidate 21.6 � 4.4 21.9 � 5.3 0.92 28.8 � 2.0 28.8 � 2.4 0.99
Female, 20 mg/kg propofol 22.2 � 3.9 25.7 � 2.7 0.05 24.0 � 4.2 23.2 � 1.8 0.60
Male, 20 mg/kg propofol 21.9 � 1.9 22.7 � 1.5 0.40 31.9 � 2.7 30.7 � 0.9 0.27
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principal determinant of the membrane trafficking of GABAARs
subtypes that mediate phasic inhibition. In males harboring the
Y365/7F mutation, increased plasma membrane accumulation of
�2 subunit containing GABAARs was evident and correlated with
increased phasic inhibition in the CA3 region of the hippocam-
pus (Tretter et al., 2009).

To assess whether this mutation impacts tonic inhibition, we
compared the expression levels of subtypes containing �4 and �2
subunits in the hippocampus of Y365/7F mice using immunohis-
tochemistry with previously characterized antibodies against
these subunits and HRP-conjugated secondary antibodies was
performed (Chandra et al., 2006; Tretter et al., 2009). HRP-
reaction product was then quantified in multiple areas of interest
of the hippocampus using stereology. The �4 subunit was chosen
for study because it is accepted to be a component of GABAAR
subtypes that mediate tonic inhibition in the DG, thalamus, and
neocortex (Chandra et al., 2006). Our studies were limited to
heterozygotes because mice homozygous for the Y365/7F muta-
tion die in utero (Tretter et al., 2009). Consistent with published
studies, increases in �2 expression were apparent in the hip-
pocampus of Y365/7F�/� males, including the CA3 (Fig. 1A)
(Tretter et al., 2009). Quantifying HRP reaction product in the
DG of Y365/7F�/� mice revealed �2 expression levels were in-
creased compared with control WT males (Fig. 1A; Table 2; p �
0.007; n � 5). In contrast, �4 subunit levels were reduced (Fig.
1A; Table 2; p � 0.008; n � 5). Consistent with these deficits, the
level of � subunit expression that coassembles with the �4 sub-
unit was reduced in Y365/7F�/� males (Fig. 1; Table 2; p � 0.001;
n � 4). The effects of the Y365/7F mutation on the expression
levels of the �2 and �4 subunits in the brains of age-matched
Y365/7F�/� females were also determined. In contrast to males,
�2 subunit expression was significantly reduced in the DG of
female Y365/7F�/� mice (Fig. 1; Table 2; p � 0.004; n � 6). In
parallel with this deficit, �4 and � subunit expression was both
increased in the DG of female Y365/7F�/� mice (Fig. 1; Table 2;
p � 0.005; n � 6, and p � 0.002; n � 5, respectively).

In addition to the DG, the �4 subunit containing GABAARs is
the major mediator of tonic current in thalamus; thus, we com-
pared the effects of mutating Y365/7F on the expression levels of
the �4, �2, and � subunits in this brain region. Consistent with
our studies in the DG, expression levels of the �2 subunit were
increased in Y365/7F�/� males (Fig. 1; Table 2; p � 0.003; n � 4),
whereas the levels of the �4/� subunits were both decreased (Fig.
1; Table 2; p � 0.006 and 0.002, respectively; n � 5). Moreover, in
females, the respective mutation decreased �2 subunit levels in
the thalamus (Fig. 1; Table 2; p � 0.01; n � 4) while increasing
�4/� levels (Fig. 1; Table 2; p � 0.007 and 0.01; n � 6 or 7).

Collectively, these results reveal that mutation of Y365/7 has
gender-specific effects on the steady-state expression levels of
GABAARs that mediate phasic inhibition and tonic inhibition in
both the DG and thalamus.

The cell surface accumulation of GABAAR subtypes
containing �4 subunits is selectively increased in
Y365/7F �/� females
In addition to immunohistochemistry, we examined whether the
cell surface accumulation of the �4 and �2 subunits was modified
in whole hippocampal slices from male and female Y365/7F�/�

