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1 We have mutated a conserved leucine in the putative membrane-spanning domain to serine in
human GABAA b2 and investigated the actions of a number of GABAA agonists, antagonists and
modulators on human a1b2DL259Sg2s compared to wild type a1b2g2s GABAA receptors, expressed
in Xenopus oocytes.

2 The mutation resulted in smaller maximum currents to g-aminobutyric acid (GABA) compared
to a1b2g2s receptors, and large leak currents resulting from spontaneous channel opening. As
reported, this mutation signi®cantly decreased the GABA EC50 (110 fold), and reduced
desensitization. Muscimol and the partial agonists 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol
(THIP) and piperidine-4-sulphonic acid (P4S) also displayed a decrease in EC50.

3 In addition to competitively shifting GABA concentration response curves, the antagonists
bicuculline and SR95531 both inhibited the spontaneous channel activity on a1b2DL259Sg2s
receptors, with di�erent degrees of maximum inhibition.

4 The e�ects of a range of allosteric modulators, including benzodiazepines and anaesthetics were
examined on a submaximal GABA concentration (EC20). Compared to wild type, none of these
modulators potentiated the EC20 response of a1b2DL259Sg2s receptors, however they all directly
activated the receptor in the absence of GABA.

5 To conclude, the above mutation resulted in receptors which exhibit a degree of spontaneous
activity, and are more sensitive to agonists. Benzodiazepines and other agents modulate
constitutive activity, but positive modulation of GABA is lost. The competitive antagonists
bicuculline and SR95531 can also act as allosteric channel modulators through the same GABA
binding site.
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Introduction

GABAA receptors form part of the ligand-gated ion-channel
superfamily, comprising other anion channels such as glycine
receptors, as well as cation channels, such as the nicotinic

acetylcholine and 5HT3 receptors. These receptors all share a
common physical structure thought to consist of four
transmembrane (TM) domains, a large N-terminal domain

and an intracellular loop between putative TM3 and TM4.
Most are multimeric receptors formed from at least two to four
di�erent subunits, which can have dramatic e�ects on the

pharmacology of individual receptor subtypes. The GABAA

receptors form the major mechanism for synaptic inhibition in
the central nervous system, and are ubiquitously spread
throughout the brain. They are made up from a, b g, d and e
subunits (see Sieghart, 1995; McKernan & Whiting, 1996;
Whiting et al., 1995; 1997) which assemble into a presumed
pentameric arrangement to form a transmembrane pore, which

gates chloride on receptor activation.
The high a�nity binding of radiolabelled agonists for

ligand-gated ion channels usually contrasts with the relatively

low functional a�nity they have at the receptor and this has
recently been compared on recombinant GABAA receptors
(Ebert et al., 1997). The binding a�nity (pKi) for GABA

agonists such as muscimol, GABA, and 4,5,6,7-tetrahydroi-
soxazolo[5,4-c]pyridin-3-ol (THIP) is generally two to three
orders of magnitude higher than the pEC50's measured

electrophysiologically (Ebert et al., 1997). One possible
explanation for this discrepancy is that [3H]-muscimol binding
is measuring the intrinsic a�nity of the agonist for its receptor

binding-site, whereas the functional measure re¯ects activation
of the entire receptor/ion channel complex, including the
transduction process, probability of channel opening and

desensitization.
Some evidence for this hypothesis comes from mutation of a

conserved leucine in the putative membrane-spanning domain
of several gated ion channels. Changes to this residue result in

up to 1000 fold increased agonist sensitivity (Labarca et al.,
1995; Chang et al., 1996), which would bring the functional
EC50 close to the a�nity measured by ligand binding. a1b2g2
receptors are thought to be the most abundant receptor
combination in the central nervous system (McKernan &
Whiting, 1996). We have used this combination, and mutated

the conserved leucine in human GABAA b2 to serine, and
determined the consequences of this mutation on the actions of
a number of GABAA agonists, antagonists and allosteric

modulators compared to wild type a1b2g2s GABAA receptors,
expressed in Xenopus oocytes. A preliminary account of some
of this work has been presented in abstract form (Thompson et
al., 1998).*Author for correspondence.
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Methods

