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SUMMARY

The ubiquitous distribution of y-aminobutyric acid, (GABA,)
receptor B subunits throughout the central nervous system is in
accord with a vital role in receptor structure and function.
Homomeric B subunits have been reported to be either GABA-
gated or capable of forming anion-selective channels that
lacked GABA-gating properties. With electrophysiological re-
cording techniques, we examined the properties of the murine
B1 subunit, addressed whether the homomeric receptor is ex-
pressed independently from the host cell’'s genome, and inves-
tigated whether these channels can open spontaneously. Mu-
rine B1 subunits, expressed in Xenopus oocytes or A293 cells,
were unaffected by GABA or bicuculline; however, the resting
membrane conductances were reduced by picrotoxin, zinc, or
penicillin-G. In comparison, the expression of bovine g1 sub-
units formed GABA-gated Cl~ channels. For murine g1 sub-
units, both pentobarbitone and propofol increased the mem-
brane conductance, although the benzodiazepine ligands

flurazepam, flumazenil, and methyl-6,7-dimethoxy-4-ethyl-g-
carboline-3-carboxylate were inactive. Oocytes injected with
murine B1 cRNA in the presence of actinomycin D (to block
host cell DNA transcription) expressed B1 channels that were
indistinguishable from those derived from previous cDNA injec-
tions in cells capable of normal transcription. Single-channel
recording from murine B1 cDNA-injected oocytes revealed
spontaneously opening channels with a main state conduc-
tance of 18 pS. Picrotoxin inhibited the channel openings by
reducing the probability of opening. We concluded that murine
B1 subunits can form functional ion channels that are not gated
by GABA but can be closed by some noncompetitive GABA
antagonists. Interestingly, previous observations of spontane-
ously opening ion channels with properties similar to those
found for the murine g1 receptor suggest that a limited expres-
sion of homomeric B subunit-ion channels may exist in vivo.

Molecular cloning studies of GABA, receptors have re-
vealed a number of subunits that can be divided, based on a
comparison of the deduced amino acid sequences, into the
following four families and associated members: al-6, B1-4,
y1-4, and 81. Additional diversity in the structure of GABA ,
receptors is achieved by alternative splicing of the y2, g2, and
B4 subunit mRNASs (for review, see Refs. 1 and 2). Although
it is believed that each GABA, receptor is composed of a
pentameric arrangement of subunits (3), the precise subunit
composition and stoichiometry of native GABA, receptors
remain unknown.

It has become apparent, from expression studies, that the
B subunit is a key structural and functional component of the
GABA, receptor. Although a number of studies have re-
ported expression of a or y homomers or ay heteromers (4, 5),
robust receptor expression appears to rely on the presence of
the B subunit, since coexpression of « and y subunits often

This work was supported by the Medical Research Council.

fails to produce functional GABA, receptors (4, 6, 7). From
early biochemical studies, the B subunit was recognized as a
potential binding site for GABA (8, 9). Moreover, a later
investigation on recombinant GABA , receptors revealed that
four amino acid residues near the amino terminus of the rat
B2 subunit could form part of a GABA recognition site on the
receptor (10).

Interestingly, expression of bovine or human homomeric
Bl subunits has been shown to produce GABA-sensitive
Cl™ channels in Xenopus laevis oocytes or human embryonic
kidney cells (A293) (11-13). These GABA, receptors ap-
peared to retain some allosteric binding sites, with pentobar-
bitone potentiating and PTX inhibiting the GABA-induced
responses. Conversely, with a different species, the expres-
sion of rat B1 subunit homomers produced an anion-selective
channel that lacked a sensitivity to GABA (14). These chan-
nels appeared to be open in the absence of GABA and could be
closed by PTX (14), suggesting some degree of spontaneous
channel opening in the absence of agonist. However, it is

ABBREVIATIONS: GABA,,, y-aminobutyric acid,; MBM, modified Barth’s medium; DMCM, methyl-6,7-dimethoxy-4-ethyl-B-carboline-3-carbox-
ylate; A-8-C, antracene-9-carboxylic acid; ACh, acetyicholine; PTX, picrotoxin, Pen-G, penicillin-G; 1-V, current-voltage; HEPES, 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N',N'-tetraacetic acid.
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apparent that the spontaneous gating of these ion channels
may be due to an artifact of, or interference from, the expres-
sion system (4).

To investigate the properties of the 8 subunit, we used
electrophysiological methodologies to examine homomeric
and heteromeric GABA, receptors expressed in Xenopus oo-
cytes and transiently transfected A293 cells. In particular,
we investigated novel pharmacological and physiological
properties of murine B1 homomeric GABA, receptors and, for
the first time, whether these ion channels can spontaneously
open in the absence of agonist without the receptors being
modified by any endogenous contribution from the host ex-
pression system.

Materials and Methods

Expression vectors. Murine g1 subunit!' cDNA encoded for a
polypeptide with amino acid sequence virtually identical (97%) to the
equivalent rat 81 GABA,, receptor polypeptide (15). The murine g1
cDNA was cloned as EcoRI fragments into the mammalian expres-
sion vector pGW1 as described previously (7).

Cell preparation: Xenopus oocytes. Oocytes were removed
from anesthetized Xenopus as described previously (16) and placed
into MBM consisting of 110 mM NaCl, 1 mM KCl, 2.4 mM NaHCOj,,
7.5 mM TrisHC], 0.3 mM Ca(NOj);, 0.41 mM CaCl,, 0.82 mM
MgS8O0,, and 50 ug/ml gentamycin, pH 7.6. Oocytes at stages IV and
V were centrifuged (700-1100 X g for 10 min at 10°) to reveal the
nucleus, after which 15-20 nl of 1 mg/ml DNA solution, encoding for
the murine or bovine 1 GABA, subunits, was injected into the
nucleus. Injected oocytes were incubated at 19° for 2-5 days and fed
every 2-3 days with fresh MBM. In some experiments, 50 nl of 1
mg/ml cRNA solutions encoding for the murine B1 subunit were
injected into the oocyte cytoplasm. Oocytes were subsequently stored
at 10° in MBM.

For two-electrode voltage clamp, the oocytes retained their follic-
ular envelope. For single-channel recordings, the oocytes were man-
ually defolliculated and devitelinized with the use of a hypertonic
stripping solution (16, 17).

Human embryonic kidney cells. Human embryonic kidney
cells (American Type Culture Collection CRL1573) were grown at
87° in 956% air/5% CO,; in Dulbecco’s modified Eagle’s medium and
Ham'’s F'12 supplemented with 10% fetal calf serum (7, 18). Cells that
were growing exponentially were seeded onto 35-mm plastic dishes
for transfection with murine S1 cDNA, using a modified calcium
phosphate technique (18). A293 cells were used for electrophysiolog-
ical recording 18-36 hr after transfection and had membrane poten-
tials of —30 to —40 mV.

