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Are Extrasynaptic GABA , Receptors Important Targets for
Sedative/Hypnotic Drugs?

Catriona M. Houston,* Thomas P. McGee,* Georgina MacKenzie, Kevin Troyano-Cuturi, Pablo Mateos Rodriguez,
Elena Kutsarova, Efthymia Diamanti, Alastair M. Hosie,” Nicholas P. Franks, and Stephen G. Brickley
Biophysics Section, Division of Cell and Molecular Biology, Imperial College, South Kensington, London SW7 2AZ, United Kingdom

High-affinity extrasynaptic GABA , receptors are persistently activated by the low ambient GABA levels that are known to be present in
extracellular space. The resulting tonic conductance generates a form of shunting inhibition that is capable of altering cellular and
network behavior. It has been suggested that this tonic inhibition will be enhanced by neurosteroids, antiepileptics, and sedative/
hypnotic drugs. However, we show that the ability of sedative/hypnotic drugs to enhance tonic inhibition in the mouse cerebellum will
critically depend on ambient GABA levels. For example, we show that the intravenous anesthetic propofol enhances tonic inhibition only when
ambient GABA levels are <100 nm. More surprisingly, the actions of the sleep-promoting drug 4,5,6,7-tetrahydroisothiazolo-[5,4-c]pyridin-3-ol
(THIP) are attenuated at ambient GABA levels of just 20 nm. In contrast, our data suggest that neurosteroid enhancement of tonic inhibition will
be greater at high ambient GABA concentrations. We present a model that takes into account realistic estimates of ambient GABA levels and
predicted extrasynaptic GABA , receptor numbers when considering the ability of sedative/hypnotic drugs to enhance tonic inhibition. These
issues will be important when considering drug strategies designed to target extrasynaptic GABA , receptors in the treatment of sleep disorders

and other neurological conditions.

Introduction
Synaptic release of GABA results in the activation of low-affinity
ligand-gated ion channels [GABA, receptors (GABA,Rs)] and/or
G-protein-coupled receptors close to the release site. These synaptic
conductance changes can modify signal integration and network
behavior (Freund and Katona, 2007; Klausberger and Somogyi,
2008). In a number of brain regions, high-affinity extrasynaptic
GABA,Rs can be persistently activated by the ambient GABA pres-
ent in the extracellular space (Farrant and Nusser, 2005; Glykys and
Mody, 2007; Herd et al., 2009). This tonic inhibition can alter neu-
ronal excitability both in vitro (Brickley et al., 2001) and in vivo
(Chadderton et al., 2004). Disturbances in tonic inhibition are asso-
ciated with a number of neurological disorders including depression
(Maguire and Mody, 2008), schizophrenia (Maldonado-Avilésetal.,
2009), and forms of epilepsy (Maguire et al., 2005; Cope et al., 2009).
Itis therefore not surprising that extrasynaptic GABA ,Rs are emerg-
ing as clinical drug targets (Brickley and Mody, 2012).

Propofol may enhance tonic inhibition (Orser et al., 1994)
because of its ability to allosterically modulate GABA ,Rs (Hales
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and Lambert, 1991). Anesthetic concentrations of propofol (1-5
uM) produce a leftward shift in the GABA concentration—re-
sponse relationship that is not associated with an increase in the
maximum response (Franks, 2008). When receptors are fully oc-
cupied by GABA the maximum peak response is attained and no
anesthetic enhancement is possible. At synapses, full occupancy is
not a feature of GABA binding to low-affinity GABA \Rs because
of the very brief nature of the GABA profile relative to the slow
rate of GABA binding (Barberis et al., 2011). In contrast, full
receptor occupancy could be a feature of high-affinity extrasyn-
aptic GABA,Rs, and propofol modulation of tonic inhibition
could be attenuated at high ambient GABA concentrations.

4,5,6,7-Tetrahydroisothiazolo-[5,4-c]pyridin-3-ol (THIP; also
known as gaboxadol) is an experimental sleep-promoting drug
(Wafford and Ebert, 2006) that enhances tonic inhibition because of
its “super agonist” action on extrasynaptic GABA,Rs (Brown et al.,
2002). However, THIP’s greater efficacy compared with GABA is
based on peak concentration—response curves and has not been
established at steady state. We have recently shown that, contrary
to expectations, extrasynaptic GABA,Rs exhibit profound levels
of steady-state desensitization (Bright et al., 2011). In addition,
THIP and GABA compete for the same binding site, but the
apparent affinity of extrasynaptic GABA,Rs for GABA is much
higher. We have therefore examined THIP’s ability to enhance
tonic inhibition when ambient GABA is altered.

Neurosteroids enhance tonic inhibition in a number of brain
regions, and gene knock-out studies suggest that GABA ,Rs con-
taining the & subunit are a principle target for neurosteroids
(Belelli and Herd, 2003; Spigelman et al., 2003; Stell et al., 2003;
Copeetal., 2005). Compared with other agonists, GABA has high
affinity but low efficacy at extrasynaptic GABA,Rs. Allosteric
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modulation of extrasynaptic GABA ,Rs by neurosteroids reflects
an increased probability of channel opening caused by enhanced
GABA efficacy (Bianchi and Macdonald, 2003) and is therefore
expected to occur regardless of ambient GABA levels. The aim of
this study was to establish how variations in ambient GABA levels
may affect the ability of these drugs to modulate tonic inhibition.