Oocyte expression

Adult female Xenopus laevis were anaesthetized by

immersion in a 0.4% solution of 3-aminobenzoic acid
ethylester for 30 ± 45 min (or until unresponsive). Ovary
tissue was removed via a small abdominal incision and

Stage V and Stage VI oocytes were isolated with ®ne
forceps. After mild collagenase treatment to remove follicle
cells (Type IA, 0.5 mg ml71, for 6 mins), the oocyte nuclei

were directly injected with 10 ± 20 nl of injection bu�er (in
mM: NaCl 88, KCl 1, HEPES 15, at pH 7, ®ltered through
nitro-cellulose) containing di�erent combinations of human

GABAA subunit cDNAs (20 ng ml71) engineered into the
expression vector pCDM8 or pcDNAI/Amp. Following
incubation for 24 ± 72 h, oocytes were placed in a 50 ml
bath and perfused at 4 ± 6 ml min71 with modi®ed Barth's

medium (MBS) consisting of (in mM) NaCl 88, KCl 1,
HEPES 10, MgSO4 0.82, Ca(NO3)2 0.33, CaCl2 0.91,
NaHCO3 2.4, at pH 7.5. Cells were impaled with two 1 ±

3 MO electrodes containing 2 M KCl and voltage-clamped
between 740 and 770 mV.

Experimental design

In all experiments drugs were applied in the perfusate until the
peak of the response was observed. Non-cumulative concen-

tration-response curves to agonists were constructed with an
interval of 3 min between each agonist application.

Curves were ®tted using a non-linear square-®tting

program to the equation f(x)=BMAX/[1+(EC50/x)
n] where

x is the drug concentration, EC50 is the concentration of
drug eliciting a half-maximal response and n is the Hill

coe�cient. The e�ects of GABAA receptor modulators were
examined on control GABA EC20 responses with a
preapplication time of 30 s.

Drugs

g-Aminobutyric acid (GABA, Sigma), muscimol (Sigma,

Poole, U.K.), 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol
hydrochloride (THIP, Tocris, Bristol, U.K.) and piperidine-
4-sulphonic acid (P4S, Sigma, Poole, U.K.) were prepared as a

1 M stock solutions in MBS. Stock solutions of ¯unitrazepam
(10 mM, Sigma, Poole, U.K.), methyl 6,7-dimethoxy-4-ethyl-b-
carboline-3-carboxylate (DMCM, 10 mM, Research Biochem-

icals International, Poole, U.K.), methyl-b-carboline-3-
carboxylate (b-CCM, 10 mM Research Biochemicals Interna-
tional, Poole, U.K.), CL218,872 (100 mM, Lederle, NS,
U.S.A.), Ro15-1788 (10 mM, synthesized by the Chemistry

Department at MSD, Harlow, Essex, U.K.), zolpidem (10 mM,
Research Biochemicals International, Poole, U.K.), 5a-
pregnan-3a-ol-20-one (10 mM, Sigma, Poole, U.K.), lorecle-

zole (100 mM, a kind gift from Janssen, Burse, Belgium),
SR95531 (100 mM, Research Biochemicals International,
Poole, U.K.) picrotoxin (100 mM, Sigma, Poole, U.K.),

bicuculline methiodide (100 mM, Sigma, Poole, U.K.) were
prepared in 100% dimethylsulphoxide. Pentobarbitone was
obtained from RhoÃ ne MeÂ rieux, Harlow, U.K. (Sagatal for

injection containing 60 mg ml71 pentobarbitone sodium) and
2,6-diisopropyl phenol (propofol) was obtained from Aldrich,
Poole, U.K. both were supplied as solutions. The concentrates
were diluted into MBS. The maximal ®nal vehicle concentra-

tion of DMSO was 0.3% v v71 which had no e�ect alone or on
GABA currents.

