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BACKGROUND AND PURPOSE
GABAA receptors mediate both synaptic and extrasynaptic actions of GABA. In several neuronal populations, a4 and d subunits
are key components of extrasynaptic GABAA receptors that strongly influence neuronal excitability and could mediate the
effects of neuroactive agents including neurosteroids and ethanol. However, these receptors can be difficult to study in native
cells and recombinant d subunits can be difficult to express in heterologous systems.

EXPERIMENTAL APPROACH
We engineered concatemeric (fused) subunits to ensure d and a4 subunit expression. We tested the pharmacology of the
concatemeric receptors, compared with a common synaptic-like receptor subunit combination (a1 + b2 + g2L), and with
free-subunit a4/d receptors, expressed in Xenopus oocytes.

KEY RESULTS
d-b2 - a4 + b2-a4 cRNA co-injected into Xenopus oocytes resulted in GABA-gated currents with the expected
pharmacological properties of a4/d-containing receptors. Criteria included sensitivity to agonists of different efficacy, sensitivity
to the allosteric activator pentobarbital, and modulation of agonist responses by DS2 (4-chloro-N-[2-(2-thienyl)imidazo[1,2-a]
pyridine-3-yl benzamide; a d-selective positive modulator), furosemide, and Zn2+. We used the concatemers to examine
neurosteroid sensitivity of extrasynaptic-like, d-containing receptors. We found no qualitative differences between
extrasynaptic-like receptors and synaptic-like receptors in the actions of either negative or positive neurosteroid modulators of
receptor function. Quantitative differences were explained by the partial agonist effects of the natural agonist GABA and by a
mildly increased sensitivity to low steroid concentrations.

CONCLUSIONS AND IMPLICATIONS
The neurosteroid structure-activity profile for a4/d-containing extrasynaptic receptors is unlikely to differ from that of
synaptic-like receptors such as a1/b2/g2-containing receptors.

Abbreviations
3a5aP (3a,5a)-3-hydroxypregnan-20-one; 3a5aTHDOC (3a,5a)-3,21-dihydroxypregnan-20-one; 3a5bPS (3a,5b)-3-
hydroxypregnan-20-one sulphate; 3b5aPS (3b,5a)-3-hydroxypregnan-20-one sulphate; DS2, 4-chloro-N-[2-(2-thienyl)
imidazo[1,2-a]pyridine-3-yl benzamide; PS, pregnenolone sulphate; SAR, structure-activity relationship; THIP
(gaboxadol), 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol
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Introduction
GABAA receptors containing the d subunit are thought to
mediate extrasynaptic effects on the excitability of neurones
that express these subunits and d subunit-containing recep-
tors may be major targets of neuroactive compounds, includ-
ing neurotherapeutics (Farrant and Nusser, 2005; Belelli et al.,
2009; receptor nomenclature follows Alexander et al., 2011).
Receptors containing the d subunit are difficult to study in
native cells, because of the presence of other types (e.g. syn-
aptic) of GABAA receptors. They can also be difficult to study
in heterologous systems because of poor d subunit expression
(Borghese and Harris, 2007). Absence of d subunits can be
difficult to detect functionally because it is not an obligatory
subunit, and the properties of a/b and a/b/d receptors can be
similar. Recently, concatemeric (tandem, fused) receptors
were explored in the context of a1/d subunits (Baur et al.,
2010), a subunit combination thought to be relevant for
some neurones (Glykys et al., 2007). Here we explore a tool to
ensure a4/d-subunit expression, a subunit combination
thought to occur natively in many principal cell types. We
find that concatemeric d-b2-a4 + b2-a4 combinations
assemble and exhibit the properties expected of a4/d recep-
tors. We anticipate that this tool will aid investigators inter-
ested in developing a4/d-selective ligands.

Receptors containing d subunits mediate small-standing
tonic currents in dentate granule neurones of the hippocam-
pal formation, in cerebellar granule neurones, and in
thalamocortical neurones, among other neuronal classes
(Brickley et al., 1996; Nusser and Mody, 2002; Cope et al.,
2005; Chandra et al., 2006; Wei et al., 2003). Although small
in amplitude, the sustained nature of these conductances has
a profound effect on neuronal excitability, and the conduc-
tances are therapeutic targets for anticonvulsants, anxiolyt-
ics, hypnotics and anaesthetics, among others (Caraiscos
et al., 2004; Hemmings et al., 2005; Coulter and Carlson,
2007; Belelli et al., 2009). In cell types expressing the d
subunit, the a4 subunit is often preferentially expressed with
d subunits in extrasynaptic somatodendritic regions of cells
(Wei et al., 2003). Therefore, a4/d-containing receptors repre-
sent a good system for studying drug effects on extrasynaptic
GABAA receptors.

d-Containing GABAA receptors may also be a primary
target for ethanol (Sundstrom-Poromaa et al., 2002; Wallner
et al., 2003). However, there is controversy over these results,
stemming from potential difficulties in d expression in het-
erologous systems (Borghese et al., 2006; Borghese and Harris,
2007). We sought to obviate these issues by forcing d expres-
sion using tandem expression with other subunits of the
pentameric GABAA receptor. We synthesized d-b2-a4 and
b2-a4 concatemeric subunits and co-expressed the tandem
subunits to promote pentameric receptor expression. We
tested the characteristics expected of bona fide a4/d subunits
and found that the concatemer behaves as expected. We also
tested modulation by a series of neurosteroid analogues,
including negative modulators and positive modulators.
Negative modulators exhibited characteristic uncompetitive
antagonism at concatemeric a4/d-containing receptors,
similar to synaptic-like receptors. For neurosteroids that
positively modulate, we found that, although d subunit-
containing receptors are especially sensitive to neurosteroids

at high agonist concentration, the structure-activity relation-
ship (SAR) for neurosteroids acting at d-containing receptors
is essentially similar to that at a typical a1 + b2 + g2L synaptic
receptor subunit combination. Thus, we conclude that neu-
rosteroids may not represent a suitable framework for the
development of d subunit-selective ligands.