Materials and Methods

Recombinant expression. Cell cultures were grown to 70—80% confluence
and maintained at 37°C in 5% CO,. The culture medium (essential
DMEM) was supplemented with 1% nonessential amino acids, 10%
heat-inactivated FBS, 1% penicillin (10,000 U/ml)/streptomycin (10 mg/
ml), and 200 mm L-glutamine. A modified HEK cell line transformed
with the large T antigen from SV40 (HEK293T) was used to promote
high-level episomal replication of plasmid DNA (Ali and DeCaprio,
2001). All plasmids contained the ampicillin resistance gene for selection
during routine plasmid preparation, a cytomegalovirus promoter for
high protein expression, and the SV40 early promoter. Mouse cDNA
encoding the a6, 2, 83, and 8 GABA R subunits was subcloned into the
pRKS5 vector. The human al and y2S cDNA constructs were subcloned
into the pcDNA3.1 vector. HEK293T cells were transiently transfected
with the appropriate GABA R subunit cDNA by using a calcium phos-
phate technique (Chen and Okayama, 1987). The N terminus of the &
subunit was labeled with the fluorescent tag super ecliptic pHluorin
(84gp)- This GFP variant has a pK, of ~7.1 (Ashby et al., 2004), enabling
surface expression to be confirmed with extracellular pH shifts. Using
this approach we established the optimal ratio for recombinant expres-
sion of a6, B2, B3, and & GABA R subunits to be of 1a:18:18 and also
confirmed 8-subunit incorporation into the assembly by assaying zinc
and THIP sensitivity of the resulting receptors (Bright et al., 2011). In the
absence of 84pp, HEK293T cells were cotransfected with an equal amount
of reporter cDNA-encoding GFP to positively identify transfected cells.
Transfected cells were plated onto poly-p-lysine-coated coverslips and
kept in a humidified incubator overnight before electrophysiological re-
cording experiments.

Acute slice preparations. Male adult (35 * 6 d postnatal) C57BL/6]
mice were killed by cervical dislocation followed by decapitation. The
brain was rapidly removed and immersed in ice-cold slicing solution
(slicing ACSF contained the following (in mm): 2.5 KCl, 1 CaCl,, 5 MgCl,
1.25 NaH,PO,, 26 NaHCO;,, 11 glucose, and 250 glycerol) bubbled with
95%0,/5%CO,. The cerebellum was detached from the forebrain, and
brain slices were produced with a vibratome tissue slicer (Campden In-
struments). Sagittal slices were cut at a thickness of 250 wm and imme-
diately transferred to a holding chamber containing slicing ACSF
continuously bubbled with 95%0,/5%CO,. Once slicing was complete
the holding chamber was transferred to a 37°C heat block for 40 min after
which the slicing ACSF was gradually exchanged for recording ACSF
[which contained the following (in mm): 125 NaCl, 2.5 KCl, 2 CaCl,, 2
MgCl, 1.25 NaH,PO,, 26 NaHCO;, and 11 glucose; pH 7.4 when bub-
bled with 95%0,/5%CO,] and allowed to reach room temperature while
the solutions were exchanged before electrophysiological recording
experiments.

Electrophysiology. HEK293T cells and cerebellar neurons were visu-
alized by using a fixed-stage upright microscope (BX51W1; Olympus)
fitted with a high numerical aperture (NA) water-immersion objec-
tive (Leica 40/63X), GFP epifluorescence, and a digital camera. The
recording chamber was continuously perfused with the appropriate
external solution. Solution entered the bath via a gravity perfusion
system at a rate of 3 ml/min. Patch pipettes were fabricated from
thick-walled borosilicate glass capillaries (1.5 mm outer diameter,
0.86 mm inner diameter; Harvard Apparatus) using a two-step verti-
cal puller (Narishige PC-10). Pipette resistances were typically <8
MQ when back-filled with internal solution. The internal solution
contained the following (in mMm): 140 CsCl, 4 NaCl, 0.5 CaCl,, 10
HEPES, 5 EGTA, and 2 Mg-ATP; the pH was adjusted to 7.3 with
CsOH, and QX-314 (100 um) was added to block voltage-gated so-
dium channels. Biocytin (1.5 mg/ml) (Sigma) was also included in the
pipette solution to allow confocal imaging of filled neurons (see be-
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low). The amplifier headstage was connected to an Axopatch 200B or
700B amplifier (Molecular Devices). Fine and course movements of
the pipettes were controlled by micromanipulators (PatchStar; Scien-
tifica) mounted on a fixed platform. The amplifier current output was
filtered at 10 kHz (—3 dB, eight-pole low-pass Bessel) and digitized at
50 kHz by using a National Instruments digitization board (NI-
DAQmx, PCI-6052E). Data acquisition was performed by using
WINWCP (version 4.1.2) and WINEDR (version 3.0.9), kindly pro-
vided by John Dempster (University of Strathclyde, Glasgow, UK).

Drug application. Direct drug application close to HEK293T cells and
cerebellar neurons was performed with a gravity-fed system via an eight-
unit solenoid driver controlled via analog pulses produced from the
WInEDR software. Up to eight different solutions flowed into a small-
diameter manifold tip placed close to the cell by using a manual micro-
manipulator. Bath application of drugs also used a gravity perfusion
system with a flow rate of at least 3 ml/min into a total bath volume of 2.4
ml. Solutions were transferred to the bath via polytetrafluoroethylene
tubing and removed from the bath via a suction line connected to a
peristaltic pump (Pharmacia Biotech P-1).

Confocal imaging. After electrophysiological recording, slices were
fixed in PBS containing 4% paraformaldehyde for 24 h. Biocytin-filled
neurons were conjugated to a streptavadin-linked Alexa Fluor 555 dye
(Invitrogen) at 1:200 dilution in 1% serum and 0.2% Triton-X at room
temperature for 3—4 h. Slices were washed in PBS and mounted in
Vectashield medium (Vector Laboratories) on glass slides with a 13-mm-
thick borosilicate glass cover (VWR International). A Zeiss LSM 510
upright confocal microscope fitted with a HeNe 543 nm laser was used
for excitation of the Alexa 555 dye by using a 40X/1.3 NA oil-immersion
objective with emitted fluorescence passing through a 475 nm long-pass
filter. The pinhole size was set to 1 Airy unit such that the minimal
z-distance was determined according to the equation: z,,;, = 2A,m/NA?,
where 7 is the refractive index of the object medium and A is the emis-
sion wavelength. For these experiments, z,,,;,, was 1.02 wm. The number
of optical slices was determined after setting the depth of the first and last
optical sections. Image pixel spacing was 112.47 nm with 1024 pixels in
both the x- and y-planes, and a scan speed was set to 9.3 s per optical
section. Because of differences in fluorescent intensity it was necessary to
image the soma and neurites at different laser intensities to avoid satura-
tion. To reduce background noise, a 4X frame-averaging protocol was
implemented. Each optical section was then imported into the software
program Image] (version 1.44), and a theoretical point spread function
(PSF) was used for deconvolution of the images. The theoretical PSF was
calculated from the numerical aperture of the lens, the refractive index of
the immersion medium, pixel size, and the image size in the x-, y-, and
z-planes. The images obtained after blind deconvolution were imported
into Reconstruct (version 1.0.9.6) (Fiala, 2005) for 3D representation of
each filled neuron. This software was also used to measure the surface
area of the soma, dendrites, and axon of each filled neuron according to
the simple relationship 0SA = 3| (.ciions length X section thickness,
where length was the perimeter of the object under examination and
section thickness was 1.02 um.

