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Abstract

The y-aminobutyric acid (GABAg) receptor has been shown to be a heterodimer consisting of two receptor subunits, GABAg; and
GABAG,. We have stably co-expressed these two subunits in a CHO cell line, characterised its pharmacology and compared it to the native
receptor in rat brain membranes. Radioligand binding using [*H]CGP54626A demonstrated a similar rank order of potency between
recombinant and native receptors: CGP62349 > CGP54626A > SCH 50911 > 3-aminopropylphosphinicacid (3-APPA) > GABA >
baclofen > saclofen > phaclofen. However, differences were observed in the affinity of agonists, which were higher at the native receptor,
suggesting that in the recombinant system a large number of the receptors were in the low agonist affinity state. In contrast, [3S]GTPyS
binding studies did not show any differences between recombinant and native receptors with the full agonists GABA and 3-APPA.
Measurement of cAMP accumulation in the cells revealed a degree of endogenous coupling of the receptors to G-proteins. This is most
likely to be due to the high expression levels of receptors (Bp.,x = 22.5 & 2.5 pmol/mg protein) in this experimental system. There was no
evidence of GABAg, receptors, when expressed alone, binding [*H]CGP54626A, [*H]GABA, [*H]3-APPA nor of GABA having any

effect on basal [*S]GTPyS binding or cAMP levels.
© 2003 Elsevier Science Inc. All rights reserved.

Keywords: GABA; Baclofen; GABAg receptor; Radioligand binding; [*>S]GTPyS binding; cAMP

1. Introduction

GABA is the major inhibitory neurotransmitter in the
mammalian CNS. GABA mediates its effects through
ligand-gated chloride channels (GABA,,c receptors) to
produce fast synaptic inhibition (reviewed by [1]) and
metabotropic GABAg receptors to produce slow, pro-
longed inhibitory signals [2-4]. GABAg receptors are
thought to be involved in a number of physiological and
disease processes, including nociception, cognition, epi-
lepsy, depression and drug addiction [3,5].
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The GABAg receptor was first identified pharmacolo-
gically as a bicuculline-insensitive binding site with affi-
nity for both baclofen and GABA [6-8]. GABAg receptor
activation inhibits adenylyl cyclase activity and causes
prolonged synaptic inhibition through restriction of pre-
synaptic calcium channel activity and activation of post-
synaptic potassium channels [3,5,9,10]. These effects are
inhibited by pertussis toxin suggesting the involvement of
G; and G, proteins, although selective antisense oligonu-
cleotide studies suggest a greater role for the G, protein [9].
Native receptors have been shown to be activated by
baclofen [6] and selectively antagonised by phaclofen
and saclofen [11]. The discovery of more potent and
selective antagonists [12—14] and the subsequent radiola-
belling of two of these compounds, ['>’TJCGP64213 and
['I]CGP71872, enabled the expression cloning of two
GABAGg receptor splice variants, GABAg, and GABAg},
[15]. Although this receptor displayed many of the antago-
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nist binding characteristics of the native GABAg receptor,
it did not couple efficiently to adenylyl cyclase or potas-
sium channels [15]. Further studies suggested that the lack
of functional coupling to a wide variety of effector path-
ways was due to a lack of cell surface expression of the
GABAg,, and GABAg,, proteins [16,17]. A GABAg,
subunit, with 35% sequence homology and 54% sequence
similarity to the GABApg; subunits, was subsequently
identified and studies demonstrated the functional require-
ment of heterodimerisation between the GABAg; and
GABAR, receptor subunits (reviewed in [18]). The hetero-
dimerisation of GABAg; and GABAg, receptor subunits
occurs, at least in part, by interactions between homolo-
gous a-helical coiled-coil domains present in the intracel-
Iular C-termini of both GABAg; and GABAg, [19-21]. In
situ hybridisation, immunohistochemical and autoradio-
graphic studies have shown that the GABAg receptors are
distributed throughout the brain. Intriguingly, there are
many reports of differential expression patterns, not only
between the GABAg, splice [22—24] but also between the
GABAg; and GABAg, receptor subunits [25,26] where,
for example, in the striatum GABAg, mRNA and protein
are barely detectable but there are abundant levels of the
GABAGg, receptor subunits. These observations, together
with previous studies [27,28] have led to speculation of the
existence of pharmacologically distinct receptor subtypes.
However, recent reports on a GABAg, receptor knockout
demonstrate that this subunit is essential for all GABAg
receptor-mediated mechanisms and cast doubt on the
existence of non-GABAg-based subtypes [29,30].