Methods

Concatemeric subunits were created using human a4, rat b2
and rat d subunits as described previously (Akk et al., 2009;
Bracamontes and Steinbach, 2009). In brief, we first generated
the b2-a4 concatemer (referred to as b2-a4 construct), which
had a linker with 23 amino acid residues: Q5A3PAQ2AGP2A2Q5,
with a FLAG tag on the N terminus of the b2 subunit between
residues 4 and 5 of the mature peptide. The a4 subunit was
generated by PCR, with a partial linker sequence containing
an FseI restriction site at the 5′ end and was subsequently
subcloned into an existing b2-a1 construct, generating b2-a4,
joined together with the linker. The d-b2-a4 tandem was also
generated by subcloning the a4 PCR fragment into an exist-
ing d-b2-a1 clone, generating the d-b2-a4 construct with the
26-amino acid residue sequence Q5A3PTGQ(QA)2A2PA2Q5

between the d and b subunits. The human a4 subunit (kindly
provided by Dr Paul Whiting, Merck, Harlow, Essex, UK), rat
b2 subunit (kindly provided by Dr D. Weiss, University of
Texas Health Science Center, San Antonio, TX, USA) and rat d
subunit (kindly provided by Dr Robert Macdonald, Vander-
bilt, Nashville, TN, USA) were used. Concatemers were gen-
erated in pcDNA3 (Invitrogen, Carlsbad, CA, USA), and the
full length of the insert was sequenced.

Oocyte expression
Stage V–VI oocytes were harvested from sexually mature
female Xenopus laevis (Xenopus One, Northland, MI, USA)
under 0.1% tricaine (3-aminobenzoic acid ethyl ester) anaes-
thesia, according to protocols approved by the Washington
University Animal Studies Committee. Oocytes were defolli-
culated by shaking for 20 min at 37°C in collagenase
(2 mg mL-1) dissolved in calcium-free solution containing (in
mM): NaCl (96), KCl (2), MgCl2 (1) and HEPES (5) at pH 7.4.
Capped mRNA, encoding rat GABAA receptor a1, b2, g2L
subunits and the concatemers were transcribed in vitro using
the mMESSAGE mMachine Kit (Ambion, Austin, TX, USA)
from linearized pcDNA3 vectors containing receptor-coding
regions. Subunit transcripts were injected in equal parts
(3–13 ng RNA for each of the free a1, a4, b2, g2L, and d
subunits, up to 39 ng total, and 46 ng total RNA for the
concatemers) 16–24 h following defolliculation. Oocytes
were incubated up to 5 days at 18°C in ND96 medium con-
taining (in mM): 96 NaCl, 1 KCl, 1 MgCl2, 2 CaCl2 and 10
HEPES at pH 7.4, supplemented with pyruvate (5 mM), peni-
cillin (100 U mL-1), streptomycin (100 mg mL-1) and genta-
mycin (50 mg mL-1).

One possible caveat is that concatemeric constructs may
be subject to proteolysis, yielding free-subunit receptors.
Although we cannot completely exclude this possibility, we
found it difficult to express free a4 and d subunits (Support-
ing Information Figure S1). Thus, we view this possibility as
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unlikely. Also, linkers in the tandem receptors have no
known protease sites, and previous studies of similar concate-
mers found no evidence for significant degradation by
Western blot analysis (Bracamontes et al., 2011).

Oocyte electrophysiology
Two-electrode voltage-clamp experiments were performed
with an OC725 amplifier (Warner Instruments, Hamden, CT,
USA), 2–5 days following RNA injection. The extracellular
recording solution was ND96 medium with no supplements.
Intracellular recording pipettes were filled with 3 M KCl and
had open tip resistances of ~1 MW. GABA and the modulators
were applied from a common tip via a gravity-driven multi-
barrel delivery system. Unless indicated otherwise, drugs were
co-applied with no pre-application period. Cells were voltage
clamped at -70 mV for all experiments, and the peak current
(for potentiated responses) or the current at the end of 30 s
drug applications (for inhibition of responses) was measured
for quantification of current amplitudes.

Experimental design and analysis
Design of individual experiments is described in the Results
and Figure legends. Wherever possible, each cell served as its
own control, and experimental conditions and drug applica-
tions were interleaved to negate any time-dependent changes
in cell responsiveness.

Data acquisition and analysis were performed with
pCLAMP 9.0 software (Molecular Devices, Union City, CA,
USA).

Tadpole anaesthesia screen
Identification of some neurosteroid analogues for testing on
concatemeric, a4/d-containing subunits relied on biological
activity in a tadpole anaesthesia screen. Details of the screen
have been published elsewhere (Wittmer et al., 1996). A
reversible loss of righting reflex achieved at concentrations
below 10 mM was taken to indicate positive biological activity
in the tested compounds.

Data analysis
Data plotting and curve fitting were done with Sigma Plot
10.0 software (SPSS Science, Chicago, IL, USA). Fits to con-
centration response relationships were achieved using a least
squares minimization to the Hill equation: y = a [xb/(cb + xb)],
where a is the maximum potentiation, b is the Hill coefficient
and c is the EC50 concentration of drug. Data are presented in
the text and figures as mean � SEM. Statistical differences
were determined using a two-tailed Student’s t-test.

Materials
Most drugs were from Sigma (St. Louis MO, USA) except DS2
(4-chloro-N-[2-(2-thienyl)imidazo[1,2-a]pyridine-3-yl benza-
mide; a d-selective positive modulator) (Tocris Bioscience,
Ellisville, MO, USA). The steroids XJ-18, B-260, ent-
androsterone and ent-etiocholanolone (see Fig 8) were pre-
pared as described previously (Han et al., 1996; Katona et al.,
2008; Covey and Jiang, 2010). Steroids ECN, B-384, B-249,
AKB-2 and KK-95 (Fig 8) were prepared using multi-step syn-
thetic procedures and had spectroscopic properties (infrared
spectroscopy, and both proton and carbon nuclear magnetic

resonance spectroscopy) consistent with the structures
shown. These compounds were determined to be pure by TLC
and by either elemental analysis or high resolution mass
spectrometry. Full synthetic details will be reported else-
where. Steroids were prepared as stock solutions in DMSO.
Final DMSO concentration was always below 0.13% and solu-
tions were matched for DMSO concentration.

Results

Agonist pharmacology
To ensure d subunit incorporation into heterologous recep-
tors that represent an endogenous extrasynaptic combination
for several classes of CNS neurones, we engineered concate-
meric receptors composed of d-b2-a4 and b2-a4 fused sub-
units. cRNA transcribed from plasmids encoding the fused
subunits was injected into Xenopus oocytes for functional
studies. We reliably observed GABA-evoked currents from the
concatemeric subunits when d-b2-a4 and b2-a4 subunits
were co-injected. In batches of oocytes in which co-injection
of d-b2-a4 and b2-a4 resulted in robust currents to 30 mM
GABA, neither d-b2-a4 alone (n = 7 oocytes from three
batches) nor b2-a4 alone (n = 15 oocytes from seven batches)
formed functional channels, suggesting that functional
receptors formed only with the intended subunit stoichiom-
etry. Maximum current amplitudes from d-b2-a4 + b2-a4
receptors were ~200 nA at -70 mV to saturating GABA con-
centrations, substantially smaller than maximum currents
from oocytes expressing individual, non-concatenated sub-
units of a primary synaptic receptor, a1 + b2 + g2L (~5 mA,
n = 6 oocytes).

