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Thalamic 6-Subunit Containing GABA , Receptors Promote
Electrocortical Signatures of Deep Non-REM Sleep But Do
Not Mediate the Effects of Etomidate at the Thalamus In Vivo

Lia Mesbah-Oskui,' Beverley A. Orser,>>* and Richard L. Horner'?

Departments of Medicine, 2Physiology, and *Anesthesia, University of Toronto, Toronto, Ontario, M5S 1A8, Canada, and “Department of Anesthesia,
Sunnybrook Health Sciences Centre, Toronto, Ontario, M4N 3M5, Canada

Extrasynaptic 6-subunits containing GABA , receptors (3GABA ,Rs) are sensitive targets for several commonly used hypnotic agents and
mediate tonic neuronal inhibition. SGABA ,Rs are highly expressed within the thalamus and their activation promotes a switch from
tonic to burst firing in vitro. Here we test two hypotheses in vivo. (1) Activation of thalamic 5GABA ,Rs will elicit electrocortical signatures
consistent with widespread thalamocortical burst firing such as increased delta oscillations (1-4 Hz) and reciprocal changes in
spindle-like oscillations (7-14 Hz). (2) These signatures will be recapitulated by the general anesthetic etomidate, if the electrocor-
tical effects of etomidate at the thalamus are mediated by 8GABA Rs. Microperfusion of the SGABA ,R-preferring agonist 4,5,6,7-
tetrahydroisoxazolo|[5,4-c|pyridin-3-ol (THIP; 10 and 50 um) into the ventrobasal complex produced significant effects on electrocortical
activity in wild-type mice, but not in mice lacking SGABA ,Rs (Gabrd ~' ), i.e., the effects with THIP were dependent on SGABA ,Rs. THIP
(1) increased 1-4 Hz power in wakefulness and nonrapid-eye movement (NREM) sleep; (2) reduced spindle-like oscillations in NREM
sleep; and (3) increased the speed of stable transitions into NREM sleep, indicating effects on state-space dynamics. In contrast, microper-
fusion of etomidate (10 and 30 M) into the ventrobasal complex produced effects on electrocortical activity that were independent of
O0GABA ,Rs, i.e., effects occurred in wild-type and Gabrd ~/~ mice. Etomidate (1) decreased 1-4 Hz power, increased 8 -12 Hz, and/or
12-30 Hz power in all sleep-wake states; (2) increased spindle-like oscillations; and (3) increased REM sleep expression. These results
indicate that thalamic §GABA ,Rs promote electrocortical signatures of deep NREM sleep, but do not mediate the effects of etomidate at

the thalamus in vivo.
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Introduction
GABA is the main inhibitory neurotransmitter in the brain, and
augmentation of GABAergic neuronal activity promotes natural
sleep (Saper et al., 2001; Franks, 2008). Many commonly used
anesthetic and sedating agents enhance neuronal inhibition via
interactions with binding sites on GABA, receptors, including a
subset containing the 5-subunit (6GABA,R) that are localized
extrasynaptically (Belelli et al., 2005; Cope et al., 2005; Farrant
and Nusser, 2005; Drasbek and Jensen, 2006).

The thalamus is a key structure controlling the state of brain
arousal and 8GABA,Rs are highly expressed in the thalamus,
particularly in the ventrobasal complex (Lopes da Silva, 1991;
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McCormick and Bal, 1997; Pirker et al., 2000). Activation of
6GABA ,Rs in the ventrobasal complex elicits a tonic hyperpo-
larization in vitro, which promotes a change in cell-firing pat-
tern from a tonic to a bursting mode (Cope et al., 2005). This
bursting mode of thalamocortical cell firing observed in vitro is
consistent with the patterns observed in thalamocortical neurons
during both nonrapid-eye movement (NREM) sleep as well as
anesthetic-induced loss of consciousness with certain general
anesthetics (Hirsch et al., 1983; Steriade et al., 1991, 1993). How-
ever, the role of thalamic SGABA ,Rs in mediating the electrocor-
tical effects of sedative and anesthetic agents that target GABA ,Rs
has not yet been investigated in vivo. Generating this knowledge is
important because activation of thalamic §GABA ,Rs is suspected
of mediating the sedating and hypnotic effects of intravenous
anesthetics, such as the widely used general anesthetic etomidate
(Belelli et al., 2005; Meera et al., 2009; Kretschmannova et al.,
2013; Herd et al., 2014).

Using targeted manipulation of the ventrobasal complex of
freely behaving wild-type mice, and transgenic mice lacking
S8GABA,Rs (Gabrd /™), we tested two hypotheses in vivo. (1)
Activating thalamic 6GABA,Rs by local perfusion of the
O0GABA  R-preferring agonist 4,5,6,7-tetrahydroisoxazolo|5,4-
c]pyridin-3-ol (THIP; Stérustovu and Ebert, 2003; Winsky-
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Sommerer et al., 2007; Meera et al., 2011) will elicit electrocortical
signatures that are consistent with widespread thalamocortical
burst firing such as increased delta oscillations (1-4 Hz) and
reciprocal changes in spindle-like (7-14 Hz) oscillations. (2)
These electrocortical signatures will be recapitulated by etomi-
date if the electrocortical effects of etomidate at the thalamus are
also modulated through 6GABA Rs.

Here we show that local activation of thalamic 8GABA,Rs
with THIP elicits changes in electrocortical activity in vivo that
are consistent with the first hypothesis. Importantly, however,
these receptors were not necessary in mediating the electrocorti-
cal effects of etomidate at the thalamus, and further suggest that
the effects of etomidate are more likely mediated through non-
&—Tlikely synaptic—GABA ,Rs (Uchida et al., 1995; Hill-Venning
et al., 1997). Moreover, etomidate at the thalamus elicited
changes in global electrocortical activity that are characteristic of
anesthetic induction with the most commonly used intravenous
general anesthetics etomidate and propofol (Kuizenga et al.,
2001). Collectively, these findings suggest different effects of en-
hanced tonic versus phasic inhibition in the thalamus on electro-
cortical activity, which further implicate potential mechanisms
that distinguish natural sleep from anesthesia.

Materials and Methods

Animal care. Experiments were performed on 3- to 6-month-old male
Gabrd ™'~ mice (catalog #MGI:3713529, RRID: MGI MGI:3713529)
and their wild-type controls (C57BL/6 X Sv]J129). We investigated only
male mice because SGABA 4R expression and function are significantly
modulated by the estrous cycle (Maguire et al., 2005). Gabrd ~/~ mice
were generated as previously described (Mihalek et al., 1999). Mice were
housed with their littermates in filtered cages with controlled lighting
(lights on: 0700-1900 h). Mice also had free access to sterile food and
water. A total of 54 mice were studied. All procedures were performed in
compliance with the requirements of the Canadian Council on Animal
Care, and were approved by the University of Toronto Animal Care
Committee.

Surgery. Surgeries were performed under sterile conditions during iso-
flurane anesthesia (2%). Mice received subcutaneous injections of bu-
prenorphine (0.03 mg/kg) and ketoprofen (5 mg/kg) to minimize
postoperative pain, infiltration of bupivacaine (1 mg/kg) at the incision
site to minimize any local pain, and intraperitoneal injections of lactated
Ringer’s solution for fluid loading. Mice were implanted with electroen-
cephalogram (EEG) and neck electromyogram (EMG) electrodes for re-
cording of electrocortical activity and determination of sleep—wake
states. Electrodes were connected to pins in a miniature connector
(ED90267-ND; Digi-Key). Two microdialysis guide cannulae (CXG-4;
Eicom) were stereotaxically positioned 3.0 mm above the right and left
ventrobasal complex of the thalamus (0.6 mm posterior to lambda, 2 mm
lateral to midline, and 0.25 mm ventral to lambda), i.e., probes were
positioned bilaterally. The connector and guide cannulae were secured to
the skull with dental acrylic. A minimum 1 week recovery period pre-
ceded the start of the habituation procedure.