Data analysis

All data are shown as means+s.e.mean. Di�erences between

means were evaluated by Student's t-test and considered
signi®cant if P50.05.

Results

Changes in gating and response to agonists

Signi®cantly smaller currents to a maximum concentration of
GABA were observed in a1b2DL259Sg2s receptors

(92.5+6.3 nA n=62) compared to a1b2g2s (2164+304 nA
n=17). The mutant receptors also displayed a greater leak
current (between 200 ± 400 nA) compared to the wild type

(between 30 ± 100 nA), when voltage-clamped at 770 mV.
Current-voltage plots of the required holding current in
a1b2DL259Sg2s revealed this leak current to have a reversal
potential of 728.5+3.9 mV (n=4). This leak current was

compared to that in oocytes expressing wild type receptors
(Figure 1), and suggested a signi®cant proportion of the
receptors were spontaneously open. This current was in most

cases larger than the GABA elicited current when clamped at
770 mV, (223+25 nA (n=15) vs 85+8 nA (n=15)) and could
be blocked by picrotoxin. Interestingly, this constitutive activity

showed a very slow drift to less negative holding current as can
be seen in Figures 5, 6 and 7, the reason for this is unknown. One
possible explanation could be the slow redistribution of chloride

through the open channels when clamped at 770 mV. The
current voltage relationship for GABA revealed a reversal
potential of 726.3+3.9 mV (n=4) for a1b2DL259Sg2s which
was not signi®cantly di�erent from721.3+4.23 mV (n=5) for

a1b2g2s. b2DL259S when expressed alone did not result in
constitutively active channels suggesting that the subunit alone
cannot form functional ion channels.

As previously reported, this mutation decreased the GABA
EC50 (110 fold) resulting in mean EC50 values of 182+61 nM
(n=6) on a1b2DL259Sg2s compared to 20+3 mM on a1b2g2s
(n=7) (Figure 2a). The full agonist muscimol also exhibited a
leftward shift in EC50 with a value of 0.1+0.03 mM (n=4) on

Figure 1 Current-voltage plots for the leak currents present in
oocytes expressing a1b2DL259Sg2s (n=4) and wild type a1b2g2s
receptors (n=4). The current voltage relationship for the GABA
current on a1b2g2s receptors (n=4) determined by applying the
GABA EC50 concentration at di�erent holding potentials is included
for comparison. Reversal potentials were not signi®cantly di�erent
and corresponded with ECl in oocytes.
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a1b2DL259Sg2s receptors compared to 3.8+0.9 mM (n=4) on
a1b2g2s (data not shown). The partial agonists THIP and
piperidine-4-sulphonic acid P4S also displayed a similar

decrease in EC50 (90 and 70 fold respectively). The constrained
GABA analogue THIP, had e�cacy of 79+2% (n=4) on wild
type, and this was unchanged on the mutant receptor
(74+10% (n=4)) (Figure 2b). P4S however, which had a

lower e�cacy of 37+5% on a1b2g2, showed a signi®cant
increase in its maximum e�cacy on the mutant
a1b2DL259Sg2s (71+3% (n=4), P50.001) (Figure 2c),

suggesting that mutation at the ion channel gate can in¯uence
the e�cacy of some GABA partial agonists.

There were also marked di�erences in the rate of

desensitization of GABAA receptors containing the b2DL247S
mutant. The desensitization following maximum GABA
concentrations was ®tted best in both wild type and mutant

by a single exponential curve. The mutation slowed the rate of
desensitization (t�) from 49.7+10.2 s (n=4) in wild type to
143+17.5 s in the mutant receptor (n=4).