We performed several pharmacological assays to test a4/d-
containing receptor function and to ensure that the concate-
meric receptors served as good models of endogenous,
wild-type receptors. In Figure 1, we evaluated the response of
d-b2-a4 + b2-a4 receptors to agonists. One feature of endog-
enous and recombinant d-containing receptors is their high
sensitivity (low EC50) for GABA, typical of receptors sensitive
to the low concentrations of GABA found extrasynaptically
(Stell and Mody, 2002). We found the EC50 for peak GABA
responses was 1.4 � 0.3 mM in eight oocytes, consistent with
previous reports for a4/d receptors (Figure 1A,C) (Brown
et al., 2002; Storustovu and Ebert, 2006; Mortensen et al.,
2010). By contrast, synaptic-like a1 + b2 + g2L receptors
demonstrated an EC50 for peak GABA responses of 19 �

2.4 mM (Figure 1B,C, n = 6; P < 0.05 compared with a4/d
concatemer EC50). As expected, responses to saturating GABA
concentrations were weakly desensitizing for d-b2-a4 + b2-a4
but were strongly desensitizing for a1 + b2 + g2L receptors.
The Hill coefficient was 1.2 � 0.1 for the concatemeric recep-
tors, considerably lower than that for a1 + b2 + g2L receptors
(2.4 � 0.4, n = 6, P < 0.05). Hill coefficients of near 1 have
been reported for agonists at d-containing receptors previ-
ously (Storustovu and Ebert, 2006; Mortensen et al., 2010).

Higher efficacy agonism by 4,5,6,7-tetrahydroisoxazolo
[5,4-c]pyridin-3-ol (THIP [gaboxadol]) in contrast to partial
agonism by GABA also characterizes a4/d-containing recep-
tors. At typical synaptic subunit combinations THIP acts as a
partial agonist compared with GABA (Ebert et al., 1994;
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Adkins et al., 2001; Brown et al., 2002; Mortensen et al., 2010;
Meera et al., 2011). This profile predicts that THIP should
generate larger currents than a saturating GABA concentra-
tion in concatemeric d-b2-a4 + b2-a4 receptors. Indeed, THIP-

gated (1 mM) currents were 1.9 � 0.3 times those produced
by 300 mM GABA (Figure 1D). By contrast, at synaptic a1 + b2
+ g2L receptors, currents to 1 mM THIP were 0.4 � 0.2 of
those to 300 mM GABA (Figure 1E, n = 6 oocytes). THIP at
1 mM was saturating because increasing the THIP concentra-
tion to 10 mM did not alter the result (n = 4 oocytes, data not
shown). Thus, these results confirm that THIP agonism is as
expected at concatemeric d-b2-a4 + b2-a4 receptors.

The presence of the d subunit in receptor-complexes can
also be ascertained from the prominent tail currents observed
when the channels are directly gated by high concentrations
of pentobarbital. The tail currents result from rapid relief of
channel block during the removal of free pentobarbital allow-
ing a transient increase in pentobarbital-elicited activity,
unhindered by block. The magnitude of tail current can be
thus used as a measure of channel gating efficacy. Receptors
consisting of free a4 + b2 + d subunits are strongly activated
by pentobarbital whereas GABA is a weak agonist (Akk et al.,
2004a). In single-channel recordings the channel open prob-
ability was significantly greater in the presence of pentobar-
bital compared with GABA. In whole-cell recordings, this
manifested in pentobarbital tail currents that were several-
fold larger than the peak current elicited by a saturating
concentration of GABA. In the present work, concatemeric
d-b2-a4 + b2-a4 receptors yielded tail currents to 2 mM pen-
tobarbital that were 4.0 � 0.6-fold (n = 7 cells) larger than
the peak response to 1 mM GABA (Figure 1F). By comparison,
a1 + b2 + g2L receptors exhibited tail currents that were
0.5 � 0.3 (n = 5 cells) of the peak response to 1 mM GABA
(Figure 1G).

Antagonist pharmacology
Responses to inhibitors also help define bona fide a4/d-
containing receptors. For instance the presence of an
auxiliary d or g subunit lowers the sensitivity to the non-
competitive antagonist Zn2+ (Smart et al., 1991; Nagaya and
Macdonald, 2001; Storustovu and Ebert, 2006). We found
that d-b2-a4 + b2-a4 receptors had weak sensitivity to inhi-
bition by 1 mM Zn2+ (Figure 2A,D). Inhibition was also weak at

Figure 1
Sensitivity of extrasynaptic-like d-b2-a4 + b2-a4 receptors to ago-
nists. (A) Responses of a representative oocyte expressing concate-
meric d-b2-a4 + b2-a4 receptors to increasing concentrations of
GABA. (B) Responses of a representative oocyte expressing a1 + b2 +
g2L to the same series of GABA concentrations. (C) Summary
concentration-response curves for eight oocytes expressing concate-
meric receptors and six oocytes expressing a1 + b2 + g2L subunits.
The solid lines represent fits to the Hill equation as described in the
Methods. The fits yielded an EC50 of 1.2 mM for concatemeric
d-b2-a4 + b2-a4 receptors and 19 mM for a1 + b2 + g2L receptors.
Hill slopes were also significantly different, as described in the Results.
(D) and (E) Representative responses of oocytes expressing the indi-
cated subunit combinations to saturating GABA and THIP. THIP was
a full agonist at concatemeric a4/d-containing receptors but a partial
agonist at synaptic-like receptors. (F) and (G) Pentobarbital (Ptb) tail
currents exceed responses to GABA in a4/d-containing concatemeric
receptors. The traces are representative responses under the indi-
cated conditions. The duration of agonist presentation is indicated
by the horizontal bars.
�
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synaptic a1 + b2 + g2L (Figure 2B,D). As expected, a1 + b2
receptors (no auxiliary subunit) were strongly inhibited by
1 mM Zn2+ (Figure 2C,D).

Furosemide is an antagonist with relative selectivity for
a4- and a6-containing receptors over other a subunit-

containing receptors (Wafford et al., 1996). Furosemide
(300 mM) depressed the response of d-b2-a4 + b2-a4 receptors
to 1 mM GABA to 0.64 � 0.04 (n = 4; Figure 3A,C). This is
consistent with the degree of block observed on a4 receptors
in previous work (Wafford et al., 1996). By contrast, 300 mM
furosemide depressed responses of a1 + b2 + g2L receptors to
0.92 � 0.02 (n = 4; Figure 3B,C).