Habituation. Recordings were performed in noise-attenuated and
electrically shielded chambers (EPC-010; BRS/LVE). Recording cham-
bershoused alarge, open-topped Plexiglas bowl (Rodent bowl MD-1514;
BASI). Inside the bowl, mice had ad libitum access to food and water. A
video camera, mounted to the chamber ceiling, permitted visual moni-
toring of mouse behavior. Mice were habituated through daily 20 min
exposures for 4 consecutive days. During each exposure, mice were con-
nected to a lightweight, counterbalanced recording cable. On the fifth
day, mice were left overnight and experimental recordings and microdi-
alysis perfusion commenced the following morning.

Experimental protocol. Mice were gently restrained on the morning of
experiments as the dummy cannulae were removed from their guides
and the microdialysis probes were inserted (CX-6—01; Eicom). Probes
projected 3 mm from the tip of the guide, targeting the ventrobasal
complex. The membrane tips of the probes were 1 mm longand 0.22 mm

Mesbah-Oskui et al. @ Thalamus-Mediated Sedating Effects of Hypnotics

wide with a molecular weight cutoff of 50,000 Da. The probes were
continuously flushed with artificial CSF (aCSF) at a flow rate of 2.1
ul/min. ACSF was bubbled with CO, to a pH of 7.38 * 0.01 and warmed
to 37°C. The composition of aCSF was as follows (in mm): 125 NaCl, 3
KCl, 1 KH,PO,, 2 CaCl,, 1 MgSO,, 25 NaHCOj, and 30 p-glucose.

All experiments were performed during the day, when the mice nor-
mally sleep. In all of the mice studied, the data collected during the first
hour following probe insertion were excluded from analysis. The entire
experimental protocol occurred over a 5 h period (1030-1530 h). Data
obtained in the first half hour following switching of the microdialysis
perfusate were also excluded from analyses.

THIP, a SGABA ,R-preferring agonist, and etomidate, a general anes-
thetic agent that promotes extrasynaptic GABA,R activity (Forman,
2011; Meera et al., 2011), were purchased from Tocris Bioscience. Two
concentrations of THIP (10 and 50 uMm) and etomidate (10 and 30 um)
were prepared in aCSF. Importantly, the amount of media that diffuses
across the microdialysis probe membrane into tissue is reported to be
10-18% of the original perfusate concentration (Portas et al., 1996;
Grace et al., 2014). Thus, the effective concentrations of THIP at the
ventrobasal complex are expected to have been ~1-1.8 and 5-9 uwm,
while the expected effective concentrations of etomidate at the thalamus
were ~1-1.8 and 3-5.4 uMm at the probe tip. The concentrations of THIP
used in this study were selected based on clinically relevant doses in
humans, with serum and plasma concentrations in the same range as our
effective concentrations enhancing sleep quality and sedation (Madsen et
al., 1983; Faulhaber et al., 1997). Additionally, the effects of THIP at
synaptic GABA sRs are minimal at these concentrations, whereas there is
modulation of extrasynaptic GABA ,Rs (Brown et al., 2002; Belelli et al.,
2005; Jia et al., 2005; Drasbek and Jensen, 2006). The concentrations for
etomidate were selected after consideration of the plasma concentrations
that yield hypnosis in humans and loss of righting reflex in mice, with
concentrations in this same range (1-5 uMm) eliciting both of these effects
(De Paepe et al., 1999; Benkwitz et al., 2007). In addition, previous in
vitro studies report that at concentrations in this range, etomidate elicits
increased extrasynaptic GABA ,R-mediated tonic inhibition in thalamo-
cortical neurons of the ventrobasal complex (Belelli et al., 2005; Forman,
2011; Herd et al., 2014).

Importantly, at the effective concentrations used in this study, the
ability of etomidate to promote GABA,R activity depends on the pres-
ence of GABA, since etomidate likely acts as a positive allosteric modu-
lator rather than an agonist of GABA,Rs at these concentrations
(Forman, 2011). This requirement for GABA differs for THIP, which acts
as a 8GABA ,R-preferring agonist even at low concentrations (Meera et
al., 2011). To ensure that ambient GABA concentrations were sufficient for
etomidate-mediated actions on both synaptic and extrasynaptic GABA,Rs,
additional experiments were conducted where etomidate was mi-
croperfused into the ventrobasal complex together with blockers of
GABA transporters (GAT)-1 and -3. Specifically, 10 and 30 um solu-
tions of etomidate were prepared in aCSF containing 100 um 1,2,5,
6-tetrahydro-1-[2-[[(diphenylmethylene)amino]oxy]ethyl]-3-pyridine-
carboxylic acid hydrochloride (NO-711; Sigma-Aldrich), a GAT-1 inhibitor,
and 300 uMm 1-[2-[tris(4-methoxyphenyl)methoxy]ethyl]-( S)-3-piperidine-
carboxylic acid (SNAP-5114; Tocris Bioscience), a GAT-3 inhibitor. GAT-1
and -3 serve as the primary mediators of synaptic GABA clearance in the
thalamus (De Biasi et al., 1998; Beenhakker and Huguenard, 2010). The
concentrations of NO-711 and SNAP-5114 used in this study were cho-
sen because they increase extracellular GABA concentrations in vivo us-
ing the same methodology of reverse microdialysis as our study and also
do not generate spike-wave discharges (Smith et al., 2007; Cope et al.,
2009; Kersanté et al., 2013). Additionally, in vitro inhibition of these
transporters, using similar effective concentrations of NO-711 and
SNAP-5114, greatly enhances extrasynaptic GABA ,R-mediated effects
on IPSC duration (i.e., “spill-over” inhibition) in thalamocortical neu-
rons (Herd et al., 2013).

Baseline recordings were performed in each mouse while the ventro-
basal complex was microperfused with aCSF for 2 h. The perfusion media
was then switched to THIP (1 = 9 wild-type mice and n = 9 Gabrd /'~
mice), etomidate (1 = 9 wild-type mice and n = 9 Gabrd /"~ mice), or
etomidate with NO-711 and SNAP-5114 (n = 6 wild-type mice). In the
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first study, mice received 10 um THIP for 1.5 h, followed by 50 um THIP
for another 1.5 h. In the second (separate) study, the ventrobasal com-
plex was perfused with 10 um etomidate for 1.5 h and then 30 um etomi-
date for the additional 1.5 h. A third study was conducted that was
identical to the second study, except for the inclusion of 100 um NO-711
and 300 uMm SNAP-5114 in the aCSF that contained etomidate. Finally, a
fourth time-control study was conducted where the perfusion medium
was maintained solely as aCSF (n = 6 wild-type mice and n = 6
Gabrd /™ mice; Fig. 1). These time controls ensured that none of the
identified sleep-state effects of THIP and/or etomidate could be attrib-
uted to time-of-day influences.

At the end of the in vivo recordings, the mice were deeply anesthetized
with 5% isoflurane and transcardially perfused with 0.9% saline, fol-
lowed by 10% formalin solution, while the microdialysis probes were left
in the brain. This procedure allowed for stable fixation of the brains for
the subsequent localization of probe sites by histology. Brains were then
dissected and immersion fixed in 10% formalin for 2 d at room temper-
ature. Following fixation, the brains were transferred to a 30% sucrose
solution for 2 d at 4°C. Brains were subsequently cut coronally into 50
um slices using a cryostat (Leica CM 1850). Sections were then mounted
on slides and dried overnight. Neutral red staining was performed the
following day. Probe site location was verified through imaging of the
stained sections using the Infinity Capture software package (Lumenera).

Signal acquisition and analysis of sleep—wake states. Signals were ac-
quired using Spike 2 software (1401 interface; CED). The EEG and EMG
signals were amplified 10,000 and 5000 times, filtered between 1 and 100
Hz and 100-1000 Hz, and digitized at 2000 Hz and 500 Hz, respectively
(Super-Z headstage amplifiers and BMA-400 amplifiers/filters; CWE).

Sleep—wake states were scored by analyzing EEG and EMG signals in
consecutive 5 s epochs. For each epoch, the corresponding sleep—wake
state was defined using an automatic scoring protocol (Costa-Miserachs
etal., 2003). The accuracy of the scoring procedure was confirmed visu-
ally for each epoch. The amount of time spent in wakefulness, NREM,
and REM sleep was calculated as a percentage of the total recording time
for each treatment in each animal. A period of sustained (stable) wake-
fulness or sleep was defined as a series of epochs in one state lasting >30
s. Transitions between states were calculated as a percentage of the total
number of transitions, per treatment, in each animal.