We have generated a Chinese Hamster Ovary (CHO) cell
line stably expressing the GABAg;, and GABAg, receptor
subunits which will be used both in experiments to further
our understanding of GABAg receptor biology and parti-
cularly in the drug discovery process to identify novel com-
pounds acting at these receptors. In this study, we extend
previously reported data describing the ligand binding char-
acteristics of recombinant heterodimeric GABAg receptors
[31] to focus on the functional characterisation of a recom-
binant cell line GABAg receptor subunits and compare its
pharmacology to that of native GABAg receptors in rat
cerebellar membranes. A preliminary account of the data
presented here has been published in abstract form [32].

2. Materials and methods
2.1. Materials

GABA, (R,S)-baclofen, GTPYS and GDP were purchased
from Sigma. [S-(R*,R™)]-[3-[[1-(3,4-Dichlorophenyl)ethy-
lJamino]-2-hydroxypropyl]-(cyclohexylmethyl)phosphinic
acid (CGP54626A), saclofen and phaclofen were purchased
from Tocris-Cookson. 3-APPA, SKF-97530 and CGP27492
and 3-[1-(R)-[[2(S)-hydroxy-3-[hydroxy[(4-methoxyphe-
nylmethyl)]phosphinyl]propyl]amino]-ethyl]-benzoic acid

(CGP62349) were manufactured by GlaxoSmithKline.
All cell culture reagents were from Life Technologies.
HEPES, EDTA, Tris—HCI and all other buffer constituents
were purchased from Merck-BDH or Sigma. [*H]CGP-
54626A (40 Ci/mmol) was purchased from Tocris-Cookson
and [*S]GTPyS (1123 Ci/mmol) and wheatgerm aggluti-
nin SPA beads were purchased from Amersham-Pharmacia.
Cyclic AMP (cAMP) flashplate assays (SMP 004) were
from NEN Life Science Products.

2.2. Generation of a stable cell line

CHO DG#44 cells, maintained in complete medium, com-
prising alpha MEM with nucleosides/ribonucleosides plus
10% foetal bovine serum and 2 mM L-glutamine, were
transfected using Lipofectamine Plus, according to the
manufacturers guidelines, with equivalent amounts of
human GABAg,-myc and GABAg; cDNA in pcDNA3.1-
neo and pcDNA3.1-hygro (InVitrogen), respectively.

Forty-eight hour post-transfection, cells were placed into
complete medium containing the selection agents geneticin,
800 pg/mL, and hygromycin, 400 pg/mL. After 10-day
selection the polyclonal cultures were detached using
versene (1:5000), spun at 140 g and re-suspended in
MEM without phenol red with 3% foetal clone 11 (Hyclone)
containing FITC-labelled anti-c-myc monoclonal antibody,
0.2 ug/10° cells (Santa Cruz). Cells were incubated on ice
for 60 min, washed twice in the same medium, re-sus-
pended and filtered (50 pm filcon; Becton Dickinson). Dead
cells were excluded using propidium iodide. Single cells
were sorted into 96-well plates by flow cytometry using an
FACS Vantage with ACDU (Becton Dickinson). Twenty-
one clones were selected, expanded and screened by
[PH]CGP54626A radioligand binding (as described later).
This led to the selection of one clone, named 1E4. This
selected cell line was maintained in complete medium plus
selection agents and passaged twice weekly. A GABAg,
cell line was generated as described earlier, except that a
mass culture was used. All cell culture and transfection
reagents were purchased from Life Technologies.

2.3. Preparation of cell membranes

To prepare membranes for radioligand binding, cells
were homogenised (3% v/v) in 50 mM Tris—HCI (pH 7.4;
4°) and centrifuged at 48,000 g for 10 min at 4°. The
supernatant was discarded and the pellet re-suspended in
(3% v/v) in 50 mM Tris—HCI (pH 7.4; 4°) and homoge-
nised. The centrifugation, re-suspension and re-homoge-
nisation processes were repeated twice more. Membrane
preparations were then aliquoted and frozen at —80°.

To prepare membranes for [*>S]JGTPyS binding assays,
cells were homogenised (3% v/v) in 20 mM HEPES,
10 mM EDTA (pH 7.4; 4°), and centrifuged at 48,000 g
for 20 min at 4°. The supernatant was discarded and the
pellet re-homogenised in (3% v/v) 20mM HEPES,
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0.1 mM EDTA (pH 7.4; 4°). The pellet was re-centrifuged
as described earlier, the supernatant discarded and the
pellet re-suspended in (10% v/v) 20 mM HEPES,
0.1 mM EDTA (pH 7.4; 4°) and re-homogenised before
being aliquoted and frozen at —80°.