Di�erences in antagonist behaviour

The non-competitive GABAA antagonist picrotoxin

(100 mM) produced apparent outward currents
(+181+17 nA, n=41) in the absence of GABA, suggesting
block of the spontaneously open channels or leak current

measured when voltage-clamped at 770 mV. The competi-
tive antagonists bicuculline and SR95531 also both
produced apparent outward currents on a1b2DL259Sg2s
receptors. The degree of block of constitutive activity to
increasing concentrations of competitive antagonists bicucul-
line and SR95531 were normalized to the outward current
produced by picrotoxin, which presumably re¯ected com-

plete block of all channels. Bicuculline produced a
maximum inhibition of 85+4% (n=4), while SR95531 only
produced a maximal inhibition of 13+1% (n=4) (Figure

3a). The pIC50's of 5.5+0.09 (n=4) for bicuculline and
6.8+0.05 (n=4) for SR95531 correlate well with the pKi's
for competitive antagonism of wild type a1b2g2 GABA

receptors (Ebert et al., 1997). The block of constitutive
activity by bicuculline could be reversed by co-application

by SR95531 (Figure 3b), showing for the ®rst time, the
competitive nature of these compounds. In addition to

Figure 2 Concentration-response curves to (a) GABA, (b) THIP and (c) P4S on oocytes expressing a1b2DL259Sg2s and wild type
a1b2g2s GABAA receptors. Data points are the means+s.e.mean of four or more oocytes.

Figure 3 (a) Concentration-response curves for the inhibitory e�ect
of bicuculline and SR95531 on the leak conductance present in
oocytes expressing a1b2DL259Sg2s receptors. The outward currents
to the competitive antagonists were normalized to the outward
current produced by 100 mM picrotoxin, which re¯ected complete
block of all channels. Bicuculline produced a maximum inhibition of
85+4% (n=4), while SR95531 only produced a maximal inhibition
of 13+1% (n=4). (b) Outward currents on a1b2DL259Sg2s receptors
elicited by 30 mM bicuculline could be inhibited by co-application of
10 mM SR95531, demonstrating the competitive nature of these two
antagonists. The outward current to 100 mM picrotoxin on the same
cell is shown for comparison.

Channel mutation effects on GABAA receptor modulation 1351S.-A. Thompson et al



producing a block of the leak current, the two antagonists
also competitively shifted GABA concentration response
curves to the right, as would be expected. The pKi's derived

from this shift for SR95531 and bicuculline were 6.9+0.06
(n=4) and 5.0+0.09 (n=4) respectively, similar to those at
blocking spontaneously open channels, and similar to wild
type a1b2g2 receptors (SR95531, 6.5+0.02 (n=4), and

bicuculline, 5.6+0.05 (n=4)).

Allosteric modulation by benzodiazepines

Five benzodiazepine site ligands were selected for the study,
re¯ecting structurally diverse compounds, as well as di�ering

levels of intrinsic e�cacy, ranging from full agonists such as
¯unitrazepam, through partial agonist such as CL218,872 to
the inverse agonist, DMCM. The modulation of submaximal

GABA concentrations (EC20) by maximally e�ective con-
centrations of each compound were examined. While
exhibiting no direct e�ects, but marked modulation of

GABA currents on wild type a1b2g2s receptors, the EC20

response of a1b2DL259Sg2s receptors was not potentiated by
any of these modulators, however they all produced
apparent direct e�ects in the absence of GABA (Figure 4).

The benzodiazepine inverse agonists DMCM and b-CCM,
produced outward currents in the absence of GABA, but
again did not modulate the GABA EC20. These direct e�ects

of benzodiazepines were blocked by the benzodiazepine
antagonist Ro15-1788 (1 mM), and by 30 mM bicuculline
(Figure 5), suggesting that these currents resulted from

modulating the constitutively active channels already
present. Using 30 mM bicuculline the constitutive activity
could be blocked, however this did not restore the