Allosteric positive modulators
Figure 4 shows responses of concatemeric a4/d receptors to
positive allosteric modulators. Receptors containing a4/d sub-
units do not exhibit sensitivity to benzodiazepines. In agree-
ment with these results with free subunits, we found that
1 mM lorazepam had no effect on responses to 0.3 mM GABA
at concatemeric d-b2-a4 + b2-a4 receptors (Figure 4A). By
contrast, 1 mM lorazepam reliably potentiated responses to
low GABA concentrations at a1 + b2 + g2L synaptic-like recep-
tors (Figure 4B and 2.9 � 0.6 times that of control, n = 4
oocytes).

Recently, d subunit-selective benzamide allosteric poten-
tiators have been described (Wafford et al., 2009). We found
that the d-selective benzamide DS2 (1 mM) dramatically
potentiated responses to low GABA concentrations in con-
catemeric d-b2-a4 + b2-a4 receptors but not in synaptic-like
a1 + b2 + g2L receptors (Figure 4C,D and 12.9 � 0.7 times the
baseline GABA response on concatemers, n = 4; 1.1 � 0.05
times the baseline GABA response at a1 + b2 + g2L receptors).
As expected, a1 + b2 receptors were insensitive to both
lorazepam and DS2, because of the lack of g2 subunit and d
subunit, respectively (Figure 4E,F).

Some studies have suggested that a4/d-containing recep-
tors may underlie the neuroactive effects of low concentra-
tions of ethanol (Sundstrom-Poromaa et al., 2002; Wallner
et al., 2003). Other studies have failed to find a preferential
role of ethanol on these receptors (Borghese et al., 2006), and
a recent study of concatemeric a1-b3-d receptors failed to find
potentiating ethanol effects, regardless of subunit arrange-
ment (Baur et al., 2010). Our d-b2-a4 + b2-a4 concatemeric
receptors also failed to exhibit a detectable effect of ethanol
up to 100 mM (tested with 0.3–0.5 mM GABA, Figure 4G;
average ethanol effect (1.16 � 0.18 relative to GABA alone,
n = 7). Further, we found no effect of the putative ethanol
antagonist compound Ro15-4513 on the responses (0.99 �

0.07 relative to GABA alone; Figure 4G). Possibly the lack of
ethanol effect in our receptors is related to the b2 subunit. A
b3 subunit may be quantitatively important for low-
concentration ethanol effects (Wallner et al., 2003). We also
cannot exclude the possibility of posttranslational changes

Figure 2
The antagonist Zn2+ exhibits appropriate selectivity at concatemeric
receptors. (A–C) Representative responses of the indicated subunit
combinations to a high GABA concentration in the absence and
presence of Zn2+ (1 mM). (D) Summary data (n = 4–8 oocytes per
subunit combination) for Zn2+ sensitivity under the conditions
depicted in A–C. As expected Zn2+ sensitivity was highest in receptors
with no auxiliary subunit and was intermediate at a4/d-containing
concatemers. *P < 0.05, significantly different from each of the other
two values; two-tailed unpaired t-test.
�
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not recapitulated in our system that may underlie effects of
ethanol on extrasynaptic receptors.

Comparison with individual
a4 + b2 + d responses
We attempted to express individual subunits for pharmaco-
logical comparison with concatemer responses. Our efforts
were fraught with the difficulties that our concatemer
approach was intended to avoid. In addition to d subunit
expression, we also had problems with a4 subunit expression.
Oocytes injected with two separate batches of a4 RNA with
b2 subunit RNA exhibited Zn2+ (1 mM)-sensitive standing con-
ductances, small GABA currents (Supporting Information
Figure S1), but very large pentobarbital currents (data not
shown). We attributed these aberrant responses to b2
homomer expression because injection of b2 RNA alone
yielded similar responses (Supporting Information Figure S1).
Using Zn2+-sensitive standing conductances as an indication
of contaminating homomer expression, we identified three
batches of oocytes injected with a 5:1 and 5:1:5 ratios of
a4:b2 and a4:b2:d that yielded responses indicative of mostly
multimeric receptors.

Data from these oocytes yielded a GABA EC50 for a4 + b2
+ d RNA of 0.8 � 0.1 mM with a Hill coefficient of 0.8 � 0.1
(n = 6 oocytes), consistent with concatemer data. Oocytes
injected with a4 + b2 (without d) yielded an EC50 of 0.6 �

0.1 mM and a Hill coefficient of 1.3 � 0.1. We hypothesized
that DS2 sensitivity may be the single most reliable indicator
of d subunit incorporation. Indeed, oocytes injected with free
a4 + b2 + d subunits (5:1:5) exhibited strong DS2 sensitivity,
while oocytes from the same batches injected with a4 + b2
subunits failed to exhibit DS2 sensitivity (Figure 5A–C). Other
pharmacological tests also qualitatively validated the
expected agonist/antagonist pharmacology (Figure 5D–F).
Maximum THIP responses exceeded maximum GABA
responses, and d did not alter THIP efficacy (Figure 5D), con-
sistent with a recent report (Meera et al., 2011). Zn2+ sensitiv-
ity was stronger in the absence of a d subunit, as expected;
however, overall sensitivity was somewhat higher with free
subunits than with concatemeric receptors (Figure 5E). Furo-
semide sensitivity of both a4 + b2 and of a4 + b2 + d injected
oocytes was stronger than that observed for synaptic-like
receptors not containing a4 (Figure 5F); however, with free d
subunits present, we observed higher sensitivity of responses
to furosemide than in concatemeric receptors (cf. Figure 3).
The reason for the quantitative differences in Zn2+ and furo-
semide sensitivity between free-subunit and concatemeric
receptors is unclear, but we speculate that differences in
subunit stoichiometry, including the presence of homomeric
receptors (Supporting Information Figure S1) may contribute.
It is also possible that different positioning of d subunits in
the receptor pentamer affects responses.