Electrophysiology: Intracellular recording. Membrane cur-
rents and conductances were recorded from Xenopus oocytes using a
two-electrode voltage-clamp technique. Oocytes were superfused
with an amphibian Ringer’s solution containing 110 mM NaCl, 2 mM
KCl, 5 mM HEPES, and 1.8 mM CaClg, pH 7.4, at 8-10 mV/min (bath
volume, 0.5 ml). Voltage and current microelectrodes were filled with
3 M KC1(5-10 M2) and 0.6 M K SO, (1-2 M), respectively. Currents
were recorded with an Axoclamp 2A amplifier in conjunction with a
Gould Thermal Pen recorder.

Whole-cell and single-channel recording. Patch electrodes
(1-6 M0) were filled with the following solution containing 140 mM
KCl, 2 mm MgCl,, 1 mM CaCl;, 10 mM HEPES, 11 mM EGTA, and 2
mM ATP, pH 7.1. The cells were continuously superfused in the
culture dish with a Krebs’ solution containing 140 mM NaCl, 4.7 mm
KC], 1.2 mmM MgCl,, 2.6 mM CaCl;, 10 mm HEPES, and 11 mMm
glucose, pH 7.4. Membrane currents were recorded using an EPC7
patch amplifier. Series resistance compensation of 80% was rou-

1 The term g1 subunit has been used to denote murine 81 subunits unless
stated otherwise.
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tinely achieved, and membrane currents were filtered at 10 kHz (-3
dB, six-pole Bessel filter, 36 dB/octave).

For Xenopus oocytes, single-channel currents were recorded in
cell-attached or outside-out patch configurations with the use of
thin-walled electrodes coated with Sylgard (5-10 M) and filled with
either normal Krebs’ (cell-attached patches) or with the following
solution: 120 mM CsCl, 38 mu TEA-OH, 1 mm MgCl,, 11 mM EGTA,
1 mm CaCl,, 2 mM ATP, and 10 mM HEPES, pH 7.1 (outside-out
patches). Single-channel data were stored on FM tape (DC to 5 kHz;
Racal Store 4WD) and filtered at 1-3 kHz (-3 dB, six-pole Bessel).
Records were digitized at 5~15 kHz and analyzed on a 486 PC using
PAT version 6.6 software provided by Dr. John Dempster (University
of Strathclyde, Glasgow, Scotland) as described previously (19).

Analysis of ligand-modulated membrane conductances. The
ligand-induced membrane conductance change (AG) was calculated
by subtraction from the resting conductance. Conductances were
determined by the application of brief hyperpolarizing voltage com-
mand steps (1-sec duration, —10-mV amplitude, 0.2-Hz frequency)
that were superimposed on the holding potential (—30 to —50 mV) in
the absence and presence of a drug as described previously (7). These
data were used to construct equilibrium concentration-response re-
lationships for GABA and pentobarbitone (7). To pool dose-conduc-
tance data from more than one oocyte, all of the conductances were
normalized (AGy) to the conductance change produced by 10 uM of
the appropriate ligand. The reductions in the resting membrane
conductance by some GABA, receptor antagonists were used to
construct antagonist concentration-inhibition relationships. These
were obtained by defining the resting membrane conductance as
100% before the addition of the antagonist, and the data were fitted
with an antagonist-inhibition model of the following form: AGy'/AGy
= [1 - [B/B + ICg]], where AGy' and AGy, represent the normalized
agonist-induced conductance at a given concentration in the pres-
ence and absence of antagonist, respectively; B represents the an-
tagonist concentration; and ICq, defines the concentration of antag-
onist producing a 50% inhibition of the agonist response.

I-V relationshipes. I-V relationships for the responses induced by
the ligands were determined under voltage clamp. The holding po-
tential was stepped with the use of depolarizing and hyperpolarizing
voltage commands (10-mV increments, 1-sec duration) in the pres-
ence and absence of the ligand. In each case, the steady-state voltage
step achieved and the induced current were measured. Finally, the
ligand I-V relationship was determined by subtracting the resting
leak I-V from the I-V relationship determined in the presence of the
ligand.

Drugs and solutions. Diazepam, DMCM, flumazenil, and A-9-C
were dissolved in the minimum quantity of 100% ethanol and preg-
nanolone was dissolved in acetone before use. Dilutions for applica-
tion to oocytes were made with Ringer's solution, and the final
concentration of ethanol or acetone did not exceed 0.03% (v/v). At this
concentration of ethanol or acetone, all control recordings of drug-
activated responses were unaffected by the solvents.

Results

Murine homomeric g1 subunits expressed in Xeno-
pus oocytes: GABA-independent gating of the recep-
tor-ion channel. At a holding potential of —40 mV, oocytes
previously injected with g1 subunit cDNA were unaffected by
GABA (0.1 um-1 mym; Fig. 1A). However, the g1 ¢cDNA-
injected oocytes possessed input resistances that were signif-
icantly (p < 0.05) lower (0.2 + 0.05 M), mean * standard
error; 16 oocytes) than the input resistances measured on
either uninjected oocytes or oocytes expressing murine alp1
GABA, receptors (2.0 = 0.5 M(}; 22 oocytes). There were no
visible morphological differences between the batches of o0o-
cytes, indicating that structural damage induced by the ex-
pression of homomeric B1 subunit receptors was unlikely.
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Fig. 1. Sensitivity to GABA and
some antagonists of murine g1
homomeric GABA, receptors ex-
pressed in Xenopus oocytes. A,
Bath application of 1 mm GABA,
50 uM bicuculline, 1 um zinc, or 10
um PTX. Solid line, duration of
drug application; the membrane
conductance was monitored
throughout by repetitive applica-
tion of brief hyperpolarizing volt-
age steps (—10mV, 1 sec, 0.2 Hz).
Holding potential, —40 mV. Note
the two time calibrations; the
chart recorder speed has been
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slowed 10-fold during the drug re-
coveries. The downward and up-
ward deflections of each conduc-
tance step have been enhanced
for clarity. B and C, Inhibition
curves were constructed for the
PTX- and zinc-sensitive mem-
brane conductance (feff). The
control membrane conductance
was defined as 100% before the
addition of the antagonist. Data
were fitted according to an antag-
onist-inhibition model (see Mate-
rials and Methods). Steady-state
|-V relationships for the PTX- or
zinc-sensitive currents were fitted
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The low input resistance of g1 subunit-expressing cells sug-
gested that some ion channels may be opening spontaneously
in the membrane. Application of the competitive GABA,
receptor antagonist bicuculline (50 uM) did not affect the
resting membrane current or conductance (Fig. 1A), but low
concentrations of either zinc (1 uM) or PTX (10 uM) restored
the membrane resistance to control levels in these oocytes.
Both antagonists produced reversible outward currents and
conductance decreases in a concentration-dependent manner
(Fig. 1A). PTX and zinc inhibition curves were constructed
for the reductions in the membrane conductance (Fig. 1, B
and C), yielding IC;, values of 2.11 *+ 0.6 and 0.23 + 0.03 uM
(eight oocytes), respectively. PTX and zinc did not reduce the
membrane conductance or induce outward currents in unin-
jected oocytes or in oocytes injected with a1l cDNAs.