Electrocortical activity was further analyzed using a fast Fourier trans-
form (FFT) algorithm (SUDSA22 script, Spike2 software; CED). Power
spectra were generated for every 5 s epoch of the EEG that was scored for
sleep—wake state, through the analysis of overlapping 1024-sample seg-
ments that were windowed with a raised cosine (Hanning) and subjected
to an FFT. Each 5 s epoch was analyzed for absolute power in five band-
widths: delta (1-4 Hz), theta (4—8 Hz), alpha (8—-12 Hz), beta (12-30
Hz), and sigma (1015 Hz). The absolute power in each bandwidth was
divided by the total power (1-30 Hz) in each epoch and the normalized
powers were sorted according to their corresponding sleep—wake state.
The mean power in each frequency band for each sleep—wake state was
then calculated for each treatment in each subject.

Identification and characterization of spindle-like oscillations. The inci-
dence and features of spindle-like oscillations were identified using
custom-written routines in MATLAB (MATLAB R12; The MathWorks;
RRID: nlx  153890). The EEG during NREM sleep was analyzed with
overlapping segments of 4096 samples, windowed using a raised cosine
(Hanning window), and subjected to an FFT to yield the power spectrum
with a resolution of 0.25 Hz. To identify and characterize spindle-like
oscillations the powers from 0 to 2.5 and 5 to 15 Hz were removed to
optimize fitting of data from 2.5 to 5 and 15 to 35 Hz according to a
power law: Log;o(F(x)) = mlog,o(x) + b; F(x) = (10")(x™), where x
represents frequency, m represents slope, and b is the y-intercept. The
expected power in the sleep spindle range (7—14 Hz) was then predicted
from this power law. This value was then used as a threshold for the
identification of spindle-like oscillations (for the fit of this power law and
the suitability of the threshold in detecting spindle-like oscillations, see
Results). The EEG was then bandpass filtered from 7 to 14 Hz and
downsampled to 200 Hz (i.e., smoothed). The root mean square of the
down-sampled 7-14 Hz EEG was calculated with a window length of 200
samples (i.e., 1 s of data sampled at 200 Hz) and overlap of 150 samples
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(i.e., 0.75 s). Whenever the resulting root mean squared EEG surpassed
the predicted 7-14 Hz threshold, and did so for a period of time consis-
tent with spindle-like oscillation duration (0.5-3 s; Astori et al., 2013),
these events were identified as spindle-like oscillations. The incidence of
these spindle-like oscillations was also calculated by dividing their total
number by the total time spent in NREM sleep for a given recording
period.

Temporal analysis of state transitions. We also investigated the tempo-
ral dynamics of state transitions by analyzing trajectories in cortical ac-
tivity using 2D state-space plots (Gervasoni et al., 2004; Diniz Behn et al.,
2010). The absolute power in three bandwidths (1-9, 7-9, and 1-19 Hz)
was analyzed for every 5 s epoch of the EEG (FFT size 1024, Hanning
window, i.e., as described above). The ratio of 7-9/1-9 Hz was then
calculated for each epoch, providing a measure for the relative contribu-
tion to the signal of faster frequencies in thel-9 Hz range. An increase in
the 7-9/1-9 Hz ratio indicates a relative shift to faster frequencies, as
occurs during transitions from NREM sleep to wakefulness or REM
sleep. Values were then smoothed using a moving average function
(smooth, MATLAB; window-length of five 5 s epochs). To permit inter-
subject comparisons, the smoothed data were then normalized according
to the transformation: x’ = (x-min)/(max-min), where x’ is the normal-
ized value, x is the original value, min is the minimum value for the
dataset, and max is the maximum value. The resulting normalized power
ratio plotted against the 1-19 Hz frequency band generates distinct clus-
ters of EEG frequency-derived data points that correspond to sleep—wake
states (Gervasoni et al., 2004; Diniz Behn et al., 2010). Defining these data
points to clusters was done mathematically and without a priori visual
classification into sleep—wake states (function kmeans, MATLAB, 10 rep-
licates of the function before classifying data points to a cluster). The total
number of clusters assigned per recording (two to three) was determined
by assessing the fit of data points to their defined cluster, through com-
parisons of their distance to other cluster centers (function silhouette,
MATLAB); three clusters were initially assigned for each recording, but if
the data points of a cluster exhibited poor grouping (i.e., a mean silhou-
ette value = 0.5, MATLAB) clustering was performed with two defined
clusters. The temporal dynamics of stable state transitions were then
investigated by calculating the spectral “distance” traveled between
clusters.

Statistical analysis. The effects of THIP and etomidate on sleep—wake
structure, electrocortical activity, spindle-like oscillations, and state dy-
namics were assessed using a two-way repeated-measures (RM)
ANOVA, with the factor: (1) drug treatment (i.e., aCSF, followed by the
separate interventions with THIP or etomidate) and (2) genotype (i.e.,
wild-type and Gabrd ~/~ mice). The influence of ambient GABA con-
centrations on any of the identified effects of etomidate were further
evaluated within wild-type mice using a two-way RM-ANOVA with the
factors of drug treatment and group (i.e., with or without GABA re-
uptake inhibitors). Comparisons between test and time-control mice
were made during corresponding times of the experiment, i.e., during the
same times of recording when the test mice received aCSF and the differ-
ent concentrations of THIP or etomidate, again using a two-way
ANOVA with the factors group (i.e., drug vs time-control) and genotype.
Bonferroni-corrected p values were used to test statistical significance
when post hoc comparisons were performed. Differences were considered
significant if p < 0.05. Analyses were performed using SigmaStat soft-
ware (SPSS). Data are expressed as mean = SEM.

Results

The experimental protocol performed in the three groups of an-
imals is outlined in Figure 1, and a sample of the original EEG and
EMG signals are also shown. Figure 1 also shows an example of
histological sections from a single animal, which illustrates the
location of the two microdialysis probes on either side of the
midline in the ventrobasal complexes of the thalamus. The loca-
tions of the microdialysis probes in all of the mice used in the
study are also illustrated on standard cross sections. The probes
were successfully implanted into the ventrobasal complex in all
animals.
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Figure 1.

Experimental protocol and localization of microdialysis probes in the thalamus. A, Schematic illustrating the four major experiments and treatment groups and the duration for each

agent microperfused into the ventrobasal complex. Nine wild-type and 9 Gabrd ~~ mice were used for the study of THIP at the ventrobasal complex (top). Nine wild-type and 9 Gabrd ~”~ mice
were used for the study of etomidate (middle top). Six wild-type mice were used for the study of GABA re-uptake inhibition with etomidate (middle bottom). Six wild-type and six Gabrd '~ mice
were used for the time-control study (bottom). B, Schematicindicating the target of the microdialysis probe locations to the ventrobasal complex (top) and exemplar histologicalimages indicating probe locations
(bottom). The arrows indicate the locations of the tip of the microdialysis membranes. €, Schematics illustrating the locations of the microdialysis membranes for all of the mice studied. Numbers indicate the
distance posterior to bregma (Franklin and Paxinos, 2007). Each probe track s made translucent to allow for visualization of probe site distribution across all the mice studied. The ventrobasal complexis comprised
of the ventral posteromedial (VPM) and ventral posterolateral (VPL) thalamic nuclei. D, Exemplar EEG and EMG recordings collected during the experiments.

THIP

First we identified the effects of modulation of thalamic
6GABA,Rs on electrocortical activity in freely behaving wild-
type mice and Gabrd ~/~ mice. Here we show that microperfu-
sion of the 8GABA,R-preferring agonist THIP into the
ventrobasal complex of the thalamus produced significant effects
on electrocortical activity in wild-type mice but not in Gabrd /'~
mice, i.e., the effects of THIP were dependent on 6GABARs.
THIP: (1) increased 1-4 Hz power in wakefulness and NREM
sleep, consistent with its sedating effects; (2) reduced spindle-like
oscillations in NREM sleep; and (3) increased the speed of stable
transitions into NREM sleep, indicating effects on state-space
dynamics. These results are detailed below.