mice and their WT sibling mice using biotinylation and immu-
noblotting. Unfortunately, it is not practical to measure these
parameters in individual hippocampal structures. Compared
with male WT mice, both the cell surface and total expression
levels of the �2 subunits were increased in hippocampal slices
from male Y365/7F�/� mice (Fig. 2; p � 0.027 and � 0.04 re-
spectively; n � 3–5). In female Y365/7F�/� mice, there was a
more modest increase in the cell surface expression levels of the
�2 subunit in the whole hippocampus whereas total levels de-
creased compared with WT mice (Fig. 2; p � 0.03 and � 0.01
respectively; n � 3–5). Significantly, an increase in the cell surface
accumulation of the �4 subunit specifically seen in the hip-
pocampus of Y365/7F�/� females (p � 0.004, n � 4) was ob-
served, whereas �4 subunit levels in males were equivalent to
those seen in WT mice (p � 0.095). Total hippocampal levels of
the �4 were not modified in either sex (p � 0.129 and 0.191,
respectively, for males and females; n � 4 or 5).

Given the limited resolution of these biochemical measure-
ments, our results suggest sex-specific changes in the plasma
accumulation of GABAARs in the hippocampus of Y365/7F�/�

Table 2. Quantifying GABAAR expression levels in the dentate and thalamus of Y365/7F �/� males and femalesa

Dentate �2 (% WT) Dentate �4 (% WT) Dentate � (% WT) Thalamus �2 (% WT) Thalamus �4 (% WT) Thalamus � (% WT)

Male heterozygotes 144.3 � 11.2* 55.4 � 6.4* 72.9 � 9.2* 162.8 � 19.2* 62.5 � 9.2* 59.4 � 8.9*
Female heterozygotes 65.5 � 7.4* 164.8 � 11.2* 146.7 � 13.2* 42.2 � 5.2* 195.4 � 19.2* 153.3 � 11.2*
aOptical density measurements of DAB reaction product were acquired by stereology and quantified using MetaMorph after subtraction of background staining in parallel sections without primary antibody. Data were normalized to levels
seen in WT (control � 100%) for each sex.

*Significantly different from control ( p � 0.01); n � 5–7.

Figure 2. Determination of the cell surface and total expression levels of GABAARs in the hip-
pocampus of Y365/7F �/�mice. A, The 350�M hippocampal slices from WT and Y365/7F �/�male
and female mice were labeled with NHS-biotin and lysed, and biotinylated proteins were purified on
avidin. Cell surface and total fractions were immunoblotted with antibodies against GABAA receptor,
�4 and �2, subunits as indicated. B, The total and cell surface levels of the respective subunits in the
hippocampus of male and female Y365/7F �/� mice were then normalized to levels seen in WT
controls (100%). *p � 0.01, significantly different from control. n � 4 or 5.
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mice with females exhibiting enhanced
levels of GABAAR subtypes containing
�4 subunits whereas males have ele-
vated levels of those incorporating the
�2 subunit. Based on our IMF data (Fig.
1), these sex-specific changes within the
hippocampus are likely to be most pro-
nounced in the DG.

Tonic currents are selectively increased
in female Y365/7F �/� mice
To determine whether alterations in �4, �,
and �2 subunit expression levels in the DG
have any functional consequences, we ini-
tially compared tonic currents in DGGCs of
male and female mice; 5 �M GABA pro-
duced an inward shift of the holding cur-
rent. As would be expected with increased
�4 expression, the inward shift in holding
current density was twofold larger in slices
from female Y365/7F�/� mice compared
with slices from WT female mice (p � 0.04;
Table 3; Fig. 3A,D). GABA-evoked changes
in the holding current density were not dif-
ferent between male Y365/7F�/� mice and
male WT mice (p � 0.73, Table 3; Fig.
4A,D). Additionally, there was no differ-
ence in GABA-evoked current recorded
from DGGCs of WT female mice and those
of male WT mice (p � 0.54).

Bath application of 1 �M THIP (4,5,6,7-
tetrahydroisoxazolo[5,4-c]pyridine-3-ol, Gaboxadol), an agonist
that shows specificity to receptors containing the extrasynaptic type
�4/� subunits (Jia et al., 2005), also elicited a significant threefold
increase in inward current density in DGGCs from female Y365/
7F�/� mice compared with WT female mice (p � 0.017; Table 3;
Fig. 3B,D). Identical changes in holding current were observed with
application of THIP to male Y365/7F�/� mice and WT male mice
(p � 0.99, Table 3; Fig. 4B,D), consistent with there being no change
in the surface expression of the �4 subunit in the hippocampus of
male Y365/7F�/� mice compared with WT male mice.