I-V relationships in the presence and absence of these
antagonists were used to assess the identity of the underly-
ing conductance expressed after B1 ¢cDNA injection. Both
PTX and zinc appeared to target the same membrane con-
ductance, with the I-V relationships displaying outward rec-
tification with reversal potentials of —27 mV (PTX) and —24
mV (zinc). These values are close to the Cl™ equilibrium
potential in these cells (Fig. 1, B and C).

GABA and pentobarbitone have separate binding
sites on the murine g1 subunit. In addition to the lack of

~ using second-order polynomials
4 (right). The reversal potentials for
the PTX- and zinc-sensitive cur-
rents were —27.1 and —24.7 mV,

respectively.

GABA-gating, the B1 homomeric channels were unaffected
by muscimol (500 uM) and isoguvacine (500 uM; Fig. 2A). In
contrast, pentobarbitone (50 uM) induced an inward current
associated with a conductance increase (Fig. 2A). These re-
sults indicated that the binding sites for GABA and barbitu-
rates are clearly different, with only the barbiturate site
functionally existing in these homomeric Bl subunits. The
equilibrium concentration-response curve for pentobarbitone
produced an EC;, and Hill coefficient of 6.0 + 0.34 uM and
1.9 * 0.26, respectively (Fig. 2B). The I-V relation for the
pentobarbitone-activated response revealed a reversal poten-
tial of —15.5 mV, which is similar to the Cl~ equilibrium
potential in this batch of oocytes (Fig. 2B).

Modulation of murine Bl subunit gating by drugs
acting at allosteric binding sites. Heteromeric GABA
receptors contain a number of allosteric binding sites (1, 2).
The membrane C1~ current gated by homomeric g1 subunits
was unaffected by the benzodiazepine agonists flurazepam
(10 pM) and midazolam (10 uM) or by the inverse agonist
DMCM (10 um; Fig. 3A). Moreover, the benzodiazepine an-
tagonist flumazenil (10 uM; Fig. 3A), the neurosteroid preg-
nanolone (500 nM), and the nonsedative barbiturate chlor-
methiazole (100 uMm) (20, 21) had no effect on this C1~ current
(Fig. 3B).

In contrast, propofol (100 uM), a novel general anesthetic
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Fig. 2. Activity of GABA agonists

and pentobarbitone on murine g1
homomeric receptors. Solid line,
duration of drug application; the
membrane conductance was
monitored throughout by repeti-
|50mA  tive appiication of brief hyperpo-

128 £0 M Partohoarticra 1206 larizing voltage steps (—10 mV, 1
125 50uM Pemtobarbitone 1208 Ha). A, Bath application
of 500 um GABA, 500 um musci-
mol, 500 um isoguvacine, or 50
uM pentobarbitone. B, Equilib-
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spect to the response evoked by
10 um pentobarbitone (feft). The
points represent mean * stan-
dard error recorded from five oo-
cytes. The curve was fitted ac-
4 -% cording to the logistic model (7).

The |-V relationship for the re-
I(nA) sponse to 10 um pentobarbitone
yielded a reversal potential of
—15.5 mV (right).

Fig. 3. Effect of GABA, receptor
allosteric modulators on the ho-
momeric murine B1 receptor ex-
pressed in Xenopus oocytes.
Solid line, duration of drug appli-
cation; the membrane conduc-
tance was monitored throughout
by repetitive application of brief
hyperpolarizing voltage steps
(—10 mV, 1 sec, 0.2 Hz). A, Appli-
cation of 10 um flurazepam, 10
uM midazolam, 10 um DMCM, or
10 um flumazenil. B, Application

of 500 nm pregnanolone, 100 um
chlormethiazole, and 100 um
propofol in the absence and pres-
ence of 10 um PTX. C, The effect
of 1 mm Pen-G, either alone or in
combination with 1 um PTX, on
the membrane current and con-
ductance. Solid line, 1 mm A-9-C
application.

ImMMPenG 1uM Picrotoxin ~ 1mM A-8-C

and positive modulator of GABA-activated responses (22),
increased the membrane conductance that could be inhibited
by PTX (10 uM; Fig. 3B). This action of propofol presumably
involved enhancing the current through the g1 homomeric
ion channels, since the resting membrane resistances of un-
injected oocytes were unaffected by this agent.

Pen-G is an inhibitor of GABA-activated currents and may
act as an open Cl~ channel blocker (23, 24). Application of 1
mM Pen-G induced an outward current and conductance de-
crease that could be accentuated by the coapplication of PTX
(1 uM; Fig. 3C). Pen-G had no effect on the resting membrane

resistance of murine alpl cDNA-injected or noninjected oo-
cytes. Thus, Pen-G and PTX appear to be inhibiting the same
ion current formed by the homomeric 1 subunit. In contrast,
an inhibitor of voltage-gated C1~ channels, A-9-C (1 mm) (26),
had no effect on the membrane current or conductance (Fig.
30).

Murine g1 subunit ion channel: A possible artifact of
endogenous expression from the oocyte’s genome? Xe-
nopus oocytes have been extensively used as expression sys-
tems to study post-translationally processed membrane-
bound ion channels (26). However, it is conceivable that
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under some circumstances, transcription of the oocyte’s ge-
nome may interfere with the expression of foreign protein.
For the B1 GABA, receptor subunit, coassembly with a tran-
scription product from the oocyte’s genome may affect gating
properties, leading to apparently spontaneous channel open-
ing.

To control for oocyte genomic transcription, control exper-
iments were performed to determine whether the C1~ current
observed in this study was a product solely of the 81 subunit
expression. The first approach was to inject into the Xenopus
oocyte the Lac Z gene, which encodes for the p-galactosidase
protein (27). This sham-injection was used to test whether
the persistently activated C1~ current could be induced by
initiating transcription of a foreign gene in the oocyte’s nu-
cleus. After the injection, Lac Z cDNA-injected oocytes exhib-
ited resting membrane resistances similar to those of control
uninjected oocytes. Furthermore, GABA (1 mm), zinc (10 uM),
PTX (50 uM), or pentobarbitone (50 uM) had no effect on the
resting membrane current or conductance (Fig. 4A). It is
therefore improbable that the injection of cDNAs per se acti-
vates an endogenous gene within the oocyte that could be
expressing a channel protein that is sensitive to some
GABA, receptor modulators and responsible for the Cl~ cur-
rent.

