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Bicuculline and Gabazine Are Allosteric Inhibitors of Channel

Opening of the GABA, Receptor
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Anesthetic drugs are known to interact with GABA, receptors,
both to potentiate the effects of low concentrations of GABA and
to directly gate open the ion channel in the absence of GABA;
however, the site(s) involved in direct gating by these drugs is not
known. We have studied the ability of alphaxalone (an anesthetic
steroid) and pentobarbital (an anesthetic barbiturate) to directly
activate recombinant GABA, receptors containing the a1, 82, and
2L subunits. Steroid gating was not affected when either of two
mutated B2 subunits [32(Y157S) and B2(Y205S)] are incorporated
into the receptors, although these subunits greatly reduce the
affinity of GABA binding. These observations indicate that steroid
binding and subsequent channel gating do not require these
particular residues, as already shown for barbiturates. Bicuculline
or gabazine (two competitive antagonists of GABA binding) re-
duced the currents elicited by alphaxalone and pentobarbital from
wild-type GABA, receptors; however, gabazine produced only a
partial block of responses to pentobarbital or alphaxalone, and

bicuculline only partially blocked responses to pentobarbital.
These observations indicate that the blockers do not compete
with alphaxalone or pentobarbital for a single class of sites on the
GABA,, receptor. Finally, at receptors containing a182(Y157S)y2L
subunits, both bicuculline and gabazine showed weak agonist
activity and actually potentiated responses to alphaxalone. These
observations indicate that the blocking drugs can produce allo-
steric changes in GABA, receptors, at least those containing this
mutated B2 subunit. We conclude that the sites for binding ste-
roids and barbiturates do not overlap with the GABA-binding site.
Furthermore, neither gabazine nor bicuculline competes for bind-
ing at the steroid or barbiturate sites. The data are consistent with
a model in which both gabazine and bicuculline act as allosteric
inhibitors of channel opening for the GABA, receptor after binding
to the GABA-binding site.
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GABA activates a ligand-gated ion channel (the GABA, recep-
tor), which underlies most rapid inhibition in the brain. Various
other compounds also bind to the GABA , receptor and can gate
the channel or modulate channel function (Macdonald and Olsen,
1993). In particular, steroids and barbiturates are each able to
directly gate the GABA, receptor channel (in the absence of
GABA), and they can also enhance the activation produced by
low concentrations of GABA. It is not known whether the same
sites are involved in producing direct gating and in potentiating
the effects of GABA. For the sites involved in potentiation,
however, the steroid-binding site and the barbiturate-binding site
are distinct from each other and are also distinct from the GABA-
binding site (Macdonald and Olsen, 1993). Because the charac-
terized sites for steroid and barbiturate binding differ from the
GABA-binding site, it is puzzling that a competitive antagonist of
GABA binding, bicuculline, is also a potent blocker of channel
gating by steroids (Barker et al., 1987) or pentobarbital (Nicoll
and Wojtowicz, 1980). We are interested in defining the sites on
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the GABA, receptor that are involved in direct gating by anes-
thetics, and we have initiated studies of channel activation by
alphaxalone (an anesthetic steroid analog) and pentobarbital (an
anesthetic barbiturate).

Accordingly, we have examined the ability of alphaxalone to
gate mutated GABA , receptors, and we found that residues that
are important in determining the binding affinity of GABA do not
affect activation by steroids. We also examined the actions of
blocking drugs and found that neither bicuculline nor gabazine
are competitive inhibitors of currents gated by alphaxalone or
pentobarbital. Finally, both gabazine and bicuculline act as weak
agonists for GABA , receptors containing the 82(Y157S) mutated
subunit. These data indicate that steroids and barbiturates do not
bind to the GABA-binding site when they directly gate the chan-
nel of the GABA, receptor. Furthermore, the data support the
idea that bicuculline and gabazine act as negative allosteric mod-
ulators of function of GABA , receptors.

MATERIALS AND METHODS

All chemicals were from Sigma (St. Louis, MO) unless specified other-
wise. Gabazine (SR-95531) and alphaxalone were obtained from Re-
search Biochemicals International (Natick, MA).

A complementary DNA construct for the rat al subunit of the GABA
receptor was provided by Dr. A. Tobin (University of California Los
Angeles). The rat y2L and B2 subunits and the point mutants B2(Y205S)
and B2(Y157S) have been described (Amin and Weiss, 1993). GABA
receptor subunit cDNAs were transferred to the eucaryotic expression
vector pcDNA3 (Invitrogen, San Diego, CA), for expression in QT6 cells.
Direct sequencing of the mutated B2 subunits confirmed that the con-
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structs contained the appropriate base changes (Sequenase version 2 kit;
Amersham, Arlington Heights, IL).

Quail fibroblasts (QT6 cells; initially provided by Dr. J. Merlie, Wash-
ington University) were maintained in Medium 199 (Earle’s salts) con-
taining 5% fetal bovine serum (Hyclone, Logan, UT), 10% tryptose
phosphate broth (Life Technologies, Grand Island, NY), 1% dimethyl-
sulfoxide (DMSO), and penicillin (100 U/ml) plus streptomycin (100
pg/ml) in a humidified atmosphere containing 5% CO,. Calcium phos-
phate precipitation was used to transfect QT6 cells (Chen and Okayama,
1987), with the additional step of an initial wash to remove tryptose
phosphate broth (Phillips et al., 1991). QT6 cells were used for expression
because of anomalous results obtained when subunits were expressed in
HEK293 cells (Ueno et al., 1996b).

Cells that expressed a high level of protein from exogenous cDNA were
identified using the bead-labeling technique described by Jurman et al.
(1994). We inserted a flag epitope tag into the N-terminal region of the
al subunit (Ueno et al., 1996b). Starting with the N terminus of the
predicted mature peptide, the predicted sequence of the resulting peptide
is YGQPSQDELKDYKDDDDKLKDNTT, where the introduced resi-
dues are shown underlined. This construct was identified on the surface
of intact cells using a mouse monoclonal antibody to the FLAG epitope
(M2, Eastman Kodak Scientific Imaging Systems, New Haven, CT), which
had been adsorbed to beads with covalently attached goat anti-mouse IgG
antibody (Dynal, Great Neck, NY). Control experiments indicated that
the tag had no functional effects on receptors incorporating the tagged ol
subunit (Ueno et al., 1996b).

