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ABSTRACT: The γ-aminobutyric acidA (GABAA) receptor, a major inhibitory neurotransmitter receptor,
belongs to a family of membrane-bound proteins that regulate signal transmission between∼1012 cells of
the nervous system. It plays a major role in many neurological disorders, including epilepsy. It is the
target of many pharmacological agents, including the convulsant picrotoxin. Here, we present the mechanism
of inhibition by picrotoxin of the ratR1â2γ2L GABAA receptor investigated using rapid kinetic techniques
in combination with whole-cell current recordings. The following new results were obtained by using
transient kinetic techniques, the cell-flow method and the laser-pulse photolysis (LaPP) technique with a
microsecond to millisecond time resolution. (i) The apparent dissociation constant of picrotoxin for the
open-channel form of the receptor was∼5 times higher than that of the closed-channel form. (ii) Picrotoxin
increased the channel-closing rate constant (kcl) approximately 4-fold, while the rate constant for channel
opening (kop) remained essentially unaffected. (iii) The mechanism indicates that picrotoxin binds to an
allosteric site of the receptor with higher affinity for the closed-channel form than for the open-channel
form and thereby inhibits the receptor by decreasing 4-fold its channel-opening equilibrium constant [ΦI

-1

) kop(I)/kcl(I)]. (iv) The mechanism further indicates that compounds that bind with equal affinity to the
picrotoxin-binding site on the open-channel form of the receptor and the closed-channel form will not
affect the channel-opening equilibrium and can, therefore, displace picrotoxin and prevent inhibition of
the GABAA receptor by picrotoxin. Such compounds may be therapeutically useful in counteracting the
effects of compounds and diseases that unfavorably affect the channel-opening equilibrium of the receptor
channel.

The γ-aminobutyric acid type A (GABAA) receptor, a
major inhibitory ligand-gated ion channel in the central ner-
vous system (1), belongs to a family of membrane-bound
neurotransmitter receptors responsible for transmission of
signals at the junctions (synapses) between many of the
∼1012 cells of the mammalian nervous system (2). Upon
binding their specific neurotransmitter, GABA, the GABAA

receptors form transient chloride-conducting transmembrane
channels (1, 3). GABAA receptors are generally assembled
from a combination ofR-, â-, andγ-subunits, with the most
common subunit assembly beingR1â2γ2 (1, 3). This recep-
tor composition was used in the experiments reported here.

GABAA receptors are known to possess a variety of
allosteric binding sites from which a number of drugs can
modulate receptor function (1). A plant convulsant, picro-
toxin, which inhibits the GABAergic inhibitory postsynaptic
current, is one such allosteric ligand. The molecular com-

position of picrotoxin is a 1:1 molar mixture of picrotin and
picrotoxinin (Figure 1). Picrotoxinin is the toxic component
of picrotoxin (4). Picrotoxin also inhibits other anion-
conducting neurotransmitter receptors, such as the GABAC

(5), glycine (6), and glutamate-gated Cl- channels (7), as
well as cation-conducting serotonin receptors (8). Convul-
sions are also caused by mutations of the GABAA receptor
linked to forms of epilepsy (9-11), a disease affecting 50
million people worldwide (12). The dysfunction of one of
these mutated GABAA receptors (9) has recently been
investigated by rapid kinetic techniques (13). It was shown
that the dysfunction of an epilepsy-linked GABAA receptor
is due to a decreased channel-opening equilibrium constant
(13). In the case of the nicotinic acetylcholine receptor
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FIGURE 1: Structures of picrotin (A) and picrotoxinin (B) that are
present as a 1:1 molar mixture (48) in picrotoxin.
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(nAChR), it has been shown that compounds such as cocaine
and MK-801 [(+)-dizocilpine] that inhibit this receptor by
decreasing its channel-opening equilibrium (14-16) can be
used to obtain combinatorially synthesized RNA ligands that
can displace these noncompetitive inhibitors without them-
selves inhibiting the receptor (17). These RNA ligands bind
with equal affinity to the open- and closed-channel forms
of the receptor. Therefore, they do not affect the channel-
opening equilibrium and consequently do not inhibit receptor
function (17-20). Knowledge of the inhibition mechanism
of the convulsant picrotoxin may, therefore, be important
for the rational design of therapeutic anticonvulsants. The
mechanism by which the GABAA antagonist, picrotoxin,
inhibits the receptor is the subject of this study.

Previously proposed mechanisms of the inhibition of the
GABAA receptor by picrotoxin were based mainly on
electrophysiological measurements (21) and on the effects
of the neurotransmitter GABA on the onset and reversal of
inhibition by picrotoxin (21-23). Electrophysiological stud-
ies of the action of picrotoxin on GABAA receptors expressed
in different cells, varying from neurons to recombinant
receptor systems (21-24), have shown that the mechanism
of picrotoxin inhibition of this receptor is a complex
phenomenon. The inhibitor has been considered to be a
simple open-channel blocker (7, 21), a mixed/noncompetitive
inhibitor (22-24), or a noncompetitive inhibitor that binds
to an allosteric site to stabilize a closed or desensitized state
of ligand-gated ion channels (22, 24-26). Detailed analysis
of single-channel current recordings suggested a more
complex scheme (22). Neither picrotoxin nor its more active
component picrotoxinin had any effect on the conductance
of single-channel events mediated by GABAA receptors (22,
24). Single-channel current recordings showed that picrotoxin
decreased the channel-opening frequency in a manner
compatible with the stabilization of an agonist-bound closed
state that perhaps corresponds to a desensitized conformation
of the receptor (22, 27, 28). The precise mechanism of
picrotoxin inhibition is believed to be still unknown (22-
25).