The second approach, to differentiate S1 subunit expres-
sion from the host cell’s genomic transcription, involved in-
cubating oocytes in the presence of 50 ug/ml actinomycin D
after injection with cRNA encoding for the g1 subunits. The
effectiveness of actinomycin D was assessed within the same
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series of experiments by injecting cDNAs encoding for mu-
rine a181 GABA, receptors into the nucleus. As actinomycin
D blocks transcription of DNA to mRNA, the translation of
the B1 cRNAs should be unaffected by actinomycin D, but the
expression of the al1p1 subunits after cDNA injection should
be prevented. After 2-5 days’ incubation in actinomycin D,
the B1 cRNA injection resulted in functional g1 subunits
possessing the same ion channel properties as those seen for
c¢DNA injections of the 1 subunit. GABA (500 uM) failed to
affect the ion channel properties, but both zinc (1 uM) and
PTX (50 uM) induced outward currents and conductance de-
creases (Fig. 4B). Moreover, pentobarbitone (10 uM) induced
an inward current and conductance increase (Fig. 4B). To
ensure that actinomycin D was preventing transcription at
this concentration, oocytes injected with 181 cDNAs were
also bathed in actinomycin D for 2-5 days. Expression of
alpl subunits was not observed, and both GABA (10 to 500
uM) and PTX (50 uM) failed to elicit any response (Fig. 4C). To
determine whether this lack of expression was due to the
effects of actinomycin D and not to poor expression of the
c¢DNAs, oocytes from the same experiment were also incu-
bated in the absence of actinomycin D. In this case, the
injection of al1B1 subunits for the GABA, receptor led to the
robust and efficient formation of GABA-gated anion chan-
nels. GABA (10 and 100 uM) induced large inward currents
and conductance increases that were inhibited by PTX (10
uM; Fig. 4D).

Expression of bovine homomeric 1 subunits. To fur-
ther validate the pharmacological profile of the murine g1

Fig. 4. Effect of endogenous
genomic transcription on the ex-
pression of murine 81 subunits in
Xenopus oocytes. Solid line, du-
ration of drug application; the
membrane conductance was
monitored throughout by repeti-
tive application of brief h

larizing voltage steps (—10 mV, 1
sec, 0.2 Hz). A, Pharmacological
sensitivity to 1 mm GABA, 10 um
zinc, 50 um PTX, and 50 um pen-
tobarbitone of oocytes injected
with the Lac Z gene encoding for
B-galactosidase. B, Injection of
cRNA comresponding to the
mouse B1 subunit. Oocytes were
incubated in 50 ug/ml actinomy-
cin D for 2-6 days before assess-
ing their sensitivity to 500 um
GABA, 1 um zinc, 50 um PTX, and
10 um pentobarbitone. C, Injec-
tion of cDNAs corresponding to
a1B1 GABA, subunits. After incu-
bation, conditions described in B,
10 and 500 um GABA or 50 um
PTX was bath-applied. D, Injec-
tion of cDNAs corresponding to
alpl GABA, receptor subunits
into oocytes in the absence of ac-
tinomycin D. Evoked responses
are shown to 10 and 100 um
GABA and the antagonism of the
response to 10 umM GABA by PTX
(10 pm).

10uM GABA



subunits, oocytes were injected with bovine g1 cDNA. These
expressed subunits were clearly different than their murine
counterparts, as both GABA (0.1 puM-1 mM) and muscimol
(100 uM) evoked a distinct conductance increase (Fig. 5, A
and C). Moreover, bovine Bl subunits were not spontane-
ously opening because PTX (10 uM) and zinc (10 um) failed to
induce any outward currents, but both of these antagonists
and bicuculline (10 uM) inhibited the response evoked by 100
uM GABA (Fig. 5B). The benzodiazepine midazolam (<50 uM)
failed to enhance the GABA-activated response, but pento-
barbitone (50 uM) induced a small enhancement (Fig. 5A).
The concentration-response curve to GABA had an ECg,
value of 29.34 * 5.1 uM (Fig. 5D).

Expression of persistently activated homomeric mu-
rine B1 subunits is independent of the expression sys-
tem. To determine whether the C1™ current was a feature or
artifact of expression in Xenopus oocytes (4), we also ex-
pressed murine 81 subunits in A293 cells. During whole-cell
recording at a holding potential of —50 mV, the application of
20 uM GABA or 10 uM bicuculline from an adjacent multibar-
relled pipette did not induce a change in the membrane
current (Fig. 6, A and B). Furthermore, as for the murine g1
homomeric ion channel expressed in the oocytes, application
of either zinc (100 uM) or PTX (10 uM) evoked outward cur-
rents with concurrent reductions in membrane conductance
(Fig. 6, A and B). In control untransfected cells, PTX (10 um)
and zinc (100 uM) did not affect the resting membrane cur-
rent or conductance (Fig. 6C).

Single-channel properties of murine alpl and g1
GABA, receptors. To isolate the ion channel events under-
lying the persistently activated, PTX-sensitive Cl~ current,
single-channel currents were recorded from Xenopus oocytes
injected with either murine 81 or @181 cDNAs. In outside-out
patches, obtained from oocytes expressing a181 subunit-con-
taining receptors, 5 uM GABA activated single-channel cur-
rents with amplitudes of 1.32 and 0.9 pA corresponding to a
main conductance state of 16 pS and a far less frequently
observed subconductance state of 11 pS at —80 mV patch
holding potential.

The gating properties of the a181 channels were analyzed
from the frequency distributions of all open and closed dura-

A==
1 R 1 assssssss
B +10uM Bicuculiine +10uM Picrotoxin +10uM Zinc

o

2

Homomeric g1 GABA, Receptor-lon Channels 499

tions (Table 1). The open-time frequency histograms were
routinely fitted by two exponential functions, requiring mean
time constants of 0.41 * 0.04 and 1.71 * 0.08 msec (five
patches). The closed-duration histograms were fitted by the
sum of three exponential functions, designated as short, in-
termediate, and long (Table 1).

Xenopus oocytes expressing Bl subunits were studied in
cell-attached and outside-out patch configurations and prin-
cipally identified by their presence only in oocytes injected
with B1 subunit cDNA and by their sensitivity to block by
PTX. Single-channel currents were recorded in cell-attached
patches with various amplitudes of 1.4, 2.5, and 3.7 pA at a
patch potential of —100 mV (corresponding to transpatch
potentials of —130 to —140 mV, as determined after rupture
of the cell-attached patch to record the resting potential;
resting potentials were also confirmed by measurement with
intracellular recording electrodes). These channel currents
corresponded to the following conductance states: a main
conductance of 18 pS, with a less frequently occurring supra-
conductance state of 26 pS and a rare subconductance state
of 10 pS (Fig. 7 and Table 1). The last state was too rare to
feature prominently on the single-channel current amplitude
histogram.