Membrane capacitance estimates. An estimate of total membrane ca-
pacitance (C,,,) was obtained from voltage-clamp data according to the
relationship C,, = Q/AV, where Q is the charge transfer measured from
the current record during a hyperpolarizing 10 mV step in the amplifiers
command voltage (AV). Q was calculated from an average of 20 consec-
utive current transients recorded immediately after breakthrough into
whole-cell configuration at a command voltage of —60 mV. The result-
ing estimate of C,, directly correlated with membrane surface area as-
suming that AV influenced all regions of the cell uniformly and the lipid
bilayer had a similar capacitance per unit area in all membrane compart-
ments. All conductance estimates were normalized to C,, to control for
differences in cell size.

Tonic conductance measurements. Membrane currents were episodically
sampled before and after cell breakthrough to estimate the membrane ca-
pacitance (see above), series resistance, and tonic GABA ,R-mediated con-
ductance throughout the experiment. Changes in membrane current were
recorded continuously by using a voltage protocol that produced a 10 mV
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voltage step followed by a voltage ramp from —90 to +10 mV over a 200 ms
epoch. Before breakthrough this protocol was used to estimate seal resis-
tance, and after breakthrough it was used to estimate series and access resis-
tance. The voltage ramp was used to measure a reversal potential for the net
current flux. Chloride loading of the cell immediately after breakthrough was
used to estimate the tonic GABA conductance at the beginning of the record-
ing session, and this estimate was compared with the tonic GABA conduc-
tance measured from the blocking action of 40 um SR95531 at the end of the
recording session. During experiments on cerebellar granule cells, glutamate
receptors were blocked with the non-NMDA receptor blocker CNQX (5
). To calculate the tonic conductance, all-point histograms of the current
record were constructed at a command voltage of —60 mV, and differences
in the peak amplitude measured from a single Gaussian fit were used to
calculate the amplitude of the standing inward current before and after
breakthrough and also in the presence of 100 um SR95531. The reversal
potential of the membrane current was also used to assay any change in
nonspecific leak during the recording session. In this way we could be con-
fident that any drug-induced change in holding current observed during the
recording session was caused by an action on GABA,R-mediated
conductances.

Drug sensitivity. Propofol stock solutions were prepared with a final
DMSO concentration of <0.001%. For consistency, 0.001% DMSO was
used in all control and GABA solutions. However, the application of
external solution containing 0.001% DMSO to HEK293T cells had no
effect on the holding current (data not shown). Propofol at 1.5 um has
been shown to potentiate GABA ,Rs in acute slice preparations (Zecharia
et al., 2009) while having no direct agonist effect. No direct effect on the
baseline current was seen when 1.5 uMm propofol was applied in the ab-
sence of GABA to a,36 GABA jR-expressing HEK293T cells (data not
shown). Concentration-response data were fitted to a standard Hill
equation of the form:

., [GABA]”
V= VmaECr F [GABA]”

where V.. is the maximum response, [GABA] is the GABA concentra-
tion, ECs, is the GABA concentration that elicits a half-maximal re-
sponse, and # is the Hill coefficient.

Kinetic schemes. Kinetic modeling of GABA ,Rs was performed by us-
ing ChanneLab version 2 (Synaptosoft Inc). The kinetic scheme and rate
constants were based on work described previously (Jones and West-
brook, 1996). This model was modified with the presence of four addi-
tional states that mimicked anesthetics binding with equal affinity to
both the open and desensitized states. The on and off rates for these
propofol-bound states were setat 1 X 107 M~ 's "'and 10 s ™' to give a
Kp of 1 uM. Steady-state whole-cell responses were simulated with the
number of channels set as 100 and a holding current of —100 mV.
Steady-state conductance was calculated from the sum of the two open
states (O1 and O,), each with a single-channel conductance of 30 pS
(Jones and Westbrook, 1996).

Statistical analysis. Distributions were compared by using Origin 8.5
(Microcal) using unconstrained least-squared fitting procedures, and
statistical tests were performed at a 95% confidence level.

Results

Propofol modulation of tonic inhibition depends on

GABA 4R occupancy

Propofol is believed to exert its action on GABA,Rs by shifting
the equilibrium in favor of anesthetic-bound states (Franks,
2008). We used this simple idea to predict the behavior of extra-
synaptic GABA ,Rs during steady-state GABA binding. To avoid
arbitrary adjustment of rate constants (Bai et al., 1999; Li and
Pearce, 2000), propofol was treated as simply binding with equal
affinity (K, = 1 uMm) to the two open and two desensitized states
of the GABA,R kinetic scheme (Jones and Westbrook, 1996)
(Fig. 1 A). This model replicates all of the key actions of propofol
such as prolongation of deactivation and a parallel leftward shift
in the GABA concentration—-response curve (Franks, 2008). Con-
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sistent with these actions, the model predicts that propofol en-
hancement of steady-state responses will be lost at low ambient
GABA concentrations (Fig. 1C). We first tested this prediction on
recombinant receptors of known subunit composition under ex-
perimental conditions where ambient GABA levels could be con-
trolled (Fig. 2A). a6B28-containing GABA,Rs clearly exhibit
considerable steady-state desensitization (Bright et al., 2011)
even when the true peak response has been attenuated to some
degree. Once the GABA response had reached steady state, 1.5 um
propofol was coapplied, and the steady-state conductance was
calculated from single Gaussian fits to all-point histograms (Fig.
2B). On average, 1.5 uMm propofol potentiated sub-ECs, GABA
responses by 34.5 = 11.3% (n = 4), 30.0 = 12.5% (n = 5), and
29.7 £ 11.5% (n = 6) at 15, 30, and 50 nm GABA concentrations,
respectively. However, at the EC,, concentration (250 nM GABA)
propofol enhancement was absent (3.4 = 11.1%; n = 6). Re-
moval of propofol enhancement was also seen at a saturating
steady-state GABA concentration of 1 uM (1.4 * 14.4%; n = 6).
As summarized in Figure 2C, and consistent with our prediction,
propofol enhancement of the steady-state conductance was lost
when ambient GABA concentrations rose above 100 nm. Al-
though this is a surprisingly low GABA concentration, it is within
the expected limits of ambient GABA concentrations reported to
be present in the brain (see Discussion).