Tonic inhibitory currents in female Y365/7F �/� mice are
more sensitive to GABAergic anesthetics compared with
female WT controls
Previous studies have suggested that intravenous anesthetics have a
higher efficacy for extrasynaptic GABAARs compared with synaptic
GABAARs (Bieda and MacIver, 2004; Jia et al., 2008; Belelli et al.,
2009; Herd et al., 2009). We next compared the sensitivity of tonic
inhibition to modulation by the general intravenous anesthetic eto-
midate in DG granule neurons recorded in brain slices. Coincident
with an increase in �4 subunit expression, we observed an increase in
etomidate-sensitive tonic current density recorded from DGGCs in
slices from female Y365/7F�/� mice compared with WT female

mice (Fig. 3C,D). Bath application of 3 �M etomidate resulted in a
shift in the holding current in female WT animals, but a larger cur-
rent density was evident in female Y365/7F�/� mice (p � 0.025;
Table 3; Fig. 3C,D). In contrast, the etomidate-mediated changes in
the holding current density were not different between male Y365/
7F�/� mice and male WT mice (p � 0.68; Table 3; Fig. 4C,D). The
etomidate-mediated current was not statistically different between
male WT mice and female WT mice (p � 0.11). Together, these
experiments reveal that the tonic current within the DGCCs of
female Y365/7F �/� mice is more sensitive to potentiation by
etomidate than their male counterparts.

Female Y365/7F �/� mice have altered phasic inhibition
in DGGCs
We have previously shown that male Y365/7F�/� mice show hip-
pocampal region-specific increased synaptic GABAA receptor levels
resulting from decreased endocytosis and subsequently increased
efficacy of synaptic inhibition (Tretter et al., 2009). Given the mod-
ifications in the expression levels of the �4 and �2 subunits in the DG
of Y365/7F�/� mice (Fig. 1), we compared the properties of inhibi-
tory synaptic currents in DGGCs. The mean sIPSC amplitude was
similar in female Y365/7F�/� mice compared with WT mice (p �
0.12; Table 4). The sIPSC frequency is similar (p � 0.93; Table 4).
The sIPSC decays from female Y365/7F�/� mice were significantly

Table 3. Mean change in holding current density with the application of GABA, THIP, or etomidate to hippocampal slices from Y365/7 �/� and WT micea

Heterozygote females WT females Heterozygote males WT males

Mean SEM n Mean SEM n Mean SEM n Mean SEM n

GABA 5 �M �1.0 0.1 12 �0.5 0.2 8 �0.5 0.2 8 �0.6 0.1 9
THIP 1 �M �0.8 0.2 6 �0.2 0.1 6 �0.3 0.1 6 �0.3 0.1 7
Etomidate 3 �M �0.2 0.05 8 �0.04 0.02 7 �0.14 0.06 8 �0.18 0.07 8
aData are mean � SEM from 3–5 animals.

Figure 3. Tonic inhibition is selectively increased in DG granular cells of female Y365/7F �/� mice. A–C, Representative
whole-cell voltage-clamp recordings from female WT (top) and Y365/7F �/� (bottom) mice. Application of GABA (A), THIP (B),
and etomidate (C) induced shifts in holding current, which were blocked by application of bicuculline (Bic). Right, Fit to all-point
histograms from 10 s period before (black) and during (gray) agonist applications. Histograms were fitted with single Gaussian
functions, and means were determined. After subtracting baseline from current evoked by agonist, tonic current was normalized
to cell size. D, Summary of effects of GABA, THIP, and etomidate (Etom) on tonic inhibition in female mice. Data are mean � SEM;
5–12 cells per group from 3–5 animals. *p � 0.05 (t test).
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faster (p � 0.002; Table 4). In contrast, the amplitude, frequency,
and decay times of sIPSC in DGGCs were unaltered in male Y365/
7F�/� mice relative to WTs (Table 4).