Individual openings demonstrated transitions from 18 to
26 pS and 26 to 18 pS states, in addition to 18 to 10 pS and
returning to 18 pS transitions. The 10 pS state was not seen
as a discrete opening from and returning to the base-line
(Fig. 7). The gating properties of the channels revealed that
they were frequently open but also able to enter into closed
periods.

In outside-out or cell-attached patches, open-time distribu-
tions were described by two exponential components with
time constants of 0.39 and 1.92 msec (Fig. 8A and Table 1).
Unlike the closed-time histograms for alB1 subunit recep-
tors, the closed-time distributions for homomeric 81 channels
were adequately described by only two exponential compo-
nents with constants of 0.1 and 0.88 msec (Fiig. 8B and Table
1). The identity of the channels was assessed by the reversal
potential for the channel currents. Stepping the patch pipette
potential from —80 mV to +20 mV resulted in a reversal
potential close to 0 mV, the predicted Cl~ equilibrium rever-
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Fig. 5. Properties of bovine B1 subunits expressed in Xenopus oocytes. Solld line, duration of drug application; the membrane conductance was
monitored throughout by repetitive application of brief hyperpolarizing voltage steps (—10 mV, 1 sec, 0.2 Hz). A, Cells were exposed to GABA (100
M) and muscimol (100 um) or GABA (100 uMm) in the presence of midazolam (50 um) or pentobarbitone (50 um). B, Responses to 100 um GABA
in the presence of bicuculline (10 um), PTX (10 um), or zinc (10 um). C, In a different oocyte, responses to 5 um—1 mm GABA. D, Equilibrium
concentration-response curve for the GABA-induced conductance normalized with respect to the response to 10 um GABA (three oocytes). Data
are mean * standard error. The curve was fitted according to the logistic model (7).
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TABLE 1

Single-channel properties of murine a181 and g1 recombinant
GABA, receptors

Single-channel currents through a181 ion channeis were activated by 5 um GABA
either superfused over an outside-out patch or included in the patch pipette
electrolyte for cell-attached patches. For 81 cDNA-injected oocytes, ion channel
curments occurred in the absence of GABA. The values were
accrued from three to five patches and represent mean + standard error. Details
of the analyses have been described previously (19).

GABA, receptor construct alpl Bl
Main conductance state (pS) 16 18
Subconductance states (pS) 11 10
Supraconductance states (pS) 26
Mean open times

701 (Msec) 0.41 + 0.04 0.39 + 0.15
To2 (Msec) 1.71 £ 0.08 1.92 + 0.32
Mean closed times
7c1 (Msec) 0.65 + 0.02 0.1 + 0.05
T2 (Msec) 9.36 + 2.12 0.88 + 0.05
T (Msec) 21.98 + 1.98
Py 0.08 + 0.03 0.03 + 0.014

sal potential for these outside-out patches. Moreover, similar
to the whole-cell persistently activated currents, these single
channel currents were also inhibited by externally applied 10
uM PTX (Fig. 8E). This antagonist did not affect the conduc-
tance states (18 or 26 pS) of the channel, although the 10-pS
state was now too infrequent to be monitored, but the prob-
ability of channel opening (P,) was reduced [from 0.03 *
0.014 (control) to 0.009 + 0.005 (+PTX)). Analysis of the

. = i

20uM GABA

Fig. 6. Pharmacology of murine
B1 GABA, receptor subunits ex-
pressed in transfected A293 cells.
Solid line, duration of drug appli-
cation. Whole-cell membrane
currents and conductances were
monitored in transfected cells
during exposure to (A) 100 um
zinc or 20 um GABA; (B), 10 um
PTX or 10 um bicuculline; and (C),
in untransfected control cells, to
10 um PTX or 100 um zinc. Re-
sponses were derived from three

50pA

10uM Bicuculline

different cells. Holding potential,
—50 mV. Conductance was mea-
sured using hyperpolarizing voit-
age commands (—10 mV, 300
msec, 0.3 H2).

10s

+100uM Zinc  5s

channel gating revealed that PTX did not affect the open-
time constants [75, of 0.39 * 0.15 msec and 7o, of 1.92 *+ 0.32
msec (controls) to 0.25 + 0.13 and 1.67 * 0.1 msec (+PTX)]
but slightly reduced the relative frequency of longer openings
[from 55% (control) to 42% (+PTX)] while increasing the
relative frequency of short openings [from 45% (control) to
58% (+PTX; Fig. 8C)]. The closed-time distribution in the
presence of PTX now required three time constants to de-
scribe the histogram (7¢,, 0.51 = 0.07 msec; 7¢y, 2.9 * 1.1
msec; 7cg, 68 *+ 19 msec; Fig. 8D). A long time constant (7¢3)
was revealed that previously was not resolved in these fre-
quently active channels, and both the short and intermediate
closed time constants were increased compared with controls
(Fig. 8, B and D, and Table 1). This effect of PTX was evident
on single-channel currents measured in B1 subunit cDNA-
injected oocytes but not in uninjected oocytes.

Discussion

Pharmacological Profile of Murine Homomeric g1 GABA,
Receptors

Expression of murine B1 subunits resulted in the forma-
tion of anion-selective channels that lacked the ability to be
gated by GABA and were apparently capable of opening in
the absence of an agonist. This was indicated by a low resting
membrane resistance that was increased by the application
of PTX or zinc. In accord with the lack of sensitivity to
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Fig. 7. PTX-sensitive single-channel currents in oocytes expressing murine 81 subunits. Representative examples of single-channel currents and
associated transitions in the channel conductance in a cell-attached patch (patch potential of —100 mV, corresponding to a transpatch potential
of —140 mV, after determination of the cell membrane potential). This patch demonstrated openings to three current levels at 2.5 and 3.7 pA and
a rare state at 1.4 pA (corresponding to 18, 26, and 10 pS conductance states, respectively). Records are filtered at 3 kHz (see Materials and
Methods). The single-channel current amplitude distribution was generated from a single oocyte. Two gaussian components were required to fit
the data with mean value of 2.53 and 3.7 pA (note the 10 pS conductance state was sufficiently rare to not feature prominently on the histogram).

Chord conductances were calculated to be 18.1 and 26.4 pS.

muscimol and isoguvacine, the g1 receptor-mediated current
was also insensitive to the competitive GABA, receptor an-
tagonist bicuculline, suggesting that the binding site or sites
are either not present or functionally inactive.