Neurosteroid effects-inhibitory steroids
Having established that concatemeric receptors retain many
properties expected of a4/d-containing receptors, we
explored the effects of different classes of neurosteroids on
these receptors. Neurosteroids are of interest because they are
endogenous positive and negative regulators of GABAergic
transmission. Further, it has been proposed that positive neu-

Figure 3
The antagonist furosemide exhibits appropriate selectivity at con-
catemeric receptors. (A and B) Representative responses of the indi-
cated subunit combinations to ~EC50 GABA concentration in the
absence and presence of furosemide (300 mM). (C) Summary data
(n = 4 oocytes per subunit combination). As expected furosemide
sensitivity was higher in a4/d- containing receptors than in synaptic-
like a1 + b2 + g2L receptors. *P < 0.05, significantly different from a1
+ b2 + g2L; two-tailed unpaired t-test.
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rosteroids preferentially modulate d subunit-containing
receptors, with implications for anxiety, epilepsy and alcohol
intoxication (Wohlfarth et al., 2002; Stell et al., 2003). The
effects of some endogenous potentiating neurosteroids have
been studied at a4/d receptors (Brown et al., 2002; Meera
et al., 2009), but the effects of non-competitive antagonist
neurosteroids have been studied less extensively (Brown
et al., 2002). We investigated three sulphated neurosteroids.
At synaptic-like a1 + b2 + g2L receptors, sulphated steroids
such as pregnenolone sulphate (PS) exhibit characteristic use-
dependent antagonism; antagonism is weaker against low
GABA concentrations and against partial agonists (Eisenman
et al., 2003). When tested on the concatemers, PS (1 mM)
antagonism was relatively weak against a saturating concen-
tration (30 mM) of the partial agonist GABA but was stronger
against the higher-efficacy agonist THIP (Figure 6A). In eight
oocytes in which PS was tested against both 30 mM GABA and
1 mM THIP at steady-state, PS reduced responses to 0.40 �

0.05 for responses elicited by GABA and to 0.30 � 0.02 for
responses to THIP (P < 0.05, paired t-test). With both GABA
and THIP, PS exhibited stronger effects on steady-state cur-
rents than on peak currents, consistent with activation-
dependent enhancement of antagonism previously observed
with a1 + b2 + g2L receptors (Figure 6B) (Shen et al., 2000;
Eisenman et al., 2003).

At a1 + b2 + g2L receptors, PS and 3b5aPS exhibit stronger
inhibition than 3a5bPS (Wang et al., 2002). In the present
studies, 1 mM PS depressed a1 + b2 + g2L responses to satu-
rating GABA (300 mM) to 0.21 � 0.4 (Figure 6B), while 1 mM
3a5bPS depressed currents to only 0.76 � 0.03 (n = 4 oocytes).
At concatemeric receptors, we observed a similar pattern of
antagonism of GABA responses (Figure 6C), suggesting a
similar SAR at a4/d receptors to that at a1 + b2 + g2L receptors.
In fact 3a5bPS at 1 mM showed very little inhibition against
GABA responses at concatemeric a4/d receptors (Figure 6C).
However, responses to the higher efficacy agonist THIP
(1 mM) were characterized by stronger antagonism to 1 mM
3a5bPS (0.69 � 0.01; n = 4). Thus 3a5bPS antagonism is not
qualitatively absent at concatemers. Rather, a confluence of
factors (diastereoselectivity, the partial agonism of GABA, and
the uncompetitive nature of antagonism) gives rise to the
weak inhibition shown in Figure 6C. In summary, mechanis-
tic features of sulphated steroid antagonism are essentially
similar at extrasynaptic a4/d receptors and synaptic-like
a1 + b2 + g2L receptors.

Neurosteroid effects – potentiating steroids
The natural 3a-hydroxy neurosteroids 3a5aP and
3a5aTHDOC potentiated concatemeric receptors over a

Figure 4
Allosteric positive modulators exhibit appropriate selectivity at con-
catemeric a4/d-containing receptors. (A and B) Representative
responses of oocytes expressing the indicated subunits to the indi-
cated GABA concentrations and co-applied 1 mM lorazepam (Lzp).
(C and D) Representative oocyte responses to the indicated GABA
concentration and to co-applied DS2 (1 mM). (E and F) Oocytes
lacking an auxiliary subunit failed to respond to either lorazepam or
to DS2. (G) Lack of effect of ethanol (30 mM) and Ro15-4513
(0.3 mM) on GABA (0.5 mM)-activated concatemer currents.
�
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slightly lower concentration range compared with synaptic-
like receptors. For 3a5aP there was about a twofold lower
EC50 (Figure 7A–C) (0.26 � 0.08 mM for concatemer and
0.53 � 0.05 mM for a1 + b2 + g2L, n = 8 and 4, respectively,
P < 0.05). The EC50 for a1 + b2 + g2L receptors was nearly
identical to the value we have previously obtained in inde-
pendent studies (0.6 mM, Chisari et al., 2009). The EC50 for
3a5aTHDOC differed by about fivefold between concate-
meric a4/d receptors and a1 + b2 + g2L receptors (0.39 �

0.09 mM for concatemers and 1.9 � 0.4 mM for a1 + b2 + g2L
receptors, n = 8 oocytes each, P < 0.05). On the other hand,
maximum potentiation was actually larger for THDOC
actions at synaptic-like receptors (normalized values of 25 �

4.6-fold vs. 13 � 1.6-fold at concatemeric receptors, P < 0.05).
Robust potentiation was observed at both receptor types at
the lowest concentrations of 3a5aTHDOC tested. For
instance, 100 nM 3a5aP potentiated responses to 4.7 � 0.9
times baseline GABA current for concatemers and 5.6 � 0.8

Figure 5
Properties of free-subunit receptors. (A and B) Representative examples of DS2 potentiation in oocytes injected with a4 + b2 + d or with a4 + b2
free subunits. The ratios of RNA amounts were 5:1:5 and 5:1, respectively (see Supporting Information Figure 1). GABA (0.3 mM) responses were
potentiated by DS2 (1 mM) in oocytes injected with d subunit RNA but not in oocytes injected with a4 + b2 alone. (C) Summary of oocytes
challenged as in A and B (n = 8 and 10 respectively). *P < 0.05, significantly different from a4 + b2 + d; two-tailed unpaired t-test. (D)
Demonstration of stronger efficacy of THIP (1 mM) compared with 30 mM GABA on both classes of receptor (n = 8 and 10 respectively). (E) Zn2+

sensitivity of d-lacking receptors was higher (n = 8 and 10 respectively, 1 mM GABA, 1 mM Zn2+). *P < 0.05, significantly different from a4 + b2
+ d; two-tailed unpaired t-test (F) Furosemide sensitivity at both classes of receptor was higher than observed on synaptic-like receptors (cf.
Figure 3), but sensitivity to furosemide was higher on d subunit-containing receptors (n = 7 and 10). *P < 0.05, significantly different from a4 +
b2 + d; two-tailed unpaired t-test.