For rat brain membranes, cerebella from male Sprague—
Dawley rats were removed and homogenised, using an
Ultra Turrax homogeniser, in 30 mM Tris—HCI, 0.5 mM
EDTA buffer (containing Complete-TM protease inhibitor
cocktail tablets, Boehringer) and then centrifuged at
30,000 g for 20 min. Pellets were washed, homogenised
and centrifuged a further three times followed by an
incubation of the homogenate at 37° for 30 min to reduce
the levels of endogenous GABA by enzymatic degradation.
Three more washing steps were performed before the pellet
was finally re-suspended in 30 mM Tris—HCI and stored at
—80° until required.

2.4. Radioligand binding assays

Cell membranes (approximately 10 pg protein/well)
were incubated with [PH]JCGP354626A in a 50 mM Tris—
HCI, 2.5 mM MgCl, (pH 7.4) buffer for 45 min at 23°.
Non-specific binding was measured in the presence of
1 mM GABA. Incubations were terminated by filtration
through GF/B filters, pre-soaked in 0.3% polyethylenei-
mine (PEI), and washed with 6 mL of ice-cold 50 mM
Tris—HCl, 2.5 mM MgCl, (pH 7.4) buffer using a 48-well
Brandel cell harvester. Radioactivity was determined by
liquid scintillation spectrometry using a Canberra-Packard
2700 liquid scintillation counter.

In competition binding experiments, 10 concentrations
of the competing ligands were used with a final [*H]CGP-
54626A concentration of 3 nM. In saturation binding stu-
dies eight concentrations of [PH]CGP54626A were used
(final concentrations of approximately 0.2-45 nM rat cer-
ebellum membranes or 0.2-79 nM 1E4 cell membranes).

Cell membranes (approximately 50 pg protein/well)
were incubated with 10 nM [PH]GABA or [*H]3-APPA
for 25 min at room temperature. Non-specific binding was
determined using 1 mM GABA. Experiments were termi-
nated by centrifugation at 20,000 g. The supernatant was
aspirated off and the pellet was washed briefly in cold buffer
and then dissolved in 0.5 mL of soluene (Canberra-Pack-
ard), the contents were than transferred to a scintillation vial
containing 4 mL of Ultima Gold MV and the tritium content
estimated by liquid scintillation spectrometry using a Can-
berra-Packard 2700 liquid scintillation counter.

2.5. [P’S]GTPyS binding assays

Cell membranes expressing recombinant GABAg;, and
GABARg, receptor subunits or GABAg, receptor subunits
alone were re-constituted in a 20 mM HEPES buffer (pH
7.4) containing 3 mM MgCl, and 100 mM NaCl, and
homogenised to produce a solution containing approxi-

mately 1 x 10 cells/mL (40 ug protein/well). Cell mem-
branes were incubated with 10 pM GDP, and either
increasing concentrations of agonist alone or antagonist
in the presence of 100 pM GABA. Following a 30-min pre-
incubation at 30° in a 20 mM HEPES buffer (pH 7.4)
containing 3 mM MgCl, and 100 mM NaCl, 0.1 nM
[**S]IGTPYS was added to each well and incubated for a
further 30 min at 30°. Non-specific binding was deter-
mined in the presence of 20 uM GTPyS. The incubation
was terminated by filtration through GF/B filter plates on a
96-well Brandel cell harvester and the membranes were
washed with 3 mL of ice-cold HEPES buffer (pH 7.4)
containing 3 mM MgCl,, left to dry before 40 pL. of
Microscint 20 was added to each well and counted on a
Canberra-Packard TopCount system.

Membranes from rat cerebella (10 pg protein/well) were
diluted to 0.083 mg/mL in assay buffer (20 mM HEPES,
100 mM NacCl, 10 mM MgCl,, pH 7.4) supplemented with
saponin (10 mg/L) and pre-incubated with 40 uyM GDP
together with either increasing concentrations of agonist
alone or antagonist in the presence of 30 UM GABA.
[**S]GTPyS at 0.3nM was added (total volume of
100 pL) and binding was allowed to proceed at room
temperature for 30 min. Non-specific binding was deter-
mined by the inclusion of 0.6 mM GTPyS. Wheatgerm
agglutinin SPA beads (Amersham-Pharmacia) (0.5 mg) in
25 pL. assay buffer were added and incubated at room
temperature for 30 min with agitation. Plates were centri-
fuged at 1500 g for 5 min and bound [*S]GTPyS was
determined by scintillation counting on a Wallac 1450
microbeta Trilux scintillation counter.