Murine g1 Subunit lon Channels Are Formed after cDNA
Transcription

A previous study reported that Xenopus oocytes have the
ability to express an ACh receptor a subunit after transcrip-
tion of an endogenous gene. The resultant polypeptide was
thought to coassemble with ACh receptor subunit proteins,
synthesized de novo after cRNA injection, to yield functional
ACh receptors (28). Furthermore, A293 cells have been
shown to produce GABA, receptor B3 subunit mRNA (29).
Therefore, it was important to ensure that the unusual ion
channel formed from injection of cDNAs encoding for murine
B1 subunits in Xenopus oocytes was not occurring due to
expression of an endogenous gene product. This was deter-
mined by the use of a transcription blocker, actinomycin D.
Injection of Bl cRNAs and subsequent expression of the
translation products were unaffected by actinomycin D.
Therefore, it is likely that the channel currents seen in this
study arose only after the expression of homomeric murine
Bl subunits and did not result from a combined product
originating from the oocyte’s genome. Moreover, because out-
ward currents to PTX were also observed in A293 cells, this
indicates that these B1 ion channels are not an artifact of the
oocyte expression system.

Spontaneously Opening lon Channels in Murine g1 cDNA-
Injected Oocytes

Ion channel currents were measured from «1B1 subunit
combinations to assess the translational competence of the
batches of oocytes used in this study. The ion channel con-
ductances, their sensitivity to GABA, and their gating kinet-
ics were all in accordance with previous studies (6, 30, 31).

The spontaneous ion channel currents that may underlie
the whole-cell currents resolved in Xenopus oocytes injected
with murine Bl cDNAs were isolated in cell-attached and
outside-out patches. Single-channel currents reversed at 0

mV, suggesting mediation by C1~, and were blocked by PTX.
The gating properties of the channels were completely unaf-
fected by the presence of GABA, but in contrast, PTX reduced
the probability of opening and decreased the proportion of
long channel openings while increasing the residence time in
long closed durations. Some of these findings are similar to
those reported for PTX-blocking recombinant murine algl
GABA, subunit receptors in Chinese hamster ovary cells (31)
and native GABA, receptors in spinal neurons (32) or auto-
nomic ganglia (33). This suggests that homomeric GABA,
receptor channels may be structurally quite similar with
regard to PTX block compared with their more complex coun-
terparts formed from combinations of a, 8, and vy subunits
and channels formed from the currently unknown composi-
tions of native neuronal GABA, receptors. Comparison of the
conductance states also reveals further similarities: 81 chan-
nels form at least three states, 10, 18, and 26 pS, whereas
alpBl subunits formed channels with states of 10 and 16 pS.
It is interesting that previous studies have reported 10 and
15 pS states for 181 and 21 and 29 pS states for a181y2 (6,
30). The similar multiples of conductances again suggest
some commonality between the ion channels formed from
heteromeric and homomeric GABA, receptor ion channels.

Contamination of our single-channel records by stretch-
activated channels or endogenous Ca%*-activated C1~ chan-
nels was unlikely. We used narrow pipette diameters to limit
the activity of the stretch-activated channels, and they pos-
sess a different main conductance state of 28 pS (17) com-
pared with the spontaneous channels observed in the present
study. Activation of the voltage- and Ca®*-dependent Cl~
channels was reduced by using negative holding potentials
and controlling the pipette free Ca®* concentration with
EGTA in outside-out patches.

Comparison with Previous Results

Bl ion channels. An interpretation of previous studies
suggests that the properties of expressed f1 subunits may
depend on the species of cDNA used; however, 81 subunits
from different species have not been compared within a sin-
gle functional study. In our investigation, bovine homomeric
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murine B1 cDNA. Data were ob-
tained before (A and B) and after
(C and D) exposure to 10 um PTX.
Insets, sample single-channel
currents taken in the absence (A)
and presence (C) of PTX. The
patches were held at —140 mV.
The mean open-time constants
were 0.28 and 2.15 msec in con-
trol Krebs' and 0.15 and 1.73
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closed-time distribution in control
Krebs required two exponential
components, with time constants
of 0.14 and 0.9 msec, which
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. changed in PTX to requiring three
exponentials with time constants
0.56, 3.65, and 82.2 msec. E, Sin-
gle spontaneous ion channel cur-
rents recorded in an outside-out
patch taken from a murine B1
cDNA-injected Xenopus oocyte in
the absence and presence of 10
mM PTX.

Bl GABA, receptors, when compared with murine B1 sub-
units, apparently did not open spontaneously (see Ref. 11).
These data are compatible with species-dependent differ-
ences in the functional properties of B1 subunits. For bovine
Bl receptors, the ECy, value for GABA of ~30 uM is 5-fold
higher than the ECg, value of 5.87 *+ 0.6 uM for the hetero-
meric a1l GABA, receptor construct (7), indicating a lower
affinity and/or efficacy of GABA for the bovine S1 GABA,
receptor. Furthermore, human g1 homomeric GABA, recep-
tors expressed in A293 cells (12) and Xenopus oocytes (13) are
also gated by GABA.

In comparison, rat B1 subunits mediated PTX-sensitive
outward currents and lacked GABA-gating properties (14).
Moreover, application of PTX to oocytes expressing rat “g”
GABA, receptors also elicited an outward current (34).
Rather surprisingly, PTX-induced currents were also ob-
served in heteromeric GABA, receptors expressed in oocytes
injected with either al or a6 and “B” RNAs (34). Similar
currents were observed in oocytes expressing rat alBly2
GABA, receptors (35). It is possible that PTX-sensitive cur-
rents mediated by heteromeric GABA receptors could be due
to a minor proportion of channels open in the absence of
added GABA or that these “open channels” could represent
the expression of a small population of homomeric 1 GABA .
receptors. Interestingly, the main differences between the
amino acid sequences of murine and rat and those of bovine

10s

and human g1 subunits occur in the large putative intracel-
lular loop between transmembrane domains M3 and M4. It is
therefore conceivable that changes of amino acid residues in
this intracellular region could incur conformational changes
in the GABA,, receptor, leading to the pharmacological pro-
files seen in this and previous studies. However, we cannot
discount the possibility of differential post-translational pro-
cessing also accounting for these differences in gating.

B1 subunit pharmacology. The current passing through
the murine B1 ion channel was enhanced directly by pento-
barbitone, providing a clear indication that GABA and bar-
biturates must bind to different sites within the GABA,
receptor complex. In the present study, the Hill coefficient for
pentobarbitone was 1.9 *+ 0.26, which may be interpreted as
indicating two binding sites for pentobarbitone on the homo-
meric murine B1 subunit. Pentobarbitone can enhance the
GABA-induced response in human B1 homomeric GABA,
receptors expressed in Xenopus oocytes (13).