BJPa4/d concatemeric GABAA receptors

British Journal of Pharmacology (2012) 165 2228–2243 2235



times baseline for a1 + b2 + g2L receptors. Responses were also
detectably potentiated by 30 nM 3a5aP at both receptor
types (Figure 7D,E and 2.0 � 0.2 times GABA response for
a1 + b2 + g2L and 2.4 � 0.2 for concatemers, n = 4 each).
Therefore, despite the EC50 difference, we caution that neu-
rosteroid selectivity may be difficult to achieve at d subunit-
containing receptors even at low concentrations.

A major difference between neurosteroid actions at con-
catemers and synaptic-like receptors was revealed at high
GABA concentrations. Concatemers responded to saturating
30 mM GABA, which exhibits partial efficacy, with significant
neurosteroid potentiation (Figure 7E). In contrast, because
GABA is a higher efficacy agonist at synaptic-like a1 + b2 +
g2L receptors, neurosteroids did not strongly potentiate
responses to 100 mM GABA (Figure 7E). These patterns of
potentiation were expected from previously published results
on d-containing receptors (Brown et al., 2002; Wohlfarth
et al., 2002). We also examined the effect of 3a5aP on THIP
responses in concatemeric receptors (Figure 7F). As expected,
THIP responses were larger than saturating GABA concentra-
tions, and the effect of 3a5aP was to increase response ampli-
tude to the same level as that achieved in the presence of
GABA plus 3a5aP (Figure 7F).

It is unclear from previous work whether a4/d extrasyn-
aptic receptors share a similar SAR with synaptic-like recep-
tors. Differences in the SAR could suggest an ability to
selectively manipulate extrasynaptic receptors for therapeutic
or experimental purposes. We approached the question using
our database of neurosteroid analogues (Akk et al., 2007).
Using the rationale described below, we tested the neuroster-
oid analogues whose structures are shown in Figure 8.

One of the most curious aspects of neurosteroid SAR at
synaptic-like receptors is that different neurosteroid families
exhibit different enantioselectivity profiles. 5a-Pregnane-
based neurosteroids exhibit enantioselectivity such that the
activity of natural enantiomers is much greater than that of
unnatural enantiomers (Wittmer et al., 1996; Hu et al., 1997),
while androstane-based neurosteroids exhibit reverse enanti-
oselectivity (activity of unnatural enantiomers greater than
that of natural enantiomers)(Li et al., 2007; Katona et al.,
2008). We reasoned that this peculiar pattern of enantiose-
lectivity might reveal differences in SAR at synaptic-like
versus extrasynaptic-like a4/d-containing receptors. However,
we found that the pattern of enantioselectivity at d-b2-a4 +
b2-a4 was indistinguishable from that observed on a1 + b2 +
g2L receptors, suggesting no enantiomeric SAR differences
(Figure 9A). Furthermore, the 5b-reduced pair (etiochol-
anolone) exhibited reduced activity at both synaptic-like and
extrasynaptic-like receptors compared with the 5a-reduced
pair (androsterone). Thus, neither patterns of diastereoselec-
tivity nor of enantioselectivity appear to differ between
synaptic-like and extrasynaptic-like a4/d receptors.

We also examined our database of more than 300 com-
pounds previously screened for activity at a1 + b2 + g2L
receptors and in a tadpole anaesthesia assay (Wittmer et al.,
1996). Typically, functional effects on a1 + b2 + g2L correlates
with activity in a tadpole behaviour screen (Akk et al., 2007).
We reasoned that d subunit-selective compounds may be
represented by the small subset of compounds that have
behavioural effects in animals but no effect on recombinant
a1 + b2 + g2L receptors. We identified five compounds from

Figure 6
a4/d-containing receptors exhibit sensitivity to antagonist sulphated
steroids similar to that previously reported for synaptic-like receptors.
(A) Responses of representative oocytes to the partial agonist GABA
and the full agonist THIP in the absence and presence of PS.
Responses in the presence of PS exhibited stronger apparent desen-
sitization, and PS inhibition increased when the full agonist was used
to activate receptors. Dotted line indicates zero-current level. (B)
Similar experiment using a1 + b2 + g2L receptors and the indicated
agonists. Note the reverse pattern of agonist and antagonist effects.
Antagonism is strongest with the full agonist. (C) SAR for sulphated
steroid antagonism against GABA (30 mM) responses at concate-
meric d - b2 - a4 + b2 - a4 receptors was similar to that previously
reported for a1 + b2 + g2L receptors (Wang et al., 2002), with
pregnane sulphated steroids exhibiting diastereoselectivity.
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varying structural classes that met this functional profile for
testing on our concatemeric d-b2-a4 + b2-a4 receptors. As
with a1 + b2 + g2L receptors, compounds exhibited poor
activity on GABA responses when tested at 1 mM at concate-
meric receptors (Figure 9B). Increasing the concentration of
each of the analogues 10-fold to 10 mM produced no increase
in potentiation of GABA responses to four of the five com-
pounds (normalized responses in four oocytes of 1.1 � 0.7,
0.9 � 0.4, 1.0 � 0.2, and 1.3 � 0.1 for ECN, B-384, B-260, and
B-249, respectively; XJ-18 potentiation increased modestly to
2.1 � 0.7-fold over control, n = 4). We conclude that the
biological effects in the tadpole behavioural screen of steroid
analogues with no detectable activity on a1 + b2 + g2L recep-
tors probably does not relate to actions at extrasynaptic a4/d
GABAA receptors and biological activity more likely reflects
alternative targets, such as voltage-gated Ca2+ channels
(Nakashima et al., 1999; Todorovic et al., 2004) or others.
Although XJ-18 appeared inert up to 10 mM on our initial
screen of a1 + b2 + g2L (hence, its examination on concate-
mers here), results at concatemers prompted a re-evaluation
of high XJ-18 concentrations. We found that XJ-18 exhibited
detectable activity at 10 mM on a1 + b2 + g2L receptors (2.6 �

0.9-fold over control GABA response, n = 3), akin to XJ-18

actions at a4/d concatemers. Thus, in no case did we find
evidence for a different SAR at a4/d-containing receptors than
at synaptic-like receptors.

At a1 + b2 + g2L receptors, KK-95 represents a neuroster-
oid analogue with unusual actions. It exhibits potentiation at
quite low concentrations (~tripling of current amplitudes at
0.1 mM), similar to the natural neurosteroid 3a5aP, but KK-95
fails to exhibit maximum potentiation equivalent to that of
3a5aP (Figure 9C). Therefore, KK-95 might be considered a
high-potency (active at low concentration), low-efficacy
(weak maximum potentiation) allosteric modulator. This
same pattern of modulation was evident at d-b2-a4 + b2-a4
concatemers (Figure 9C), suggesting that partial-agonist
modulation is also preserved at a4/d receptors.