2.6. cAMP accumulation assays

cAMP levels in cells were determined by radioimmu-
noasay (NEN, SMP004) following the manufacturer’s
guidelines. In brief, cells were washed once with Ca**-
free PBS, scraped up in the same buffer and centrifuged at
400 g for 5 min at 21°. The supernatant was discarded and
the pellet re-suspended in manufacturer’s stimulation buf-
fer and 50,000 cells were added to the appropriate wells of
the NEN flashplates together with 10 uM forskolin and
increasing concentration of agonist. Apparent pKy values
were determined for the antagonists in the presence of
10 uM forskolin, 1 pM GABA plus increasing concentra-
tion of antagonist. Plates were incubated for 15 min at 37°,
before the addition of the manufacturer’s detection mixture
containing [’ IJcAMP-tracer (0.16 uCi/mL) to the wells.
Plates were covered and left for 12 hr prior to counting on a
Packard TopCount.

2.7. Bradford protein assay
Protein concentrations were determined using the Brad-

ford assay method (Bio-Rad protein assay kit) using BSA
as a standard.
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2.8. Data analysis

In saturation binding studies, K, and B, values
were calculated using Radlig and LIGAND [33,34].
The concentration of drug inhibiting specific radioligand
binding by 50% (icsp) was determined by iterative curve
fitting [35] pK; values (the negative log;q of the molar K;)
for receptor binding were then calculated from the 1csq
values as described by Cheng and Prusoff [36] using the
K values determined in the saturation binding studies.

[**S]GTPyS binding and cAMP accumulation data were
generated in duplicate within each experiment. Each
experiment was carried out at least three times. Curve
fitting of the mean data was generated by a four para-
meter logistic equation, using GRAFIT. The pecs, were
calculated from the determined Ecs, values (the negative
log,y of the molar Ecsg). Apparent pKy determinations
were made using the Gaddum equation, using concentra-
tion ratios calculated from the Bcsy from each individual
curve.

[*HICGP54626A bound
(pmol/mg protein)

3. Results
3.1. Radioligand binding studies

Saturation analysis of [’ H]CGP54626A binding to CHO
cells stably transfected with the GABAg;, and GABAg,
subunits (1E4 cell line) revealed a single binding site
(Fig. 1A) with a Kp of 424+0.8nM and a B, of
22.5 £ 2.5 pmol/mg protein. No specific binding of any
of the radioligands used was found in cells transfected with
only the GABAg, subunit (data not shown). At a radi-
oligand concentration of 3 nM, the concentration used in
the competition binding experiments, specific binding
represented 91 +0.2% of total binding. Fig. 1B shows
representative saturation curves and Scatchard analyses of
specific [’ H]JCGP54626A binding to rat cerebellum mem-
branes, this revealed a single binding site with a K, of
2.3+ 0.4nM and a B, of 1.95 %+ 0.2 pmol/mg protein.
At a radioligand concentration of 3 nM, specific binding
represented 62.2 &+ 3.8% of total binding.

Specific B/F (pmol/mg protein/M)
1

4 8 12 16 20 24
Specific Bound (pmol/mg protein)

o Total
0 L L l ® Specific
0 20 40 60 o Non-Specific
A) [PHICGP54626A (nM)

[*H]JCGP 54626 bound
(pmol/mg protein)

Specific B/F (pmol/mg protein/M)

00— T T T T T T T
0.5 1 1.5 2
Specific Bound (pmol/mg protein)

o Total

® Specific

0 il T T T T T T
0 20 40 o Non-Specific
(B) [*HICGP54626A (nM)

Fig. 1. Saturation and Scatchard analysis (insets) of [PH]CGP54626A binding to (A) cells co-expressing the GABAg;, and GABAg, receptor subunits and
(B) rat cerebellar membranes. Membranes were incubated with 0.2-79 nM (cells) or 0.2—45 nM (tissue) [*H]JCGP54626A for 45 min at 37°. Non-specific
binding was determined in the presence of 1 mM GABA. The data shown are from one of four experiments, each performed in triplicate.
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Fig. 2. Pharmacological profile of (A) [PHJCGP54626A, (B) [*HIGABA, (C) [*H]3-APPA binding to cells co-expressing the GABAg;, and GABAg,
receptor subunits and (D) [*H]CGP54626A binding to rat cerebellar membranes. Competition experiments with a selection of agonists and antagonists are
shown, curves have been constrained to zero where there were not sufficient data to clearly define the bottom of the curve. Data points represent the
means + SEM of three to seven independent experiments. Mean pK; and SEM for all compounds tested are given in Table 1.