Recently, the existing techniques for investigations of
receptor mechanisms have been supplemented by rapid
chemical kinetic approaches, the cell-flow (29) and the laser-
pulse photolysis (LaPP) techniques (30, 31), suitable for
measurements of receptor-mediated reactions on cell surfaces
in the microsecond to millisecond region (reviewed in ref
30). The LaPP technique utilizes a photolabile, biologically
inactive, caged precursor of a neurotransmitter that is
equilibrated with the receptors on the cell surface (30). A
single laser pulse liberates the free neurotransmitter [in this
case GABA (32)] in the microsecond time region (32). The
released neurotransmitter binds to the receptor and activates
the opening of receptor channels. The resulting macroscopic
current is measured by the whole-cell current-recording
technique (33). Such caged compounds have been shown to
be suitable for transient kinetic investigations of receptor
mechanisms (30, 31, 34) and for studying the inhibition of
the nicotinic acetylcholine receptor by noncompetitive
inhibitors such as cocaine (14) and MK-801 (15). This report
describes rapid kinetic studies of picrotoxin inhibition of the
R1â2γ2L GABAA receptor transiently transfected in HEK293
(human embryonic kidney) cells.

MATERIALS AND METHODS

GABA and picrotoxin were purchased from Sigma (St.
Louis, MO). Plasmid cDNAs for the rat GABAA receptors
were a gift from P. H. Seeburg (Max Planck Institute for
Medical Research, Heidelberg, Germany). In these plasmids,
the cDNAs encoding theR1, â2, and γ2L (long splice
variant) rat GABAA subunit proteins are individually cloned
into pRK-5 mammalian expression vectors (BD Biosciences,
San Diego, CA). Effectene transfection reagent was pur-
chased from Qiagen (Valencia, CA).

Cell Culture and Transient Transfection. HEK293 cells
(American Type Cell Culture, Manassas, VA) were tran-
siently transfected with rat GABAA R1, â2, andγ2L cDNAs
in a 1:1:3 ratio using the Effectene transfection reagent
(Qiagen). The cells were cotransfected with cDNA encoding
the green fluorescent protein (pGreenLantern plasmid, Life
Technologies, Gaithersberg, MD) to detect transfected cells
(35). The culture and transfection of the HEK293 cell line
were done as described previously (36). HEK293 cells were
grown in 25 cm2 canted-neck cell culture flasks (Corning,
Corning, NY) containing the growth medium DMEM (Dul-
becco’s modified Eagle’s medium, high glucose, Invitrogen
GibcoBRL, Grand Island, NY) supplemented with 10% FBS
(fetal bovine serum, Invitrogen GibcoBRL) and antibiotics
(100 U of penicillin and 100µg of streptomycin, both from
Sigma). Cells were passaged weekly (after reaching 80-
90% confluence), and∼2 × 105 cells were seeded in 35
mm Falcon dishes (Fisher Scientific) in 10% FBS and 90%
DMEM containing 1% penicillin/streptomycin. The trans-
fection reaction mixture was added to the cells 24 h after
they were passaged. After 6 h, the transfection mixture was
removed from the cells, which were then washed once with
1× phosphate-buffered saline (Invitrogen GibcoBRL) fol-
lowed by the addition of 2 mL of 1% FBS in the DMEM
growth medium. The cells were replated the next day in 35
mm Falcon dishes and were used for electrophysiological
measurements up to 48 h from the time of transfection.

Electrophysiology.For both the cell-flow (29) and LaPP
(30, 31) experiments, the recording glass pipets were pulled
from borosilicate glass (World Precision Instruments Inc.,
Sarasota, FL) using a two-stage puller (L/M 3 P-A, Adams
& List, Westbury, NY) and a flame polisher (MF-83,
Narishige, Tokyo, Japan). Typical pipet resistances were 2-4
MΩ, and the series resistances were 1-4 MΩ for whole-
cell current measurements. Series resistance compensation
of 60-70% was used in the whole-cell current recording
measurements (33). The bath buffer contained 145 mM
sodium chloride, 5 mM potassium chloride, 2 mM calcium
chloride, 1.5 mM magnesium chloride, 10 mMN-(2-
hydroxyethyl)piperazine-N′-2-ethanesulfonic acid, and 10
mM glucose; the pH was adjusted to 7.4 using 5 N sodium
hydroxide. The electrode solution contained 140 mM cesium
chloride, 10 mM tetraethylammonium chloride, 2 mM
magnesium chloride, 10 mM ethylene glycol tetraacetic acid,
and 10 mMN-(2-hydroxyethyl)piperazine-N′-2-ethanesulfon-
ic acid; the pH was adjusted to 7.4 using cesium hydroxide
(50 wt % solution in water). An Axopatch 200B amplifier
(Axon Instruments, Union City, CA) with a 1-5 kHz low-
pass filter was used for the current recordings. Signals were
acquired using the pClamp 8.0.1 software packet (Axon
Instruments). Whole-cell current-recording data were digi-
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tized at 0.5-2 kHz. LaPP data were digitized at 20-50 kHz
using the Digidata 1320A instrument (Axon Instruments).
Data were analyzed off-line on a personal computer, and
the time constants for the rising and decaying phases for the
whole-cell current were obtained by using a nonlinear least-
squares fitting program with Microcal (Northampton, MA)
Origin version 3.5. All measurements were carried out at
pH 7.4, 22°C, and a transmembrane voltage of-60 mV.
Data from each cell were normalized to the response
measured with 100µM GABA. All solutions used in the
experiments were prepared on the day of measurements. The
GABA (5 mM) stock solution can be stored at 4°C for
several weeks. The freshly prepared picrotoxin (1 mM) stock
solution can be stored at 4°C for a few weeks. TheR-CNB-
caged GABA [N-(R-carboxy-2-nitrobenzyl)-GABA (32),
Molecular Probes, Eugene, OR] stock solution (5 mM) was
stored at-80 °C and protected from light. During measure-
ments, the caged GABA solution was kept on ice in brown
tubes to minimize hydrolysis.