We also examined propofol modulation of the tonic con-
ductance recorded from neurons within the internal granule
cell layer of the adult cerebellum, where 8 subunit-containing
GABA 4R expression is specific to granule cells (Shivers et al.,
1989; Laurie et al., 1992; Nusser et al., 1998; Brickley et al,,
2001). As shown in Figure 34, addition of the GABA R antag-
onist SR95531 (40 uM) blocked the tonic conductance re-
corded from a morphologically identified granule cell but did
not alter the baseline conductance in a morphologically iden-
tified unipolar brush cell (Fig. 3B). Morphological identifica-
tion of a typical granule cell is shown in Figure 3C, and a
unipolar brush cell is shown in Figure 3D. Next, we attempted
to alter ambient GABA levels within the slice preparation by
reducing the frequency of vesicular GABA release. As shown in
Figure 3E, the mean frequency of spontaneous IPSCs was
1.9 £ 0.5 Hz (n = 16), but when action potential-dependent
GABA release was blocked with 500 nv TTX the mean fre-
quency of miniature IPSCs was reduced to 0.5 = 0.1 Hz (n = 14).
Lowering vesicular GABA release also halved the tonic conduc-
tance (ANOVA, p = 0.02) from 126 * 24 to 56 = 8 pS/pFin TTX.
Having established a relationship between vesicular GABA re-
lease and the tonic conductance, 1.5 uM propofol was applied to
granule cells in situations of altered GABA release (Fig. 3F-H).
Under normal conditions the average enhancement of the tonic
conductance was 46 * 9% (n = 9), but when GABA release was
reduced with TTX the enhancement was significantly increased
to 163 = 29% (n = 7). The reason for the greater degree of
propofol enhancement of GABA,Rs recorded from native neu-
rons (in TTX) compared with recombinant receptors (Fig. 2C) is
not clear. This may reflect the presence of a lower ambient GABA
concentration in the acute slice, lower receptor occupancy, or a
greater intrinsic propofol sensitivity of native receptors. How-
ever, as predicted from our kinetic model, and confirmed with
recombinant expression studies, propofol’s ability to enhance
tonic inhibition is extremely sensitive to fluctuations in ambient
GABA levels.
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THIP modulation of tonic inhibition
similarly depends on

GABA 4R occupancy

This relationship between ambient GABA
concentration and the actions of an allosteric
modulator such as propofol is not expected of
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a drug such as THIP that is considered to be a
super agonist compared with GABA at &
subunit-containing GABA,Rs (Brown et
al., 2002; Mortensen et al., 2010). Indeed,
consistent with previous reports (Lindquist
et al.,, 2003; Stérustovu and Ebert, 2006),
500 nm THIP gives a robust response at
a6328-containing GABA \Rs (Fig. 4A), but
gives no significant response at alfBy2s-
containing GABA,Rs (208 + 36 pS/pF,
n = 24vs 32 = 96 pS/pF, n = 7). However,
preapplication of GABA greatly attenuated
the THIP-activated conductance (Fig. 4A).
Even in the presence of 50 nM GABA, the
THIP-activated conductance was reduced
by 70% with a mean steady-state conduc-
tance of 60 * 30 pS/pF (n = 9). At 1 um
GABA the THIP-activated conductance was
completely attenuated with a mean steady-
state conductance of —9 = 7 pS/pF (n = 7).
A Hill fit to these data predicted that a
THIP-activated conductance would be 50%
attenuated at an ambient GABA concentra-
tion of just 20 nm.

These observations prompted us to re-
evaluate the GABA and THIP concentration—
response relationship of a6[3268-containing
GABARs. A typical response from the same
cell to 10 um GABA and 10 um THIP is
shown in Figure 4B with the peak and
steady-state responses highlighted. On aver-
age, the peak response to 10 um THIP was
11.4 = 5.2 nS/pF (n = 10) compared with
only4.0 = 0.9 nS/pF (n = 22) in response to
10 um GABA. Therefore, THIP could be
termed a super agonist at a636 receptors
when considering peak responses (Storust-
ovu and Ebert, 2006). However, it is also
clear that 6326 GABA ,Rs exhibit consid-
erable desensitization such that the steady-
state response to 10 um THIP was no greater
than that observed for 10 um GABA. To
highlight this observation, the average data for THIP have been nor-
malized to the 1 mm GABA peak response and plotted in Figure 4C.
A Hill fit to the steady-state GABA responses for a6326 GABA,Rs
resulted in a V,,,, of 0.1 for THIP compared with a V. of 0.2 for
GABA. Therefore, contrary to the situation reported for peak re-
sponses, THIP should not be considered a super agonist under
steady-state conditions.
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As expected, a robust THIP-activated conductance (Fig. 5A) was
elicited in adult cerebellar granule neurons (208 = 20 pS/pF; n =
42), and this response was absent in neurons that lacked 6
subunit-containing extrasynaptic GABA,Rs. For example, 500
nM THIP did not significantly change the holding current of cere-
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A computational model predicts that propofol enhancement of the steady-state GABA response will be lost as
ambient GABA concentrations rise. 4, lllustration of a modified kinetic scheme (Jones and Westbrook, 1996) that incorporates four
additional propofol-bound states (PO,, PO,, PD;, and PD,) that emanate from the two open states (0, and 0,) and the two
desensitized states (D, and D). Each of these anesthetic-bound states has a K}, of 1 wm. B, Plot of open probability (note the log