Competition binding analysis was used to characterise
the binding properties of the 1E4 cell line, and to compare
pK; values of numerous GABAg agonists and antagonists
with those obtained in rat cerebellum membranes (Fig. 2,
Table 1). A comparison of the affinity of previously
characterised GABAg agonists and antagonists to compete
with [PH]CGP54626A, [’H]GABA and [*H]3-APPA bind-
ing to cells expressing the GABAg;, and GABAg; subunits
is shown in Fig. 2A—C and Table 1. Only a selection of the
full complement of compounds was used in the profile
of [*’H]GABA and [°H]3-APPA binding. The rank order
of affinity to inhibit [PH]JCGP54626A binding was:

Table 1

CGP62349 > CGP54626A > SCH 50911 > 3-APPA >
GABA > baclofen > saclofen > phaclofen. This rank
order of potency was the same in both [PHJGABA and
[*H]3-APPA binding, allowing for the omission of selec-
tive compounds. However, the affinity of agonists when
using these radioligands are considerably higher than those
obtained for the same compounds when [*H]CGP54626A
was used as a radioligand.

The same compounds were used to profile the radioli-
gand binding of [*H]CGP54626A in native tissue. The pK;
rank order of potency at the rat cerebellum membranes was:
CGP62349 > CGP54626A > 3-APPA > SCH 50911 >

Pharmacological profile of [PHJCGP54626A in rat cerebellum membranes and [PH]CGP54626A, [*H]JGABA and [*H]3-APPA in the 1E4 cell line

Compounds [PH]CGP54626A rat [PHICGP54626A 1E4 [PHIGABA 1E4 [PH]3-APPA 1E4
cerebellum membranes cell line cell line cell line

GABA 5.71 &+ 0.05 4.47 4+ 0.09 6.69 & 0.11 5.71 4+ 0.38
Baclofen 5.12 £+ 0.07 428 + 0.05 6.25 + 0.25 5.14 + 0.44
3-APPA 6.44 + 0.11 5.23 + 0.08 7.25 +0.18 7.02 £ 0.11
CGP62349 9.31 + 0.04 8.86 + 0.11 8.50 + 0.14 8.56 + 0.13
CGP54626A 8.35 £ 0.19 8.15 + 0.06 nd. n.d.

SCH 50911 6.32 £+ 0.10 5.97 4+ 0.03 n.d. n.d.

Saclofen 4.35 4+ 0.05 3.70 £ 0.06 nd. nd.

Phaclofen <3.5 <3.5 nd n.d.

Data are means + SEM from three to seven experiments.
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Fig. 3. [*>SIGTPyS binding. (A) GABA, baclofen and 3-APPA all stimulated [**S]GTPyS binding in cells co-expressing the GABAg,, and GABAg, receptor
subunits and cells expressing the GABAg, receptor subunit alone, specific basal binding was 5555 & 788 cpm. (B) A range of antagonists inhibited 100 pM
GABA-stimulated [*>S]GTPyS binding in the 1E4 cells. (C) Similar experiments were performed using rat cerebellar membranes incubated with agonists,
specific basal binding was 6990 £ 480 cpm and (D) antagonists, in the presence of 30 uM GABA. Data points represent the means = SEM of three to six
independent experiments. Mean pecs, and apparent pKg values are given in Table 2.

GABA > baclofen > saclofen > phaclofen. ~Antagonist
pK; values were similar to those obtained in the cell line
(Table 1). However, agonist potencies differed by approxi-
mately 1 log unit.

3.2. [P°S]GTPyS binding
In the CHO cells stably transfected with the GABAg;;,

and GABAg, subunits, GABA, baclofen and 3-APPA all
produced a robust, concentration-dependent stimulation of

[**S]GTPyS binding, with maximal stimulation of approxi-
mately 600% of basal levels (Fig. 3A). No agonist stimula-
tion of [*>S]GTPyS binding was seen in cells transfected
with the GABAg, subunit alone (Fig. 3A). The rank order
of potency in this functional binding assay was: 3-
APPA > baclofen > GABA; the pecsy values for these
compounds are shown in Table 2. The profile of antagonists
in this assay was established by comparing the inhibition of
a submaximal (100 uM) concentration of GABA elicited
by a range of compounds (Fig. 3B). The rank order of
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Table 2