In addition to basal measurements, we compared the effects of
etomidate on sIPSC properties in female Y365/7F�/� mice. In
DGGCs, anesthetic concentrations of etomidate (3 �M) signif-
icantly enhanced IPSC amplitude in WT mice [control I �
28.9 � 3.8 pA; 3 �M etomidate I � 32.3 � 4.4 pA; p � 0.03
(11.8 � 3.8% increase); n � 6] but not Y365/7F�/� mice [control
I � 26.0 � 1.8 pA; 3 �M etomidate I � 28.9 � 2.3 pA; p � 0.08
(12.3 � 4.4% increase); n � 6]. However, the modulation of
amplitude between WT and Y365/7F�/� mice was not significant
(p � 0.92). The effect of etomidate to prolong the decay of sIPSCs
of DGGCs of WT mice [control �w � 5.0 � 0.5 ms; 3 �M etomi-
date �w � 6.5 � 0.5 ms; p � 0.03 (34 � 9% increase); n � 7] and
Y365/7F�/� mice [control �w � 4.0 � 0.2 ms; 3 �M etomidate
�w � 5.8 � 0.7 ms; p � 0.04 (42 � 14% increase); n � 5] was not
significantly different (p � 0.61, WT vs Y365/7F�/�). Collec-
tively, these results reveal that the properties of phasic inhibition
are selectively modified in female Y365/7F�/� mice but that

etomidate-mediated modulation of IPSCs
is not changed as a function of genotype.

LTP is absent in the DG of female
Y365/7F �/� mice
To examine the consequence of the in-
creased tonic current in the DGGCs from
female Y365/7F�/� mice on a circuit level,
we examined LTP induced in the per-
forant path-DGGC pathway using the ex-
tracellular field potential recording
technique. LTP was induced in female WT
mice, at 60 min after high-frequency stim-
ulation (113 � 3% of baseline, n � 4),
whereas no LTP was induced in the per-
forant path-DGGC pathway from female
Y365/7F�/� mice (97 � 3% of baseline,
n � 6, p � 0.007; Fig. 5A). The absence of
LTP in female Y365/7F�/� mice com-
pared with female WT mice may be the
result of changes in presynaptic properties
occurring in Y365/7F�/� mice. To deter-
mine whether the lack of LTP in female
Y365/7F�/� mice is the result of any ge-
notype change in presynaptic properties,
we examined paired-pulse stimulation.
With a 50 ms interpulse interval, the
paired-pulse ratio was not different be-
tween female Y365/7F�/� mice and WT
mice (Fig. 5B). Therefore, the net increase
in tonic inhibition in the DG of female
Y365/7F �/� mice is sufficient to modify
circuit activity and synaptic plasticity.

Enhanced tonic inhibition is correlated with increased
sensitivity to GABAergic anesthetics
Given the increased levels of tonic inhibition and its enhanced
sensitivity to etomidate in Y365/7F�/� females, we examined
hypnotic sensitivity using the loss of righting reflex assay. In fe-
males, two-way ANOVA demonstrated significant main effects of
etomidate dose (F(2,43) � 29.5, p � 0.0001) and genotype
(F(1,43) � 16.4, p � 0.0002) without any significant interaction
between factors (F(2,43) � 1.4, p � 0.26). After administration of
2.5, 5.0, and 10.0 mg/kg of intravenous etomidate, Y365/7F�/�

females remained obtunded for 8, 3, and 1.6 times, respectively,
as long as WT siblings (Fig. 6A). Conversely, in Y365/7F�/�

males, two-way ANOVA revealed no significant effect of geno-
type on the duration of anesthetic obtundation (F(1,36) � 0.02,
p � 0.89) and no interaction between genotype and etomidate
dose (F(2,36) � 0.06, p � 0.94). However, as expected, etomidate
dose did significantly affect the duration of loss of righting reflex
(F(2,36) � 26.9, p � 0.0001) in males just as in females with larger
doses causing a prolonged duration of obtundation (Fig. 6B).

Figure 4. Tonic inhibition in DG granular cells of male WT and Y365/7F �/� mice. Representative whole-cell voltage-clamp
recordings from male WT (top) and Y365/7F �/� (bottom) mice. Application of GABA (A), THIP (B), and etomidate (C) induced
shifts in holding current. Application of THIP (B) and etomidate (C) induced shifts in holding current, which were blocked by
bicuculline (Bic). Right, Fit to all-point histograms from 10 s period before (black) and during (gray) agonist applications. Histo-
grams were fitted with single Gaussian functions, and means were determined. After subtracting baseline from current evoked by
agonist, tonic current was normalized to cell size. D, Summary of effects of GABA, THIP, and etomidate (Etom) on tonic inhibition
in male mice. Data plotted are mean � SEM; 5–9 cells per group from 3–5 animals.