0,, P0;, and PO,) during the application of GABA and propofol to a total of 100 channels. In these

simulations, GABA was first added alone (0 —20 ) and then in the presence of 1.5 m propofol (20 — 405). The three superimposed
traces were obtained with 100 nmand 1and 10 p.m GABA concentrations. €, The change in open probability of the peak (solid line)
and steady-state (dashed line) response estimated after the addition of 1.5 m propofol is plotted as a function of the GABA
concentration from 1nmto 1 mu. These data were obtained from simulations of the type shown in B. It is clear from these data that
propofol enhancement of the steady-state response (solid line) is lost at lower GABA concentrations than that calculated for the

bellar Golgi cells that also reside within the internal granule cell layer
(mean THIP-activated conductance: 2.8 = 2.0 pS/pF; n = 6). Addi-
tion of 10 uM GABA to the recording ACSF significantly enhanced
the tonic conductance recorded from granule neurons by 125 *+ 33
pS/pF (n = 12). However, as shown in Figure 5B, this preapplication
of GABA attenuated any subsequent THIP-activated conductance in
a concentration-dependent manner. Indeed, preapplication of 100
M GABA resulted in a complete loss of any THIP-induced conduc-
tance (Fig. 5C). The magnitude of the THIP-activated conductance
was then assayed after alterations in the rate of vesicular GABA re-
lease within the slice preparation. As shown in Figure 5D, the THIP-
activated conductance was larger under conditions of reduced
GABA release (TTX). These differences were significant (ANOVA,
p = 0.03) and the mean THIP-activated conductance was 61.8 =
20.5 pS/pE (n = 9) in normal conditions compared with 154.3 =
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ACSF. Similarly, the alphaxalone-induced
tonic conductance (64.6 = 10.5 pS/pF; n =
6), was of a similar magnitude when ambi-
ent GABA levels were lowered with TTX in
the slice preparation (ANOVA, p = 0.5).
Analysis of spontaneous IPSC parameters
recorded during these experiments further
showed that at this concentration of alphax-
alone there was no modulation of IPSC am-
plitude (ACSF, 30.1 = 5.5 pA; alphaxalone,
28.3 = 3.1 pA; ANOVA p = 0.8), decay time
(ACSF, 8 = 1.1 ms; alphaxalone, 9.3 = 1.1
ms; ANOVA p = 0.4), or frequency (ACSF,
1.8 = 0.5 Hz; alphaxalone, 1.3 * 0.4 Hz;
ANOVA p = 0.5). Therefore, the actions of
alphaxalone appeared to be specific to extra-
synaptic 8 subunit-containing GABA,Rs

< Stell et al., 2003).
Steady-state S  Steady-state response ( :
conductance (nS) é Estimates of extrasynaptic GABA R
30 nM 0= 5 counts g number in cerebellar granule cells
GABA R = Our data demonstrate that, under steady-
1 HM _‘CU state conditions, THIP is a low-affinity par-
GABA S tial agonist. It is therefore surprising that
-» 5 THIP is capable of increasing the tonic con-
2 S ductance at all. One plausible explanation is
8‘ that cerebellar granule cells express a surplus
+1.5uM +1.5 uM o of extrasynaptic GABARs that have not
propofol propofol S bound GABA and are therefore available for
= g g 1 ° M THIP binding (see Discussion). To further
4= i 100M 100 fib1 H explore this possibility, we quantified extra-
- [GABA] synaptic GABA,R number in the soma,

Figure2.

an EC, value of 100 nm at which propofol enhancement was lost.

28.6 pS/pF (n = 8) when GABA release was reduced with TTX.
Therefore, in a similar manner to propofol, the THIP-induced con-
ductance was highly sensitive to fluctuations in ambient GABA
levels.

Neurosteroid modulation of tonic inhibition is not influenced
by vesicular GABA release

As shown in Figure 6 A, the endogenous neurosteroid tetrahydrodeoxy-
corticosterone (THDOC) can also potently enhance the steady-state
conductance mediated by a6828 subunit-containing GABA,Rs.
However, contrary to the results described for other drugs examined
in this study, the actions of THDOC (10 nm) and alphaxalone (30
nM) on a6328 subunit-containing GABA ,Rs were enhanced in a
dose-dependent manner by preapplication of GABA (Fig. 6 B). The
ability of two neurosteroids to enhance tonic inhibition in cerebellar
granule neurons has been examined at different ambient GABA con-
centrations. As shown in Figure 7, A and B, 100 nM ganaxolone
potently enhanced tonic inhibition even when the ambient GABA
level was raised with the addition of 100 um GABA to the recording

Propofol’s ability to enhance the steady-state GABA response generated by recombinant 6328 subunit-containing
GABA,Rsis lost when the GABA concentration s raised >100 nu. A, Whole-cell voltage-clamp recording from HEK cells transfected
with «6/328 GABA,,Rs at a command voltage of —60 mV during the application of GABA and propofol. The steady-state current
observed after 30 nm GABA application (left) was clearly enhanced by the application of 1.5 wm propofol (right). A break in the
current record has been introduced to allow for equilibrium of propofol to be achieved. A larger peak response was observed with
a1 um GABA application, but the steady-state response was not enhanced by the subsequent application of 1.5 wm propofol.
B, All-point histogram constructed from the steady-state conductance estimates obtained from the two experimentsillustrated in
A.These data were well described by single Gaussian fits. €, The peak values obtained from the Gaussian fits shown in B were used
to calculate propofol enhancement at different steady-state GABA concentrations. The mean (== SEM) propofol enhancement at
each steady-state GABA concentration (@) was plotted (n = 6 cells), and a Hill fit (sold line) was applied to these data to estimate