Figure 4 E�ects of four benzodiazepine modulators with di�ering e�cacy on wild type a1b2g2s receptors and a1b2DL259Sg2s
receptors. The ®gure illustrates (a) the full agonist ¯unitrazepam, (b) the partial agonist CL-218,872, (c) the a1-selective full agonist
zolpidem and (d) the full inverse agonist DMCM. The compounds are all benzodiazepine ligands and as well as representing the
range of e�cacies also show structural diversity. On a1b2DL259Sg2s receptors these benzodiazepines all produced currents in the
absence of GABA, agonists producing inward currents while the inverse agonist DMCM produced an outward current. Data
represent typical recordings from four or more oocytes.
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potentiation of GABA currents by benzodiazepine agonists
(Figure 6). Interestingly, it did restore the inverse modula-
tion of the GABA EC20 by DMCM and b-CCM (Figure 6).

Allosteric modulation via anaesthetic and other binding
sites on the receptor

The barbiturate pentobarbitone potentiates the wild type
receptor at concentrations between 10 and 100 mM, and at

higher concentrations directly activates the receptor. At the
a1b2DL259Sg2s receptors, concentration response curves for
the direct activation by pentobarbitone showed a signi®cant,

(P50.001) 10 fold decrease in EC50 compared to wild type
(Figure 7a), hence the leftward shift seen with agonists was not
restricted to those active at the GABA binding site. This is
unlike the e�ects of mutations in the N-terminal GABA

binding domains, which do not a�ect pentobarbitone
activation (Amin & Weiss, 1993). The potentiation of the

Figure 5 (a) Directly activated currents on a1b2DL259Sg2s receptors elicited by both ¯unitrazepam (1 mM) and DMCM (100 nM)
are completely inhibited by co-application of 1 mM Ro15-1788. The apparent inward current to Ro15-1788 following DMCM is
most likely due to the very slow dissociation of previously applied DMCM, as no currents were observed when Ro15-1788 was
applied alone. Data represents a typical recording from at least four oocytes. (b) Directly activated currents by ¯unitrazepam
(1 mM), zolpidem (1 mM) and CL218,872 (10 mM) are inhibited by co-application of 30 mM bicuculline (P50.001). Inward currents
were normalized to maximum GABA currents. Drugs were applied in either standard saline solution (MBS) or 30 mM bicuculline.
The direct outward currents elicited by DMCM (100 nM), here normalized to the full blockade seen with picrotoxin, are also
blocked by 30 mM bicuculline (P50.005). Data represents mean+s.e.mean of the n numbers indicated above each bar.
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GABA EC20 response observed in wild type receptors with
pentobarbitone was absent in the mutant, and as can be seen
from Figure 7b, 3 mM pentobarbitone was equally ine�ective at

potentiating a GABA EC20. This suggests that there is not a
corresponding shift in EC50 for potentiation on
a1b2DL259Sg2s. Similar to benzodiazepine modulation,

potentiation by pentobarbitone was not restored when
constitutive activity was inhibited using 30 mM bicuculline
(data not shown). While pentobarbitone produced the largest

direct activation on a1b2DL259Sg2s receptors (79+6% of
maximum GABA, n=4), this was compromised by the marked
inhibition seen at concentrations over 100 mM.

The neuroactive steroid 5a-pregnan-3a-ol-20-one poten-

tiated a1b2g2s GABAA receptors at 1 mM with no marked
direct activation. In contrast large direct currents (36+4% of
maximum GABA, n=4) were observed on a1b2DL259Sg2s
receptors (Figure 8a), and no modulation of the GABA EC20.
Similar results were obtained with the b2/3-subunit selective
compound loreclezole (10 mM) (Figure 8b) which produced the

smallest direct current (12+1% of maximum GABA, n=4) on
a1b2DL259Sg2s receptors. The anaesthetic compound propo-
fol (10 mM) produced a very marked direct current

(49.5+3.9% of maximum GABA, n=4) (Figure 8c), reducing
the e�ect of any further GABA receptor activation by
coapplication of GABA in the presence of propofol.