Cell-Flow and Laser-Pulse Photolysis. The whole-cell
current-recording technique developed by Hamill et al. (33)
was used in conjunction with cell-flow (29) and LaPP (30)
methods. The cell-flow technique, which allows rapid ligand
application as well as a method for making a desensitization
correction of the observed whole-cell current, has been
described previously (29). Briefly, a cell (ca. 10-20 µm
diameter) in the whole-cell current-recording configuration
was placed ca. 100µm from the porthole (diameter of ca.
150 µm) of a U-tube made from stainless steel high-
performance liquid chromatography (HPLC) tubing (Hamil-
ton, Reno, NV). The flow rate of the neurotransmitter
solution emerging from the flow device was typically∼1
cm/s. A freshly prepared dilution of the 5 mM GABA stock
solution flowed over the cell in the absence or presence of
varying concentrations of the inhibitor (1 mM picrotoxin
stock solution was used for preparing different dilutions) to
determine the affinity of picrotoxin for the closed- and open-
channel forms of the receptor. In cell-flow experiments with
100 µM GABA, the observed rise time of the whole-cell
current to its maximum value, characteristic of the time for
GABA to equilibrate with the cell surface receptors, was
60-100 ms. Receptor desensitization during this time can
be significant. In the cell-flow method, the observed current
was, therefore, corrected, as described previously (29), for
desensitization that occurs during the time it takes GABA
to equilibrate with the receptors on the cell surface. If a
fraction of current remained after the desensitization reaction
had gone to completion (usually less than 5% of the total
current), it was subtracted from the observed current before
correction. Cells were allowed to recover for 2 min after
each experiment via the flow of the bath buffer solution
(composition given above) over the cell, for a time sufficient
to guarantee full resensitization of the receptors (37).

The LaPP experiments were performed as described
previously (30). In brief, a photolabile, biologically inactive
precursor of a neurotransmitter (30, 38), called a “caged
neurotransmitter”, is used. After equilibration of the receptors
on the cell surface with the caged neurotransmitter using the
cell-flow device (29), the free neurotransmitter was released
by irradiation in the microsecond time region with a pulse
of laser light. The resulting current, due to the binding of
neurotransmitter leading to the opening of transmembrane

channels, was measured. Several caging groups have been
developed for the neurotransmitters (38). For this work, the
photolabile precursor,R-CNB-caged GABA (32), was used.
It was used previously to investigate the mechanism of the
rat hippocampal GABAA receptors (34) and of the recom-
binant rat wild type as well as a mutated GABAA receptor
linked to one form of epilepsy (13). The cell was equilibrated
with either the caged compound alone or a mixture of the
caged GABA and picrotoxin for 400 ms (at 25µM R-CNB-
GABA) or 1 s (at 100µM R-CNB-GABA) before the laser
irradiation. Photocleavage of the caged GABA was initiated
by a pulse of laser light from a nitrogen laser (λ ) 337 nm,
pulse duration) 10 ns; COMPEX 101, Lambda Physik AG,
Goettingen, Germany) coupled to a 300µm core diameter
optical fiber (Laser Components, Santa Rosa, CA), which
delivered the laser light to the cell. The unattenuated laser
energy was∼400-500µJ, which released 5( 1 and 23(
7 µM free GABA from 25 and 100µM caged GABA,
respectively.

In a typical experiment, a cell in the whole-cell configu-
ration was first rapidly perfused with 100µM GABA using
the cell-flow device (29) and the current was recorded and
corrected for receptor desensitization. After 2 min, the LaPP
experiments were performed. After every LaPP experiment,
a control cell-flow experiment was conducted with 100µM
GABA to monitor for possible changes in receptor activity
or laser-induced damage of the receptors or the cell. Data
obtained from cells with a significant change (>20%) in the
control current after photolysis were discarded. To determine
the concentration of GABA released from theR-CNB-caged
GABA, the maximum current amplitude observed in the
LaPP experiment was compared to that obtained in the cell-
flow experiment performed with same cell used in the LaPP
experiments. This information and the known relationship
between GABA concentration and current amplitude obtained
in the cell-flow experiments were used to calculate the
concentration of GABA released in LaPP experiments
(reviewed in ref 30). Cell-flow experiments were also
conducted with the highest concentration of caged GABA
(100 µM) used in the LaPP experiments together with 25
µM GABA to determine whether the presence ofR-CNB-
caged GABA changed the current amplitude measured in
its absence. The maximum current amplitudes observed in
these experiments were the same in either the presence or
absence ofR-CNB-caged GABA (data not shown), indicating
that theR-CNB-caged GABA was biologically inert when
concentrations ofe100µM were used. WhenR-CNB-caged
GABA at a concentration greater than 100µM was co-
applied with 25µM GABA, the caged compound inhibited
the GABA-evoked whole-cell current. The inhibition of the
GABAA receptor byR-CNB-caged GABA (32) under certain
circumstances has been reported previously (39). The flash/
flow system was controlled using pClamp 8.0.1 (Axon
Instruments).

RESULTS AND DISCUSSION

Effect of Picrotoxin on the Concentration of Open Recep-
tor Channels. We determined the effect of picrotoxin on the
concentration of open receptor channels, when the receptor
was either mainly in the closed-channel conformation (5µM
GABA, O symbols in Figure 2A) or in the open-channel
conformation (100µM GABA, 4 symbols in Figure 2A).
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The ratio of the maximum current amplitude [corrected for
receptor desensitization (29)] in the absence (A0) or the
presence (AI) of picrotoxin as a function of picrotoxin con-
centration (Figure 2A and 2B) was measured. To determine
the dissociation constant (KI,app) for a noncompetitive inhibi-
tor such as picrotoxin from its binding site, the data in panels
A and B of Figure 2 are fitted by eq 1 (40) in the Appendix.