Recordings were made using standard whole-cell methods (Hamill et
al., 1981) 24-72 hr. after transfection. All experiments were performed at
room temperature (21-23°C), and drugs were dissolved in external solu-
tion. In all cases, data were obtained from isolated single cells. Experi-
ments were performed in two laboratories. In the Steinbach laboratory
(Ueno et al., 1996a), drugs were applied with a polyethylene “Y tube.”
The bath was perfused continuously with normal external solution from a
separate perfusion line, and solution was removed from the bath with a
Leiden aspirator (Medical Systems, Greenvale, NY). In the Zorumski
laboratory (Hu et al., 1993), drugs were applied by pressure ejection from
“puffer” pipettes positioned within 5 wm of the patch-clamped cell, using
a 500 msec pulse of air pressure (10-20 psi) to the back of the pipette.
The data shown in Figure 14,B,D were obtained with puffer applications,
the other data with Y-tube applications. Bicuculline methiodide was
dissolved in saline and used within 2 hr. Stock solutions of steroids were
prepared in DMSO. The maximal concentration of DMSO in the final
working solution was 0.2%, which had no effect on GABA-elicited cur-
rents (Rodgers-Neame et al., 1992). Sodium pentobarbital was dissolved
in saline.

Concentration—effect curves were fit with the Hill equation using
SigmaPlot (Jandel Scientific Software, San Rafael, CA). The ability of an
allosteric blocking model to describe the observations was assessed by eye
(see Results), using QuattroPro (Borland International, Scotts Valley,
CA) to generate predicted blocking curves. Figures were produced using
SigmaPlot.

RESULTS

Direct gating of GABA, receptors containing mutated
B2 subunits

We initially examined GABA , receptors that contain a mutated
B2 subunit, which had already been shown to have greatly reduced
efficacy for gating by GABA but normal gating by pentobarbital
(Amin and Weiss, 1993). Quail fibroblast cells (QT6) were trans-
fected with cDNAs for a1 and y2L subunits and for either wild-
type B2 or B2(Y205S) mutated subunits. Responses were mea-
sured by whole-cell patch-clamp recordings. We found that direct
gating by alphaxalone (Fig. 1C) or Sa-pregnan-3a-ol-20-one
(DHP-OH; Fig. 1D) was indistinguishable for receptors contain-
ing the wild-type or mutated B2 subunits. We also confirmed that
gating by pentobarbital was unaltered (Fig. 1B) (Amin and Wesiss,
1993) and that cells expressing a1B2(Y205S)y2L subunits showed
no response to GABA (100-1000 um; Fig. 14) (Amin and Weiss,
1993). Receptors containing a second point mutant of the 2
subunit B2(Y157S) could also be gated by 10 uMm alphaxalone (Fig.
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Figure 1. Activation of GABA, receptors containing 82 or B2(Y205S)
subunits. Each panel shows concentration-response curves for an agonist:
GABA (A), pentobarbital (PENT, B), alphaxalone (ALPH, C), and
DHP-OH (D). In each panel, the open symbols show responses from QT6
cells transfected with «1B2y2L subunits, whereas filled symbols show
responses from cells transfected with a1B82(Y205S)y2L subunits. GABA
produced no gating of receptors containing the mutated subunit (points at
100 and 1000 uM GABA in A). For the other agonists tested, the data from
receptors containing wild-type or mutated subunits were indistinguishable.
The lines in 4 through C show predictions derived from fitting an allo-
steric blocking model to data from receptors containing wild-type subunits
(see Results). Symbols show mean for data from two to nine cells; error
bars represent SD.

4), although the concentration-response relationship was not
examined.

The responses to 30 mM pentobarbital showed a decrease from
responses to 10 mm pentobarbital (data not shown), in agreement
with previous results showing that high concentrations of pento-
barbital produce “autoinhibition” (Akaike et al., 1987a). The
maximal concentrations of steroids (alphaxalone and DHP-OH)
were limited by the aqueous solubility, so that concentrations
above 100 uM could not be used.

Inhibition by bicuculline or gabazine of currents gated
by alphaxalone or pentobarbital from wild-type
receptors

We then examined the ability of competitive inhibitors of GABA
binding to block gating of GABA , receptors containing wild-type
B2 subunits by GABA, alphaxalone, or pentobarbital. Both bicu-
culline and gabazine (SR 95531) have been characterized as
competitive inhibitors of GABA binding to the GABA , receptor
(see Discussion). Both drugs were able to reduce currents elicited
by each of the three agonists (Fig. 2). Bicuculline was approxi-
mately equally potent at blocking responses to 10 uMm alphaxalone,
3 uMm GABA, and 300 um pentobarbital (Fig. 34). When the
concentration—effect curves were described by the Hill equation,
the concentrations required to reduce the response by 50% (the
ICs) were 0.9 um, 0.9 um, and 1.0 uM, whereas the Hill coeffi-
cients were 0.94, 1.01, and 0.77, respectively, for responses to
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Figure 2. Action of blocking drugs on responses elicited from cells
expressing alB2y2L receptors. Each panel shows traces recorded from a
cell exposed to an agonist (dotted trace), or the same concentration of the
agonist plus 10 uM of a blocking agent (solid trace). All cells were
transfected with wild-type («1B2y2L) subunits. The left column shows the
action of 10 uM bicuculline, whereas the right column shows the action of
gabazine. Currents were elicited with 3 um GABA (top row), 10 um
alphaxalone (middle row), or 300 uM pentobarbital (bottom row). Calibra-
tion in each panel: 20 pA, 10 sec. These records and those shown in
Figures 4 and 5 were recorded at a holding potential of 0 mV, with a
reversal potential for the responses of approximately —30 mV. Hence, the
evoked currents are inward. Drugs were applied with a Y tube.

alphaxalone, GABA, and pentobarbital. It is interesting that the
ICs, values are so similar, because this might be expected if
bicuculline blocked responses of all three agonists by binding to a
single type of site. The observation that the Hill coefficients were
close to 1 suggests that block can be produced after the binding of
a single antagonist molecule.