Discussion and conclusions

Our study introduces a tool to examine a4/d-containing,
extrasynaptic-like receptors in heterologous systems with
assurance of known subunit stoichiometry. Because a/b-only
receptors can exhibit functional expression (presumably by
incorporation of an extra a or b subunit), d subunit expres-

Figure 7
Responses of concatemeric receptors to the positive modulator neurosteroid 3a5aP. (A) Responses to 0.3 mM GABA alone (black, smallest trace)
and increasing concentrations of 3a5aP, represented by increasingly lighter shades of grey. (B) Sample responses of an oocyte expressing a1 +
b2 + g2L to 2 mM GABA and increasing 3a5aP concentrations. (C) 3a5aP concentration-response relationship for eight oocytes expressing
concatemeric a4/d-containing receptors and four oocytes expressing a1 + b2 + g2L receptors. Solid lines represent fits to the Hill equation.
Parameters for the fits are given in the Results. (D) Representative responses to low steroid concentration, showing that both synaptic-like and
extrasynaptic-like receptors respond detectably. (E) Representative responses to saturating GABA concentration (30 mM for left traces and 100 mM
for right traces) in the absence and presence of 1 mM 3a5aP. Weak GABA efficacy was correlated with stronger potentiation at a high GABA
concentration. (F) Responses to the higher efficacy agonist THIP are potentiated to the same maximum level as responses to saturating GABA.
Oocytes expressing concatemeric receptors were challenged with 30 mM GABA, 30 mM GABA plus 1 mM 3a5aP, 1 mM THIP and 1 mM THIP plus
1 mM 3a5aP. All responses are normalized to the response to GABA alone in the same oocyte.
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sion is not assured with standard heterologous expression
strategies even when d is used in excess. Furthermore, our
own experience with free subunits yielded the unexpected
observation that a4 expression can be problematic. We
confirmed that the functional receptors produced with our
concatemeric constructs have properties expected of a4/d-
containing receptors, including modulation by a4- and
d-specific ligands. Finally, we used the concatemers to dem-
onstrate that negative and positive neurosteroid modulation
obeys a similar SAR at this type of a4/d-containing receptors
as at synaptic-like a1 + b2 + g2L receptors.

Difficulties with the expression of the d subunit have
caused others to adopt alternative approaches to confirm

incorporation of d subunits into functional receptors. These
include the development of permanently transfected cell
lines (Brown et al., 2002; Borghese et al., 2006), study of
native cells’ tonic GABA currents (Glykys et al., 2008), and
the introduction of a benzodiazepine-sensitive functional
‘tag’ into the d subunit (Meera et al., 2010). Others have also
used the tandem subunit approach to incorporate d along
with a1 and b3 subunits (Kaur et al., 2009; Baur et al., 2010).
However, it has been noted that there can be some difficulties
in ensuring that all subunits in a concatemer are successfully
incorporated into the functional receptor (see White, 2006;
Barrera and Edwardson, 2008; Sack et al., 2008; Sigel et al.,
2009). Accordingly, a major aspect of our work was to confirm

Figure 8
Structures of steroid analogues used to survey SAR at concatemeric receptors. The analogues 3a5aP, androsterone and etiocholanolone were used
in studies of enantiomeric pairs; not shown are the unnatural enantiomers in which the stereochemistry of each chiral center was reversed.
Analogues ECN, XJ-18, B-384, B-260 and B-249 were chosen for weak activity at a1 + b2 + g2L receptors but strong biological activity in a tadpole
anaesthesia screen. AKB-2 and KK-95 were chosen as representative weak potency and weak efficacy modulators respectively.
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the presence of the a4 and d subunits in the functional
receptors by pharmacological tests. We cannot rule out the
possibility that a fraction of the functional receptors lack a d
subunit.

We chose to utilize concatemers which would be expected
to place the d subunit in the position of a g subunit in the
pentamer (Baumann et al., 2002). Recent work has reported
that the d subunit occupies other positions when the a1 or a6
(Baur et al., 2010) subunits, combined with b3 subunit, are
used to generate concatemers. This also appears to occur with
the e subunit (Bollan et al., 2008), whereas the g2S subunit
may be able to assemble as a modulatory subunit outside the
pentamer (Boileau et al., 2010). These data indicate that
future work will require the generation and characterization
of additional concatemers utilizing the a4 and d subunits to
allow better understanding of putative extrasynaptic GABAA

receptors and comparisons to responses in native cells.
We chose the b2 subunit as our extrasynaptic-like b

subunit. Other studies have used b3 subunits in combination
with d subunits (Baur et al., 2010; Meera et al., 2010).
Although b2 and b3 subunits are often considered together as
molecularly and functionally similar, the b subunit may be
important for some modulatory aspects of receptor function,
notably ethanol sensitivity and phosphorylation (Wallner
et al., 2003; Houston et al., 2008). We chose b2 subunits for
our concatemeric receptors mainly because recent evidence
suggests that these subunits are expressed in extrasynaptic
receptors, in at least some neurones expressing d and a4
subunits (Herd et al., 2008).

One disadvantage of our present concatemers is that
maximum currents to saturating concentrations of agonists
(even the full agonist THIP) were smaller than maximum
currents generated by a1 + b2 + g2L receptors in the same
batches of oocytes. It is likely that expression of both indi-
vidual subunits and concatemers could be improved by atten-
tion to expression vectors tailored to oocytes or possibly to
intracellular retention sequences. Subunit arrangement has
also been shown to affect functional expression levels (Baur
et al., 2010).

In some cases, engineered tandem subunits change the
agonist EC50 relative to receptors formed from the individual

Figure 9
SARs for positively modulating steroid analogues are indistinguish-
able at extrasynaptic-like and synaptic-like subunit combinations. (A)
Potentiation by enantiomer pairs (natural (nat) and unnatural (ent);
1 mM) using 0.3 mM GABA as the agonist at concatemeric a4/d-
containing receptors and an equiactive GABA concentration (2 mM)
at a1 + b2 + g2L receptors.. (B) We examined our database of
structural analogues for modulators with no detectable action at
a1 + b2 + g2L receptors but with biological activity in a tadpole assay
of anaesthesia. AKB-2 is a fluorescent neurosteroid analogue with
weak activity at a1 + b2 + g2L receptors in the absence of light and
serves as a positive control for detection of weak effects. (C) KK-95
was tested as an unusual partial agonist analogue, with potent
actions (easily detectable potentiation at 0.1 mM, similar to 3a5aP),
but with weak maximum potentiation. The data for 3a5aP at the
indicated concentrations are repeated from Figure 7 for reference. In
all cases, analogue actions at concatemeric receptors were similar to
those on a1 + b2 + g2L synaptic-like receptors. For all experiments in
panels A–C, n = 3–11 oocytes.
�
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subunits, although other key aspects of pharmacology and
physiology were retained (Baumann et al., 2002; 2003; Baur
and Sigel, 2005; Akk et al., 2009; Bracamontes et al., 2011).
Similarly, we found that d-b2-a4 + b2-a4 concatemers exhib-
ited key features (including agonist EC50) expected of a4/d-
containing receptors. These include low GABA EC50, stronger
efficacy by THIP, intermediate Zn2+ sensitivity, high furo-
semide sensitivity and strong modulation by DS2, a d
subunit-selective ligand (Wafford et al., 2009).