As the GABA concentration was increased from 5 to 100
µM (Figure 2A), the fraction of receptors in the open-channel
form increased by more than∼6-fold from 0.14 at 5µM
GABA to 0.85 at 100µM GABA, as calculated from theKS

value of 34( 13 µM and theΦ-1 value of 10( 1 obtained
previously (13) using eq 3B (Appendix). If the inhibitor
picrotoxin bound only to the open channel, as deduced from
some previous experiments (7, 21), as the GABA concentra-
tion is increased the receptor affinity for picrotoxin would
increase, corresponding to a decrease inKI,app for picrotoxin.
Consequently, the slope of the data obtained at 100µM
GABA (4 symbols in Figure 2A) plotted according to eq 1
(Appendix) would increase. However, the opposite results
were obtained. In Figure 2A, the slope of the line obtained
at 100µM GABA is less than the slope of the line obtained
at 5 µM GABA. The decrease in the slope obtained at the
high GABA concentration corresponds to an∼5-fold in-
crease inKI,app and, therefore, to a decrease in the affinity of
the receptor in the open-channel form for picrotoxin.
Moreover, the increase inKI,app from 174( 27 to 852( 35
µM (Figure 2A), in the range of GABA concentrations that
was used (from 5 to 100µM), corresponds closely to the
increasing fraction of receptors in the open-channel form.
These results indicate that picrotoxin binds at least∼5 times
more strongly to the closed-channel forms of the receptor
(A, AL, and AL2) than to the open-channel form (AL2)
(Figure 6). The measurements that indicate picrotoxin binds

with much higher affinity at a low concentration (5µM) of
GABA, when the receptor is mainly in the closed-channel
conformation, than at a high concentration (100µM) of
GABA can give the impression that GABA can alleviate
picrotoxin inhibition, suggesting that picrotoxin inhibition
has a competitive component (23, 24, 41). The experiments
depicted in Figure 3A, however, indicate that GABA
concentrations∼100 times higher than its apparent dissocia-
tion constant (KS ) 34 µM) do not overcome picrotoxin
inhibition. This is in contrast to what is expected for
competitive inhibition (42).

Effect of Preincubation of the Receptor with Picrotoxin.
The inhibition process described so far is what happens when
the noncompetitive inhibitor is co-applied with the agonist.
However, besides this fast inhibition process, which occurs
during the time the ligands equilibrate with the cell surface
receptors in the cell-flow technique [∼60-100 ms (29)],
another slower process was observed in the inhibition of the
muscle-type nAChR by MK-801 (15). Therefore, the effect
of the duration of preincubation of the GABAA receptor with
picrotoxin on the whole-cell current was investigated (Figure
2B, inset). The cells were preincubated with picrotoxin before
the agonist GABA was co-applied with the inhibitor, using
a cell-flow device made of a modified U-tube (43), to study
the effect of preincubation duration on the extent of inhibition
(Figure 2B, inset). At 5µM GABA, preincubation with
picrotoxin for up to 5 s (data not shown) did not increase
the inhibition compared to the simple co-application with
GABA (O symbols in Figure 2A). However, at 100µM
GABA, preincubation with picrotoxin for 1 s (O symbols in
Figure 2B) significantly increased the inhibition over that
obtained with the simultaneous GABA application (4
symbols in Figure 2A). The apparent inhibition dissociation
constant (KI,app) decreased from 852( 35 to 234( 31 µM,

FIGURE 2: Inhibition by picrotoxin of theR1â2γ2L GABAA receptor transiently transfected in HEK293 cells. The ratio of the maximum
current amplitudes in the absence,A0, and in the presence,AI, of the inhibitor picrotoxin was plotted as a function of the inhibitor concentration.
Each data point is the mean of at least three measurements made with three different cells in the bath buffer (composition given in Materials
and Methods) at-60 mV, pH 7.4, and 22°C. (A) Experiments were carried out with varying concentrations of picrotoxin that was co-
applied, using a cell-flow device made of a U-tube (29), with 5 µM (O) or 100µM (4) GABA. The apparentKI values for picrotoxin of
174 ( 27 µM (at 5 µM GABA) and 852( 35 µM (at 100µM GABA) were determined from the best fit (solid line) of the data plotted
according to eq 1 (Appendix). The filled symbols (b) represent the measurements obtained from LaPP experiments where∼5 µM free
GABA was released from 25µM R-CNB-caged GABA that was preincubated with the cell for 400 ms together with different concentrations
of the inhibitor. (B) Inhibition by picrotoxin of the slowly equilibrating site of the receptor was assessed by preincubating the receptors on
the cell surface with picrotoxin for 1 s followed by co-application of the same concentration of the inhibitor with 100µM GABA. Ratios
of the maximal current amplitudes in the absence,A0, and presence,AI, of picrotoxin, measured using the cell-flow technique, are plotted
(O) as a function of the inhibitor concentration. The solid line is the best fit of the data to eq 1 (Appendix); the value ofKI,app was found
to be 234( 31 µM. The inset showsAI/A0 measured as a function of preincubation time using 100µM GABA with 500 µM picrotoxin.
The solid line represents the result obtained from nonlinear regression analysis of the data according to eq 2 (Appendix). The rate constant
for the slow inhibition process,kobs′′, is calculated to be 2.3( 1.1 s-1, as described in the text.
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corresponding to an∼4-fold increase in the inhibitor affinity
compared to that obtained when 100µM GABA and
picrotoxin were co-applied.