Discussion

The structure of the putative transmembrane domain 2 (TM2)
of the GABAA receptor is thought to be close to that of other
members of the ligand-gated ion-channel family. Studies using

the nicotinic acetylcholine receptor have demonstrated that the
9' leucine appears to be an important residue forming the ion
channel gate. Mutation of this residue increases apparent
acetylcholine sensitivity and reduces desensitization. In studies

on multimeric receptors mutation of each individual subunit
confers approximately a 10 fold increase in agonist sensitivity
(Labarca et al., 1995; Filatov & White, 1995). This appears to

be the case for GABA receptors also (Chang et al., 1996), and
has been utilized to determine receptor stoichiometry. Here, we
have studied the e�ects of this mutation in more detail, and
have demonstrated that as well as increasing GABA

sensitivity, mutation of the 9' leucine to serine produces
corresponding increased sensitivity to partial agonists and an
increased e�cacy for P4S. As well as increasing sensitivity to

activation by GABA, other allosteric compounds, which
directly operate the channel such as pentobarbitone, are also
more potent, with a corresponding increase in e�cacy. This

supports the hypothesis that the agonist binding-site itself is
not a�ected by this mutation. It was apparent that the
mutation caused a dramatic decrease in receptor desensitiza-

tion in response to GABA. This observation is also common to
studies on other ligand gated ion channels mutated at this
position. The nicotinic a7 (Revah et al., 1991; Bertrand et al.,
1992), muscle nicotinic receptors (Labarca et al., 1995), and

5HT-3 receptors (Yakel et al., 1993) all show reduced
desensitization when the corresponding leucine mutation is
made. This observation would support the hypothesis that a

normally desensitized state of the receptor becomes conducting
when leucine is mutated to a serine.

In addition to increased sensitivity to agonists, the mutant

channels produced marked spontaneous openings, re¯ected in
large leak currents, which reversed at the same potential as
GABA, and were blocked by the non-competitive inhibitor

picrotoxin. This spontaneous channel activity is similar to that
seen on expression of GABAA b1 homomeric receptors (Sigel
et al., 1989; Krishek et al., 1996), which are also sensitive to
picrotoxin, and has also been reported for equivalent

mutations in the GABA r1 receptor (Pan et al., 1997; Chang
& Weiss, 1998). On injection of the GABAA b2DL259S alone,
no currents were observed to GABA, and no leak

conductances were present, suggesting that unlike b1 and r1
this construct did not form homomeric channels. Unlike r1,
the a1b2DL259Sg2 receptor did not exhibit inhibition of

constitutive opening by low concentrations of GABA.
Mutation of the b1Leu259 to Thr has been reported to cause
constitutive channel opening when expressed with a1 in Sf9
cells, but in this case GABA did not activate the receptor, and

unlike the results here were not blocked by picrotoxin or
bicuculline (Tierney et al., 1996). The equivalent mutation in
the a1 subunit did result in GABA currents when expressed

with b1, but in contrast to Chang et al. (1996) no decrease in
EC50 was reported.

It was apparent that the mutation of this residue

dramatically a�ected the level of receptor expression.
Maximum currents to GABA were signi®cantly reduced with
receptors containing the mutant b-subunit. This was consistent
with the ®ndings of Tierney et al. (1996) and Chang et al.
(1996) who also described a decrease in expressed receptor
following L'9T in either the a1 in b1 subunit. It is, however,
unlike that found with equivalent mutants in the nicotinic

receptor where no reduction in current size was observed
(Bertrand et al., 1992).

