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BACKGROUND AND PURPOSE

Neuronal GABA, receptors are pentameric chloride ion channels, which include synaptic afiy and extrasynaptic 038 isoforms,
mediating phasic and tonic inhibition respectively. Although the subunit arrangement of oy receptors is established as
B-a-v-B-0, that of afid receptors is uncertain and possibly variable. We compared receptors formed from free a1, 3 and 3 or
y2L subunits and concatenated B3-0.1-6 and B3-a1 subunit assemblies (placing & in the established y position) by investigating
the effects of R-(+)-etomidate (ETO), an allosteric modulator that selectively binds to transmembrane interfacial sites between
B3 and al.

EXPERIMENTAL APPROACH
GABA-activated receptor-mediated currents in Xenopus oocytes were measured electrophysiologically, and ETO-induced
allosteric shifts were quantified using an established model.

KEY RESULTS

ETO (3.2 uM) similarly enhanced maximal GABA (1 mM)-evoked currents in oocytes injected with 5 ng total mRNA and
varying subunit ratios, for a133(1:1), a1$38(1:1:1) and a1B38(1:1:3), but this potentiation by ETO was significantly greater
for B3-a1-8/B3-a1(1:1) receptors. Reducing the amount of o.1838(1:1:3) mRNA mixture injected (0.5 ng) increased the
modulatory effect of ETO, matching that seen with B3-a1-8/B3-a1(1:1, 1 ng). ETO similarly reduced ECsos and enhanced
maxima of GABA concentration-response curves for both 01333 and B3-0.1-8/B3-a1 receptors. Allosteric shift parameters
derived from these data depended on estimates of maximal GABA efficacy, and the calculated ranges overlap with allosteric
shift values for o.183y2L receptors.

CONCLUSION AND IMPLICATIONS
Reducing total mMRNA unexpectedly increased & subunit incorporation into receptors on oocyte plasma membranes. Our
results favour homologous locations for § and y2L subunits in o1337y2/8 GABAa receptors.

Abbreviations
ETO, etomidate; MWC, Monod-Wyman-Changeux; THDOC, tetrahydrodeoxycorticosterone

Introduction gous GABA, receptor subunit subtypes (a1-06, B1-83, y1-y3,

§, ¢, m and 0) (Olsen and Sieghart, 2008). GABA, receptors in
GABA, receptors are ligand-gated pentameric chloride ion vivo are predominantly composed of offd and ofy isoforms
channels formed by five subunits from among 16 homolo- (McKernan and Whiting, 1996). The ofy receptors are mainly
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postsynaptic, mediating phasic neuronal inhibition, whereas
offd receptors are extrasynaptic, mediating tonic inhibition
(Mody and Pearce, 2004; Farrant and Nusser, 2005). The
subunit stoichiometry of heterologously expressed ofy recep-
tors is well established as 20:2B:1y (Chang et al., 1996; Tretter
et al., 1997), with a counterclockwise subunit arrangement of
B-a-y-B-o viewed from the extracellular space (Baumann et al.,
2001). Several studies of recombinant o386 receptors are con-
sistent with subunit stoichiometry and arrangement similar
to those of afy receptors (Barrera et al., 2008; Botzolakis et al.,
2008; Shu et al., 2012). However, variable subunit stoichiom-
etry and arrangements in expressed ofd receptors have been
suggested by quantitative biochemical studies varying the
ratio of subunit-encoding DNAs (Wagoner and Czajkowski,
2010) and functional comparison of of§§ receptors formed
from free subunits with various concatenated subunit assem-
blies (Kaur et al., 2009).

GABA, receptors are positively modulated by many
general anaesthetics including propofol, etomidate (ETO),
pentobarbital and alphaxalone (Hevers and Luddens, 1998;
Feng, 2010; Akk and Steinbach, 2011; Forman and Miller,
2011) and by endogenous neurosteroids such as tetrahydro-
deoxycorticosterone (THDOC) (Wohlfarth et al., 2002; Stell
et al., 2003; Hosie et al., 2006). Many studies have reported
that THDOC increases maximal GABA-activated o3
receptor-mediated currents (Wallner et al., 2003; Zheleznova
et al., 2008; Kaur et al., 2009; Meera et al., 2009; Baker et al.,
2010; Baur et al., 2010), with the degree of positive modula-
tion varying from several fold to more than 20-fold. This wide
range of effects could reflect variable § subunit stoichiometry
and subunit arrangements producing different numbers and
types of THDOC sites (Shu et al., 2012). However, inferences
regarding ofd receptor stoichiometry and arrangement
cannot be drawn from THDOC modulation because the struc-
tures forming neurosteroid sites on GABA, receptors remain
undefined (AKKk et al., 2004; Hosie et al., 2006; Bracamontes
etal., 2011). In contrast, R-(+)-ETO is known to modulate
alB2/3y2 GABA, receptors selectively via two binding sites
located at transmembrane subunit interfaces between o-M1
and B-M3 domains (Li et al., 2006; Chiara et al., 2012). A
quantitative model describing ETO modulation of GABA,
receptor activity has been validated for al1B2y2L receptors
formed from free or concatenated subunits and activated
with either full or partial agonists (Rusch etal., 2004;
Guitchounts et al., 2012). ETO also enhances 04p3d receptor
currents (Brown et al., 2002; Meera et al., 2009), although the
number and location of its sites in of3§ receptors remain
unexplored.