Conversely, the benzodiazepines and the neurosteroid
pregnanolone appear to have no binding sites on murine g1
GABA, receptors. These results are compatible with previ-
ous studies using heteromeric constructs, where the benzo-
diazepine enhancement of GABA-induced responses on
GABA, receptors occurs only when a y subunit was present.
The selectivity for the benzodiazepines was determined by
the type of a subunit (36). Similarly, neurosteroid modula-



tion of the GABA, receptor was also strongly influenced by
the presence of both the a and the vy subunits but not by the
B subunits (37). In contrast, alphaxalone potentiated the
GABA-activated response in human g1 homomers in Xero-
pus oocytes (13). This difference could occur due to the dif-
ferent species of B1 expressed or possibly the different neuro-
steroid studied.

Interestingly, propofol potentiated the murine 1 ion chan-
nel conductance, demonstrating a potential binding site for
this general anesthetic that is separate from the GABA and
benzodiazepine binding sites but possibly shared with the
barbiturate binding site. Propofol has been previously shown
to act as a positive allosteric modulator at GABA, receptors,
although no firm conclusions were drawn as to the site of
action on the receptor (22). Recently, a direct action of propo-
fol at human B1 homomeric GABA, receptors was observed
with a small enhancement in the response to GABA (13).

The noncompetitive antagonists zinc, PTX, and Pen-G
have the ability to antagonize the currents mediated by mu-
rine B1 channels, suggesting the unequivocal existence of
binding sites that are discrete from the agonist recognition
site on B1 subunits.

Can GABA, Receptor-lon Channeis Open Spontaneously?

This question has been posed many times for neurotrans-
mitter-gated ion channels. Spontaneously opening GABA,
receptor-ion channels are difficult to identify in tissue culture
or in situ because in the absence of any exogenously applied
agonist, a background release of endogenous GABA may
cause channel activation. Identification of spontaneous cur-
rents has to rely on pharmacology and on an analysis of
channel-gating properties. Single-channel events of similar
conductance (24 pS) to GABA-activated ion channels have
been reported in spinal neurons (38). Spontaneous Cl™-me-
diated single-channel currents have also been observed in
pituitary cells (39, 40), where conductances of 11, 23 (main
state), and 31 pS were reported. These conductances and the
spontaneous channel-gating kinetics are similar to those of
GABA-activated channels in these same cells, although
GABA caused more prolonged bursts of channel activity (39).
The spontaneous channels were unaffected by bicuculline or
SR 42641, suggesting that low concentrations of an agonist
(GABA is probably absent from these cells) are unlikely to be
activating the channels (39). In contrast, GABA, receptor
antagonists that may block the Cl~ channels, such as t-
butylbicyclophosphorothionate and PTX, were capable of in-
hibiting the spontaneous channel activity (40). ¢-Butylbicy-
clophosphorothionate increased the long closed durations of
the channel in a similar manner to that of PTX, inhibiting
the spontaneous channels recorded in our murine 81 cDNA-
injected oocytes. One interpretation of these data is that in
some cells, spontaneously opening channels can occur with
properties similar to those of GABA-activated channels.
These channels may be bona fide GABA, receptors (e.g.,
composed of a, B, and y subunits) or could represent some
limited expression of homomeric B1 subunits. To establish
the likelihood of homomeric receptor expression occurring in
the presence of other GABA, receptor subunit expression
will require some understanding of the rules governing
GABA,, receptor assembly.

Homomeric g1 GABA, Receptor-lon Channels 503

References

10.

11

18.

14.

15.

16.

17.

18.

19.

21.

. Burt, D. R, and G. L. Kamatchi. GABA, receptor subtypes: from pharma-

cology to molecular biology. FASEB J. 8:2916-2923 (1991).

. Olsen, R. W., and A. J. Tobin. Molecular biology of the GABA, receptor.

FASEB J. 4:1469-1480 (1990).

. Nayeem, N., T. P. Green, 1. L. Martin, and E. A. Barnard. Quaternary

structure of the native GABA, receptor determined by electron micro-
scopic image analysis. J. Neurochem. 62:815-818 (1994).

. Sigel, E., R. Baur, G. Trude, H. Mohler, and P. Malherbe. The effect of

subunit composition of rat brain GABA, receptors on channel function.
Neuron 5:703-711 (1990).

. Verdoorn, T. A., A. Draguhn, S. Ymer, P. H. Seeburg, and B. Sakmann.

Functional properties of recombinant rat GABA, receptors depend upon
subunit composition. Neuron 4:919-928 (1990).

. Angelotti, T. P., and R. L. MacDonald. Assembly of GABA, receptor

subunits: 181 and a181¥28 subunits produce simple unique ion channels
with dissimilar single-channel properties. J. Neurosci. 13:1428-1440
(1998).

. Krishek, B. J., X. Xie, C. Blackstone, R. L. Huganir, S. J. Moes, and T. G.

Smart. Regulation of GABA, receptor function by protein kinase C phos-
phorylation. Neuron 12:1081-1095 (1994).

. Sigel, E., F. A. Stephenson, C. Mamalaki, and E. A. Barnard. A y-ami-

nobutyric acid/benzodiazepine receptor complex of bovine cerebral cortex:
purification and partial characterization. J. Biol. Chem. 258:6965-6971
(1983).

. Casalotti, S. O., F. A. Stephenson, and E. A. Barnard. Separate subunits

for agonist and benzodiazepine binding in the y-aminobutyric acid, recep-
tor oligomer. J. Biol. Chem. 261:15013-15016 (1986).

Amin, J., and D. S. Weiss. GABA, receptor needs two homologous domains
of the g-subunit for activation by GABA but not by pentobarbital. Nature
(Lond.) 368:565-569 (1993).

Blair, L. A. C, E. S. Levitan, J. Marshall, V. E. Dionne, and E. A. Barnard.
Single subunits of the GABA, receptor form ion channels with properties
of the native receptor. Science (Washington D. C.) 242:577-579 (1988).

. Pritchett, D. B., H. Sontheimer, C. M. Gorman, H. Kettenmann, P. H.

Seeburg, and P. R. Schofield. Transient expression shows ligand gating
and allosteric potentiation of GABA, receptor subunits. Science (Washing-
ton D. C.) 242:1306-1308 (1988).

Sanna, E., F. Garau, and R. A. Harris. Novel properties of homomeric 81
y-aminobutyric acid type A receptors: actions of the anesthetics propofol
and pentobarbital. Mol. Pharmacol. 47:213-217 (1995).

Sigel, E., R. Baur, P. Malherbe, and H. Mohler. The rat B,-subunit of the
GABA, receptor forms a picrotoxin-sensitive anion channel open in the
absence of GABA. FEBS Lett. 357:377-379 (1989).

Wang, J. B., P. Kofuji, J. C. Fernando, S. J. Moss, R. L. Huganir, and D. R.
Burt. The a 1, a 2, and a 3 subunits of GABAA receptors: comparison in
seizure-prone and -resistant mice and during development. J. Mol. Neu-
rosci. 3:177-184 (1992).