Table 4. Mean amplitudes, frequencies, and decay times of sIPSCs in Y365/7F �/� and WT micea

Heterozygote females WT females Heterozygote males WT males

Mean SEM n Mean SEM n Mean SEM n Mean SEM n

sIPSC amplitude (pA) 29.6 1.6 19 33.3 1.7 19 30.9 1.1 7 30.1 1.3 11
sIPSC frequency (Hz) 2.5 0.3 19 2.6 0.3 19 2.9 0.3 9 2.9 0.2 11
sIPSC � (ms) 4.0* 0.1 16 4.8 0.2 19 4.6 0.3 9 4.5 0.2 11
aData are mean � SEM from 5–10 animals.

*p � 0.002.
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Having shown hypersensitivity to the hypnotic effects of eto-
midate uniquely in females, we tested anesthetic sensitivity in
Y365/7F�/� mice and WT siblings using propofol, a second
GABAergic anesthetic with less selectivity for GABAA receptors
than etomidate (Krasowski and Harrison, 1999). After propofol
20 mg/kg i.v., two-way ANOVA found no significant main effects
of genotype (F(1,25) � 2.25, p � 0.15) or gender (F(1,25) � 0.39,
p � 0.53), but a significant interaction between the factors
(F(1,25) � 8.9, p � 0.0063). As with etomidate, Y365/7F�/� fe-
male mice were also hypersensitive to the hypnotic properties of
propofol. Y365/7F�/� females remained obtunded for 1.7 times
as long as WT siblings, whereas an identical dose of propofol did
not differentially affect the duration of anesthesia in males (Fig. 6C).
There were no significant changes in core body temperature from
preanesthetic induction to postemergence effects as a function of
gender (F(1,115) � 0.51, p � 0.48) or genotype (F(1,115) � 0.86, p �
0.36), and no significant interaction between genotype and gender
on temperature (F(1,115) � 0.03, p � 0.87). Thus, enhanced expres-
sion of �4 containing GABAARs and the subsequent enhanced tonic
inhibition in Y365/7F�/� is selectively correlated with increased
hypnotic sensitivity to etomidate and propofol.

Enhanced tonic inhibition is associated with hypersensitivity
to the amnestic effects of GABAergic anesthetics
Contextual fear conditioning, which depends upon the hip-
pocampus, was examined to assay freezing behavior as a function

Figure 5. LTP is suppressed in the DG of the female Y365/7F �/� mice. A, LTP was induced
by high-frequency stimulation (arrow) of medial perforant pathway. Data were recorded from
4 WT and 6 Y365/7F �/� mice, respectively. Values are mean � SEM. ***p � 0.007 (t test). B,
Pair-pulse facilitation (50 ms interpulse interval) was not significantly different between geno-
types. Data were obtained from 5 WT (black bar) and 5 Y365/7F �/� (white bar) mice.

Figure 6. Female Y365/7F �/� mice exhibit hypersensitivity to the hypnotic effects of eto-
midate and propofol. Duration of the loss of righting reflex (LORR) induced by intravenous
administration of etomidate in female (A) and male (B) WT (black bar) mice and Y365/7F �/�

siblings (white bar). Two-way ANOVA demonstrated significant effects of genotype and etomi-
date dose on LORR. *p � 0.05, in Y365/7 �/� mice compared with corresponding WT (Bon-
ferroni post-test). **p � 0.01, in Y365/7 �/� mice compared with corresponding WT
(Bonferroni post-test). C, Duration of loss of righting reflex induced by intravenous administra-
tion of 20 mg/kg propofol in WT (black bar) mice and Y365/7F �/� siblings (white bar). Two-
way ANOVA demonstrates a significant interaction between genotype and gender. **p � 0.01
(Bonferroni post-test). The number of mice in each group is displayed within each bar.
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of genotype in the presence and absence of an amnestic dose of
etomidate (4 mg/kg i.p.). Baseline freezing was calculated as the
percent freezing during the first 2 min of contextual fear condi-
tioning training averaged among all groups of one gender. Base-
line freezing did not differ between vehicle and etomidate
treatment groups (1.46 � 0.87% and 3.70 � 1.55%, respectively;
Fig. 7A,D), or between WT and Y365/7F�/� (1.37 � 0.40% and
2.56 � 1.29%, respectively; Fig. 7A,D). We also examined the
extent of freezing in response to the stimulus during training
(average of last 3 min of training) to ensure that WT and Y365/
7F�/� mice did not differ in their response to shock, and further
to confirm that mice treated with etomidate did not display a
diminished behavioral response to the shock resulting from lin-
gering amnestic effects. Two-way repeated-measures ANOVA on
the shock response during training did not demonstrate a signif-
icant main effect of genotype within either gender (female F(1,20) �
0.3, p � 0.580; male F(1,35) � 0.9, p � 0.343; Fig. 7A,D). However,
in females, we did observe a significant main effect of treatment
(F(1,20) � 6.9, p � 0.014), where female mice treated with etomi-
date showed an enhanced average freezing response to shock
during training compared with vehicle control females (41.18 �
2.24% and 29.24 � 1.12%; Fig. 6A).