1109

Pharmacological profile of the effects of agonists and antagonists (presence of 100 or 30 uM GABA) on [**S]GTPys binding in the 1E4 cell line and rat

cerebellum tissue

Compounds PECso 1E4 cell line PECsp rat cerebellum tissue Apparent pKg 1E4 cell line Apparent pKp rat cerebellum tissue
GABA 5.09 £ 0.01 5.55 £0.22 - -
Baclofen 5.62 £ 0.21 447 £ 0.11 - -
3-APPA 581 £0.15 6.00 £ 0.35 - -
CGP62349 - - 8.49 + 0.06 8.99 £ 0.03
CGP54626A - - 7.83 £ 0.05 8.79 £ 0.07
SCH 50911 - - 5.48 £ 0.09 6.36 £ 0.19
Saclofen - - 4.23 +0.08 <3.5
Phaclofen - - 3.82 £ 0.09 <3.5
Data are means + SEM from three to seven experiments.
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Fig. 4. Agonist profile of the inhibition of forskolin-stimulated cAMP levels in cells co-expressing the GABAg;, and GABAg, receptor subunits and cells
expressing the GABAg, receptor subunit alone. Ten micromoles forskolin stimulated cAMP levels to 705 £ 64 pmol/mL from basal cAMP levels of

22.3 + 2 pmol/mL. Data points represent the means = SEM for 6-9 independent
Table 3.

potency was: CGP62349 > CGP54626A > SCH 50911 >
phaclofen > saclofen (Table 2). At native GABAg recep-
tors, in rat cerebellum membranes, 3-APPA, GABA and
baclofen were all full agonists (Fig. 3C, Table 2). The rank
order of potency for antagonists was unchanged except that
neither phaclofen nor saclofen were able to completely
inhibit the 30 pM GABA-stimulated [»S]GTPyS binding
(Fig. 3D, Table 2). Similar results were obtained for rat
cerebral cortex membranes (data not shown).

3.3. cAMP accumulation assays

Forskolin (10 uM) stimulated cAMP levels, in the cells
stably expressing the GABAg;, and GABAg,; subunits, to
3160% of basal levels. GABA, baclofen and 3-APPA
completely inhibited the forskolin-stimulated adenylyl
cyclase activity in a concentration-dependent manner with
picso values of 6.37 +0.08, 6.12 +0.11 and 7.13 £ 0.07,
respectively (Fig. 4). These responses were pertussis toxin
sensitive, confirming the preferential coupling of these
receptors through Gy, in this experimental system (data
not shown). Neither GABA nor baclofen had any effect on
either basal or forskolin-stimulated cAMP levels in cells
transfected with the GABAR, subunit alone (Fig. 4). When
a GABAg antagonist (CGP62349), was added to 1E4 cells

experiments, each performed in duplicate. Mean pecsq values are given in

together with 10 uM forskolin, an augmentation of the
forskolin-stimulated adenylyl cyclase activity was observed
(data not shown). The effects of antagonists were investi-
gated using an EC;( concentration of GABA (1 pM) together
with 10 uM forskolin. An attenuation of the GABA inhibi-
tion was observed (Fig. 5). The antagonists exhibited
the expected rank order of potency: CGP62349 >
CGP54626A > SCH50911 > phaclofen =saclofen, appar-
ent pKg values are shown in Table 3. Again, saclofen and
phaclofen appeared inactive. As with the administration

Table 3
Pharmacological profile of the effects of agonists and antagonists
(presence of 1 UM GABA) on the forskolin cAMP stimulation

Compounds PECso 1E4 Apparent pKg 1E4
cell line cell line

GABA 6.37 £ 0.08 -

Baclofen 6.12 £ 0.11 -

3-APPA 7.13 £ 0.07

CGP62349 - 8.48 + 0.37

CGP54626A - 7.13 £ 0.11

SCH 50911 - 5.08 £ 0.12

Saclofen - <3

Phaclofen - <3

Data are means + SEM from 3 to 9 experiments.
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Fig. 5. Comparison of agonist and antagonist effect on the forskolin-
stimulated cAMP levels in cells co-expressing the GABAg;, and GABAg,
receptor subunits. The antagonists, CGP62349, CGP54626A and SCH
50911, not only reversed the Ecyo (1 pM) effects of GABA but also, at the
highest concentrations, potentiated the cAMP levels above the forskolin
controls. This effect was not seen with phaclofen or saclofen. Data points
represent the means = SEM for 4-9 independent experiments, each
performed in duplicate. Mean pecs, and apparent pKg values are expressed
in Table 3.

of CGP62349 in the absence of 1 pM GABA an augmenta-
tion of the cAMP levels above the 100% forskolin levels
was observed for CGP62349, CGP54626A and SCH 50911
(Fig. 5).