The rate constant for the slow inhibition process can be
determined from the plot ofAI/A0 versus preincubation
duration (Figure 2B, inset). Cells were perfused with
picrotoxin (500µM) alone for the indicated time; subse-
quently, 100 µM GABA was co-applied with 500µM
picrotoxin. Approximately 50% of the inhibition process
went to completion within the mixing time of picrotoxin with
the receptors on the cell surface (∼60-100 ms). A second
much slower process went to completion within∼1 s. The
data (Figure 2B, inset) were fitted using eq 2 (15) in the
Appendix. TheAI(t)∞)/A0 term in eq 2 was set to 0.21 (the
value after preincubation for 3 s), and from a nonlinear
regression analysis of the data (Figure 2B, inset) using eq 2
(Appendix),AI(t)0)/A0 andkobs′′ were estimated to be 0.31(
0.08 and 2.3( 1.1 s-1, respectively. The results are similar
to those obtained for the slow inhibition process of the
muscle-type nAChR by MK-801 (15).

The GABA dose-response curve recorded in the presence
of 500 µM picrotoxin is presented in Figure 3A. The value
of the equilibrium GABA dissociation constant (KS) was
determined to be 49( 7 µM in the presence of 500µM
picrotoxin, compared to its value of 35( 3 µM obtained in
the absence of picrotoxin for the rat GABAA receptor (Figure
3A; 13) using the cell-flow method (29). Such a right shift
in the equilibrium dose response for GABA in the presence
of picrotoxin has been reported previously (24). The channel-
closing equilibrium constant (Φ ) kcl/kop) in the presence
of picrotoxin was evaluated from the GABA dose-response
curve replotted in linear form using eq 3 (Appendix). From
the ordinate intercept of the solid line in Figure 3B and using
eq 3 (Appendix), a value forΦI of 0.36( 0.01 was obtained.
This corresponds to a channel-opening equilibrium constant,
ΦI

-1, of 2.8( 0.5, a value that is much lower than the value
of 10( 1 for the channel-opening equilibrium constant (Φ-1)
for the GABAA receptor in the absence of picrotoxin

determined previously (13). A decrease inΦI
-1 in the

presence of picrotoxin indicates that the inhibitor reduces
receptor function by decreasing the channel-opening equi-
librium constant. Either an increase inkcl (channel-closing
rate constant) or a decrease inkop (channel-opening rate
constant) could lead to a decrease inΦ-1, which equalskop/
kcl. To further understand the effect of this antagonist on
Φ-1, we used the LaPP technique that has a 100-fold better
time resolution than the cell-flow method (30). Additional
essential information about the effect of the inhibitor onkop

andkcl and, therefore, on the channel-opening equilibrium
constant was obtained from these studies.

Effect of Picrotoxin on the Rates of Channel Opening and
Closing. Whole-cell currents obtained from HEK293 cells
transiently expressing the GABAA receptors on photolysis
of RCNB-caged GABA at various concentrations of picro-
toxin, using the LaPP technique, are shown in Figure 4A.
The whole-cell current decreases with an increase in picro-
toxin concentration at 5µM (Figure 4A) or 23µM (Figure
4B) released GABA. The rising phase of the current in the
LaPP experiments (Figure 4) follows a single-exponential
rise for 85% of the reaction in all the measurements, and
kobs, the observed first-order rate constant for the current rise
time at different picrotoxin concentrations, was determined
from a nonlinear fitting using eq 4 (30) (Appendix).

The effect of picrotoxin onkobs (Figure 5) indicates that
the inhibition of the receptor by this antagonist can be
ascribed to a decrease in the channel-opening equilibrium
constant (Φ-1 ) kop/kcl) as a result of the inhibitor’s higher
affinity for its allosteric site on the closed-channel form
(AIL 2) than for the site on the open-channel form (AIL 2,
Figure 6). At the low concentration of released GABA (5
µM) and with pre-incubation of the receptors with picrotoxin
for 400 ms,kobs increases with increasing inhibitor concen-
tration, and at 1 mM picrotoxin, it reaches a value that is
∼3 times the value obtained in the absence of picrotoxin
(Figure 5A). It should be noted thatkobs does not increase

FIGURE 3: Effect of 500µM picrotoxin on the GABA dose-response curve recorded in the bath buffer at-60 mV, pH 7.4, and 22°C from
HEK293 cells transiently expressing the ratR1â2γ2L GABAA receptor. The data were normalized to the whole-cell current corrected for
desensitization (29), obtained in the presence of 100µM GABA. Each data point is an average of two to six measurements made with two
to four cells. (A) The parameters used to compute the solid line [according to the nonlinear form of eq 3A (Appendix)] for the filled
symbols (b) representing the GABA dose-response curve in the presence of GABA alone,IMRM, KS, andΦ, are 3( 0.1 nA, 35( 3 µM,
and 0.23( 0.1, respectively. The parameters used to compute the solid line for the open symbols (O) representing the GABA dose-
response curve in the presence of GABA and 500µM picrotoxin, IMRM, KS, andΦ, are 2.27( 0.2 nA, 49( 7 µM, and 0.38( 0.1,
respectively. (B) The GABA dose-response curve in the presence of 500µM picrotoxin, which was co-applied with GABA, is presented
in panel A (O symbols) and is replotted here in the linear form according to eq 3A (Appendix). The solid line is the best fit of the data using
eq 3A (Appendix). The values for parametersIMRM andKS of 2.27 nA and 49µM, respectively, were used; the value of the channel-closing
equilibrium constantΦI was obtained from the ordinate intercept and is equal to 0.36( 0.01.
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linearly with increasing picrotoxin concentrations but reaches
a limiting value (Figure 5A). At 750µM picrotoxin, kobs