We hypothesized that if the subunit stoichiometries or
arrangements of o133y2 and o133 differ, then the number of
a1-M1/B3-M3 interfacial ETO sites on both receptor isoforms
would differ, resulting in divergent allosteric effects with
bound ETO. We heterologously expressed, in Xenopus
oocytes, 01338 and o.1B3y2L receptors formed from free subu-
nits as well as concatenated (3-01-8/B3-a1 receptors
(designed to form pentamers with § in the same position as
v2L in 01B3y2L receptors) and compared ETO modulation of
these receptors using two microelectrode electrophysiology
and quantitative allosteric model analysis.

Our results show that in oocyte-expressed o138 receptors
formed from free subunits, modulation of maximal GABA-
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elicited responses by both ETO and THDOC depends on
subunit mRNA ratio and the total mRNA injected. Under
expression conditions that optimize allosteric gating modu-
lation, ETO produces similar upward (increased maximum)
and leftward (reduced ECs) shifts of GABA concentration-
response curves for both free subunit o138 and concat-
enated $3-01-8/B3-01 receptors. Quantitative allosteric shifts
calculated for ETO modulation of both 138 and a1B3y2L
receptors did not differ significantly. Our results indicate that
conditions leading to efficient § subunit incorporation into
Xenopus oocyte-expressed GABA, receptors differ from those
for y2L incorporation. They also favour the hypothesis that
a1B38 and ol1B3y2L receptors have a similar number and
configuration of ETO sites formed by 83 and a1 subunits.

Methods

Animals and oocyte harvest

Animal procedures were approved by the Institutional
Animal Care and Use Committee of Massachusetts General
Hospital. Frogs were purchased from Xenopus 1, Dexter,
Michigan, and ~20 frogs were used in these experiments.
They were kept in fresh water at 18°C (1-2 frogs per cage). The
room was on a 12-h/12-h light/dark cycle (light on 07 h-19 h)
in a facility that was supervised by veterinarians.

Oocytes were harvested through a mini-laparotomy with
frogs anaesthetized, by immersion in water (~20°C) contain-
ing 0.1% tricaine (Sigma-Aldrich, St. Louis, MO, USA). After
15-20 min, the depth of anaesthesia was assessed by pinch-
ing the abdomen and lower limbs of the frog with forceps to
see if any movement, such as kicking, occurs. The lapa-
rotomy was performed only after adequate anaesthesia was
attained, based on lack of leg pinch responses. Oocytes were
treated with type II collagenase (3.3 mg-mL™) (Worthington
Biochemical, Lakewood, NJ, USA) for 3 h, washed and main-
tained in ND96 solution (see below for ionic concentrations)
supplemented with antibiotics: gentamicin (0.05 mg-mL™;
Invitrogen, Grand Island, NY, USA), amikacin (100 ug-mL;
Sigma-Aldrich) and ciprofloxacin (2 mg-mL™; Sigma-
Aldrich). All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al.,, 2010; McGrath
etal., 2010).

Expression of recombinant GABA, receptors
in oocytes

The cDNAs encoding human o1, rat 3, §, B3-0.1-8 trimer and
B3-01 dimer GABA, receptor subunits were generously pro-
vided by Dr Erwin Sigel (Department of Biochemistry and
Molecular Medicine, University of Bern, Switzerland). The
linker between 33 and a1 subunits is composed of 23 amino
acids (QsA;PTGQA;3PA:Qs), and that between a1 and & subu-
nits is 10 amino acids (Q4sTGQ,) (Kaur et al., 2009). These
subunit cDNAs as well as cDNAs encoding human ol, 3
and 2L subunits were subcloned into pCMV or pcDNA3.1
vectors. Receptor nomenclature follows BJP’s Concise Guide to
PHARMACOLOGY (Alexander et al., 2013). mRNA was syn-
thesized using mMESSAGE mMACHINE kits (Ambion,
Austin, TX, USA) from linearized cDNA templates, and a



poly-A tail was added to mRNA [Poly(A) Tailing Kits;
Ambion]. Subunit mRNA concentrations were determined
spectrophotometrically. mRNAs mixed at different molar
ratios were diluted to desired final concentration (0.01-
0.1 ng-nL™") and microinjected into oocytes (50 nL total).
Oocytes were incubated at 18°C in ND96 supplemented with
antibiotics until used for electrophysiology (24-72 h).

Two electrode voltage clamp electrophysiology
Oocytes were placed in a low-volume (30 uL) flow chamber
continuously perfused by ND96 solution at a rate of
3 mL-min~. Whole-cell currents were recorded from oocytes
using the two electrode voltage clamp technique at room
temperature (21-23°C). Recording electrodes were pulled
from borosilicate capillary glass (i.d. = 0.68 mm, o.d. =
1.2 mm) (A-M Systems, Sequim, WA, USA). Electrodes were
filled with 3 M KClI, and resistance was 1.0-1.4 MQ.