We extended these observations by examining the ability of
gabazine (SR 95531) to block currents gated by alphaxalone.
Gabazine is more potent than bicuculline at blocking currents
elicited by GABA (Fig. 3B), with an ICs, for currents elicited by
3 uMm GABA of ~0.2 um and a Hill coefficient of 1.0. Gabazine,
however, could only reduce the currents elicited by 10 um al-
phaxalone by ~30%, for responses of receptors containing wild-
type B2 subunits (Fig. 3B). The concentration of gabazine re-
quired to produce half the maximal block was ~0.2 um. Gabazine
also could only produce a partial block of currents gated by 300
uM pentobarbital. The maximal reduction, again, was ~30%, and
the concentration of gabazine required to produce half the max-
imal block was ~0.15 uMm (Fig. 3B). Again, the ICs, values are
similar for currents elicited by all three agonists.

The observation that gabazine cannot produce a complete

J. Neurosci., January 15, 1997, 17(2):625-634 627

I I 1 . I
o 1 A
2
o | L O GABA
o N
g \ A ALPH
g ’ v PENT
S A
2 N %
o 1 1 1 L ) BT __-|
0.01 0.1 1 10 100 1000
[BICUCULLINE]}, uM
1 T 1 I T 1
o 1
7]
c
[]
o
7]
b
[
2
2 .
[ \
5 )
4 @
0 ! N ] . [T N ] . ]

0.01 0.1 1 10 100
[GABAZINE], uM

1000

Figure 3. Bicuculline and gabazine block responses to GABA, pentobar-
bital, and alphaxalone. The agonists GABA (3 uM, open circles), alphaxa-
lone (10 uM, filled triangles), and pentobarbital (300 uMm, inverted open
triangles) were applied to cells transfected with a1B2y2L subunits, in the
absence of a blocking drug and then in the presence of various concen-
trations of bicuculline (4) or gabazine (B). The figure shows the ratio of
the response in the presence of a blocker to the response in the same cell
in the absence of a blocker. The lines superimposed on the data (dotted
lines, 3 uMm GABA; solid lines, 10 uM alphaxalone; dashed lines, 300 um
pentobarbital) show predictions derived from fitting an allosteric blocking
model to data from receptors containing wild-type subunits (see Results).
Symbols show mean for data from two to six cells; error bars represent SD.

block demonstrates that it cannot compete for a single class of
sites for activation by either alphaxalone or pentobarbital.

Actions of bicuculline and gabazine on receptors
containing mutated B2 subunits

To explore further the interactions between alphaxalone and
blocking agents, the effects of bicuculline and gabazine on
GABA, receptors containing mutated 2 subunits were exam-
ined. Because the affinity of GABA is greatly reduced in receptors
containing these mutated subunits (Amin and Weiss, 1993), it was
expected that the blocking potency of bicuculline and gabazine
would also be reduced.

Bicuculline was much less potent at blocking currents elicited
by 10 um alphaxalone from receptors containing the mutated
B2(Y205S) subunit (Fig. 64). Even at 1 mm bicuculline, the
current was reduced only to 0.66 X control. The ICs, cannot be
estimated, because the maximal block is not known, but it appears
to be 1 mM or more.

Surprisingly, bicuculline did not block currents activated by
alphaxalone from receptors containing o1B2(Y157S)y2L sub-
units. Instead, 1 mm bicuculline potentiated the response to 10 um
alphaxalone (Figs. 4, 6A4). The ECs, cannot be estimated, because
the maximal potentiation is not known, but it must be >100 um
(Fig. 6A4). Furthermore, bicuculline acted as a weak agonist at
receptors containing the 82(Y205S) subunit, so that 1 mm bicu-
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Figure 4. Responses to alphaxalone of cells expressing mutated 32 sub-
units. Each panel shows traces recorded from a cell exposed to 10 um
alphaxalone (dotted trace) and then to 10 uMm alphaxalone plus 1 mm of an
antagonist (solid trace). Actions of 1 mM gabazine are shown in the top row
and of 1 mMm bicuculline in the bottom row. Cells transfected with
alB2(Y157S)y2L subunits (left) showed potentiation between alphaxa-
lone and either gabazine or bicuculline. Cells transfected with
alB2(Y205S)y2L subunits showed block by either compound, but the
block produced by bicuculline was reduced over that seen with wild-type
receptors, whereas the block produced by gabazine was increased (see
Figs. 3, 6). Calibration in each panel: 20 pA, 10 sec.

culline applied alone produced a response ~10% the size of the
response to 10 uM alphaxalone (Fig. 6A4).

Gabazine was more efficacious at blocking alphaxalone-elicited
responses from receptors containing $2(Y205S) subunits than for
those containing wild-type B2 subunits. With wild-type B2 sub-
units, the current elicited by 10 um alphaxalone in the presence of
1 mm gabazine was 0.75 X that seen in the absence of gabazine
(0.75 = 0.07, n = 3; mean = SD), whereas with the B2(Y205S)
subunit the current was reduced to 0.30 (= 0.07, n = 5; the
difference is significant at p < 0.0001 by Student’s two-tailed ¢
test). However, the 1Cs, for block by gabazine was shifted to ~100
uM (Fig. 6B).

In agreement with the observations made with bicuculline,
gabazine was a weak agonist for receptors containing the
B2(Y157S) subunit (Figs. 5, 6B). The concentration of gabazine
producing half-maximal current is likely to be between 10 and 100
uM (Fig. 5). There was strong potentiation when gabazine and
alphaxalone were applied together (Figs. 4, 6 B). The concentra-
tion producing half-maximal potentiation appears to be between
10 and 100 um (Fig. 6B).