axon, and dendrites of cerebellar granule
cells. If there is a surplus of extrasynaptic
GABA 4Rs relative to available GABA mole-
cules, then we would predict a lack of corre-
lation between receptor number and the
tonic conductance recorded from these
cells. Blind deconvolution of confocal im-
ages and subsequent 3D representation of
cerebellar granule cell morphology was used
to quantify the surface area of the soma,
dendrites, and axon of 20 cerebellar granule
neurons in which we also had an electro-
physiological measure of the tonic conductance. From these mea-
sures of membrane area and measured capacitance we estimated a
specific membrane capacitance of 0.63 = 0.04 wF/cm? for cerebellar
granule neurons. Four typical examples of granule cell morphology
in the adult cerebellum are shown in Figure 8 A. These cells have been
rotated to reveal as much of the dendritic structure as possible. The
full extent of the recovered axon is not shown at this magnification.
Figure 8 B shows the quantification of soma, dendrite, and axon
surface area for all granule neurons used in this part of the study.
There was less variance associated with both the dendrite [519 * 48
wm?; coefficient of variation (CV) = 0.46] and soma surface area
(120 = 9 wm? CV = 0.35), compared with the axon surface area
(130 = 25 wm?; CV = 0.97). This greater variance probably reflects
a greater intrinsic error associated with the ability of this technique to
detect signal from such a thin axon. Total extrasynaptic GABA,R
number (2196 = 194; CV = 0.44; n = 25) was then calculated from
receptor density values estimated from a previous high-resolution
EM study in cerebellar granule neurons (Nusser et al., 1998). We
used a density of one and four GABA,Rs per um? for the soma and
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Figure3.  Propofol's ability to potentiate the tonic conductance recorded from adult cerebellar granule cells is attenuated when
ambient GABA levels are high. 4, B, Whole-cell voltage-clamp recordings from a cerebellar granule cell (4) and a unipolar brush cell
(B) are shown ata command voltage of —60 mV during the application of the GABA,R antagonist SR95531 (40 um). The solid bars
illustrate the drug application period demonstrating a clear reduction in the holding current recorded from the granule cell but no
changein the holding current recorded from the unipolar brush cell. Cells were filled with biocytin during whole-cell recording, and
astreptavadin-Alexa 555 conjugation was used to visualize the cell with confocalimaging. €, D, Morphological data obtained from
agranule cell (€) and a unipolar brush cell (D) is shown. The characteristic morphological features of these cells is apparent in these
two images. E, The mean (=£SEM) tonic conductance and IPSC frequency is plotted for all granule cells recorded in control
conditions (n = 16 cells) and in the presence of 500 nm TTX (n = 14 cells) to block action potential-dependent vesicular GABA
release. Itis clear from these data that a reduction in the magnitude of the tonic conductance is associated with a reduction in GABA
release. F, The current trace illustrates the ability of 1.5 wm propofol to enhance the tonic conductance recorded in the presence of
500 nm TTX. The white circles indicate the mean amplitude of the holding current recorded in control conditions and in the presence
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dendrites, respectively, and assumed an ab-
sence of receptors in the axon. We regard
this as a conservative estimate of receptor
density, given the sensitivity of the method
and the fact that functional studies indicate
the presence of axonal extrasynaptic
GABA ,Rs (Trigo et al., 2008). However, the
regression analysis illustrated in Figure 8C
shows a lack of correlation (R* = 0.2) be-
tween our estimate of total extrasynaptic
GABA R number and the magnitude of the
tonic conductance (see Discussion). A sim-
ilar lack of correlation was observed when a
much larger dataset was analyzed using
membrane capacitance as a surrogate for
membrane surface area (Fig. 8 D).

Discussion

This study examines the actions of three
classes of drugs that are believed to modu-
late tonic inhibition in the brain. Unexpect-
edly, the action of the widely used anesthetic
propofol and the sleep-promoting drug
THIP both were significantly reduced by
raising the ambient GABA concentration.
In contrast, the efficacy of neurosteroids was
enhanced by raised ambient GABA concen-
trations. These results are discussed in rela-
tion to known changes in ambient GABA
concentration and in the context of extra-
synaptic GABA ,R number.

Data from recombinant «6328 recep-
tors demonstrate experimentally a com-
plete loss of propofol enhancement at
steady-state GABA concentrations >100
nM (Fig. 2) that is consistent with our pre-
dictions (Fig. 1). It was also possible to
show that increasing the rate of vesicular
GABA release reduced propofol’s ability
to enhance tonic inhibition in adult cere-
bellar granule cells (Fig. 3). Given that
propofol enhancement of tonic inhibition
was never completely attenuated, the am-
bient GABA concentration may not ex-
ceed 100 nM in the slice preparation. In
contrast, the ability of neurosteroids to
enhance tonic inhibition is not attenuated
at high ambient GABA concentrations
and is enhanced because of a reduction in
steady-state desensitization (Figs. 6, 7).
The fact that the action of a so-called su-
per agonist like THIP was attenuated by
raising ambient GABA levels was more

<«

of propofol. These estimates were obtained from Gaussian fits
to the all-point histograms of type shownin Gand H. G, H, The
all-point histograms shown have been normalized to the
mean conductance observed in the presence of 40 wm
SR95531. G, Control. H, TTX. It is clear from these data that
propofol enhancement is significantly greater in TTX condi-
tions where ambient GABA levels in the slice are predicted to
be low.
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Figure 4. THIP is a selective agonist for 6326 subunit-containing GABA,Rs, but under
steady-state conditions THIP is not a super agonist. 4, A plot of the mean (= SEM) steady-state
conductance calculated for 132y and 632 subunit-containing GABA,Rs exposed to 500
nu THIP. A measurable THIP-induced conductance was observed for recombinant receptors of
the 6328 type (n = 24 cells), but this conductance was not apparent for o132y receptors
(n =7 cells), which is consistent with the reported subunit selectivity of THIP. Different con-
centrations of GABA were preapplied to HEK cells expressing «e6326 receptors, and the mag-
nitude of the THIP-induced conductance was then measured. The mean (== SEM) THIP-induced
conductanceis plotted as a function of the steady-state GABA concentration (n = 9 cells). These
data points were well described by the Hill equation with an EC;, GABA concentration of 20 nm.
Attenuation of the THIP-induced conductance was apparent at GABA concentrations as low as
10 nm. B, Whole-cell recordings obtained from 6325 subunit-containing GABA,Rs illustrat-
ing the peak (gray circles) and steady-state (black squares) response to 10 yum GABA and 10 um
THIP. €, Concentration—response curves obtained from «6/328 subunit-containing GABA,Rs
exposed to varying concentrations of THIP (n = 10 cells). All data points were normalized to the
maximum peak response measured at T mm GABA (n = 22 cells). The mean (== SEM) peak (gray
circles) and steady-state (black squares) responses were well described by the Hill equation
with an ECy, of 4.5 pum for the peak response and an ECg, of 240 nu for the steady-state
response. These ECy, values are similar to those previously reported (Mortensen et al., 2010).
V. ax for the THIP peak response curve was 2.3, which is consistent with THIP acting as a super
agonist relative to GABA (dashed black line indicates the peak GABA response). However, under
steady-state conditions this action was not observed, and the V. for the steady-state concen-

max
tration—response curve for THIP was 0.1 compared with 0.2 for GABA.