Oocytes were voltage clamped at —50 or =70 mV (model
OC-725C; Warner Instruments, Hamden, CT, USA). Scaled
current output was low-pass filtered at 1 kHz, digitized at
100 Hz via a Digidata 1322A interface (Molecular Devices,
Sunnyvale, CA, USA) and recorded using Clampex 9.2 soft-
ware (Molecular Devices). GABA and/or modulator solutions
were delivered for 25s using a custom-built computer-
actuated valve controller. A washout interval between con-
secutive applications ranged from 1 to 5 min depending on
the drug concentrations applied. To study the effect of a
modulator (ETO, THDOC or zinc) on free or concatenated
a1B38 receptors with different molar ratios and total mRNA
amounts, the modulator was pre-applied for 30s before
co-application of GABA (1 mM) and modulator. GABA
concentration-response curves were examined in the absence
or presence of 3.2 uM ETO for a1B38 receptors expressed from
diluted free or concatenated subunits. ETO was not pre-
applied when GABA concentration-response curves were per-
formed. Spontaneous channel activity was investigated by
applying a GABA, receptor antagonist picrotoxin (2 mM) in
the absence of GABA.

Chemicals and solutions

R-(+)-ETO [2 mg-mL™" in 35% propylene glycol/water (v v
formulation] was obtained from Hospira Inc. (Lake Forest, IL,
USA), and other chemicals were purchased from either Sigma-
Aldrich or Fisher Scientific (Fair Lawn, NJ, USA), unless oth-
erwise mentioned. ND96 solution was composed of (in mM)
100 NaCl, 2 KCl, 1 CaCl,, 0.8 MgCl,, 1 EGTA and 10 HEPES,
pH 7.5. EGTA was omitted from ND96 when ZnCl, was used
in the experiments. GABA (1 M) and ZnCl, (10 mM) stock
solutions were prepared in water, and THDOC stock (10 mM)
was prepared in DMSO. Solutions were prepared by diluting
the stock solution with ND96 on the day of the experiment.
The final concentration of DMSO in experimental solutions
was 0.01%. ETO was diluted into ND96. Picrotoxin (2 mM)
was dissolved in ND96 by prolonged gentle shaking.

Data analysis

Currents were analysed offline using Clampfit 9.2 (Molecular
Devices). Enhancement of saturating GABA (1 mM)-evoked
currents by ETO (3.2 uM) or THDOC (1 pM) was determined
using the ratio of the peak current elicited by co-application
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of GABA and ETO (THDOC) and that evoked by GABA alone.
For GABA concentration-response data, all currents were
normalized to control currents evoked by 1 mM GABA. Nor-
malized concentration-response data were fitted using non-
linear least squares with a variable slope logistic equation:
I = Iyax /(1 + 10 0sECs0-LoglGABADHillslope ) T §5 the normalized peak
current. In. is the maximal peak current. ECs, is the GABA
concentration eliciting 50% of maximal response. Data are
reported as mean = SEM, unless otherwise noted. THDOC,
ETO or zinc modulation results in various receptors expressed
under different conditions were compared using one-way
ANOVA with a post hoc Tukey’s multiple comparison test. Sta-
tistical significance was inferred if P was less than 0.05.

Allosteric modelling
Allosteric gating shifts caused by ETO were quantified using a
modification of the approach we have previously described
for fitting a Monod-Wyman-Changeux (MWC) allosteric
co-agonist model (Stewart et al., 2013) to estimated open
probability values. Fits were performed using Origin 6.1
(Microcal, Northampton, MA, USA).
Estimated open probability (Psy.,) was calculated by
explicitly adding average spontaneous activity (Lp%j to
GABA
normalized activated currents ( — ) and renormalizing to
GABA

the full range of open probability, bracketed by maximal

max
ETO-enhanced current (IGABﬂ; Popen = 1.0) and picrotoxin-

max
GABA

blocked basal current (Popen = 0):

I I
4

[max [max
Pest - GABA GABA (1)
open [max 1
GABA+ETO + PTX

GRia 18R
For a1B38(1:1:3, 0.5 ng) and B3-01-8/B3-a1(1:1, 1 ng) recep-
tors in this study, picrotoxin did not shift basal currents
(n = 4 for each receptor), indicating a lack of detectable

spontaneous channel activity. Thus, was set at 0. In

max
GABA

concentration-response studies of o1B38 receptors, maximal
GABA alone produced responses that were 14- to 20-fold
lower than those with GABA plus 3.2 uM ETO. We also esti-
mated maximal Py, in the presence of 3.2 uM ETO by com-
paring responses to those with GABA + 10 uM ETO, which
were assumed to represent response of all activatable recep-
tors (Popen = 1.0) because 30 uM ETO did not further enhance
currents. For o1B38(1:1:3, 0.5 ng) receptors, 3.2uM ETO
enhanced GABA responses significantly less than 10 uM (1 =
6; P < 0.05), and the ratio of I3%5a.32em0/I885A0er0 Was 0.6 £
0.11 (mean % SD). For B3-01-8/B3-a1(1:1, 1 ng) receptors, this
ratio was 0.76 £ 0.097 (n = 5; P < 0.05). Multiplying these
results with ratios for 1835a/I%%ass2em0 produced GABA effi-
L&R8A

cacy estimates ( ) for both free and concatenated

Ig‘/gﬁAﬂOETO
o1B34 receptors ranging from 0.03 to 0.0S.