During contextual fear conditioning testing in females,
two-way ANOVA demonstrated significant main effects of ge-
notype (F(1,20) � 5.5, p � 0.032) and treatment (F(1,20) � 28.7,
p � 0.001) without any significant interaction between factors
(F(2,20) � 0.8, p � 0.799). Female WT (57.04 � 5.5%) and
Y365/7F �/� (48.56 � 5.9%) mice treated with vehicle did not
significantly differ in percent freezing ( p � 0.311; Fig. 7 B, C),
suggesting that both genotypes have intact fear memory. Mice
treated with etomidate showed a significant reduction in per-
cent freezing (30.8 � 6.0%, p � 0.013) compared with female
WT mice treated with vehicle (57.0 � 5.5%; Fig. 6 B, C). Fe-
male Y365/7F �/� mice treated with etomidate also showed a
significant reduction in percent freezing (11.8 � 6.0%, p �
0.001) compared with female Y365/7F �/� mice treated with
vehicle (48.6 � 6.0%). In addition, female Y365/7F �/� mice
treated with etomidate also showed a significant reduction in
percent freezing ( p � 0.039) compared with female WT mice
treated with etomidate, suggesting that the amnestic effects of
etomidate have a more profound effect on mice heterozygous
for the Y356/7 mutation.

In males, two-way ANOVA demonstrated a significant main
effect of treatment (F(1,35) � 15.59, p � 0.001), without a signif-
icant main effect of genotype (F(1,35) � 3.8, p � 0.059), or signif-
icant interaction between factors (F(2,35) � 2.8, p � 0.103) during
contextual fear conditioning testing. Whereas vehicle-treated
WT males exhibited normal recall (64.0 � 6.2%), Y365/7F�/�

(42.6 � 5.0%) were found to have a significant memory impair-
ment ( p � 0.011; Fig. 7 E, F ). In WT males, treatment with
etomidate produced a significant reduction in percent freezing
(30.9 � 6.1%, p � 0.002) compared with male WT mice treated
with vehicle (64.0 � 6.2%; Fig. 7E,F) demonstrating the amnes-
tic effects of etomidate. Interestingly, percent freezing in male
Y365/7F�/� mice treated with etomidate (29.3 � 6.1%) did not
significantly differ from either vehicle-treated male Y365/7F�/�

mice (p � 0.229), or etomidate-treated WT mice (p � 0.854).
This may suggest that either the male Y365/7F�/� mice are less
sensitive to the amnestic effects of etomidate, or perhaps that the
amnestic effects of etomidate are masked by the basal memory
impairment observed in this strain.

Discussion
Intravenous anesthetics are thought to mediate their actions in part
by potentiating inhibitory neurotransmission mediated by
GABAARs. Here, we have assessed whether these agents mediate
their spectrum of effects via selectively potentiating phasic and or
tonic forms of GABAergic inhibition. To do so, we used mice in
which the membrane trafficking of �2 subunit-containing subtypes,
accepted mediators of phasic inhibition, has been modified via mu-
tation of Y365/7 within the intracellular domain of this subunit.
Y365/7 mediate high-affinity binding to clathrin adaptors and
thereby promote endocytic trafficking of GABAARs. Importantly,
their mutation to phenylalanine residues or their phosphorylation
by Src, such as kinase, reduces the affinity for clathrin adaptors,
increasing the receptors cell surface levels (Kittler et al., 2008; Jurd et
al., 2010). Consistent with this, Y365/7F�/� males have elevated
levels of �2 subunit expression and phasic inhibition in specific re-
gions, such as the CA3 (Tretter et al., 2009). Here, we reveal that this
mutation has gender-selective effects on the expression levels of
GABAAR subunits that mediate tonic inhibition. Specifically, Y365/
7F�/� males had a significant reduction in �4 and � subunit expres-
sion within the DG and thalamus, although this did not cause a
reduction in the surface expression of the �4 subunit in the hip-
pocampus. In contrast, the respective mutation in female Y365/
7F�/� mice reduced �2 subunit expression in these brain regions
but dramatically increased levels of the �4 and � subunits. Impor-
tantly, these gender-specific changes in �4 subunit expression are
localized to brain structures that have been suggested to contribute
to changes between conscious and anesthetic-induced unconscious
states, as well as memory consolidation (Benke et al., 1997; Franks,
2008).