Thalamic 8GABA ,R modulation and EEG spectral power

NREM sleep. In agreement with the hypothesis, microperfusion
of the 6GABA R-preferring agonist THIP into the ventrobasal
complex significantly increased power in the 1-4 Hz EEG fre-
quency band in NREM sleep in wild-type mice, but not in the
Gabrd~'~ mice (Fig. 2A—C). Analysis of the group data in Figure
2C indicated that there was a significant effect of THIP at the
ventrobasal complex on 1-4 Hz EEG power in NREM sleep, with
this response dependent on genotype (F(, 5, = 11.85, p < 0.001,
two-way RM-ANOVA). Further analysis identified that in wild-
type mice 50 uM THIP increased 1-4 Hz EEG power in NREM

sleep compared with both aCSF and 10 um THIP (each p = 0.002,
post hoc paired t test). Importantly, however, and in agreement with
the main hypothesis, no such effects of THIP on 1-4 Hz EEG activity
were observed in the Gabrd '~ mice (each p > 0.06; Fig. 2C).
Aswell as the increased 1-4 Hz EEG power elicited by THIP at
the ventrobasal complex of the thalamus in the wild-type mice,
there was decreased theta (4—8 Hz) and alpha (812 Hz) activity
in NREM sleep (each p = 0.01, post hoc paired t test), i.e., there
was a general shift to increased lower frequency EEG power pro-
duced by the 8GABA ,R-preferring agonist. Importantly, again, no
such effects were observed in the Gabrd ~/~ mice (each p > 0.61).
Nevertheless, there was an increase in beta (12-30 Hz) EEG power in
NREM sleep during microperfusion of 50 um THIP into the ventro-
basal complex in the Gabrd /™ mice compared with baseline re-
cordings with aCSF (p = 0.002), with this as the only significant
effect of THIP observed in the Gabrd ~/~ mice. Figure 2C also shows
that in NREM sleep there was a baseline difference in 1-4 Hz EEG
power between genotypes in the absence of THIP (i.e., during mi-
croperfusion of aCSF into the ventrobasal complex), with 1-4 Hz
power greater in the Gabrd ~/~ mice compared with the wild-type
mice (p = 0.006, post hoc t test). However, such a baseline difference
was not observed in wakefulness or REM sleep (Fig. 2C).
Wakefulness. As with the effects observed in NREM sleep that
supported the main hypothesis (50 wm THIP at the ventrobasal
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Figure 2.

Promoting thalamic 5GABA,R activity with THIP at the ventrobasal complex increases 1—4 Hz electrocortical activity during NREM sleep and waking. A, Example power spectrums and

hypnograms from a wild-type and Gabrd ~/ ~ mouse during microperfusion of the ventrobasal complex with aCSF and 50 wm THIP. Each plot illustrates the last 30 min of the respective treatment
session. Note the increase in lower frequency power in the wild-type mouse with THIP and the absence of such an effect in the Gabrd ~/ ~ mouse. B, Continuous frequency plots illustrating the
percentage change in power with 50 um THIP relative to aCSF during NREM sleep, waking, and REM sleep. Each trace illustrates the mean = SEM. (, Changes in 1—4 Hz power with 10 and 50 um
THIP. Note the increase in 14 Hz power with microperfusion of 50 m THIP into the ventrobasal complex during NREM sleep and waking in wild-type mice, and the absence of these effects in
Gabrd ~/~ mice. D, Additional changes in electrocortical activity with THIP. Plotsillustrate the percentage increase or decrease in theta (4 — 8 Hz), alpha (8 —12 Hz), and beta (12-30 Hz) power with
50 pum THIP relative to aCSF. Two-way RM-ANOVA, *p << 0.05, **p << 0.01, and ***p << 0.001. See Results for further details.

complex), to increase tonic neuronal inhibition also increased
1-4 Hz EEG power in wakefulness in the wild-type mice com-
pared with both aCSF and 10 um THIP (each p < 0.04, post hoc
paired ¢ test). Again, no such effects were observed in the Ga-
brd ™'~ mice (each p > 0.50). The increased 1-4 Hz EEG power
elicited by THIP in the wild-type mice was also associated with a
corresponding decrease in alpha and beta EEG power in waking
(each p = 0.01), again reflecting a general shift to increased lower
frequency electrocortical activity caused by thalamic 8GABA,R

modulation. Also in agreement with the main hypothesis, no
such effects were observed in the Gabrd ~/~ mice (each p > 0.61).

REM. There was no effect of THIP at the ventrobasal complex
on any measure of EEG activity, in any frequency band, in REM
sleep (all p > 0.05; Fig. 2B-D).

Thalamic 8GABA 4R modulation and spindle-like oscillations
We next examined the effects of thalamic §GABA,R activation
on the incidence and duration of spindle-like oscillations. This is
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Figure 3.  Promoting thalamic 5GABA,R activity with THIP at the ventrobasal complex de-

creases both sigma power and the incidence of spindle-like oscillations. A, Fifty micromolars of
THIP at the ventrobasal complex decreases 10 —15 Hz sigma power in wild-type mice. Also note
the baseline difference in sigma power between wild-type and Gabrd ~/ ~ mice. B, Example of
the threshold-defining protocol for the automatic detection of spindle-like oscillations. A power
law is used to predict the power in the spindle range (7—14 Hz). See Materials and Methods for
further description and application. ¢, Example of spindle-like oscillation detection. When the
filtered 714 Hz EEG surpasses the predefined spindle threshold, these events qualify as
spindle-like oscillations if they meet a duration criteria of 0.5-3 5. §, events that failed to meet
duration criteria; *events that met this criterion and were identified as spindle-like oscillations.
D, Theincidence of spindle-like oscillations is reduced in wild-type mice with 50 um THIP at the
ventrobasal complex. Note the lack of effect in Gabrd ~/ ~ mice. E, THIP had no effect on the
average duration of spindle-like oscillations. Two-way RM-ANOVA, *p << 0.05, **p < 0.01.

because sleep spindles are generated by the thalamus, and spin-
dles are most prevalent in periods of NREM sleep with reduced
1-4 Hz EEG power, i.e., “lighter” periods of NREM sleep (Nuiez
et al., 1992; Steriade et al., 1993).

Sigma power. Ten to 15 Hz EEG power during NREM sleep is
often taken to indicate spindle-like activity (Astori et al., 2013).
Figure 3A shows that microperfusion of 50 wm THIP into the
ventrobasal complex of the thalamus significantly decreased
10-15 Hz EEG power in NREM sleep in wild-type mice com-
pared with both aCSF and 10 um THIP (each p = 0.028, post hoc
paired t test). Together, the effect of pharmacological manipula-
tion of thalamic tonic neuronal inhibition in decreasing 10-15
Hz power (Fig. 3A) and increasing 1-4 Hz power (Fig. 2C) in the

Mesbah-Oskui et al. @ Thalamus-Mediated Sedating Effects of Hypnotics

wild-type mice is consistent with a reciprocal relationship be-
tween these frequency bands during NREM sleep (Nunez et al.,
1992; Steriade et al., 1993).

Importantly, this effect of SGABA R modulation at the ventro-
basal complex on 10—15 Hz activity was also dependent on genotype
(Fa31y = 7.83, p = 0.002, two-way RM-ANOVA); no significant
effects of THIP were observed in the Gabrd ~/~ mice (each p > 0.06,
post hoc paired t test; Fig. 3A). Figure 3A also shows that in the
absence of THIP (i.e., during baseline recordings with aCSF) 10-15
Hz EEG power was lower in the Gabrd ~/~ mice compared with the
wild-type mice (p = 0.020, post hoc t test). This difference is also
consistent with the elevated baseline 1-4 Hz power seen during
NREM sleep in the Gabrd '~ mice (Fig. 2C).