Non-linear least squares fits to the MWC two-state
co-agonist mechanism (Equation 2a) used average P, data
from GABA concentration responses with and without
ETO. Both [GABA] and [ETO] are independent continuous
variables:
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o 1
e Lol x ( 1+[GABAJ/Kg )2( 1+[ETOJ/K; )”E (2a)
* "\ 1+[GABA)/cKs ) \1+[ETO}/dK;

L, in Equation 2a is a dimensionless basal equilibrium gating
parameter, approximately Py'. In this study, L, was set at
25 000 based on previous estimates for a1B2y2L GABA, recep-
tors (Rusch et al., 2004; Stewart et al., 2013). K; and K; are
dissociation constants for GABA and ETO interactions with
closed receptors, whereas ¢ and d are single-site efficacy
parameters for GABA and ETO respectively. The parameter nE
represents the number of ETO sites, usually 2.

We modified the fitting procedure, transforming Equation
2a into a bimodal function with global parameters for GABA
affinity (Kg) and efficacy (c), and a single allosteric shift
parameter, D, for the ETO concentration we tested:

1
( 1+[GABA]/Kqg )Z( 1+[ETO]/10° j (2b)
1+ Lo x
1+[GABA)/cKg 1+[ETO]/10°D

In the modified fitting procedure, [ETO] was treated as a
binary variable with a value of O when absent and 1 when
present. The value of Kz = 10° was chosen so that in the
presence of ETO, [ETO]/K; = 10°, mimicking full ETO site
occupancy. We also set nE = 1. With these conditions, when
1+[ETOJ/10°
1+[ETOJ/10°°D
2b describes the concentration response of GABA alone
acting at its two agonist sites:

Popen =

ETO is absent, [ETO] =0, ( j =1 and Equation

1
Popen: 2
1+[GABAJ/K; (3a)
1+ Lo X| ——————
1+[GABAJ/cKg
When ETO is present, [ETO] = 1, [ETO]/Kz = 10°

(M) = D and Equation 2b becomes:
1+[ETO1/10°D

1
1+[GABA)/Ks Y (3b)
1+[GABA]/cKg j

Popen:
1+ L, ><D><(

Thus, when Py, data for GABA concentration-responses in
both the absence and presence of ETO are simultaneously
fitted using the modified procedure, we obtain estimates
(mean + SEM) for Kg, ¢ and D, the latter representing the
allosteric shift produced by the experimental ETO concentra-
tion. This calculation makes no assumptions about, nor
derives estimates for, the affinity, efficacy or number of ETO
sites. Its purpose is to quantify allosteric shift by a given
modulator concentration, enabling comparisons between
receptors where GABA efficacy differs widely, as it does for
a1B3y2 versus 01338 receptors.

Results

Allosteric modulation of a1336 GABA4
receptors formed from free or concatenated
subunits with different molar ratios and total

mMRNA amounts
We first examined the modulation by THDOC of o133 and
0138 GABA, receptors formed from free or concatenated
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subunits with different molar ratios and total mRNA
amounts, including o1p3(1:1, 5ng), «lf38(1:1:1, 5 ng),
al1B38(1:1:1, 0.5 ng), «1B358(1:1:3, 5 ng), 1p35(1:1:3, 0.5 ng),
B3-01-8/B3-a1(1:1, Sng) and P3-01-§/f3-al(1:1, 1ng).
THDOC at 1 uM potentiated saturating GABA (1 mM)-evoked
currents for all the receptors tested (Figure 1A and B). ANova
analysis (Figure 1B) indicated that THDOC enhancement was

A
THDOC — — - -
GABA - - - - -- --

W

40 s

'.vyjf‘%”fjf*

N

™

Fold of potentiation

Figure 1

Modulation by THDOC of a:1338 GABAa receptors expressed from
free or concatenated subunits with different molar ratios and total
mRNA amounts. (A) Representative current traces evoked by satu-
rating concentration of GABA (1 mM) as well as co-application of
1 mM GABA and 1 uM THDOC with THDOC pre-applied for 30 s.
Receptors were expressed by injection of GABA, receptor subunits
into oocytes with different molar ratios and total MRNA amounts (see
corresponding receptors in panel B). The horizontal bars above each
current trace indicate the application of GABA and THDOC respec-
tively. The timescale is the same, and the amplitude scale is 1 pA for
all current traces. (B) The fold of potentiation by THDOC for o133
receptors as well as o138 receptors formed with different molar
ratios and total mMRNA amounts injected into oocytes. The error bars
represent SEMs. *Significantly different from a1833(1:1:1, 0.5 ng)
receptors at P < 0.001. #Significantly different from o133(1:1, 5 ng),
o1B38(1:1:1, 5 ng) and a1B38(1:1:3, 5 ng) receptors at P < 0.01 or
0.001.



not significantly different for receptors expressed with three
mRNA mixes at 5 ng per oocyte: a1B3(1:1, 5 ng), 1.6 £ 0.2,
(n=6); a1B358(1:1:1, S ng), 2.5+ 0.2, (n=6); and a1B35(1:1:3,
5ng), 5.3 +£0.8, (n=9). Significantly more THDOC potentia-
tion was observed for B3-01-8/B3-al(1:1, 5ng) receptors
(119 £ 1.7, n = 9; P < 0.01). Oocytes injected with 0.5 ng
a1B38(1:1:1, 0.5 ng) mRNAs displayed greater THDOC poten-
tiation (8.6 £ 0.9, n = 6) than that in a1B3(1:1, 5 ng) receptors
(P < 0.05), but not statistically different from o1B358(1:1:1,
5ng), a1p38(1:1:3, 5 ng) and B3-01-8/B3-a1(1:1, 5 ng) recep-
tors. The largest THDOC potentiations were observed in
al1PB38(1:1:3, 0.5 ng) (25.7 £ 2.6, n=7) and B3-01-8/B3-01(1:1,
1 ng) receptors (23.0 + 1.0, n = 6), both significantly greater
(P < 0.001) than that in «l1p38(1:1:1, 0.5 ng) receptors
(Figure 1B).