In order to demonstrate that antagonist a�nity remained

unchanged by this mutation, we compared the competitive
antagonists bicuculline and SR95531. Both these compounds
produced shifts of the GABA concentration response curve

to the right as expected, with pKi's of 5.0 and 6.9
respectively, similar to that on wild type receptors. In
contrast to wild type receptors, however bicuculline produce
marked outward currents on the mutant receptors, inhibiting

Figure 6 Potentiation of the GABA EC20 response by the
benzodiazepine ligands, ¯unitrazepam (1 mM), zolpidem (1 mM) and
CL218,872 (10 mM), and inhibition by DMCM on wild type a1b2g2s
receptors and on oocytes expressing a1b2DL259Sg2s in the presence
of 30 mM bicuculline to block the constitutive channel activity. Data
represents the mean+s.e.mean from the number of oocytes indicated
above each bar. Potentiation by ¯unitrazepam, zolpidem and
CL218,872 were all signi®cantly di�erent (P50.05) between the two
receptors, while inhibition by the inverse agonists DMCM and b-
CCM were not signi®cantly di�erent.
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the constitutively active channels. The IC50 for this e�ect
corresponded exactly with its pKi, suggesting this action to
be via the same site. SR95531 showed only partial inhibition

of the constitutive channel activity, and antagonized the
e�ect of bicuculline, indicating that this compound has less
inverse activity than bicuculline and competes at the same
site. This suggests bicuculline is acting as an allosteric

inhibitor or inverse agonist at the GABA site, con®rming
the hypothesis previously suggested by Ueno et al. (1997)
who showed allosteric inhibition of pentobarbitone currents

by bicuculline on rat a1b2g2 GABAA receptors. The levels
of inverse activity for bicuculline and SR95531 on receptors
containing b2DL259S correlate well with that shown on wild
type pentobarbitone gated currents, providing further

Figure 7 (a) Concentration-response curves for the direct receptor activation of wild type a1b2g2s (n=9) receptors or
a1b2DL259Sg2s (n=4) receptors by pentobarbitone. Data is expressed relative to a maximum GABA evoked current, and represents
the mean+s.e.mean. For a1b2DL259Sg2s, the curve was ®tted through points up to 100 mM only. (b) E�ects of 3 and 100 mM
pentobarbitone on a GABA EC20 response in either wild type a1b2g2s receptors or a1b2DL259Sg2s receptors.
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evidence that bicuculline can allosterically inhibit channel
activity.

The GABAA receptor is notable for its sensitivity to

modulation by benzodiazepines. We compared the action of
several ligands with di�erent intrinsic e�cacy at the
benzodiazepine site, and found that modulation of the GABA
EC20 response was lost for both agonist and inverse agonists

following mutation of b2L259. It was clear however, that these
compounds maintained activity at the binding site, as all
compounds showed apparent direct activation of the receptor,

with e�cacy correlating with that at the benzodiazepine site,
including outward currents in response to the inverse agonist
DMCM. All these responses were completely inhibited by

¯umazenil, suggesting that the BZ site remained una�ected by
the mutation. This is in agreement with the hypothesis that the
BZ binding site is located at the a/g interface (Sigel & Buhr,

1997; Wingrove et al., 1997). One possible explanation for
these BZ mediated currents is that the spontaneous channel
activity is being modulated by benzodiazepines, producing
apparent BZ activated currents. This appears to be the case, as

blocking the spontaneous activity with bicuculline, and
applying benzodiazepines signi®cantly reduces the benzodia-
zepine-mediated currents. It does not, however, restore the

potentiation of GABA-mediated currents, suggesting that the
abolition of allosteric modulation is not due to the presence of
constitutively open channels. Interestingly the negative

modulation by two inverse agonists, DMCM and b-CCM, is
observable in the presence of bicuculline, which indicates that
it is only the positive allosteric modulation that is a�ected.