Incidence and duration of spindle-like oscillations (7—14 Hz).
Figure 3, B and C, shows the automated detection of individual
transient spindle-like oscillations from electrocortical activity,
i.e., as opposed to sigma power that occurs throughout NREM
sleep (described in the previous section). First, we fit a power law
to the EEG data obtained during NREM sleep in each mouse with
each treatment. An example of this fit is shown in Figure 3B. This
fit was then used to identify the baseline power in the 7-14 Hz
frequency band during NREM sleep to set a threshold value for
identifying individual transient spindle-like oscillations that add
to the power in this frequency range (see Materials and Methods
for details). When 7-14 Hz power was transiently increased
above this threshold for between 0.5 and 3 s, spindle-like oscilla-
tions were identified (Astori et al., 2013; Fig. 3C).

The group data in Figure 3D show that the effect of THIP on
the incidence of spindle-like oscillations depended on genotype
(F2,32) = 7.32, p = 0.002, two-way RM-ANOVA). Further anal-
ysis identified that spindle-like oscillations were reduced with 50
M THIP in the wild-type mice only (p = 0.022, post hoc paired ¢
test). This effect of promoting tonic neuronal inhibition at the
ventrobasal complex on reducing spindle-like oscillations in
NREM sleep in the wild-type mice is consistent with the reduced
sigma power observed in Figure 3A.

There was no effect of either THIP or genotype on the dura-
tion of spindle-like oscillations (Fig. 3E), suggesting that, once
triggered, spindle-like oscillations were normally propagated and
terminated regardless of SGABA ,R modulation.

Thalamic 8GABA ,R modulation and state-space dynamics

Next we identified if pharmacologically induced thalamic SGABA R
modulation altered the trajectory between behavioral states in these
freely behaving mice. This was identified through analysis of the
“speed” of transitions between EEG-defined spectral boundaries
that defined the states of wakefulness and sleep, i.e., speed as derived
from measures in the spectral domain (Fig. 4A, B).

Figure 4A shows the clustering of data points associated with
predefined frequency bands in time (see Materials and Methods).
These points cluster in spectral space in regions that correspond
to the states of wakefulness, NREM, and REM sleep, together
termed “state space” (Gervasoni et al., 2004; Diniz Behn et al.,
2010). Figure 4B shows a close-up of three transitions into stable
(i.e., > 30 s duration) periods of NREM sleep, from preceding
periods of wakefulness, in one wild-type and one Gabrd /'~
mouse. Example transitions are shown for microperfusion of
aCSF into the ventrobasal complex and for modulation of tha-
lamic 6GABA  Rs with 10 and 50 um THIP.

Group data show that promoting thalamic 6GABA,R-
mediated inhibition increased the speed of transitions into
NREM sleep as identified from EEG-defined spectral state space
(Fig. 4C). Further analysis identified that the effect of THIP at the
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Thalamic 5GABA,R activity facilitates rapid transitions into the spectral domain characteristic of deep NREM sleep. A, Example state-space plots from a wild-type and Gabrd ~/~ mouse

during microperfusion of the thalamus with aCSF and 50 wum THIP. B, Exemplar state-space plots depicting stable transitions from waking into NREM sleep during microperfusion of the thalamus
with aCSFand 10and 50 m THIP. Note the increased spectral distance traveled between states with 50 m THIP (black trace) in wild-type mice. €, Movement through spectral space into the region
occupied by NREM sleep is significantly facilitated by 50 um THIP at the ventrobasal complex of wild-type mice, but this effect is not apparent in Gabrd ~”~ mice. THIP at the ventrobasal complex
had no effect on the speed of spectral transitions into wakefulness or REM sleep. Two-way RM-ANOVA, *p << 0.05, **p << 0.01.

ventrobasal complex on the trajectory between behavioral states
was specific for NREM sleep and depended on genotype (F, 5,) =
3.49, p = 0.043, two-way RM-ANOVA). The speed of transitions
into NREM sleep in the spectral domain was increased with 50
uM THIP compared with aCSF and 10 um THIP in wild-type
mice (each p < 0.014, post hoc paired ¢ test). This effect of in-
creased tonic thalamic neuronal inhibition in facilitating EEG
transitions into regions of the spectral domain consistent with
deep NREM sleep was only observed in the wild-type mice and
not in the Gabrd ™/~ mice (each p > 0.43, post hoc paired ¢ test).

Amounts of sleep—wake states. Although there were effects of
THIP at the ventrobasal complex on EEG spectral power within
sleep—wake states (Figs. 2, 3) and state-space dynamics (Fig. 4),
there were no effects of THIP on the amounts of wakefulness,
NREM, and REM sleep (F(, 5, < 2.38, p > 0.110, two-way RM-
ANOVA). Nor were there any effects of THIP on sleep-wake
distribution between genotypes (F, 5, < 1.18, p > 0.322, two-
way RM-ANOVA). To further confirm these data, additional
time-control experiments were performed with continued mi-
croperfusion of aCSF into the ventrobasal complex of wild-type
and Gabrd /"~ mice. There was no difference in the amounts of
wakefulness, NREM, and REM sleep in the time-control experi-
ments compared with the experiments with THIP (each F, ,4, <
2.48, p > 0.127, two-way ANOVA) and this absence of effect did
not depend on genotype (each F(; ,5 < 1.73, p > 0.200, two-way
ANOVA).

Etomidate

Next we identified if the effects on electrocortical activity of mi-
croperfusion of etomidate into the ventrobasal complex were
mediated by 6GABA,Rs. Here we show that compared with
THIP, microperfusion of etomidate into the ventrobasal complex
produced different effects on electrocortical activity that were

independent of 6GABA,Rs. In summary, etomidate: (1) de-
creased 1-4 Hz power, increased 8—12 and/or 12-30 Hz power in
all sleep—wake states; (2) increased spindle-like oscillations; (3)
had no effect on the trajectory between behavioral states as ana-
lyzed by state-space dynamics; (4) increased REM sleep expres-
sion; and (5) that these effects largely persisted under conditions
that favored potentiation of extrasynaptic GABA,Rs by etomi-
date with co-application of GAT-1 and -3 inhibitors to the tha-
lamic perfusion media.

Microperfusion of etomidate into the ventrobasal complex and
effects on EEG spectral power

NREM sleep. In contrast to the effects of THIP at the ventrobasal
complex, which promoted electrocortical signatures of deep
NREM sleep—an effect that depended on the presence of
8GABARs, as it occurred only in the wild-type mice (Figs.
2—4)—microperfusion of etomidate into the same region of the
thalamus significantly decreased power in the 1-4 Hz EEG fre-
quency band in NREM sleep in both the wild-type and the Ga-
brd ~’~ mice (Fig. 5A—-C). Analysis of the group data in Figure 5C
indicated that there was a significant effect of etomidate at the
ventrobasal complex on 1-4 Hz EEG power in NREM sleep
(Fasy = 35.79, p < 0.001, two-way RM-ANOVA), with this
response to treatment independent of genotype (F, ;,, = 1.56,
p = 0.225), i.e., the pattern of response was independent of
8GABA ,Rs. Unlike THIP, however, which increased 1-4 Hz EEG
power in NREM sleep, 10 and 30 uM etomidate decreased 1-4 Hz
EEG power compared with aCSF (each p < 0.001, post hoc paired
t test). There was an independent effect of genotype on 1-4 Hz
EEG power (F(, 5, = 4.55, p = 0.049, two-way RM-ANOVA),
with wild-type mice exhibiting significantly lower 1-4 Hz power
at baseline, consistent with the baseline differences that were
identified in the study with THIP (post hoc t test, p = 0.028).
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Etomidate at the ventrobasal complex decreases 14 Hz electrocortical activity in both wild-type and Gabrd

>
Frequency Band

~/~ mice (i.e., opposite to the effects of THIP). A, Exemplar power

spectrums and hypnograms from a wild-type and Gabrd ~/ ~ mouse during microperfusion of the ventrobasal complex with aCSF and 30 uu etomidate. Each plotillustrates the last 30 min of the
respective treatment session. Note the decrease in lower frequency power and increase in higher frequency power in wild-type and Gabrd ~”~ mice with etomidate. B, Continuous frequency plots
illustrating the percentage change in power with 30 wum etomidate relative to aCSF during NREM sleep, waking, and REM sleep. Each trace illustrates the mean = SEM. (, Changes in 1— 4 Hz power
with 10and 30 v etomidate. Note the decrease in 1- 4 Hz power with 10 and 30 v etomidate during NREM sleep, waking, and REM sleep in wild-type and Gabrd ~ ~ mice. D, Additional changes
in electrocortical activity with etomidate. Plots llustrate the percentage increase or decrease in theta (4 — 8 Hz), alpha (8 —12 Hz), and beta (12—30 Hz) power with 30 v etomidate relative to aCSF.
Note the increase in alpha and/or beta power in wild-type and Gabrd ~” ~ mice during all sleep—wakes states. Two-way RM-ANOVA, *p < 0.05, **p << 0.01, and ***p < 0.001.