We next examined potentiation by 3.2 uM ETO in oocytes
injected with the same mRNA mixtures tested against
THDOC. Allosteric modulation by ETO in this second set of
oocytes was similar to that by THDOC (Figure 2A and B). ETO
produced significantly greater potentiation in P3-o1-8/B3-
al(1:1, 5 ng) receptors (14.6 = 2.0, n = 12) than in a1p3(1:1,
5ng) (1.7£0.2,n=8; P<0.01), a1B35(1:1:1, 5 ng) (3.2+£0.3,
n=9; P<0.01) and a1p35(1:1:3, 5 ng) receptors (4.4 £ 0.2, n
=9; P <0.05). Reducing total mRNA injected for 1335 recep-
tors (0.5-1.0 ng) also produced more ETO potentiation. ETO
potentiation was greatest in a1338(1:1:3, 0.5 ng) (26.4 + 4.4,
n=9) and B3-01-6/B3-a1(1:1, 1 ng) receptors (34.4 £ 3.8, n =
6), and both results were significantly higher than those in
alPB38(1:1:3, 5Sng), PB3-a1-6/f3-al(1:1, Sng), alp3d(1:1:1,
0.5 ng) and a1B358(1:1:1, 5 ng) receptors (P < 0.01 or 0.001 for
all pairs; Figure 2B).

In addition to the positive modulators, we also examined
the effect of zinc, a negative GABA, receptor modulator, on
the currents of o1fB3(1:1, 5ng), alB38(1:1:3, 0.5 ng) and
B3-01-8/p3-a1(1:1, 1 ng) receptors evoked by corresponding
ECso GABA. In line with previous studies in oocytes (Karim
etal., 2012; Shu et al., 2012), Zn** at 1 uM inhibited GABA
(3 uM)-induced currents of ol1f3(1:1, 5ng) receptors by
87.2 + 1.7% (n = 6). Zn* (1 uM) produced significantly less
inhibition in both a1B38(1:1:3, 0.5 ng) (32.5 £ 4.9%, n = §;
P < 0.001) and B3-01-8/B3-a1(1:1, 1 ng) receptors (27.2 *
4.2%, n=7; P <0.001).

ETO produces similar upward and leftward
shifts of GABA concentration responses for

ol B36(1:1:3, 0.5 ng) and B3-al-6/B3-al(1:1,
1 ng) receptors

We examined GABA concentration responses with and
without ETO (3.2 uM) in o1B38(1:1:3, 0.5 ng), B3-a1-8/B3-
al(1:1, 1 ng) and al1B3y2L(1:1:5, 5 ng) receptors in order to
compare ETO modulation of these channels quantitatively.
The GABA ECs, for o1B38(1:1:3, 0.5 ng) receptors was
10.3 uM (n = 4). ETO (3.2 uM) produced an approximately
threefold leftward shift (GABA ECso = 3.7 uM, n = 4), and an
~17-fold (17.3 £ 2.0) increase in maximal GABA responses
(Figure 3). Concatenated B3-a1-6/f3-a1(1:1, 1 ng) receptors
displayed a higher GABA ECsy (74.7 uM, n = 7), consistent
with previous reports (Kaur et al., 2009; Baur et al., 2010). In
B3-01-8/p3-01(1:1, 1 ng) receptors, ETO produced an approxi-
mately threefold leftward shift (GABA ECso = 22.2 uM) and a

Etomidate modulation of o3d GABA, receptors

vo)

Fold of potentiation

Figure 2

Modulation by ETO of 01338 GABA, receptors expressed from free or
concatenated subunits with different molar ratios and total mRNA
amounts. (A) Representative current traces evoked by saturating
concentration of GABA (1 mM) as well as co-application of T mM
GABA and 3.2 uM ETO with ETO pre-applied for 30 s. Receptors
were expressed by injection of GABA, receptor subunits into oocytes
with different molar ratios and total mRNA amounts (see correspond-
ing receptors in panel B). The horizontal bars above each current
trace indicate the application of GABA and ETO respectively. The
timescale is the same, and the amplitude scale is 1 pA for all current
traces. (B) The fold of potentiation by ETO for o183 receptors as well
as o1B38 receptors formed with different molar ratios and total
mRNA amounts injected into oocytes. The error bars represent SEMs.
*Significantly different from o1p38(1:1:1, 0.5 ng) receptors at
P < 0.01 or 0.001. #Significantly different from a1B3(1:1, 5 ng),
a1B38(1:1:1, 5 ng) and a1B38(1:1:3, 5 ng) receptors at P < 0.05
or 0.01.

large (14.0 + 2.2-fold) increase in maximal response at high
GABA (Figure 4).