reaches a value∼3 times (310( 11 s-1) that obtained in
the absence of picrotoxin (113( 9 s-1) and remains
approximately the same at picrotoxin concentrations up to 1
mM (325 ( 61 s-1; Figure 5A).kobs as a function of picro-
toxin concentration can be quantitatively described by eq 6
(Appendix), and this is consistent with the observed nonlinear
dependence ofkobson picrotoxin concentration (Figure 5A).
From a nonlinear least-squares fit of the data in Figure 5A
(the solid line in Figure 5A was constructed by using eq 6
in the Appendix) and by using the experimentally obtained
value forkcl of 113 s-1 (13), the values of the rate constant
for channel closing of the receptor-inhibitor complex [kcl(I)]
and the dissociation constant for dissociation of picrotoxin
from the open-channel receptor form (KI) (Figure 6) were
estimated:kcl(I) ) 472 ( 67 s-1 andKI ) 718 ( 252 µM.
The apparent value ofkop′ {)kop[L/(L + KS)]2} determined
from the values of 1183 s-1 and 34µM for kop and KS,
respectively (13), was taken to be 19 s-1 at this low released
GABA concentration (5µM).

At high GABA concentration (Figure 5B), the effect of
picrotoxin on kop(I) is determined by equilibrating the
receptors with the inhibitor for 1 s. In the presence of 5µM
GABA, the fraction of receptors in the open-channel form
is 0.14 (eq 3A in the Appendix), and the value ofkobs for

the current rise reflects primarily the rate constant for channel
closing [kcl(I)], according to eq 7 (44) (Appendix). In the
presence of high concentrations (23µM) of released GABA
(Figure 5B), thekobsvalue for the current rise time represents
a sum ofkcl andkop, the rate constant for channel opening
(eq 6 in the Appendix). The effect of different concentrations
of picrotoxin onkop(I) is obtained by subtracting thekobs(I)

values obtained using the same concentration of picrotoxin
at 5µM released GABA (Figure 5A) from those obtained at
23 µM released GABA (Figure 5B). Increasing concentra-
tions of picrotoxin had no significant effect on the value of
kop(I) (Figure 5B). These results indicate that the inhibitor
picrotoxin increases∼4-fold the channel-closing rate constant
while the channel-opening rate constant remains essentially
unchanged. According to eq 9 (Appendix), when the rate
constant for channel opening remains largely unaffected in
the presence of the inhibitor (Figure 5), the ratio of the
channel-opening equilibrium constant in the absence of the
inhibitor to that in the presence of the inhibitor (Φ-1/ΦI

-1)
is obtained from the ratio of the channel-closing rate constant
in the presence of the inhibitor to that in the absence of the
inhibitor [kcl(I)/kcl]. A value of 2.4 for the channel-opening
equilibrium constant in the presence of the inhibitor [ΦI

-1

) kop(I)/kcl(I)] obtained from the LaPP experiments shown in
Figure 5 using eq 9 (Appendix) is essentially in agreement
with the value of 2.8( 0.5 obtained from the cell-flow
experiments shown in Figure 3. Unlike cell-flow experiments,

FIGURE 4: Whole-cell currents generated from laser-pulse photolysis
of R-CNB-caged GABA, with HEK293 cells transiently transfected
with the ratR1â2γ2L GABAA receptor at-60 mV, pH 7.4, and
22 °C in bath buffer. (A) Currents induced by release of 5µM
GABA from 25µM R-CNB GABA in the absence (1) and presence
of 500 (2) or 750µM (3) picrotoxin. The laser was fired at time 0
after the cells were preincubated with theR-CNB-caged GABA
and picrotoxin for 400 ms. The rising phase of the current is fitted
by a single exponential using eq 4 (Appendix) (30). The values of
the observed first-order rate constant for the current rise (30) of
the whole-cell currents,kobs, in traces 1-3 were determined to be
115( 1, 281( 2, and 322( 7 s-1, respectively, and the maximum
current amplitudes were 2394, 464, and 96 pA, respectively. (B)
Currents induced by the release of 23µM GABA from 100 µM
R-CNB-GABA in the absence (1) and presence of 500 (2) or 1000
µM (3) picrotoxin. The laser was fired at time 0 after the cells
were preincubated with theR-CNB-caged GABA and picrotoxin
for 1 s. The observed first-order rate constants for the rise of the
whole-cell currents in traces 1-3 are 325( 3, 224( 1, and 350
( 15 s-1, respectively, and the maximum current amplitudes are
3252, 1366, and 643 pA, respectively.

FIGURE 5: Effect of picrotoxin onkobs for the current rise time
determined using the LaPP technique (30) at -60 mV, pH 7.4,
and 22°C in bath buffer. Each data point represents two to four
measurements, with each measurement made with a different cell.
The observed first-order rate constant was obtained from the rising
phase of the whole-cell current (eq 4, Appendix) generated by 5
(b) or 23µM (4) released free GABA in the absence and presence
of different concentrations of picrotoxin. The laser was fired at time
0 after the cells were preincubated with theR-CNB-GABA and
picrotoxin for 400 ms in panel A and for 1 s inpanel B. The solid
line in panel A represents the best fit according to eq 6 (Appendix;
15). The values forkcl, kop, andKS were taken to be 113 s-1, 1183
s-1, and 34µM, respectively (13). The apparent value ofkop′
{)kop[[L]/([L] + KS)2]} is 19 s-1 at this GABA concentration. A
nonlinear least-squares fitting program was used to obtain the values
of kcl(I) (472 ( 67 s-1) andKI (718 ( 252 µM) and to construct
the solid line.
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the LaPP experiments give thekop and kcl values that
determine the channel-opening equilibrium constant.