The majority of anaesthetics exhibit marked potentiation of

GABAA receptors and at high concentrations directly activate
the receptor (Thompson et al., 1996; Pistis et al., 1997). Here
we have studied the e�ects of pentobarbitone, propofol and the

anaesthetic steroid 5a-pregnan-3a-ol-20-one, as well as the b2/
3-subunit selective modulator loreclezole (Wa�ord et al.,
1994). As well as abolishing benzodiazepine modulation the

mutation also abrogates potentiation by any of these
modulators, but again the presence of constitutively active
channels reveals apparent direct e�ects with these compounds,

most prominent with pentobarbitone, where the EC50 is
decreased by 10 fold. As a consequence 100 mM pentobarbi-
tone alone produces almost a saturating response, over-
whelming any additional GABA mediated response, resulting

in an apparent decrease in GABA modulation. Reducing the
concentration of pentobarbitone to one that did not directly
activate the receptor produced no potentiation, demonstrating

Figure 8 E�ects of other GABAA receptor allosteric modulators on wild type a1b2g2s receptors and a1b2DL259Sg2s receptors. The
®gure illustrates typical modulation of the EC20 response to GABA by (a) the steroid 5a-pregnan-3a-ol-20-one (1 mM) (b) loreclezole
(10 mM) and (c) the anaesthetic compound propofol (10 mM). The traces represent data from at least four di�erent experiments on
each modulator.
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that the EC50 for potentiation was not shifted in parallel with
that for direct activation. In contrast loreclezole produced only
a small direct current (12% of maximum GABA) but did not

potentiate GABA. Similar experiments performed in the
presence of bicuculline to abolish constitutive activity did not
restore anaesthetic potentiation.

The current hypothesis on the role of this leucine in ligand-

gated ion channel activity is that it lies at the most constricted
position in the channel, where the transmembrane-lining
helices are kinked (Unwin, 1995). As the channel is likely to

be pentameric the equivalent residues from each subunit line
up to form a cluster that can be translocated on agonist
binding to the open channel conformation, and back again on

channel closure. The introduction of a polar side chain in
serine or threonine destabilizes the cluster, reducing the
channel closure rate and favours the open conformation. This

hypothesis explains the reduced desensitization and constitu-
tively open channels. Other evidence from cysteine substitution
experiments in nicotinic (Akabas et al., 1994) and GABAA

receptors (Xu & Akabas, 1996) suggests that the gate may be

more cytoplasmic than the 9' residue, based on modi®cation of
residues C-terminal to the leucine.

Here we show that this mutation dramatically a�ects

allosteric coupling of GABA activation to modulatory sites
on the GABAA receptor that is not due to the presence of
constitutive open channels. As the GABA EC50 is shifted to the

left, increasing the likelihood of channel opening, it
approaches that measured by radioligand binding or the
highest achievable a�nity. If the mechanism of allosteric

potentiation is to increase channel activity either by increasing
channel opening frequency or mean open time, there must be a

limit beyond which no further leftward shift is possible. This
window could be de®ned as that between the functional EC50

and that measured by radioligand binding. By making this

mutation, and shifting the receptor EC50 closer to the intrinsic
binding a�nity, it is likely that no further shift is possible and
positive allosteric potentiation is reduced. If this is the case
then positive allosteric modulators would be inactive but

negative allosteric modulation would still be possible. This
does appear to be the case with the inverse agonists DMCM
and b-CCM, which in the presence of bicuculline produce an

e�ect identical to the wild type receptor, although it does not
explain the lack of e�ect of DMCM in the absence of
bicuculline.

There has been much speculation on the role played by the
conserved leucine. One possible explanation is that a normally
desensitized receptor state becomes conducting in the mutant,

and authors have identi®ed additional conductance states in
the a7 nicotinic acetylcholine receptor containing this mutant
(Revah et al., 1991; Bertrand et al., 1992). This explanation
however, does not ®t with recent observations of agonist

induced closure of constitutively open channels (Pan et al.,
1997; Chang & Weiss, 1998). The evidence here and from
others does suggest that it dramatically a�ects the activation

and desensitization of the receptor through any binding-site
which can open the channel. It also shifts the receptor into a
state that can no longer be positively modulated by allosteric

agonists, while these compounds are clearly still binding to
their respective sites. Further studies into the kinetics and
single-channel properties of these channels will reveal more

about the relationship between receptor binding and transduc-
tion to open channels.
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