ETO effects on GABA concentration-response parameters
for a1B3y2L receptors differed from those observed in a1338
receptors. The GABA ECsy in a1B3y2L receptors was 7.8 uM
(n =6), and 3.2 uM ETO produced about a 10-fold leftward
shift (GABA ECso = 0.79 uM, n = 7) (Figure 5A). Maximal peak
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Figure 3

ETO modulation of GABA concentration-response data for
o1B38(1:1:3, 0.5ng) receptors. (A) Examples of current traces
evoked by increasing concentrations of GABA (in uM) as well as
co-application of each concentration of GABA and ETO (3.2 uM) for
o1B38(1:1:3, 0.5 ng) receptors. (B) The concentration-response
curves for GABA alone (triangles) and co-application of GABA with
3.2 uM ETO (squares) were plotted for o.1838(1:1:3, 0.5 ng) recep-
tors. ETO produced upward and leftward shifts of the concentration—
response curve for the receptors. The horizontal bar above each
current trace indicates GABA application or co-application of GABA
and ETO. n = 4 cells for GABA or GABA + ETO concentration—
response curve. The error bars represent SEMs.

a1B3y2L receptor currents elicited with 1-3 mM GABA plus
ETO were 24% greater than those with GABA alone.

ETO produces similar allosteric modulation

in o1B36 and ol B3y2L receptors

We quantified ETO-induced allosteric shifts in GABA concen-
tration responses using a modified global fit procedure and an
established model that accounts for allosteric modulation of
o1B2y2L responses to both full and partial agonists (Rusch
et al., 2004). In the modified fit procedure, we treated ETO as
a binary variable (0 or 1) and collapsed parameters for ETO
affinity (K;), efficacy (d) and number of sites (nE) into a single
allosteric shift parameter, D (see Equations 2b, 3a and 3b in
Methods section).
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ETO modulation of GABA concentration-response data for 33-o1-8/
B3-a1(1:1, 1 ng) receptors. (A) Examples of current traces evoked by
increasing concentrations of GABA (in M) as well as co-application
of each concentration of GABA and ETO (3.2 uM) for B3-a1-8/B33-
a1(1:1, 1 ng) receptors. (B) The concentration-response curves for
GABA alone (triangles) and co-application of GABA with 3.2 uM ETO
(squares) were plotted for 33-01-8/$3-a1(1:1, 1 ng) receptors. ETO
produced upward and leftward shifts of the concentration-response
curve for the receptors. The horizontal bar above each current trace
indicates GABA application or co-application of GABA and ETO. n =
7 cells for GABA or GABA + ETO concentration-response curve. The
error bars represent SEMs.

For a1B3y2L receptors, maximal GABA efficacy was esti-
mated at 0.80. Allosteric shift analysis of a133y2L P, values
resulted in a good fit (R* = 0.998) and an allosteric shift factor
(D in Equation 3b) of 0.021 (Figure 5B; Table 1).

For comparison of allosteric shifts in o138 receptors,
P, was calculated for maximal GABA efficacy values
ranging from 0.03 to 0.05. This range is based on both ETO
enhancement of responses to maximal GABA alone (Figure 2)
and on measurements estimating the efficacy of maximal
GABA plus 3.2 uM ETO (by comparison with GABA plus
10 uM ETO). Allosteric shift parameters for ol1p36(1:1:3,



Normalized response

O0+—

i F Sl T J T mr
0 10-8 10-7 10-% 10-5 10-4 10-3
GABA (M)

Estimated Popen
o
'S

7T T T T

104 1073
GABA (M)

Figure 5

Etomidate modulation of o3d GABA, receptors

Estimated Popen

00)—F
0 40® 107" 0% 405 A0 1070
GABA (M)

==
o
]

o
%)
1

o
o
1

o
~
1

o
N
L

— O——O—O—0—0—20

10-°

o
o
1

104 103
GABA (M)

%

ETO allosteric shift quantified in 0133y2L and a1B38 receptors using MWC co-agonist fits with [ETO] as a binary parameter. (A) Normalized
GABA-dependent responses (mean £ SD; n > 5) for a133y2L receptors are plotted. Lines underlying data points are fits to logistic functions. Open
symbols are control GABA responses: max = 100 + 2.5, ECso = 7.8 (5.0-10.3) uM, nH = 1.3 £ 0.18. Solid red symbols are GABA responses in the
presence of 3.2 uM ETO: max = 124 £ 3.0, ECso = 0.79 (0.55-1.14) uM, nH=1.2 £ 0.21. (B-D) Estimated Pquen Was calculated from average data
for a1B3y2L receptors from panel A (B), B3-01-8/B3-0.1 receptors from Figure 4 (C) and o133 receptors formed from diluted free subunits from
Figure 3 (D), as described in Methods section. Simultaneous non-linear least squares fits to Equations 3a and 3b were performed as described in
Methods section, using [ETO] as a binary parameter (either 0 or 1). (C) Shows B3-a1-8/B3-0.1 receptor results with GABA efficacy = 0.05, and (D)
shows o133 receptor results with GABA efficacy = 0.03. The allosteric shifts associated with 3.2 uM ETO are reported in Table 1 along with other

fitted parameters.

0.5 ng) receptors ranged from 0.0072 to 0.021, and the shift
parameters for B3-01-8/f3-ct1(1:1, 1 ng) receptors ranged
from 0.018 to 0.035 (Figure 5C and D; Table 1).