Mechanism of Inhibition by Picrotoxin. The channel-
blocking mechanism predicts that as the concentration of
open channels increases, the affinity of the receptor for
picrotoxin also increases. Picrotoxin binds with an∼5-fold
greater affinity to the closed-channel form than to the open-
channel form (Figure 2A). These results are inconsistent with
a mechanism in which picrotoxin can inhibit the receptor
only by entering the receptor channel after it has opened
and blocking it, i.e., the channel-blocking mechanism sug-
gested previously (21). The results in Figure 2 also indicate
that the picrotoxin reaction is independent of preincubation
duration when the receptor is predominantly in the closed-
channel form but not when the open-channel form predomi-
nates (Figure 2B). The effect of preincubation duration on
the extent of inhibition at high GABA concentrations (Figure
2B) indicates the presence of both a fast and a slow inhibition
process. When the receptors are predominantly in the closed-
channel form, only the fast inhibition process seems to
contribute to the receptor’s inhibition. This suggests that the
inhibitor reacts more rapidly with the closed-channel form
of the GABAA receptor than with the open-channel form.
How the binding site associated with the open-channel form,
which binds picrotoxin∼5 times less strongly than the
binding site associated with the closed-channel form, differs
cannot be determined from the transient kinetic experiments.
In the case of MK-801 inhibition of the nAChR, by using
the LaPP technique Grewer et al. (15) have shown that the
receptor is inhibited by MK-801 by an increase in the
channel-closing rate constant without essentially an effect
on the channel-opening rate constant. This leads to a decrease
in the channel-opening equilibrium constant. Thus, the
current observed when the receptor is exposed to the
activating ligand in the presence of the inhibitor is decreased
(15). In this study of the mechanism of inhibition of the
GABAA receptor by picrotoxin, further experiments using
the LaPP technique were conducted in an effort to understand
the mechanism of inhibition of the receptor.

Can the shift of the channel-opening equilibrium to the
closed-channel form in the presence of the inhibitor account
for the reduction of the whole-cell current in the presence
of picrotoxin and, therefore, receptor inhibition? According
to eq 9 (Appendix), when the inhibitor does not affectkop

(Figure 5B), we obtained a value forΦ-1/ΦI
-1 of 4.2 using

the channel-closing rate constant determined from the LaPP
experiments in the presence [kcl(I)] (Figure 5A) or absence
(kcl) (13) of the inhibitor. For the proposed mechanism
(Figure 6), the principle of microscopic reversibility (45)
requires that the ratio of the inhibition constant for the open-
channel form to that of the closed-channel form of the
receptor (KI/KI) be equal to the ratio of the channel-opening
equilibrium constant in the absence to that in the presence
of the inhibitor (Φ-1/ΦI

-1). The values forKI/KI of 4.1 and
for Φ-1/ΦI

-1 of 4.2 are obtained from the LaPP experiments
(Figure 5).

The LaPP results in Figure 5 indicate that the picrotoxin-
induced increase inkcl(I) without a concomitant change in
kop(I) accounts for the decrease in the channel-opening
equilibrium constant and for the inhibition by picrotoxin.
Single-channel currents recorded from GABAA receptors in

outside-out patches from mouse spinal cord neurons (46)
have previously shown that picrotoxin decreases the mean
open time (τo) of the receptor channel. The channel-closing
rate constant,kcl, is inversely proportional to the mean open
time of the channel. Therefore, the results reported here,
obtained by transient kinetic techniques, are in agreement
with the single-channel data reported by Twyman et al. (46).
The LaPP technique gives the additional information that
kop is essentially not affected by picrotoxin (Figure 5B).
Therefore, the increase inkcl caused by picrotoxin without a
change inkop indicates a decrease in the channel-opening
equilibrium.

The results presented here (Figure 5) indicate the existence
of a regulatory (inhibitory) site on the GABAA receptor that
does not affect the opening rate of the ion channel but can
increase the channel-closing rate and, therefore, results in a
decrease in the channel-opening equilibrium. This inhibits
the efficiency of the GABAA receptor and will affect signal
transmission between cells. In the case of neurotransmitter
receptors, equilibrium between active (open-channel) and
inactive (closed-channel) conformations exists (Figure 6).
The observation that noncompetitive inhibition of the
GABAA receptor is brought about by changing the channel-
opening equilibrium unfavorably is new. The mechanism of
receptor activation and inhibition shown in Figure 6 indicates
that the effect of noncompetitive inhibitors can be reversed
by finding compounds that compete with the inhibitor but
bind with equal or higher affinity to the open-channel form.
These compounds are not expected to affect the channel-
opening equilibrium unfavorably but can displace the inhibi-
tor (17). Such an approach has been shown to be effective
in the case of inhibition of the nAChR by cocaine (17-20),
which inhibits this receptor by a mechanism (14-16, 19)
similar to the one described here for picrotoxin. The

FIGURE 6: Minimum mechanism for the activation and inhibition
of the GABAA receptor based on cell-flow (29) and LaPP (reviewed
in ref 30) measurements. A represents the active non-desensitized
receptor form, L the neurotransmitter GABA, and I the inhibitor
picrotoxin. AIL2 represents the complexes in which the inhibitor
is bound to the closed-channel form of the receptor.AIL 2
represents the inhibitor-bound open-channel form of the receptor,
and AIL2* represents the nonconducting form ofAIL 2. KS is the
dissociation constant for the receptor-neurotransmitter complex,
whereasKI and KI are the observed inhibitor dissociation con-
stants of the closed-channel (A, AL, and AL2) and open-channel
(AL2) forms of the receptor, respectively.Φ is the equilibrium
constant between the closed- and open-channel forms of the receptor
(49, 50) and is equal tokcl/kop, wherekcl is the rate constant for
channel closing andkop is the rate constant for channel opening.
The corresponding channel-closing and channel-opening rate
constants for the inhibitor-bound receptor channel are represented
askcl(I) andkop(I), respectively.kf andkb are the rate constants for
interconversion between the open-channel form with the inhibitor
bound (AIL 2) and its nonconducting form, (AIL2)*. It is assumed
that theKI values for all the closed-channel forms (A, AL, and
AL2) are the same. The transitions to desensitized receptor forms
are not shown.
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regulatory site mechanism indicated here (Figure 6) suggests
the possibility of finding therapeutic agents that compete with
picrotoxin for the regulatory site but do not inhibit channel
opening and signal transmission, and hence would be useful
in alleviating the toxic convulsive effect of the inhibitor
picrotoxin on the GABAA receptor. The existence of com-
binatorially synthesized RNA polymers that bind with higher
affinity to an allosteric site on the open-channel form of the
GABAA receptor than on the closed-channel form, and hence
alleviate picrotoxin inhibition, has recently been reported
(47).