The concentration dependence of the actions of bicuculline and
gabazine is consistent with the idea that affinities for both drugs
are reduced by both point mutations, as expected. The B2(Y157S)
mutation, however, also converts the blockers into weak agonists,
whereas the B2(Y205S) mutation increases the efficacy of gaba-
zine as a blocker.

Dependence of inhibition by bicuculline on the
concentration of GABA, alphaxalone, or pentobarbital

Gabazine clearly does not act as a competitive inhibitor of cur-
rents elicited by steroids or barbiturates, because it produces only
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Figure 5. Partial agonist action of gabazine on cells expressing
alB2(Y157S)v2L subunits. The responses of a single cell to applications
of 10 uMm alphaxalone (fop trace, dotted) and 1000, 100, and 10 um gabazine
alone. Calibration in the top panel: 20 pA and 10 sec for all traces.

a partial block with wild-type receptors. To gain more insight into
the mechanism of inhibition by bicuculline, we examined blocking
curves at different doses of agonists using cells expressing
alB2vy2L (wild-type) GABA, receptors. The concentration-re-
sponse curve for activation of these receptors by GABA can be
described by the Hill equation, with an ECs, of 8 uM and a Hill
coefficient of 1.7 (Fig. 1A4). Activation by pentobarbital can be
described by the Hill equation, with an ECs, of 590 um and a Hill
coefficient of 2.0 (Fig. 1B). Unfortunately, the low aqueous solu-
bility of alphaxalone and other steroids limits the concentrations
that can be applied, so the concentration-response curve is not
well characterized (Fig. 1C) and the ECs, is not known. The data
are presented as blocking curves at a given agonist concentration,
rather than as concentration—response curves for agonists at given
blocker concentrations. This second format is often used to dem-
onstrate competitive inhibition, which is predicted to produce a
parallel shift with no change in maximal current for the agonist.
Unfortunately, the experiments could not be performed in this
fashion. The maximal response for alphaxalone could not be
measured under any conditions because of low aqueous solubility,
whereas concentrations of pentobarbital >10 mm produce auto-
inhibition (see above).

GABA was tested at concentrations of 3, 10, and 30 uM, to
cover the EC;, without using such high concentrations that de-
sensitization became a major problem. As shown in Figure 74, the
ICs, for bicuculline in blocking responses to GABA increased at
higher GABA concentrations, from 0.9 um with 3 um GABA to
1.6 uM (10 pm GABA) and 5.8 uM (30 um GABA). The block
appeared to be complete at high enough bicuculline concentra-
tions (Fig. 74), and the Hill coefficients were close to 1 (1.01, 0.95,
and 0.97, respectively).

The action of bicuculline on currents elicited by pentobarbital
was more complex. Concentrations of 100, 300, and 1000 um
pentobarbital were used. At the highest concentration of pento-
barbital, bicuculline was not able to block the response by more
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Figure 6. Actions of bicuculline and gabazine on alphaxalone-elicited
responses of GABA 4 receptors containing mutated 82 subunits. Relative
responses are shown to 10 uM alphaxalone applied to cells containing
alB2vy2L subunits (open circles, dotted lines), a1B2(Y205S)y2L subunits
(filled squares, dashed lines), or a1B2(Y157S)y2L subunits ( filled triangles,
solid lines). The data obtained with bicuculline are shown in A4, data with
gabazine are shown in B. The lines simply connect the points. Also shown
are the responses of receptors containing alB2(Y157S)y2L subunits to
blocker applied in the absence of alphaxalone (open triangles). Symbols
show mean for data from two to five cells; error bars represent SD.

than ~70%, even at 1 mm bicuculline (Fig. 7B). The ICs, values
did not depend strongly on the concentration of pentobarbital,
being 1.2 um (100 um pentobarbital), 0.9 pum (300 um), and 2.4 um
(1000 mm). The Hill coefficients were close to 1 (0.91, 0.77, and
0.79, respectively). We were concerned that 1 mMm pentobarbital
might have effects not mediated by GABA , receptors, so untrans-
fected cells were tested. One millimole pentobarbital did not
produce a conductance increase in untransfected cells (six cells
tested).

Alphaxalone was used at concentrations of 10, 30, and 100 um.
The ICs, for block by bicuculline increased only very slightly at
higher alphaxalone concentrations (Fig. 7C), from 0.9 um to 1.0
mM and 1.3 um. The Hill coefficients, again, were close to 1 (0.94,
0.87, and 1.2, respectively). The unblocked current at high con-
centrations of bicuculline did not differ significantly from zero.

The data in Figure 7 do not support the idea that bicuculline or
gabazine act as open channel blockers. An open channel blocker
would be expected to block more effectively as the probability of
being open increased (Adams, 1976); this is not the case when
block of currents elicited by different agonists or at different
agonist concentrations are compared.

Bicuculline clearly does not act as a competitive antagonist for
pentobarbital: the maximal block was not complete when 1 mm
pentobarbital was used. The data for alphaxalone are more diffi-
cult to interpret, because the maximal concentration was limited
by aqueous solubility and was likely to be less than the ECs, for
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Figure 7. The blocking effect of bicuculline depends on the concentration
of agonist used. Cells transfected with wild-type receptors (ol1p2y2L
subunits). Relative responses are shown for responses to three concentra-
tions of agonist. For each concentration or agonist, the responses in the
presence of a blocker are normalized to the response of that cell to the
same concentration of agonist alone. 4 shows data obtained with GABA
as agonist: 3 uM GABA (open circles, solid line), 10 um GABA (solid
triangles, dotted line), and 30 um GABA (open squares, dashed line). B
shows data obtained with pentobarbital as agonist: 100 uM pentobarbital
(open circles, solid line), 300 um pentobarbital (solid triangles, dotted line),
and 1000 uMm pentobarbital (open squares, dashed line). C shows data
obtained with alphaxalone as agonist: 10 um alphaxalone (open circles,
solid line), 30 uM alphaxalone (solid triangles, dotted line), and 100 um
alphaxalone (open squares, dashed line). The lines superimposed on the
data show predictions derived from fitting an allosteric blocking model to
data from receptors containing wild-type subunits (see Results).

gating by alphaxalone. Block of currents elicited by GABA, on the
other hand, can be described by a competitive interaction between
bicuculline and GABA. The calculated dissociation constant for
bicuculline is ~1.7 uM, assuming simple competition and the
parameters for gating by GABA that are shown in Table 1. (In the
case of gabazine interacting with GABA, the calculated dissocia-
tion constant for bicuculline is ~0.4 uMm.)