4. Discussion

We have previously described further two other stable
cell lines in which the calcium sensing properties of the
GABAg receptor were investigated [39]. We also reported
that the ligand binding characteristics of each of the major
isoforms of recombinantly expressed GABAg receptors
were identical [31]. However, these studies were not
extended to complete a thorough comparison with native
receptors. The present study describes the pharmacological
characterisation of a CHO DG44 cell line stably expressing
the GABAg, and GABAg, receptor subunits. Previous
studies have also described cell lines generated with
chimeric G-proteins which couple to phospholipase C
and measured either phosphoinositide hydrolysis [37] or
increases in intracellular Ca*" [38].

The use of the new cell line reported herein has per-
mitted a functional evaluation of native GABAg receptor
pharmacology with recombinantly expressed receptors and
includes comparative radioligand and [*>S]GTPyS binding
studies. The importance of such a comparison between
native and recombinant receptor pharmacology is particu-
larly relevant in this receptor subclass, where two distinct

subunits need to dimerise in order for receptors to reach the
cell surface [16,19-21] and to function correctly [18]. The
necessity for a detailed comparison is increased given the
possible differences in regulation, expression and dimer-
isation between recombinant and native systems.

Saturation binding studies with the high affinity antago-
nist radioligand [*H]CGP54626A [40] gave K, values of
4.2 and 2.3 nM for recombinant and native receptors,
similar to previously published figures [31,40]. In the
competition binding assays with the recombinant recep-
tors, using the high affinity GABAg receptor antagonist
[PH]JCGP54626A or the agonists [*HJGABA or [*H]3-
APPA, the rank order of potency of the GABAg agonists
and antagonists was identical. However, the affinities of the
agonists were increased by approximately 15-25-fold in
the binding assays using [H]JGABA or [*H]3-APPA
whereas the affinity of the antagonist, CGP62349, was
unaffected. These differences can be explained by the
existence of high and low agonist affinity states of the
recombinant receptor as predicted in the ternary complex
model of ligand—receptor—G-protein interactions (reviewed
by [41,42]). This model predicts that all receptors will bind
antagonists with the same affinity, whereas the affinity of
agonists is dependent on the coupling of receptors to
G-proteins, where in the case of GABAg receptors this
requires dimerisation. In the present cell line, the receptor
expression levels, as measured by [PH]JCGP54626A bind-
ing, are extremely high (B,.x 22.5 pmol/mg protein) and
consequently it is possible that the endogenous G-proteins,
relative to receptor subunits, are likely to be limiting,
resulting in a large number of receptors present in the
low agonist affinity state.

It has also been demonstrated that heterodimeric GABAg
receptors have a higher affinity for agonists ligands com-
pared with monomeric GABAg;;, subunits [18] whereas
antagonist affinity is unaffected. An alternative explanation
could be that in this particular recombinant cell line there
may be an excess of monomeric GABAg;, subunits and
hence when labelling receptors with agonist radioligands
affinities for competing agonists would be higher when
compared to using antagonist radioligands.

Competition binding experiments at the native receptor
in rat cerebellar membranes yielded agonist pK; values
lower than those generated in the recombinant cell line
using [*’H]GABA (see Table 1). This possibly indicates that
not all the native GABAg receptors in the rat cerebellum
are in the high affinity state or that not all exist as
functional heterodimers. It could also be explained due
to the presence of endogenous GABA in the membranes
derived from rat cerebellum.

This interpretation is further corroborated by the
[**S]GTPyS binding data (a measure of functional hetero-
dimeric receptors), where the pecs, values of GABA and
3-APPA are virtually identical in both the cell line and in
the native tissue (see Table 2). Furthermore, potencies are
similar to the binding pK; values generated using agonist
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radioligands and affinities at the native receptors. This
would be expected in a functional assay given that only the
pool of heterodimeric receptors is contributing the GABAg
receptor-mediated effect. Despite the differences high-
lighted earlier and with the exception of baclofen in the
[**S]GTPyS binding assay, the rank order of potency of all
the compounds investigated was identical across the two
techniques at both recombinant and native receptors. It is
worth noting that in our hands both saclofen and phaclofen
had much lower potencies than some previously published
observations [11], but in agreement with our previous
studies using another GABAg cell line [37].