surprising. However, when steady-state conditions are consid-
ered we see no evidence that THIP exhibits greater efficacy com-
pared with GABA (Fig. 4). Therefore, steady-state behavior of
extrasynaptic GABA ,Rs (Bright etal., 2011) explains why THIP’s
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Figure 5.  The ability of THIP to enhance the tonic conductance in cerebebellar granule
cellsis attenuated at high ambient GABA concentrations. A, Whole-cell recording from an
adult cerebellar granule cell voltage-clamped at —60 mV during the application of 500 nm
THIP followed by the coapplication of 40 um SR95531 to block all GABA,Rs. The white
circles illustrate the mean holding current calculated from Gaussian fits to all-point his-
tograms similar to those illustrated in Figure 2B. B, Another whole-cell recording from an
adult cerebellar granule cell during the application of 10 .um GABA and the coapplication
of 500 nm THIP. The white circles illustrate the mean holding current calculated from
Gaussian fits to all-point histograms. It is clear from this current record that the THIP-
induced conductance is markedly attenuated by preapplication of GABA. (, Plot of the
mean (== SEM) THIP-induced conductance for adult cerebellar granule cells as a function
of the preapplied GABA concentration (n = 12 cells). For comparison, data obtained from
cerebellar Golgi cells (gray circle; n = 6 cells) have also been plotted to illustrate the
selectivity of this agonist for & subunit-containing GABA,Rs. D, Plot of the mean (==SEM)
THIP-induced conductance recorded in control (n = 8 cells) and in the presence of 500 nm
TTX (n = 9 cells) to block action potential-dependent vesicular GABA release. The mean
IPSC frequency was also calculated under these conditions to illustrate the reduction in
vesicular GABA release that occurs in the presence of TTX.
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Figure 6. Neurosteroids enhance the steady-state conductance mediated by «6326

subunit-containing GABA,Rs at low and high GABA concentrations. A, Continuous current re-
cord during the application of 250 nm GABA followed by coapplication of 10 nm THDOC. The
white circles show the mean current obtained from all-point histograms of the steady-state
current trace. B, Plot of the mean (= SEM) neurosteroid-induced steady-state conductance
plotted in proportion to the GABA-evoked conductance (dashed line). It is clear from these data
that the proportional increase in the tonic conductance is greater at higher steady-state GABA
concentrations. Thisis true for both 10 nm THDOC (n = 23 cells) and 30 nm alphaxalone (n = 20
cells). Dashed gray line indicates the control GABA steady-state response.

ability to enhance tonic inhibition is attenuated at high ambient
GABA levels. Our recombinant expression studies also suggest
that THIP’s ability to enhance tonic inhibition will be completely
lost at ambient GABA concentrations >250 nm (Fig. 4) largely
because extrasynaptic GABA,Rs have such high affinity for
GABA that it is not possible for THIP to effectively compete with
GABA binding. However, in native neurons a THIP-induced
conductance was measured in all conditions examined (Fig. 5).
This result is also consistent with a very low ambient GABA con-
centration in the slice preparation. Unfortunately, it is not possi-
ble to accurately predict the ambient GABA concentration from
the magnitude of a THIP-activated conductance, but it would ap-
pear that the number of GABA ,Rs far exceeds the available number
of GABA molecules present in the extracellular space, enabling sur-
plus receptors to bind THIP. The number of GABA molecules sur-
rounding each granule cell can be approximately estimated
assuming certain limits. For example, if the average cell to cell dis-
tance was taken as 50 nm then, at a low ambient GABA concentra-
tion of 25 nM, there would be a total of 800 GABA molecules, but this
estimate would rise to 16,000 GABA molecules at a 1 wm intercel-
lular distance. Assuming that the extracellular volume surround-
ing granule cells is at the lower end of these limits (Barberis et al.,
2011) then the issue of surplus extrasynaptic GABA ,Rs could be
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Figure 7.  Neurosteroids enhance the tonic conductance recorded from adult cerebellar
granule cells at low and high ambient GABA concentrations. A, The current trace is taken from a
whole-cell recording from a cerebellar granule cell during the application of 100 nm ganaxolone
followed by the coapplication of 40 v SR95531. B, The trace is taken from a recording where
100 M GABA was applied before coapplication of 100 nm ganaxolone. The white circlesin A and
B mark the mean current amplitude calculated from Gaussian fits to all-point histograms of the
type shown in Figure 3, G and H. C, Bar graph of the mean (== SEM) alphaxalone-induced tonic
conductance recorded from adult granule cells in control conditions (n = 6 cells), in the pres-
ence of 500 nm TTX (n = 6 cells) and compared with the ganaxolone-induced conductance
recorded in the presence of 100 um GABA (n = 10 cells).