Discussion

Although of36 GABA, receptors are recognized as important
mediators of neurosteroid modulation and general anaes-
thetic actions (Belelli et al., 2009), no consensus has emerged
on the pentameric arrangement of o, B and 8 subunits formed
from heterologously expressed free subunits, or that in
neurons. Expression of concatenated assemblies of GABA4
receptor subunits was instrumental in defining the assembly
of offy receptors (Baumann et al., 2001) and has been previ-
ously applied to of§d (Kaur et al., 2009; Sigel et al., 2009; Baur
et al., 2010; Shu et al., 2012). However, several issues contrib-
ute to a lack of clarity emerging from these studies. First, as
discussed below, oocyte expression of free o, B and & subunits,

more so than for offy, apparently results in different subunit
arrangements, depending on the subunit subtypes, the
mRNA ratio and, as we demonstrate, the total amount of
mRNA injected. Thus, the configuration and functional prop-
erties of ‘control’ receptors formed from free subunits may
vary among studies, or even within a single study. Second, in
most previous studies, comparison of receptors has been
based on both GABA sensitivity and neurosteroid modula-
tion. Subunit concatenation is associated with increased
GABA ECss in both afy (Baumann et al., 2002; Steinbach and
AKk, 2011) and of3d receptors (Kaur et al., 2009; Baur et al.,
2010), a result we also observed in the current study, making
this functional parameter an unreliable comparator. In addi-
tion, comparing neurosteroid modulation remains largely
empirical because the number and location of neurosteroid
sites remain unknown, nor do we know if subunit concatena-
tion affects steroid modulation. We have addressed these
issues in two ways. First, we used a criterion of maximized
modulator (THDOC and ETO) effects to determine conditions
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Table 1

Fitted MWC parameters® for ETO modulation of GABA activation of
o1B3y2L and o1B38 receptors

al1f3y2L o1B3d

B3-a1-3/p3-al

GABA efficacy  0.80 0.03 0.05 0.03  0.05
Ko (M) 10.3 31 7.7 148 259

c 0.0033 0.037 0.029  0.036 0.027
D 0.021  0.021 0.0072 0.035 0.018

?Non-linear least squares fits to Equation 2b were performed as
described in Methods section, using [ETO] as a binary parameter
(either 0 or 1), with L, fixed at a value of 25 000, K fixed at a
value of T uM and nE = 1. L, is a dimensionless parameter
describing the basal equilibrium between open and closed
receptors (O :C). Kg is the dissociation constant for GABA
binding to closed receptors, whereas c is the efficacy parameter
for GABA and D is the allosteric shift produced by 3.2 uM ETO.
Maximal GABA efficacy values were based on experimental
results (see Methods section) and were used to estimate Popen
values before fitting.

for optimal o1B30 receptor expression in oocytes. Second, to
strengthen inferences about the configuration of subunits in
a1B38 receptors, we quantified the effects of R-(+)-ETO, a
potent stereoselective allosteric modulator that in offy recep-
tors acts selectively at sites formed between transmembrane
o-M1 and B-M3 domains. Importantly, concatenation in
a1B2y2L receptors does not significantly affect ETO modula-
tion (Guitchounts et al., 2012).

Function of oocyte-expressed o139 receptors
depends on subunit mRNA molar ratios and
total amount injected

Previous studies have demonstrated that many GABA, recep-
tor modulators, including THDOC, potentiate maximal
GABA-elicited currents in alfd receptors far more than
those in «alf receptors (Wohlfarth etal.,, 2002; Feng and
Macdonald, 2004; 2010; Zheleznova et al., 2008; Lewis et al.,
2010). These observations indicate that GABA is a weak
partial agonist of § subunit-containing receptors. However,
others have reported little difference in drug (including ETO)
modulation of maximal GABA responses in a4} versus o436
receptors (Meera et al., 2009; Lewis et al., 2010), suggesting
variable § incorporation and/or that o subunits also play an
important role in offé receptor modulation (Jensen et al.,
2013). In our current study, we varied subunit mRNA ratios
and total amount injected, and found that the resulting pat-
terns of modulation by both THDOC and ETO were similar
(Figures 1 and 2). Enhancement of maximal GABA currents in
oocytes injected with 5 ng total mRNA encoding free a1, B3
and § subunits was similar to that in oocytes injected with
mRNAs for ol and B3. The most likely interpretation, in
agreement with others (Borghese and Harris, 2007; Karim
etal., 2012; Shu et al., 2012), is that & subunits do not effi-
ciently incorporate into oocyte-expressed receptors under
these conditions, which we have used successfully to express
ofy receptors.
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At 5 ng total mRNA per oocyte, increasing the ratio of §
mRNA threefold relative to o and  did not significantly affect
modulator efficacy in our study. However, concatenated
B3-0.1-8/B3-at1(1:1) mRNA resulted in greater THDOC and
ETO potentiation than o1f38(1:1:1) or a1p38(1:1:3), indicat-
ing the expected incorporation of § as reported by others
(Kaur et al., 2009; Shu et al., 2012). We also observed that
expression of either B-a (dimer) or f-0-8 (trimer) alone results
in surface receptors that are activated by GABA, as reported
previously (Kaur et al., 2009). It is possible that three dimers
or two trimers form pentamers with one extra subunit
appended, as demonstrated in nicotinic ACh receptors (Zhou
et al., 2003; Minier and Sigel, 2004). However, the functional
properties of receptors formed from co-expression of dimers
and trimers are reportedly similar to those of fully concat-
enated pentameric receptors (Kaur etal., 2009; Sigel et al.,
2009), suggesting that when both dimers and trimers are
present, pentamers are preferentially formed from one of
each. Our gating modulation results also indicate that free
subunit a1B33 receptors best match those formed from the
co-expression of concatenated dimers and trimers together.