An allosteric model can describe the block by
gabazine or bicuculline

The observations summarized in Figures 3 and 7 include the
following points. First, the IC, values for block by bicuculline of
currents elicited by relatively low concentrations of GABA, al-
phaxalone, or pentobarbital are similar (Fig. 34). Second, bicu-
culline cannot produce a complete block of a response to a high
concentration of pentobarbital (Fig. 7B). Third, the ICs, values
for block by gabazine of currents elicited by relatively low con-
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Table 1. Values used in an allosteric blocking model

Agonists K1 (um) K2 (um) P1 P2

GABA 50 500 350 -
+Bicuculline 50 500 350 -
+Gabazine 50 500 350 -

Pentobarbital 5000 5000 100 -
+Bicuculline 5000 5000 100 600
+Gabazine 5000 5000 100 100

Alphaxalone 200 - 6 -
+Bicuculline 200 - 6 6
+Gabazine 200 - 6 6

Blockers L1 (uMm) L2 (uM) Q

Bicuculline 80 80 60

Gabazine 0.6 0.6 0.6

Parameters are defined in Results and Figure 8. A dash indicates that the parameter
was not used in a particular fit. It was assumed that GABA bound to two sites with
different microscopic dissociation constants (K1, K2). In the cases of pentobarbital,
bicuculline, and gabazine, the microscopic dissociation constants are assumed to be
identical. For alphaxalone, only a single site was assumed to exist. The equilibrium
constants for activation are shown with only agonist bound (P1), or in the cases of
pentobarbital and alphaxalone for activation with both agonist and blocker bound
(P2). The blocking allosteric constant is shown as Q.

centrations of GABA, alphaxalone, and pentobarbital are similar
(Fig. 3B). Fourth, gabazine cannot produce a complete block of
currents elicited by either alphaxalone or pentobarbital (Fig. 3B).
Fifth, the blocking curves have Hill coefficients near 1. The sim-
ilarities in IC, values suggest that block results from the binding
of antagonist to a single set of sites, no matter which agonist was
used to elicit the response. The Hill coefficients suggest that
binding of a single molecule of bicuculline or gabazine is sufficient
to produce most of the block seen. The incomplete maximal block
demonstrates that there cannot be a simple competitive interac-
tion at a single site between the blockers and alphaxalone or
pentobarbital.

One model for block that is consistent with these qualitative
observations is an “allosteric model.” In this model, gabazine or
bicuculline do not bind to the sites for alphaxalone or pentobar-
bital, but bind to distinct sites and produce inhibition by reducing
the probability that the channel of the GABA 4 receptor will open
after binding of alphaxalone or pentobarbital. In the particular
version of the model that will be presented, it is assumed that
bicuculline and gabazine bind to the GABA-binding site (see
below). Hence, bicuculline and gabazine are assumed to act as
“inverse agonists” at the GABA-binding site, as well as to prevent
binding of GABA to that site.

The ability of an allosteric model to describe the data were
tested by implementing simplified kinetic schemes (Fig. 8) and
examining the steady-state predictions. We assumed that the
receptor can adopt only three states. The first is the “resting” state
(R), which has a closed channel but is activable. The resting state
exists in various states of ligation by agonists and antagonists. The
second state is the “active” state (R*), which is likely to be a
complex of states, including the open state and some short-lived
desensitized states (Maconochie et al., 1994; Jones and West-
brook, 1995). The active state, therefore, is not identical to the
“open” state of the receptor. The third state is the “dead” state
(), which is a state induced after the binding of blocker. The dead
state has a nonconducting channel and is mutually exclusive with
the active state. The dead state was chosen as one way to model
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the effects of blockers. Alternative schemes would include an
effect of blocker binding on agonist binding or a direct effect on
the channel-opening rates for agonists. The choice of a dead state
was made for two reasons. First, some evidence suggested that
blockers can induce conformational changes in the GABA, re-
ceptor (see Results and Discussion). Second, the postulated dead
state was treated as being determined solely by the blocking drug,
rather than requiring an interaction between blocker and agonist,
and so the mechanism seemed to be aesthetically preferable
because it allowed us to set parameters for blocker interactions
with the receptor, independent of the agonist used.

We postulated the minimal number of sites required by the data
as two sites for GABA, two sites for pentobarbital, and one site
for alphaxalone (see below). We assumed that the blocking drugs
bind to both of the GABA-binding sites and that binding of
GABA and a blocker is mutually exclusive. We also constrained
the parameters by requiring that there be minimal interaction
between the drugs. For example, the dissociation constants for
agonists are assumed to be independent of blocker binding and
vice versa.

The interactions of the blocking drugs (symbolized as X; bicu-
culline or gabazine) with the receptor are shown in Figure 8A4.
Each can bind to two sites on the resting GABA , receptor (R).
The number of sites was chosen to match the minimal number of
GABA-binding sites, as GABA activation requires at least two
sites (see below). It was assumed that the microscopic dissociation
constant is the same for the two sites (L), so the microscopic
dissociation constants are identical (L1 = L2 = L). After binding,
the receptor can change state to the dead condition (r). For
simplicity, the forward conformational change constant was as-
sumed to be independent of the state of ligation, and Q gives the
ratio Xr/XR. The observation that the Hill coefficient for block is
close to 1 is consistent with this simplifying idea.