The attenuation of forskolin-stimulated cAMP accumu-
lation by the GABAg agonists showed the same rank order of
potency as that demonstrated in the [*H]CGP54626A com-
petition binding studies, namely: 3-APPA > GABA >
baclofen. Due to receptor reserve and the potential ampli-
fication in the second messenger pathway it is not surpris-
ing that the pEcsy values obtained for these agonists
differed by up to two orders of magnitude when compared
to the binding pK; values for the antagonist radioligand.
However, when the pecs values were compared to the pK;
values obtained for [PHJGABA competition binding
experiments the results obtained were almost identical
further supporting the high agonist affinity state of coupled
receptors. The pEcsy values from the present study in the
GABAg cell line are analogous to previously published
values in rat cortical slices [43].

An augmentation of maximal forskolin-stimulated cAMP
accumulation in the cell line was detected in the presence of
the GABAg antagonist CGP62349 and in the absence of
agonist. Furthermore, this was also observed once the
antagonists CGP54626A and SCH 50911 had reversed
the GABA-attenuated decrease in forskolin-stimulated
cAMP accumulation. This is most likely to be a conse-
quence of endogenous coupling of the receptor G-protein to
adenylyl cyclase, resulting in a basal amount of inhibitory
tone in the system. An alternative explanation could be
receptor activation by endogenous GABA, however, we
failed to detect any GABA in the cell culture media used
(data not shown). Receptor occupancy by the antagonist
uncouples this complex allowing the forskolin present to
stimulate the released adenylate cyclase causing an aug-
mentation of the previously maximal effect. This is possible
due to the use of a supramaximal concentration of forskolin
being applied to the cells as a stimulator of cAMP forma-
tion. The antagonists reversed the effects of an Ecyy con-
centration of GABA with the rank order of potency for
CGP62349, CGP54626A and SCH 50911 identical to that
seen in competition binding studies and [**S]GTPyS bind-
ing studies. Data obtained for both saclofen and phaclofen
continued to highlight their reduced potency as antagonists
at GABAg receptors; both antagonised the GABA attenua-
tion to such a minor extent that no apparent pKg could be
calculated (pKp < 3). Constitutive activity of numerous
other receptors expressed in recombinant systems has pre-

viously been shown [44-46]. According to the allosteric
ternary complex model all receptors undergo an activating
conformational change which is not only induced by ligand
binding, but can also occur spontaneously [47]. Hence, all
receptors possess some degree of constitutive activity,
depending on the ease with which they attain the active
conformation in the absence of agonist and the propensity of
the activated receptor to bind the G-protein. This model also
appears to apply to the present, more complicated, system
where not only the receptors subunits need to dimerise but
recent data from our group has shown that the GABAg,
subunit binds agonists but only the GABAg, subunit inter-
acts with the G-protein [48]. It is worth noting that, despite
the high levels of receptor expression in the present system,
endogenous coupling was only detected in the cAMP assays
and not in [**S]GTPyS binding assays (data not shown)
suggesting that a relatively small number of the receptors
were endogenously coupled. [*>S]GTPyS binding also is a
direct measure of receptor activation compared with cAMP
second messenger assays which capture receptor activation
further down the signalling cascade and is more likely to be
influenced by signal amplification.

Two early reports suggested that GABAg, subunits
expressed alone were capable of producing a GABAg
agonist attenuation of forskolin-stimulated cAMP accumu-
lation [49,50]. The data we have presented herein does not
support this hypothesis. In cells where GABAg,; receptor
subunits are expressed alone, GABAg agonists had no effect
on forskolin-stimulated cAMP accumulation, failed to cause
detectable stimulation of [3*S]GTPyS binding and did not
alter specific binding of [*H]CGP354626A, [PH]|GABA or
[*H]3-APPA. This adds to the growing body of evidence
indicating that the GABAg, receptor subunit cannot func-
tion as a receptor for GABA in its own right [30,31].

In conclusion, we have characterised a CHO cell line
stably expressing the GABAg;, and GABAg, receptor
subunits. The expressed receptors show both binding
and functional characteristics similar to those of the native
receptor. This particular heterodimeric GABAg receptor
also displays many of the functional characteristics of other
G-protein-coupled receptors in its ability to assume high
and low affinity states and exhibit constitutive activity.
Crucially, this recombinant line can be used not only for the
screening of new GABAg ligands but also in experiments
to further our understanding of GABAg receptor biology.
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