The mechanisms underlying both the reciprocal relationship
between phasic and tonic subunit expression, and gender-
specific differences in �4 subunit expression upon mutation of
�2 remain obscure. Studies examining GABAA �4 knock-out
mice have demonstrated increases in the expression of the phasic
subunits �2 and �2 (Suryanarayanan et al., 2011), whereas sig-
nificant increases in expression of �4 have been noted in the
GABAA �2 knock-out mice (Panzanelli et al., 2011). In addition,
GABAA � subunit knock-out mice have decreased �4 subunit
expression but a compensatory increase in �2 subunit expression
(Tretter et al., 2001; Peng et al., 2002). These reciprocal changes
may reflect assembly and trafficking “competition” between in-
dividual subunits, or a more complex compensatory change act-
ing to increase phasic inhibition when tonic is impaired, and vice
versa. Other unknown compensatory changes may contribute to
the phenotype of the Y365/7F�/� mice. However, given the dose
of etomidate and propofol used, in addition to the changes in
expression of anesthetic-sensitive subunits and the pharmacological
characteristics of the tonic currents, the most probable explanation is
an increase in tonic inhibition mediated by �4 subunit-containing
GABAARs. With regard to the gender-specific differences, previous
studies have demonstrated that the estrus cycle can exert powerful
effects on the expression levels of GABAARs (Maguire and Mody,
2007, 2008). However, the estrus cycle is unlikely to explain our
results because male and female animals are raised in isolation; and
consequently, we did not observe regular cycling in females (see
Materials and Methods). Thus, it is conceivable that, in addition to
estrus, there may be a hormonally regulated difference in GABAAR
trafficking, assembly, or phosphorylation that differs between gen-
ders (Cahill, 2006).

To determine the functional consequence of these gender-
specific changes in �4 subunit expression, we performed brain
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slice electrophysiology experiments to
quantify the synaptic and extrasynaptic
GABAAR-mediated currents between
male and female Y365/7F �/� mice.
Consistent with our biochemical mea-
surements, we observed that the tonic
current was selectively increased in DG-
GCs from Y365/7F �/� females relative
to WT mice and Y365/7F �/� males. A
preliminary study has also found an in-
crease in GABAergic tonic current in
thalamic relay neurons from Y365/
7F �/� females but not male Y365/
7F �/� mice compared with controls
(Nani et al., 2012). These results suggest
an increase in �4 and � subunit-
containing extrasynaptic GABAARs in
an area of the brain associated with
anesthetic-mediated loss of conscious-
ness and amnesia. Collectively, these
data point to the increase in expression
of functional �4 and � subunit-
containing GABAARs in the membrane
of DGGCs and thalamic neurons and is
consistent with our biochemical mea-
surements. However, we did not ob-
serve a corresponding decrease in tonic
current despite a decreased expression
observed in our immunohistochemistry
experiments. As immunohistochemis-
try cannot distinguish between subunit
surface expression from total subunit
expression, the data indicate that, al-
though the expression of �4 and � sub-
units is down in male Y365/7F �/� mice,
there was little change in functional �4 and � subunit-containing
GABAARs. This is further supported by our biotinylation data show-
ing no change in surface �4 subunit expression in male Y365/7F�/�

mice compared with WT mice.
In addition to the increase in tonic current, we also noted

that sIPSC decay was faster in DGGCs from Y365/7F �/� fe-
males. This change in IPSC kinetics may be the result of the
reduction of �2 subunit expression. However, the increase in
�4 subunit expression may also lead to the formation of syn-
aptic �4��2-containing synaptic receptors that have altered
kinetics (Liang et al., 2007).