As well as the decreased 1-4 Hz EEG power elicited by etomi-
date at the ventrobasal complex of the thalamus, there was in-
creased alpha (8—12 Hz) and beta (12-30 Hz) EEG activity in
NREM sleep (both F, 5, > 16.60, p < 0.001, two-way RM-
ANOVAs; Fig. 5D). These responses were independent of geno-
type as they occurred in both the wild-type and Gabrd ~/~ mice
(both F, 3,y < 0.55, p > 0.546, two-way RM-ANOVA; Fig. 5D).
These data indicate that there was a general shift to decreased

lower frequency EEG power and increased higher frequency
power produced by etomidate at the ventrobasal complex, with
this response independent of SGABA 4Rs.

Wakefulness and REM sleep. Consistent with the effects of eto-
midate at the ventrobasal complex on 1-4 Hz EEG power in
NREM sleep, there were also significant effects of etomidate on
the spectral composition of the EEG in wakefulness and REM
sleep. These effects are illustrated in Figure 5B-D. As for NREM
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oscillations via a 5GABA,R-independent mechanism (i.e., unlike the effects of THIP). A, Ten and 30 rum etomidate significantly increased
sigma (10 —15 Hz) power during NREM sleep. B, Thirty micromolars etomidate at the ventrobasal complexincreased the incidence and (€)
duration of spindle-like oscillations (SLO). Note the differences in sigma power and spindle-like oscillation incidence and duration between
genotypes at baseline and with etomidate. Two-way RM-ANOVA, *p < 0.05, **p << 0.01,and ***p << 0.001.

sleep, etomidate also decreased 1-4 Hz EEG power in wakeful-
ness and REM sleep, despite the decrease in ambient GABA that is
associated with both of these states compared with NREM sleep
(Saper et al., 2001). This reduction in 1-4 Hz EEG power with
etomidate occurred regardless of genotype (each p > 0.07, two-
way RM-ANOVA) and was significant for 10 and 30 uMm etomi-
date in waking (each p < 0.041, post hoc paired t test) and in REM
sleep (each p < 0.023). Figure 5D shows that this general shift to
decreased slower frequency EEG activity elicited by etomidate
was also accompanied by significantly increased 12-30 Hz EEG
power in the wild-type and Gabrd /~ mice in wakefulness
(F2,32) = 13.46, p < 0.001, two-way RM-ANOVA) and 8-12 Hz
EEG power in REM sleep (F, ,5) = 8.53, p = 0.001).

Etomidate at the ventrobasal complex and spindle-like oscillations
Here we show that unlike the effects of THIP at the ventrobasal
complex, which produced a S8GABA, R-specific reduction in
spindle-like oscillations in NREM sleep, etomidate increased both
sigma power and the incidence and duration of spindle-like oscilla-
tions in NREM sleep, with these effects independent of genotype.

Sigma power. Figure 6A shows that there was a significant
effect of etomidate at the ventrobasal complex of the thalamus on
10-15 Hz EEG power in NREM sleep (F, 5,) = 47.20, p < 0.001,
two-way RM-ANOVA) that was dose dependent (each p < 0.001
vs aCSF, post hoc paired ¢ test). This effect of etomidate on sigma
power was not influenced by genotype (F, 3,) = 0.48, p = 0.625,
two-way RM-ANOVA). There was, however, an independent ef-
fect of genotype on sigma power (F(, ) = 7.17, p = 0.017), with
wild-type mice exhibiting significantly higher 10—-15 Hz power at
all doses of etomidate (each p < 0.025, post hoc t test).

Incidence and duration of spindle-like oscillations (7—14 Hz).
The group data in Figure 6, B—C, show that etomidate at the
ventrobasal complex of the thalamus increased the incidence and
duration of spindle-like oscillations (both F, 5,y > 14.07, p <
0.001, two-way RM-ANOVA) with this effect evident in both
wild-type mice and Gabrd ~/~ mice (Fa32) < 0.73, p > 0.490).
Consistent with the genotypic differences in sigma power identi-
fied above and in the study with THIP, an effect of genotype on
spindle-like oscillations was also identified, with reduced inci-
dence and duration in the Gabrd ~/~ mice (both F ;¢ > 5.83,
p < 0.029, two-way RM-ANOVA; Fig. 6B—C).

Etomidate at the ventrobasal complex and state-space dynamics

We next identified if etomidate altered the trajectory between
behavioral states. As with the experiments with THIP, this was
identified from analysis of the speed of transitions between EEG-

etomidate into the ventrobasal complex
of the thalamus increased REM sleep
expression (F, 3,y = 6.07, p = 0.006, two-
way RM-ANOVA), with this effect inde-
pendent of genotype (F, 3, = 0.11, p =
0.901). The significant increase in REM
sleep amount occurred with 30 uM etomidate (p = 0.004, post hoc
paired ¢ test; Fig. 8 A, B). There were no effects of etomidate at the
ventrobasal complex on the amounts of wakefulness or NREM
sleep (both F(, 5,, < 1.82, p > 0.178, two-way RM-ANOVA; Fig.
8B). There were also more transitions into and out of REM sleep
with etomidate at the ventrobasal complex (both F, 5,y > 4.52,
p < 0.020, two-way RM-ANOVA; Fig. 8A,C). This increase in
REM sleep amount with etomidate was associated with a decrease
in the proportion of direct transitions from NREM sleep to wakeful-
ness (F, 3, = 5.20, p = 0.011; Fig. 8C). There were no effects of
etomidate on transitions into NREM sleep (F, 5,y = 1.18,p = 0.320;
Fig. 8C). A genotypic effect on the proportion of direct transitions
from NREM sleep to wakefulness was also identified (F, ;¢ = 6.42,
p < 0.022, one-way RM-ANOVA), with Gabrd /™~ mice exhibiting
a higher proportion of direct transitions from NREM sleep to wake-
fulness at baseline and with 30 uM etomidate (both p < 0.023, post
hoc t test). This finding is consistent with the trend toward a lower
proportion of overall transitions from REM sleep to wakefulness
(Fig. 8C). Importantly, and as mentioned above, this effect on state
dynamics was not associated with any overall differences in the time
spent in each state.

The increase in REM sleep amounts with etomidate at the
ventrobasal complex was due to the effects of the drug per se, and
not simply due to the fact that the etomidate interventions were
performed after the interventions with aCSF. This is because ad-
ditional experiments showed that the amounts of REM sleep with
30 uM etomidate were significantly increased compared with the
same time of day as the time-control experiments (F; ,¢) = 4.63,
p = 0.041, two-way ANOVA; Fig. 8D). The time-control experi-
ments used sham interventions with aCSF instead of switches
between etomidate concentrations.

The effects of etomidate at the ventrobasal complex largely persist
during blockade of GABA re-uptake
Since etomidate acts as a positive allosteric modulator of
GABA Rs, its ability to potentiate the activity of these receptors
requires GABA (Forman, 2011). Given the possible decrease in
endogenous extracellular GABA levels that could occur with re-
verse microdialysis, the actions of etomidate on extrasynaptic
GABA ,Rs could be reduced by the intervention. Thus, we con-
ducted additional experiments in wild-type mice where etomi-
date was co-applied with the GAT-1 and -3 inhibitors NO-711
(100 ) and SNAP-5114 (300 pum).