The interactions of GABA (G) are shown in Figure 8 B. GABA
was assumed to bind to two sites, because the Hill coefficient for
gating is >1 (Fig. 14). We show different microscopic dissociation
constants for the two binding steps (K1 and K2), based on the
results obtained by Maconochie et al. (1994). After twvo GABA
molecules have bound, the resting receptor can change confor-
mation to the active state (R*), with an activation equilibrium
constant P1 = G,R*/G,R. We have neglected the contribution
of open channels with only a single GABA molecule bound
(Twyman et al., 1990). This was performed to simplify the model,
but it seems justifiable because the Hill coefficient for activation
by GABA suggests that most receptors with open channels also
have two molecules of GABA bound. We assumed that GABA
and the blocking drugs bind competitively to the same sites, so
that the receptor cannot be activated by GABA if a blocker is
bound to either site. Hence, there is only one state with an open
channel, G,R*. To simplify the scheme, we assumed that param-
eters for blocker interaction (L, Q) are the same whether GABA
is bound to one site or not.

The interactions of pentobarbital (B) are shown in Figure 8C.
Pentobarbital was assumed to bind to two sites, because the Hill
coefficient for gating is >1 (Fig. 1B). In fitting the scheme, we
assumed that the microscopic dissociation constant is identical for
the two sites (because there are no data to indicate otherwise), so
the microscopic dissociation constants are the same (K1 = K2 =
K). We assumed that pentobarbital binding is unaffected by
blocker and that channel opening could occur so long as the
receptor is not dead (that is, so long as the receptor was not in the
r state). Hence, there are three states with an open channel: B,R*,
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omitted from B-D to simplify the figure.
B-D show schemes for GABA, pentobarbi-
tal, and alphaxalone, respectively. Receptor
states with open channels are boxed. B,
GABA (G) was assumed to bind to the
same two sites as blockers, so fewer het-
eroliganded forms of the receptor can oc-
cur. Furthermore, the channel can only ac-
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B,XR*, and B,X,R*. As shown in the scheme, we allowed for the
possibility that channel activation could differ for receptors with
only pentobarbital bound (P1) or with both pentobarbital and
blocker bound (P2). Again, we assumed that parameters for
blocker interaction (L, Q) are the same whether pentobarbital is
bound or not.

The interactions of alphaxalone (A) are shown in Figure 8D.
Alphaxalone was assumed to bind to a single site, because the
concentration—effect relationship had a limiting slope of only 1
(Fig. 1C). (Our data, however, would also be consistent with more
than one site, depending on gating properties of various states of
ligation.) The other assumptions were identical to those for
pentobarbital.

The quality of the fit of the predictions to the data was assessed
by eye while the parameters were adjusted. For each agonist, the
concentration-response curve (Fig. 1) was fit by adjusting K and
P1. In the case of GABA, we used values for K1 and K2 based on
the data in Maconochie et al. (1994) and adjusted only P1. For
pentobarbital and alphaxalone, the values for K and P1 were
adjusted without additional constraints. As mentioned above, in
the case of pentobarbital it was assumed that the microscopic
dissociation constants were the same for the two sites. As shown
in Figure 14-C, the parameters used can provide an adequate
description of the concentration-response curves for agonists.

The parameters for bicuculline and gabazine (L and Q) were
then estimated using the data for block of currents elicited by
multiple concentrations of agonists (Figs. 3, 7). Finally, the values
for P2 (the activation equilibrium constant for receptors with both
agonist and blocker bound) were adjusted for alphaxalone and
pentobarbital (Figs. 3, 7).

]

AR €——P AXR =P AX;R

R 4=—p XR <=]=—P X3R

sumed to bind to two sites, but in this case
both pentobarbital and blockers can occupy
sites on the same receptor. It was assumed
that two pentobarbital molecules must be

bound. C, Pentobarbital (B) was also as-
P2I

I\ I\ bound for a channel to activate and that
AXr AXor dead receptors cannot activate. D, Alphaxa-
lone (A) was assumed to bind to only a

single site, but otherwise the scheme is

identical to that for pentobarbital. Some

binding steps (e.g., to the r state) are omit-

Xr Xaf ted for clarity in the figure.

Overall, it was possible to obtain an excellent match to the data
(Figs. 3, 7). The parameter estimates are shown in Table 1. The
overriding consideration was to have a single set of values that
could be used for all conditions. Accordingly, parameters for
agonists (K, P1) were fixed at the values used to describe the data
in Figure 1, and the same values for L and Q were used to describe
the blocking effects on currents elicited by all the agonists.

As described above, this particular model was chosen because it
separated actions of agonists and antagonists. It was assumed that
no interactions between agonists and antagonists occurred for
binding (that is, values for K and L were assumed to be indepen-
dent of occupancy). Also, the conformational change induced by
antagonist (described by Q) was assumed to be independent of the
binding of agonists. All other possible interactions between
blocker and agonist were included in the free parameter used to
describe the activation equilibrium constant for receptors with
both blocker and agonist bound (P2) for alphaxalone and pento-
barbital. As shown in Table 1, for most pairs of agonist and
antagonist the same value was used for P1 and P2; however, it was
necessary to have different values for P1 (100) and P2 (600) to
describe the interaction of pentobarbital and bicuculline. If the
same value were used for P1 and P2, the predicted response to 1
mM pentobarbital plus high bicuculline reached a plateau at ~0.1
of control, rather than the 0.3 seen in the data (Fig. 7B). On the
face of it, this would indicate that bicuculline is a “co-agonist” for
pentobarbital; however, as just discussed, the interpretation of
this parameter is not obvious, because it might actually include an
effect on binding (e.g., lower affinity for bicuculline when two
pentobarbital molecules were bound) or conformational changes
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(e.g., lower value for Q when two pentobarbital molecules were
bound).

The values for parameters seem to be reasonable. The intrinsic
affinity of GABA for the resting receptor is likely to be rather low,
based on independent results obtained using rapid applications of
GABA (Maconochie et al., 1994). Pentobarbital is predicted to
have even lower affinity, but direct data are not yet available for
comparison. Gating by alphaxalone could only be approximated,
because the maximal response could not be observed. The mea-
sured ECs, for channel gating occurs at lower agonist concentra-
tions than the estimated affinities for the resting receptor, because
the high equilibrium activation constant shifts the overall equilib-
rium to favor the activated state (for more discussion, see Ma-
conochie et al., 1994).