To assess whether this increase in tonic inhibition impacts on
neuronal excitability, we examined LTP induced in the perforant
path-DGGC pathway. Although LTP was routinely seen in WT
females, no LTP was seen in Y365/7F�/� females. This deficit is
likely to be postsynaptic in nature as the paired-pulse ratio was
similar between WT and mutant females. Collectively, these re-
sults suggest that the net increase in tonic inhibition in the DG of
female Y365/7F�/� mice is sufficient to modify circuit activity
and synaptic plasticity.

Documented studies suggest that intravenous anesthetics
have a higher efficacy for extrasynaptic GABAARs compared
with their synaptic counterparts (Bieda and MacIver, 2004; Jia
et al., 2008; Belelli et al., 2009; Herd et al., 2009). Consistent
with this, the etomidate-sensitive tonic current was signifi-
cantly enhanced in Y365/7F �/� females. In contrast, the abil-
ity of etomidate to potentiate phasic currents was comparable
between WT and Y365/7F �/� females. Collectively, our re-

sults reveal that tonic current and its sensitivity to modulation
by intravenous anesthetics are selectively increased in Y365/
7F �/� females.

To assess whether this enhancement of tonic current mod-
ifies sensitivity to intravenous anesthetics, we compared the
sensitivity of male and female Y376/7F mice to the hypnotic
effects of etomidate and propofol. Y365/7F �/� females exhib-
ited hypersensitivity to the hypnotic effects of both agents, a
phenomenon not replicated in Y365/7F �/� males. Although
enhancing GABA signaling within the septohippocampal sys-
tem is known to increase the hypnotic potency of propofol,
pentobarbital, and volatile anesthetics (Ma et al., 2002), a spe-
cific role for enhancing tonic GABA signaling within DG has
not been previously noted. Enhanced tonic inhibition in thal-
amus (Fiset et al., 1999; Alkire and Miller, 2005; Boveroux et
al., 2010) might prove to be the critical neuroanatomic loci for
altering hypnotic sensitivity in this mouse model.

In addition to measuring hypnosis, we also compare the
amnestic effects of etomidate between males and females of
both genotypes using contextual fear conditioning in the pres-
ence of an amnestic dose of etomidate (4 mg/kg i.p.). Baseline
measurements revealed female Y365/7F �/� had intact fear
memory. However, the amnestic effects of etomidate were
more pronounced in Y365/7F �/� females. Collectively, these
gender-specific effects strongly suggest that the ability of eto-
midate to induce hypnosis and amnesia are dependent on �4
subunit containing GABAARs within the DG and thalamus
that are accepted mediators of tonic inhibition.

Figure 7. Y365/7F �/� female mice show an enhanced sensitivity to the amnestic effects of etomidate during contextual fear condi-
tioning. A, Percent freezing during training of female mice, showing baseline freezing (first 2 min), and freezing in response to the three
stimulus presentations (at minutes 3–5). B, Bar graph showing the average data over the 5 min testing period. Etomidate significantly
reduced the percent freezing ( p � 0.05) compared with saline-treated mice. Treated Y365/7F �/� mice had significantly fewer freezing
events compared with treated WT ( p � 0.05, ANOVA), showing a greater amnestic effect of etomidate on Y365/7F �/� mice. C, Percent
freezing in female mice across the testing period. Female WT (black circles) and Y365/7F �/� (open circles) mice showed similar percent
freezing across the testing period. Etomidate (4 mg/kg i.p.)-treated WT (dark gray circles) and Y365/7F �/� (light gray circles) mice
showed a deficit in memory compared with vehicle controls as observed by reduced freezing. D, Percent freezing during training of male
mice, showing baseline freezing (first 2 min), and freezing in response to stimulus (3–5 min). E, Bar graph showing the average data over
the 5 min testing period in males. Etomidate (4 mg/kg i.p.)-treated WT males showed a deficit in memory as observed by reduced average
freezing. Average freezing in Y365/7F �/� male mice treated with etomidate (light gray circles) did not differ from vehicle-treated
Y365/7F �/� male mice, or from WT male mice treated with etomidate (dark gray circles). F, Percent freezing in male mice across the
testing period. Y365/7F �/�males (open circles) showed a significant decrease in percent freezing compared with WT males (black circles)
during the testing period.

7272 • J. Neurosci., April 24, 2013 • 33(17):7264 –7273 Kretschmannova, Hines et al. • Tonic Inhibition and Anesthesia



In conclusion, our results using Y365/7F mutant mice are
consistent with a specific role for tonic inhibition governed by �4
subunit in mediating the hypnotic and amnestic actions of intra-
venous anesthetics.
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