important. Using previous estimates of receptor density obtained
from a high-resolution EM study (Nusser et al., 1998) combined
with estimates of surface area obtained from our 3D reconstruc-
tions (Figs. 2, 8), we estimate that there are in the region of 2000
extrasynaptic GABA ,Rs expressed on a typical granule cell. Two
GABA molecules are required to open a single GABA,R. There-
fore, only 10% of receptors will be fully bound at 25 nm, and it will
require ambient GABA concentrations to increase tenfold before
all available extrasynaptic GABA,Rs can be fully bound. Once
receptor desensitization is taken into account it is not surprising
that the tonic conductance recorded from central neurons is so
small (typically reflecting the opening of only three to four chan-
nels at any given time in a cerebellar granule cells). Moreover, a
lack of correlation between the magnitude of the tonic conduc-
tance and cell surface area (Fig. 8C, D) would be predicted if there
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granule cells. A, Four representative examples of cerebellar granule cell reconstructions obtained after whole-cell voltage-clamp
recording. Cells were visualized with standard confocal microscopy and rendered in 3D to enable estimates of surface area and
dendrite and axon length. In these examples the soma is colored blue, the dendrites are red, and the axon is green. B, A total of 25
cerebellar granule cells were successfully recovered after whole-cell recording, and the surface area of the soma (blue), dendrite
(red), and axon (green) of each cell isincluded in this stacked bar graph. €, The tonic conductance for each cell was calculated from
the holding current, and the total extrasynaptic GABA,R number was estimated from the surface area measurements. Linear
regression analysis (red line) of this dataset (black circles) shows that there is no correlation between the tonic conductance and the
number of extrasynaptic GABA,Rs. This lack of correlation was confirmed with linear regression analysis (dashed line), giving an R
value of 0.028 (p = 0.2; Pearson correlations). D, A similar lack of correlation between the tonic conductance and the measured
membrane capacitance obtained for all cells (n = 134) in this study is shown (grey circles). The black circles highlight the 25
granule cells that were also used for surface area measurements. The dashed line is a linear regression analysis across this entire
dataset with an R? value of 0.0037 (p = 0.4; Pearson correlations), indicating a lack of correlation between the size of a granule
cell and the tonic conductance.
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reported previously that blocking action
potential-dependent GABA release with the
voltage-gated sodium channel blocker TTX
reduced the tonic conductance recorded
from adult cerebellar granule neurons
(Carta et al., 2004; Bright et al., 2011), but
other studies have reported no reduction af-
ter TTX application (Wall and Usowicz,
1997; Hamann et al., 2002). This ambiguity
has led to the suggestion that a novel nonve-
sicular mechanism for elevating ambient
GABA concentrations exists in the cerebellum
(Rossi et al., 2003), and it has been proposed
that permeation of GABA through
bestrophin-1 anion channels could be re-
sponsible for setting the ambient GABA
concentration (Lee et al., 2010). Surpris-
ingly, Lee et al. (2010) reported that block-
ing these swelling-activated channels with
5-nitro-2-(3-phenylpropylamino)  benzoic
acid reduced the tonic conductance, al-
though this drug was shown previously to
have the opposite effect and was reported
to enhance tonic inhibition in cerebellar
granule neurons (Rossi et al., 2003). One
interpretation of these contradictory re-
sults is that the source of ambient GABA
can vary according to physiological and
pathological conditions. In the current
study we have modulated ambient GABA
levels by manipulating the rate of vesicu-
lar GABA, and this manipulation has a
clear impact on the magnitude of the tonic
conductance (Fig. 3B). Therefore, we sug-
gest that under physiological conditions
there is no necessity to invoke a nonve-
sicular source of GABA release, although
it is possible that under pathological con-
ditions other sources of GABA release
could dominate.

Based on the stoichiometry of the GABA
transporter, extracellular GABA concentra-
tions are believed to be in the 10—400 nm
range (Attwell et al., 1993; Richerson and
Wu, 2003; Wu et al., 2006, 2007), and mi-
crodialysis studies have demonstrated that
resting ambient GABA concentration could
be anywhere from 30 nm (de Groote and
Linthorst, 2007) to 300 nM (Richter et al.,
1999; Kennedy et al., 2002; Bianchi et al.,
2003; Xietal., 2003). High-affinity extrasyn-
aptic receptors containing the 6 subunit are
clearly capable of responding to these low
ambient GABA levels to produce a tonic
shunting inhibition in vitro (Brickley et al.,
2001) and in vivo (Chadderton et al., 2004).

is indeed an excess of extrasynaptic GABA,Rs relative to a small
number of GABA molecules in the extracellular space.

It is widely assumed that synaptically released GABA will diffuse
some distance away from the synaptic cleft to influence ambient
GABA levels (Alger and Nicoll, 1982; Destexhe and Sejnowski, 1995;
Rossi and Hamann, 1998; Mitchell and Silver, 2000; Hamann et al.,
2002; Wei et al., 2003; Bright et al., 2011). Indeed, we and others have

Ambient GABA levels can rise further during certain behavioral
states. For example, in the ventral hippocampus the ambient GABA
concentration rises to ~800 nM during exploration (Bianchi et al.,
2003; de Groote and Linthorst, 2007). In the thalamus, ambient
GABA levels are higher during non-rapid eye movement (non-
REM) sleep than during REM or waking states (Kékesi et al., 1997),
and in some pathological conditions ambient GABA levels can rise
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to higher concentrations. For example, in Parkinson’s disease a loss
of dopaminergic drive leads to enhanced GABA concentrations in
the striatum (Kish et al., 1986). Additionally, a number of widely
prescribed drugs (tiagabine, vigabatrin, and gabapentin) enhance
ambient GABA levels by interfering with GABA uptake and me-
tabolism. For example, gabapentin has several pharmacological
actions (Eroglu et al., 2009), one of which involves raising ambi-
ent GABA levels by modulating GABA synthesis via the glutamic
acid decarboxylase (GAD) enzyme (Taylor, 1997). Altered ambi-
ent GABA levels have also been reported after brain injury, and
although enhanced tonic inhibition onto cortical neurons has an
acute neuroprotective role it has also been shown to interfere
with functional recovery in a rodent stroke model (Clarkson et
al.,, 2010). Given that changes in ambient GABA levels are asso-
ciated with such diverse physiological and pathological condi-
tions, the clinical significance of a relationship between ambient
GABA levels and drug potency should be considered. Previous
studies using global subunit knock-out mice to alter extrasynap-
tic GABA 4R number have reported alterations in the potency of
certain anesthetics. For example, the hypnotic actions of alphax-
alone are reduced in 6 knock-out mice (Mihalek et al., 1999) as is
the ability of THIP to prolong non-REM sleep (Winsky-
Sommerer et al., 2007), but the ability of anesthetics such as
propofol and etomidate to increase sleep time were not altered
(Mihalek et al., 1999). A reduction in the propofol-induced sleep
time has been reported in a GAD knock-out line, but this result
cannot be attributed to extrasynaptic receptor modulation at
present (Nishikawa etal., 2011). However, it remains to be estab-
lished whether ambient GABA concentrations in vivo are suffi-
cient to fully occupy the available extrasynaptic GABA,Rs, thus
removing propofol enhancement of tonic inhibition under these
conditions. Neurosteroid modulation of extrasynaptic GABA \Rs
therefore represents a more effective strategy for enhancing tonic
inhibition if ambient GABA levels in vivo are indeed >100 nm.
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