As shown in Figure 9, the effects of etomidate on electrocor-
tical activity largely persisted in mice that received NO-711 and
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Figure7. Etomidate had noeffect on the temporal dynamics of state transitions in spectral space. A, Exemplar state-space plots

ing were similarly not altered by blockade
of GABA re-uptake (each p > 0.498; Fig.
9B). Of all of the comparisons the only
difference observed between groups re-
ceiving etomidate with and without the co-application of the
GABA transporter inhibitors was a reduction in the etomidate-
induced increase in 12-30 Hz power in NREM sleep (F, ¢ =
4.70, p = 0.018; Fig. 9B). There were no significant effects of
NO-711 and SNAP-5114 on the etomidate-induced increase in
sigma power, and spindle-like oscillation incidence and duration
(all F, 56, < 3.00, p > 0.068; Fig. 9C). Finally, while the effects of
etomidate on sleep—wake structure were independent of NO-711
and SNAP-5114 (all F(,,s < 1.16, p > 0.290), the significant
increase in REM sleep observed with etomidate alone was no
longer identified (Figs. 8D, 9D). There was no independent effect
of NO-711 and SNAP-5114 identified in any of the comparisons
of sleep—wake structure (all F; ;5) < 3.15, p = 0.100).

Discussion

Here we show that thalamic 5GABA R activation in vivo—using
localized microperfusion of THIP into the ventrobasal complex
of freely behaving mice—promotes electrocortical signatures
commonly associated with the “deep” stages of NREM sleep.
These include an increase in 1-4 Hz EEG activity and a decrease
in spindle-like oscillations, with these effects observed in wild-
type but not Gabrd ~’~ mice. These findings are consistent with
the sedating property of THIP and its effects on electrocortical
activity when administered systemically in humans and rodents
(Faulhaber et al., 1997; Vyazovskiy et al., 2005; Cremers and
Ebert, 2007). Importantly, we also show that etomidate at the
thalamus does not recapitulate the electrocortical effects of THIP,
with etomidate eliciting changes in electrocortical activity that were
largely independent of 8GABA,R expression. Moreover, the
changes in electrocortical activity that were identified with etomidate
are consistent with the global changes in electrocortical activity that
are reported during induction of anesthesia with etomidate in hu-
mans (Kuizenga et al., 2001). Collectively, these findings implicate
thalamic 8GABA,Rs in mediating the electrocortical markers of
deep NREM sleep and suggest a role for non-6GABA,Rs in the
thalamus in mediating the changes in electrocortical activity during
induction of anesthesia with etomidate.

from awild-typeand Gabrd — ~ mouse during microperfusion of the thalamus with aCSF and 30 v etomidate. B, Etomidate had
no effect on the speed of transitions between states in the spectral domain in both wild-type and Gabrd —~ mice.

Thalamic 8GABA R activity, sedation, and sleep

The effects of THIP at the thalamus on cortical 1-4 Hz signaling
require 6GABA R expression, suggesting they are mediated by
enhanced 6GABA, R-mediated tonic inhibition (Cope et al.,
2005). Increasing tonic inhibition would effectively hyperpolar-
ize the resting membrane potential of thalamocortical neurons to
levels that enable burst firing and, ultimately, promote 1-4 Hz
cortical activity (McCormick and Bal, 1997). This interpretation
is further supported by the decrease in sigma power and spindle-like
oscillations that were also identified with THIP at the thalamus of
wild-type mice. Together, our findings support the general scheme
whereby enhanced thalamic 6GABA ,R-mediated tonic inhibition
hyperpolarizes the resting membrane potential of thalamocortical
neurons to levels that support 1-4 Hz oscillations at the expense of
sleep spindles (Nufiez et al., 1992).

Enhanced thalamic 8GABA,R activity was also associated
with increased “speed” of stable transitions into the spectral space
occupied by NREM sleep. While transitions into NREM sleep
occurred more rapidly in the spectral domain, there were no
identifiable effects of THIP on the amount of NREM sleep per se,
as can occur in some species (Schultz et al., 1981; Madsen et al.,
1983). Although systemic administration of THIP in mice has no
effect on the amount of NREM sleep (Vyazovskiy et al., 2005;
Winsky-Sommerer et al., 2007), it does produce a generalized
increase in 1-4 Hz electrocortical power, as observed in our
study, consistent with its sedating action. The results of our study
identify the thalamus as a potential key site of action for the
sedating property of THIP.

Some baseline differences in electrocortical activity were iden-
tified in our comparisons of wild-type and Gabrd ~'~ mice be-
fore drug interventions. The Gabrd '~ mice exhibit higher 1—4
Hz power and lower 10—15 Hz power during NREM sleep. This
difference would be consistent with more hyperpolarized resting
membrane potentials in thalamocortical neurons of Gabrd ~ '~
mice relative to wild-types. Such genotypic differences could be
attributed to compensatory changes in the expression of
GABA R subpopulations and/or other channels/receptors, such
as the TWIK-related, acid-sensitive K™ channels that can also
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Ebert, 2003). Importantly, the effective
delivered concentrations of THIP used in
this study (see Materials and Methods)
were selected based on previous reports
showing that THIP, at those concentra-
tions, has minimal effects on synaptic
GABA,Rs (Brown et al., 2002; Stérustovu
and Ebert, 2003; Belelli et al., 2005; Jia et
al., 2005) and promotes sleep and sedation
in humans (Madsen et al., 1983; Faulhaber
et al,, 1997). Nonetheless, it is possible that
THIP also had non-6GABA,R-mediated
‘ effects that contributed to the changes

identified in the wild-type mice. This in-
terpretation, however, is not readily sup-
ported by our findings since all of the
identified effects of THIP in the wild-type
mice were absent in the Gabrd ~'~ mice.
Ifactions on non-8GABA ,Rs played a sig-
nificant role in mediating the effects of

5 min

8 . 80 ':'Gabra‘/ 80 THIP in the wild-type mice, we would ex-
== —_E* pect to see similar, albeit attenuated, ef-
§ g 40 40 10 fects in the Gabrd~’~ mice. Given the
o< absence of such similarities between geno-
o~ 0 0 types, our findings suggest that the identi-
0 10 30 10 30 10 30 fied effects of THIP in the wild-type mice
require SGABA \Rs.
C NREM-REM REM-WAKE WAKE-NREM NREM-WAKE In contrast to the in vitro studies that
identified the effects of acute administra-
_ o 20 20 80 80 * tion of THIP/etomidate on GABA 4R sub-
88 * *kk *E population activities (Brown et al., 2002;
2 g) 10 I 10 40 40 IH IH IH Storustovu and Ebert, 2003; Belelli et al.,
X ® 0 iﬁ In H 0 i: In Iﬂ 0 IH IH Iﬂ 0 2005; Cope et al., 2095; Drasbek and Jen-
= 0 10 30 0 10 30 0 10 30 0 10 30 sen, 2006), the experiments reported here
used a longer period of drug exposure.
D = Such prolonged exposure to THIP and/or
3@ WAKE REM etomidate may have elicited changes in re-
g = 4 4 * ceptor expression and/or sensitization not
° 6 identified with acute application. None-
< % 2 % ) theless, the longer duration of exposure to
(D_ = I R i oIll.m/]l._Bfi...  THIP and etomidate used in this study is
E |: of particular relevance given the use of
5 2 0 10 30 0 10 30 these agents in sedation and anesthesia.
S —
- MM Etomidate Etomidate at the thalamus and
. ) ) o o electrocortical signatures of
Figure 8.  Etomidate at the ventrobasal complex increased REM sleep expression independent of SGABA,R expression (i.e., anesthetic induction

effects were observed in wild-type and Gabrd ~”~ mice). A, Exemplar hypnograms highlighting the increase in REM sleep
expression with 30 um etomidate. B, Thirty micromolars of etomidate at the thalamus had no effect on the relative amount of
wakefulness or NREM sleep, but significantly increased the amount of REM sleep; two-way RM-ANOVA. ¢, Thirty micromolars of
etomidate significantly increased the number of transitions into and out of REM sleep. This was associated with a significant
decrease in the number of direct transitions from NREM sleep to wakefulness; two-way RM-ANOVA. D, Comparison of the amounts
of sleep and wakefulness between test mice and time-control mice that received sham treatment (i.e., continuous microperfusion
of aCSF) at the ventrobasal complex at the corresponding time points where test mice received etomidate. Mice receiving 30 um
etomidate exhibited a greateramount of REM sleep relative to time controls. Note the additional effects of 10 m etomidate on the
amount of wakefulness and NREM sleep. Two-way ANOVA; *p << 0.05, **p << 0.01, and ***p << 0.001. WT, wild-type.

hyperpolarize the resting membrane potential of thalamocortical
neurons (Brickley et al., 2001; Peng et al., 2002; Meuth et al.,
2006).