Smart, T. G., and B. J. Krishek: Xenopus oocyte microinjection and ion
channel expression, in Neuromethods: Patch Clamp Techniques and Pro-
tocols, (A. A. Boulton, G. B. Baker, and W. Walz, eds.). Humana Press,
Totowa, New Jersey, 269305 (1995).

Methfessel, C., V. Witzemann, T. Takahashi, M. Mishina, S. Numa, and B.
Sakmann. Patch clamp measurements on Xenopus laevis oocytes: currents
through endogenous channels and implanted acetylcholine receptor and
sodium channels. Pflueg. Arch. Eur. J. Physiol. 407:577-588 (1986).
Smart, T. G., S. J. Moss, X. Xie, and R. L. Huganir. GABA, receptors are
differentially sensitive to zinc: dependence on subunit composition. Br. J.
Pharmacol. 108:1837-1839 (1991).

Smart, T. G. A novel modulatory binding site for zinc on the GABA,
receptor complex in cultured rat neurones. J. Physiol. 447:587-625 (1992).

. Harrison, N. L., and M. A. Simmonds. Two distinct interactions of barbi-

turates and chlormethiazole with the GABA, receptor complex in rat
cuneate nucleus in vitro. Br. J. Pharmacol. 80:387-394 (1983).

Hales, T. G., and J. J. Lambert. Modulation of GABA, and glycine recep-
tors by chlormethiazole. Eur. J. Pharmacol. $10:239-246 (1992).

. Hales, T. G., and J. J. Lambert. The actions of propofol on the inhibitory
adrenomedullary

amino acid receptors of bovine chromaffin cells and
rodent central neurones. Br. J. Pharmacol. 104:619-628 (1991).

. Twyman, R. E, R. M. Green, and R. L. MacDonald. Kinetics of open

channel block by penicillin of single GABA , receptor channels from mouse
spinal cord neurones in culture. J. Physiol. 448:97-127 (1992).

. Katayama, N., N. Tokutomi, J. Nabekura, and N. Akaike. Penicillin-

induced triphasic modulation of GABA, receptor-operated chloride cur-
rent in frog sensory neuron. Brain Res. 595:249-255 (1992).

. Bowie, D., and T. G. Smart. Interplay between expressed non-NMDA

receptors and endogenous calcium-activated chloride currents in Xenopus
laevis oocytes. Neurosci. Lett. 161:4-8 (1993).

. Sigel, E. Use of Xenopus oocytes for the functional expression of plasma

membrane proteins. J. Membr. Biol. 117:201-221 (1990).

. Bassford, P., J. Beckwith, M. Bermann, E. Brickman, M. Casadaban, L.

Guarente, 1. Saint-Girons, A. Sarthy, M. Schwartz, H. Shuman, and T.
Silhavy. Genetic fusions of the lac operon: a new approach to the study of



504 Krishek et al.

31

32.

biological processes, in The Operon (J. H. Miller and W. S. ReznikofY, eds.).
Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, 245-262 (1978).

. Buller, A. L., and M. M. White. Functional acetylcholine receptors ex-

pressed in Xenopus oocytes after injection of Torpedo B, v, and 8§ subunit
RNASs are a consequence of endogenous oocyte gene expression. Mol. Phar-
macol. 87:423-428 (1989).

. Kirkness, E. F., and C. M. Fraser. A strong promoter element is located

between alternative exons of a gene encoding the human y-aminobutyric
acid-type A receptor B3 subunit (GABRBS3). J. Biol. Chem. 268:4420-4428
(1993).

. Moss, S. J., T. G. Smart, N. M. Porter, N. Nayeem, J. Devine, F. A.

Stephenson, R. L. MacDonald, and E. A. Barnard. Cloned GABA receptors
are maintained in a stable cell line: allosteric and channel properties. Eur.
J. Pharmacol. 189:77-88 (1990).

Porter, N. M., T. P. Angelotti, R. E. Twyman, and R. L. MacDonald. Kinetic
properties of alpl y-aminobutyric acid, receptor channels expressed in
Chinese ovary cells: regulation by pentobarbital and picrotoxin.
Mol. Pharmacol. 43:872-881 (1992).

Twyman, R. E,, C. J. Rogers, and R. L. MacDonald. Pentobarbital and
picrotoxin have reciprocal actions on single GABA, receptor channels.
Neurosci. Lett. 98:89-95 (1989).

. Newland, C. F.,, and S. G. Cull-Candy. On the mechanism of action of

picrotoxin on GABA receptor channels in dissociated sympathetic neu-
rones of the rat. J. Physiol. 447:191-213 (1992).

Khrestchatisky, M., A. J. MacLennan, M.-Y. Chiang, W. Xu, M. B. Jack-
son, N. Brecha, C. Sternini, R. W. Olsen, and A. J. Tobin. A novel a subunit
in rat brain GABA, receptors. Neuron 3:7456-753 (1989).

35.

317.

Malherbe, P., A. Draguhn, G. Multhaup, K. Beyreuther, and H. Mohler.
GABA ,-receptor expressed from rat brain a- and B-subunit cDNAs dis-
plays potentiation by benzodiazepine receptor ligands. Mol. Brain Res.
8:199-208 (1990).

. Pritchett, D. B.,, H. Luddens, and P. H. Seeburg. Type I and type II

GABA ,-benzodiazepine receptors produced in transfected cells. Science
(Washington D. C.) 245:1389-1392 (1989)

Puia, G., M. Santi, S. Vicini, D. B. Pritchett, R. H. Purdy, S. M. Paul, P. H.
Seeburg, and E. Costa. Neurosteroids act on recombinant human GABA,
receptors. Neuron 4:759-756 (1990).

. Mathers, D. A. Spontaneous and GABA-induced single channel currents in

cultured murine spinal cord neurons. Can. J. Physiol. Pharmacol. 63:
1228-1233 (1985).

. Taleb, O., J. Trousland, B. A. Demeneix, P. Feltz, J.-L. Bossu, J.-L. Du-

pont, and A. Feltz. Spontaneous and GABA-evoked chloride channels on
pituitary intermediate lobe cells and their internal Ca requirements.
Pflueg. Arch. Eur. J. Physiol. 409:620-631 (1987).

. Hamann, M., M. Desarmenien, P. Vanderheyden, P. Piguet, and P. Feltz.

Electrophysiological study of z-butylbicyclophosphorothionate-induced
block of spontaneous chloride channels. Mol. Pharmacol. 87:578-582
(1990).

Send reprint requests to: Prof. T. G. Smart, Department of Pharmacology,
The School of Pharmacy, 29-39 Brunswick Square, London, UK WC1N 1AX.
E-mail: tsmart@ulsop.lon.ac.uk