DS2 appears to be a particularly useful compound for
detecting the presence of d subunits. Our experiments with
free subunits extend previous work (Wafford et al., 2009) by
demonstrating that a4 + b2 free-subunit receptors, which
share a number of properties with a4/d-containing receptors,
fail to respond to DS2 (Figure 5). Interestingly, we observed
stronger potentiation with DS2 in both free-subunit receptors
and in concatemeric receptors than observed by Wafford et al.
(2009). It is possible that stoichiometry considerations,
species differences or expression system differences explain
these quantitative discrepancies.

We failed to observe detectable ethanol modulation of
our concatemers, in agreement with some studies of d
subunit-containing receptors (Borghese et al., 2006; Baur
et al., 2010), but in contrast to others that have suggested
strong ethanol modulation (Sundstrom-Poromaa et al., 2002;
Wallner et al., 2003). It seems likely that species differences,
post-translational modifications or subunit copy number
(Wagoner and Czajkowski, 2010) might contribute to discrep-
ant ethanol results. Notwithstanding the results with ethanol
results and some minor quantitative differences between the
pharmacology of free subunits (Figure 5) and concatemeric
receptors, the aggregate of our results suggests that this con-
catemeric construct represents a good model for studying
modulation of the extrasynaptic receptors expressed by
certain neuronal cell classes.

Neurosteroids have two distinct effects at GABAA receptors
(Eisenman et al., 2004; Reddy, 2010). Sulphated neurosteroids
uncompetitively antagonize receptor function (Barker et al.,
1987; Eisenman et al., 2003), likely through an allosteric
effect on gating/desensitization rather than through uncom-
petitive open channel block (Akk et al., 2001). Certain
3a-hydroxysteroids potentiate receptor function through
several distinct kinetic effects on channel function (Akk et al.,
2004b).

To our knowledge, the sulphated steroid SAR has not
previously been investigated at d subunit-containing recep-
tors. Qualitatively, we find that sulphated neurosteroids
antagonize d-containing receptors and synaptic-like receptors
similarly. Quantitative reductions in antagonism at
d-containing receptors appear to be explained by the low
efficacy of GABA. The full agonist THIP promoted stronger
antagonism, consistent with the uncompetitive and use-
dependent nature of sulphated steroid antagonism. Con-
versely, use of partial agonists at synaptic-like receptors
reduces antagonism (Eisenman et al., 2003).

Potentiating 3a-hydroxy neurosteroids have been pro-
posed to selectively modulate d subunit-containing extrasyn-
aptic receptors at low concentrations (Mihalek et al., 1999;
Wohlfarth et al., 2002; Stell et al., 2003). This might suggest
that neurosteroid analogues with selective actions at
d-containing receptors could be developed and exploited to

modulate neuronal excitability experimentally or therapeuti-
cally. We employed structural analogues spanning a range of
activities at a1 + b2 + g2L receptors to determine whether the
SAR at d-containing receptors was likely to differ from that at
synaptic-like receptors. We found that both classes of recep-
tor are modulated in parallel across a broad range of neuros-
teroid structural analogues. These analogues include
enantiomer pairs of pregnane and androstane steroids, 5a
and 5b reduced steroids, and steroids with little activity at
synaptic-like receptors but with strong biological activity
(measured in a tadpole behaviour screen). Furthermore, the
natural neurosteroids 3a5aP and 3a5aTHDOC modulated d
subunit-containing receptors and synaptic-like receptors at
similar threshold concentrations. As with sulphated steroids,
the main difference between receptor types appears to emerge
as a result of the partial agonist, low-efficacy agonist activity
of GABA, which affords neurosteroid potentiation even at
high agonist concentrations (Brown et al., 2002; Wohlfarth
et al., 2002; Meera et al., 2009). Our conclusions are broadly
consistent with the finding that residues responsible for
steroid modulation of a4/d-containing receptors are analo-
gous to those mediating modulation of a1/g-containing
receptors (Hosie et al., 2009), with critical interaction sites
resident on the a subunit.

In summary we report a concatemeric GABAA receptor
that should aid investigators interested in the function and
modulation of extrasynaptic GABAA receptors. This engi-
neered receptor appeared to express with the intended
subunit stoichiometry and exhibited major pharmacological
and functional features expected of a4/d-containing recep-
tors. In addition, we explored the actions of sulphated and
3a-hydroxy neurosteroids at these concatemeric receptors.
Our exploration of a variety of negative and positive neuro-
steroid modulators uncovered no evidence for differences in
neurosteroid SAR at d subunit-containing receptors. Although
we cannot exclude the possibility that examination of addi-
tional structural features of neurosteroids might reveal selec-
tive modulation, our multi-pronged approach failed to reveal
evidence for SAR differences. We conclude that neurosteroids
may not be a productive framework for the development of d
subunit-selective ligands.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Free-subunit injections require excess a4 RNA. A.
Representative example of a response to 100 mM GABA and

GABA plus 1 mM Zn2+ from an oocyte injected with equal
quantities of a4 and b2 cRNA. Zn2+ caused an overshooting
blockade of the GABA current. B. In a different oocyte
injected with a4 + b2 RNA, Zn2+ gated a large outward current
in the absence of GABA. C. GABA responses from an oocyte
injected with a five-fold excess of a4 RNA. D. The odd
responses in panels A and B likely resulted from homomeric
b2 receptors, as small GABA responses and Zn2+-sensitive
standing conductances also characterized oocytes injected
with b2 subunit alone (26 ng cRNA injected). Although we
did not test other antagonists of GABAA receptors, Zn2+-
sensitive standing conductances were never observed in
uninjected oocytes or in oocytes injected with equal parts
a1 + b2 RNA.

Please note: Wiley–Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
article.
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