Both GABA and pentobarbital are effective activators (P1>>1),
whereas alphaxalone may be less effective. It should be empha-
sized that P1 is not necessarily directly related to the opening and
closing rates for the receptor, because the postulated “active”
state likely includes both open-channel and closed-channel states.
Some independent information is available for channel activation
by rapid applications of GABA (Maconochie et al., 1994). The
maximal activation rate is ~6000 sec™*. The rate for leaving the
active state is in the range of 5-100 sec™ ', depending on which
experimental parameter is taken as the best estimate. The low
concentration asymptote for the rate of current development is
~10 sec™ ', whereas the components present in the decay of
current after the removal of GABA have decay rates of ~5 sec ™"
and ~80 sec”!. Hence, P1 for GABA may lie in the range of
60-1000. The predicted maximal probability of being active is
P1/(1 + P1), which is rather different from the maximal probabil-
ity of being open [Po = (opening rate)/(opening rate + closing
rate)]. As a consequence, the relative values for P1 do not directly
address the question of the maximal responses to agonists. De-
pending on what fraction of time the active receptor spends in the
open state, two agonists with identical values for P1 might have
different maximal responses. Finally, this last point emphasizes
the fact that the parameters are estimated under the assumption
that activation processes have equilibrated, including some possi-
ble rapid transitions to closed states involved in the active state.

For a1B2y2L receptors, bicuculline is much better at inducing
the conformational change to the dead state (Q = 60) than
gabazine (Q = 0.6). Because the measured ICs, values at low
agonist concentrations are comparable for the two blockers, the
actions of bicuculline are described by a lower affinity for the
resting receptor than gabazine.

We conclude that it is possible to describe our data with a
simplified version of an allosteric model. Hence, the overall model
remains viable. Additional evidence that provides circumstantial
support for an allosteric model is presented in the Discussion.

Potentiation between responses to steroids

and pentobarbital

We found that steroids and pentobarbital interact essentially
normally at receptors composed of a1B2(Y205S)y2L subunits, in
that the combined applications of a steroid and pentobarbital
result in potentiation of the response. Responses of cells were
determined when 250 uM pentobarbital was applied alone or in
the presence of 10 um DHP-OH. Responses of a1B2y2L (wild-
type) receptors were enhanced ninefold (9.3 = 4.3-fold; mean =
SD for responses from nine cells), whereas responses from recep-
tors containing a1B2(Y205S)y2L subunits were enhanced seven-
fold (7.2 = 2.2; eight cells). The difference is not statistically
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significant. These results demonstrate that the sites involved in
potentiation between steroids and barbiturates do not involve the
B2(Y205) residue. The interactions between gabazine or bicucul-
line and alphaxalone at receptors containing the f2(Y157S) mu-
tant also indicate that potentiation by steroids is not removed by
this mutation. The data do not directly address the question of
whether the binding sites involved in direct gating are the same as
those involved in potentiation; however, these experiments have
not demonstrated a dissociation between the two actions.

DISCUSSION

Point mutations do not affect gating by steroids

Mutation of two residues in the B2 subunit, B2(Y205S) and
B2(Y157S), did not affect direct gating by steroids of GABA
receptors formed from the al, y2L, and mutated B2 subunits.
However, these mutations reduced the affinity of bicuculline or
gabazine, as assayed by effects on gating by steroids, suggesting
that they form important determinants of inhibitor binding and /or
a subsequent conformational change. Previous studies had shown
that these mutations greatly reduced the binding affinity of GABA
but did not affect gating by pentobarbital (Amin and Weiss, 1993).
We conclude that these particular residues are not required for
the binding of steroids or barbiturates or for the subsequent
conformational changes that result in channel opening.

Mechanism for inhibition of gating produced by
steroids and barbiturates

There are two basic models that are consistent with the results we
obtained on the concentration dependence of block by gabazine
and bicuculline. The first is the “many-sites” model. In this case,
alphaxalone or pentobarbital is postulated to bind to at least two
classes of sites on each GABA , receptor, occupancy of either of
which can result in channel opening. Gabazine or bicuculline are
postulated to act as competitive antagonists with different affini-
ties at the two sites. The sites required for direct gating by steroids
may differ from those required for gating by barbiturates. This
model would include a multiplicity of parameters to specify the
dissociation constants for drugs at the many sites and the many
possible activation equilibrium constants. We are confident that
the many-sites model could describe the data satisfactorily. One
particular version of this model should be mentioned. The many
sites might not be located on a single receptor, but instead might
result from the expression of a heterogeneous population of
receptors with different representations or arrangements of sub-
units. Our data cannot exclude this possibility. The concentration—
response curves for pentobarbital and GABA are consistent with
the idea that a single population of receptors exists, as is the
observation that blocking curves have Hill coefficients near 1
(multiple populations would tend to produce low Hill coefficients
in either assay).

The second model is the “allosteric” model described in Re-
sults. In this case, gabazine or bicuculline do not bind to the sites
for alphaxalone or pentobarbital, but they produce inhibition by
favoring an inactivated state of the receptor so that binding of
alphaxalone or pentobarbital does not result in channel activation.
As presented in Results, the allosteric model can accommodate
qualitative observations which are more difficult to reconcile with
competitive models, especially the similar ICs, values against
multiple agonists and incomplete maximal block. The modeling
calculations indicate that a relatively constrained allosteric model
can describe major quantitative features of the data with an
internally consistent set of parameters. The allosteric model also
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has the aesthetic appeal that the total number of postulated sites
is lower than for the many-sites model and the circumstantial
support that inverse agonists are known for other sites on the
GABA 4 receptor (Macdonald and Olsen, 1993).

Whatever precise model is eventually supported, the data
clearly rule out the possibility that gabazine blocks currents elic-
ited by either steroids or barbiturates by simple competition at a
single site. Results from other studies (see below) and the present
observations with mutated 82 subunits support the idea that both
gabazine and bicuculline bind directly to the GABA-binding site,
rather than binding to yet another site on the GABA  receptor.
Hence, although they may also produce conformational changes
in the receptor, a primary action is to occupy the GABA-binding
site. Overall, then, we conclude that at least one site for binding
steroids (and one for barbiturates) is sufficiently distant from the
GABA-binding site that relatively bulky blocking drugs bound to
the GABA-binding site do not overlap with steroid or barbiturate
sites. Furthermore, both gabazine and bicuculline can reduce
activation of the GABA, receptor by an allosteric inhibition of
channel activation after the binding of either alphaxalone or
pentobarbital.