Microperfusion of 50 um THIP into the ventrobasal complex
increased 12-30 Hz power in Gabrd '~ mice, indicating that
THIP had some non-86GABA ,R-mediated effects, potentially via
effects on synaptic GABA ,Rs (Brown et al., 2002; Storustovu and

Unlike with THIP, all of the effects that
were identified with etomidate presented
in both the wild-type and Gabrd '~
mice, indicating that these effects do not
require SGABA ,Rs. Some of the effects of
etomidate were also in the direction op-
posite to that elicited by THIP, further
identifying a different mechanism of ac-
tion. Etomidate at the thalamus elicited
reductions in 1-4 Hz power and increases in alpha and/or beta
power in wild-type and Gabrd ~’~ mice across all sleep—wake
states. The effective concentrations of etomidate used in this
study (see Materials and Methods) were again selected based on
previous in vitro studies that identified a SGABA ,R-potentiating
effects of etomidate in thalamocortical neurons at similar con-
centrations (Belelli et al., 2005). Importantly, an effect of etomi-
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date on synaptic GABA,Rs was also
identified at these concentrations.

>
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et al. (2010) further associated these ° .
cortical effects with increased thalamic o ¢ MM Etomidate >
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mocortical firing to RTN firing rates, pro- a2 .

v

moting cortical alpha oscillations and
facilitating the incidence and propagation
of spindle-like oscillations (Suffczynski et
al., 2001; Steriade, 2005). It should also be
noted that while the probe tips targeted
the ventrobasal complex, diffusion of eto-
midate to the RTN and other neighboring
thalamic nuclei is likely. Thus, the effects
of etomidate reported here likely result
from its actions on neurons located in the
ventrobasal complex and other thalamic
nuclei including the RTN.

The reduction in 1-4 Hz power, in-
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crease in spindle-like oscillations, and in-
crease in REM sleep expression with
etomidate at the thalamus of both wild-
type and Gabrd '~ mice all suggest that
etomidate supports a pattern of electro-
cortical activity that is otherwise typically
recognized as “light” sleep, but through
largely 8GABA,R-independent mecha-
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nisms. The types of sleep that etomidate at .
the thalamus appears to promote are of- )
ten associated with dream-like and hyp-
nogogic mentation in humans (Rowley et
al., 1998; Fosse et al., 2001). Importantly,
such dream-like awareness is also fre-
quently associated with induction of anes-
thesia (Brown et al., 2010).

Figure 9.

MM Etomidate >

The effects of etomidate on electrocortical activity persist with increased GABA concentrations in the ventrobasal
complex. 4, Microperfusion of 30 v etomidate into the ventrobasal complex decreased 1— 4 Hz EEG power during all sleep—wake
states in mice receiving etomidate alone or co-application of the GABA-re-uptake inhibitors NO-711and SNAP-5114. B, Additional
changesin electrocortical activity in different frequency bands with etomidate in the absence and presence of the GABA re-uptake
inhibitors. Plots illustrate the percentage change in theta (4 —8 Hz), alpha (8 —12 Hz), and beta (12—30 Hz) power with 30 um
etomidate relative to aCSF. With the exception of beta power during NREM sleep, note that the effects of etomidate on electro-

cortical activity persisted in mice that also received GABA re-uptake inhibitors into the ventrobasal complex. €, Etomidate at the

The thalamus, sleep, and anesthesia

The extrasynaptic GABA ,R-potentiating
actions of etomidate within the thalamus
have been suspected of mediating its in-
fluence on consciousness (Meera et al.,
2009; Kretschmannova et al., 2013). However, etomidate has
pronounced effects on both phasic and tonic inhibition given its
primary molecular targets, the 3, and 3; GABA R subunits, have
synaptic and extrasynaptic localization (Uchida et al., 1995;

* < 0,001,

ventrobasal complex increased the incidence and duration of spindle-like oscillations. Again, note the absence of differences
between mice receiving etomidate with or without the GABA re-uptake inhibitors. D, The amount of time spent in each sleep—
wake state was also unaffected by etomidate and/or inhibition of GABA re-uptake. Two-way RM ANOVA; *p << 0.05, **p < 0.01,

Belelli et al., 1997; Hill-Venning et al., 1997). Unlike etomidate,
THIP—at concentrations similar to the effective concentrations
used in this study—has no effect on synaptic inhibition in the
ventrobasal complex or RTN in vitro (Belelli et al., 2005). Thus,
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given the absence of §GABA  Rs in the RTN (Pirker et al., 2000),
THIP appears to have minimal, if any, effect on RTN neurons at
clinically relevant concentrations. Different influences on phasic
inhibition in the thalamus and RTN could explain the differing
effects of THIP and etomidate identified here.

Importantly, etomidate also promotes spill-over inhibition in
addition to phasic and tonic inhibition (Herd et al., 2013, 2014).
This form of inhibition is characterized by the recruitment of
extrasynaptic and perisynaptic GABA ,Rs by synaptically released
GABA, which ultimately prolongs evoked IPSCs. The effect of
etomidate on spill-over inhibition, however, requires both syn-
aptic and extrasynaptic GABA,Rs (Herd et al., 2014). Our study
indicates that thalamic 6GABA ,R-mediated tonic and spill-over
inhibition are not required to elicit etomidate-induced electro-
cortical changes, given the lack of effect of genotype. Addition-
ally, we did not identify any major effect of increased extracellular
GABA levels on the effects elicited by etomidate. This finding
indicates that the SGABA ,R-independent effects of etomidate on
electrocortical activity largely persist under conditions that are
favorable to the potentiation of extrasynaptic GABA \Rs. We did,
however, identify an effect of NO-711 and SNAP-5114 on the
etomidate-induced increase in 12-30 Hz signaling, but only dur-
ing NREM sleep. Our results suggest that THIP and etomidate at
the thalamus promote different effects on the thalamo-cortico-
thalamic oscillatory feedback loop. However, both increased
delta power and alpha/beta power are associated with an in-
creased coupling between the thalamus and the cortex (Lopes da
Silva et al., 1980; Steriade et al., 1993). Such an increase in cortico-
thalamic connectivity would occur at the expense of cortical
connectivity with other brain regions. Moreover, increasing in-
hibitory signaling in thalamic neurons—as would be elicited by
THIP and etomidate—would impact the ability of these neurons
to relay sensory input to the cortex. Thus, it is likely that both
THIP and etomidate at the thalamus impair cortical processing of
sensory information. Future studies investigating the effects of
sedative and anesthetic agents at the thalamus on attention and
arousal will confirm or refute this notion.

The differing effects of THIP and etomidate at the thalamus
have important implications in identifying the mechanisms that
distinguish anesthesia from sleep. Our findings implicate, albeit
indirectly, enhanced thalamic phasic inhibition in mediating the
electrocortical signatures of anesthetic induction with etomidate
(Kuizenga et al., 2001). Conversely, enhanced thalamic tonic in-
hibition promotes signatures consistent with deep NREM sleep,
the only naturally occurring brain state in which healthy human
subjects have reported having minimal mentation (Hobson et al.,
2000; Stickgold et al., 2001; Hobson and Pace-Schott, 2002). Fur-
ther in vivo studies that assess the contribution of phasic and
tonic inhibition in the thalamus during sleep and systemic drug-
induced sedation and anesthesia will serve to confirm the role of
these pathways in conscious awareness.
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