Unexpectedly, we found that injecting 10-fold less mRNA
(0.5 ng) at 1o:1B:36 mRNA ratio markedly increased THDOC
and ETO modulation (and also reduced zinc inhibition).
With lower total mRNA, free subunit mRNA ratios also
affected modulation; o1B38 (1:1:3, 0.5 ng) receptors dis-
played more modulation than a 1:1:1 mix. Thus, subunit
mRNA ratio apparently affects the stoichiometry and con-
figuration of oocyte surface receptors, consistent with other
studies varying the o:f:8 ratios of mRNA in oocytes (Shu et al.,
2012) or cDNAs transfected into HEK cells (Botzolakis et al.,
2008; Wagoner and Czajkowski, 2010). Reducing total mRNA
also enhanced modulation of oocyte-expressed receptors
formed from 3-0.1-8 and B3-0.1 concatemers, although less so
than with free subunits. Our novel observation that total
mRNA affects surface receptor function (and presumably
structure) suggests that competition among subunit mRNAs
for limited translation capacity, assembly and/or trafficking
elements in oocytes may contribute to variable receptor
assembly. Further studies are needed to explore these poten-
tial mechanisms.

ETO produces similar allosteric modulation
for alB36 and a1B3y2L GABA, receptors
Comparison of ETO effects on GABA-dependent responses in
o1B38(1:1:3, 0.5 ng) and B3-01-8/f3-a1(1:1, 1 ng) receptors
demonstrated similar reductions in GABA ECs, and increases
in maximal responses for both receptors. The effects of ETO
on GABA-dependent a1B3y2L currents appear very different
from those in o133 receptors, but similar to previous results
in o1B2y2L receptors formed with both free (Rusch et al.,
2004) and concatenated subunits (Guitchounts et al., 2012).
ETO'’s allosteric effects were also quantified based on a
MWC mechanism that accounts for modulation of a1B2y2
currents elicited with both full and partial agonists (Rusch
etal., 2004; Forman, 2012). Allosteric shift analysis of
a1B3y2L data indicates that 3.2 uM ETO shifts the closed-
open equilibrium 48-fold towards open, or about sevenfold
for each ETO site. In comparison, f3-01-8/B3-01 data indicate
a 29- to 55-fold shift in the closed-open equilibrium. Allos-
teric shifts in free subunit 01333 receptors (48- to 140-fold)



overlap with the values for 3-01-6/B3-0.1 and o1B372L recep-
tors. The similarity of ETO allosteric shifts contrasts with the
dramatic difference in GABA efficacy for offy and of3é recep-
tors. The similar allosteric shifts are consistent with the pres-
ence of two a1-M1/B3-M3 inter-subunit ETO sites on each of
these receptors, favouring the hypothesis that the subunit
arrangement of a1B3d receptors is B3-01-6-f3-01, similar to
o1B3y2L.

Our inferences regarding the arrangement of o1338 subu-
nits are not conclusive. The range of allosteric shift estimates
for a1B3d reflects the uncertain gating efficacy of GABA,
which appears to be a very weak partial agonist in these
receptors (Table 1). Nonetheless, these estimates are consist-
ent with previous reports that neurosteroids increase
maximal GABA responses in oocyte-expressed a182/38 by
20-fold or more (Zheleznova et al., 2008; Kaur et al., 2009).
Given the low efficacy of GABA, we expected the fitted MWC
model resting state dissociation constant, K, to be close to
ECso. However, fitted K; values (Table 1) are consistently
lower than GABA ECs, for 01838 (Figures 3 and 4). This dis-
crepancy decreased as GABA efficacy was increased during
analysis. Alternative structural hypotheses may also be con-
sistent with our results. ETO activates B3 homo-oligomeric
receptors (Cestari efal.,, 1996) and photolabel derivatives
apparently bind at 3-M1/B3-M3 transmembrane interfaces
(Chiara et al., 2012). Thus, configurations of 2a.1, 283 and 14
that form B3-M1/B3-M3 interfaces might be modulated simi-
larly to those with two a1-M1/B3-M3 sites. It is also conceiv-
able, given that & is phylogenetically closer to B than to y2,
that § may form ETO sites with adjacent o or B subunits.
Combining concatenated subunit assemblies with binding
site mutations known to alter ETO sensitivity will be informa-
tive in testing these alternative structures.

Conclusions

In Xenopus oocytes, functional expression of cell surface
a1B38 GABA, receptors is influenced both by the ratio of
subunit mRNAs and by the total amount of mRNA. Surpris-
ingly, reducing total mRNA promotes the incorporation of §
subunits into receptors. Concatenated o3d subunit assemblies
also enhance the incorporation of 8. Analysis using an estab-
lished allosteric model showed that ETO has quantitatively
similar modulatory effects in offd and offy receptors. Our
results favour the hypothesis that the arrangements of 01334
and o1B3y2L subunits are similar.
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