Point mutations alter the binding and actions of
bicuculline and gabazine
Both the B2(Y157S) and B2(Y205S) mutations reduce the appar-
ent affinity of gabazine and bicuculline in a fashion expected from
the effects of the mutations on GABA binding (Amin and Weiss,
1993), as assayed from effects on alphaxalone-gated currents;
however, two additional changes occur. The first is that the
B2(Y157S) mutation converts both bicuculline and gabazine to
weak agonists. The second is that the B2(Y205S) mutation
changes the efficacy of gabazine at blocking steroid-gated cur-
rents, so that the maximal inhibition is increased over wild type.
The conversion to partial agonism indicates that both drugs have
the potential to cause conformational changes in GABA , recep-
tors. Furthermore, the change in efficacy of gabazine is consistent
with the idea of an allosteric mechanism for inhibition, although
it is also possible that the postulated “many sites” for steroids
might differ in receptors containing this mutated subunit. These
observations demonstrate that both residues, B2(Y157) and
B2(Y205), are involved in determining the binding affinity and
subsequent conformational changes for gabazine and bicuculline.
Point mutations of a residue in the «1 subunit (F64) have also
been shown to reduce the affinity of GABA, bicuculline, and
gabazine (Sigel et al., 1992); however, in this case, no partial
agonist activity of bicuculline or gabazine was noted. A point
mutation of the glycine receptor al subunit has been described
that changes the action of picrotoxin from inhibition to potentia-
tion (Lynch et al., 1995).

Previous studies of bicuculline and gabazine suggest
an allosteric mechanism for inhibition

Bicuculline and gabazine are viewed as classic competitive inhib-
itors of GABA binding to the GABA , receptor (Macdonald and
Olsen, 1993), but there are indications that they can induce
conformational changes in the GABA , receptor. A recent anal-
ysis of recombinant receptors expressed in HEK293 cells found
that both bicuculline and gabazine reduced the binding of
t-butylbicyclophosphorothionate (TBPS; Luddens and Korpi,
1995). In most cases the inhibition was only partial, and the
efficacy of the two drugs depended on the subunit combination
expressed. In the case of the «1B2y2 combination (which we
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examined in the present studies), gabazine had no effect on TBPS
binding. Bicuculline reduced the binding by ~50%, with an ICs,
of ~1-5 um. The greater effect of bicuculline is consistent with our
observation that bicuculline is a more effective antagonist of
gating by steroids or barbiturates. In terms of the allosteric model,
this difference arises from a larger allosteric constant (Q) for
bicuculline. There are also results from binding studies that bicu-
culline and gabazine interact allosterically with barbiturates or
steroids. Pentobarbital has been reported to inhibit the binding of
labeled bicuculline (Wong et al., 1984) and gabazine (McCabe et
al., 1988) by allosteric mechanisms. Similarly, studies of TBPS
binding suggest that bicuculline allosterically inhibits alphaxalone
binding (Gee et al., 1987). A quantitative comparison cannot be
made to our data, because the binding studies are performed on
isolated receptors in an unknown physiological state. The obser-
vations, however, agree qualitatively with our interpretations, and
it has already been suggested that bicuculline and gabazine may
act as inverse agonists at the GABA-binding site (Luddens and
Korpi, 1995).

Studies of the inhibition of GABA-elicited responses have
shown that both bicuculline (Akaike et al., 1987b) and gabazine
(Hamann et al., 1988) shift the concentration-response curve to
higher GABA concentrations but do not depress the maximal
response. These data demonstrate that the binding of GABA and
the inhibitors is mutually exclusive; however, they do not demon-
strate whether bicuculline or gabazine has effects on the receptor
in addition to preventing GABA binding. The effects of point
mutations of the B2 subunit on the apparent affinity of GABA,
bicuculline, and gabazine provide support for the idea that these
three drugs bind to the same site on the GABA, receptor.

It has been known for a number of years that bicuculline blocks
currents elicited by pentobarbital (Nicoll and Wojtowicz, 1980) or
alphaxalone (Barker et al., 1987; Peters et al., 1988). A recent
study examined receptors composed of a683y2S subunits ex-
pressed in Xenopus oocytes (Thompson et al., 1996). Pentobarbi-
tal was an effective agonist at these receptors, but neither bicu-
culline nor gabazine blocked pentobarbital-gated currents.
Thompson et al. (1996) concluded that pentobarbital does not
bind to the GABA-binding site. They suggested that the contra-
diction between the lack of block observed in their work and
previous observations resulted from potentiation between pento-
barbital and endogenous GABA in other preparations. It seems
more likely that the differences reflect properties of the particular
GABA , subunit combination studied (Luddens and Korpi, 1995),
and these observations are consistent with an allosteric mecha-
nism for block of pentobarbital-gated currents.

Bicuculline can also block activation of GABA, receptors by
n-octanol (Arakawa et al., 1992), isoflurane (Yang et al., 1992), or
propofol (Hara et al., 1993). The general efficacy of bicuculline in
blocking channel activation provides some circumstantial support
for the idea that it acts allosterically to inhibit channel activation.

Implications for gating of GABA, receptors

These results support the idea that the agonists GABA, alphaxalone,
and pentobarbital produce activation of the GABA , receptor after
binding to different sites on the receptor. Occupation of the GABA-
binding site by bicuculline or gabazine antagonizes gating by alphaxa-
lone or pentobarbital by an allosteric mechanism. It is not known
how many distinct conformational changes can occur to produce
receptors with open or closed channel states. For example does
bicuculline “lock the gate” or “close a second gate”? The effects of
the point mutants, however, suggest that transduction of the occu-
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pancy of different agonist-binding sites into channel opening may
require the presence of different specific residues in the 8 subunit.
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