CONCLUSIONS

The conclusions derived from this study are as follows.
Picrotoxin binds to an allosteric site on the receptor, as
suggested previously (22, 23), and inhibits channel opening
in a noncompetitive manner (22, 23). The new information
obtained by the measurements presented here follows. (i)
Picrotoxin binds to the open-channel form of the receptor
with an ∼5-fold lower affinity than to the closed-channel
form. Support for this conclusion is drawn from the following
observations. When the receptor is mainly in the open-
channel form, inhibition requires an∼5-fold higher concen-
tration of picrotoxin than when it is mainly in the closed-
channel form (Figure 2A). This observation has previously
given the impression that there is a competitive component
to picrotoxin inhibition (23, 24, 41). (ii) Picrotoxin inhibits
the receptor’s response to GABA by increasing the rate
constant for channel closing (Figure 5A), but does not have
an apparent effect on the rate constant for channel opening
(Figure 5B). This∼4-fold increase inkcl(I) without a change
in kop(I) decreases the channel-opening equilibrium constant
and accounts for the observed inhibition of the receptor
(Figure 6). The effect of picrotoxin on the lifetime of the
open channel, a measure of the rate constant for channel
closing (kcl), has been noticed previously (46). However,
transient kinetic methods, in particular the LaPP technique
developed in this laboratory (30, 31), allow one to determine
not onlykcl but also the channel-opening rate constant (kop)
and, therefore, the channel-opening equilibrium constant. (iii)
The ability to determine both of these rate constants led to
the new conclusion that picrotoxin exerts its inhibitory effect
by decreasing the channel-opening equilibrium constant (Φ-1

) kop/kcl) of the GABAA receptor by a factor of 4. (iv) The
insights obtained from the mechanism proposed suggested
a search should be made for compounds that bind to the
picrotoxin site without affecting the channel-opening equi-
librium. These compounds can displace picrotoxin and
thereby alleviate receptor inhibition by picrotoxin. This
approach has been used successfully in alleviating the
inhibition of the muscle and neuronal nAChRs by the abused
drug cocaine (17-20). This drug inhibits the nAChR also
by decreasing its channel-opening equilibrium (14, 18, 19).
Similarly, knowledge of the mechanism presented here for
the inhibition of the GABAA receptor by picrotoxin (Figure
6) led to the successful development of compounds that can
alleviate the inhibition due to the unfavorable channel-
opening equilibrium induced by picrotoxin (47). Can the
same compounds also alleviate the unfavorable channel-
opening equilibrium of a mutated GABAA receptor (13)
linked to a certain form of epilepsy (9)?
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APPENDIX

The apparent dissociation constant (KI,app) of the inhibitor
picrotoxin is determined using the cell-flow method (29) for
whole-cell current recording and eq 1 (40).

where A0 and AI represent the maximum current in the
absence and presence of various inhibitor concentrations ([I]),
respectively.

where AI,t)∞ is the current amplitude in the presence of
inhibitor after a long preincubation time,AI,t)0 is the initial
value of the current amplitude in the presence of inhibitor,
andkobs′′ is the rate constant for the slower inhibition process
(15).

a linear version (29) (eq 3A) of the dose-response curve
for the neurotransmitter, GABA, whereIM is the current due
to 1 mol of open receptor channels.RM represents the number
of moles of receptors in the cell membrane. For practical
purposes, we takeIMRM to be the maximum current corrected
for receptor desensitization (29) obtained in the presence of
a saturating GABA concentration (5 mM).IA is the whole-
cell current corrected for receptor desensitization.KS is the
GABA dissociation constant, [L] the GABA concentration,
andΦ the channel-closing equilibrium constant.

FAL2
is the fraction of open-channel receptor forms (29)

calculated from the values ofKS and Φ (eq 3A) obtained
from the LaPP experiments with the wild-type GABAA

receptor (13).

At is the measured current at timet andAmax the maximum
observed current in a LaPP experiment (44). kobs is the
observed first-order rate constant for the current rise (44).

the relationship (eq 5) between the observed rate constant

A0

AI
) 1 +

[I]
KI,app

(1)

AI

A0
(t) )

AI,t)0

A0
exp(-kobs′′t) +

AI,t)∞

A0
(2)

(IMRMIA
-1 - 1)1/2 ) Φ1/2 + Φ1/2KS[L] -1 (3A)

FAL2
)

[L] 2

([L] + KS)
2Φ + [L] 2

(3B)

At ) Amax[1 - exp(-kobst)] (4)

kobs) kcl + kop( [L]

[L] + KS
)2

(5)
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for the current risekobs, andkop, kcl, and the ligand dissociation
constantKS.

The relationship betweenkobs and rate constantskop andkcl

for an inhibitor that binds to both the open- and closed-
channel forms of the receptor and the ligand-binding steps
are fast compared to the channel-opening and -closing steps
(15). Equation 6 has been derived according to the reaction
scheme in Figure 6 (14, 15), where KI and KI are the
equilibrium dissociation constants of the inhibitor for the
closed- and open-channel forms of the receptor, respectively,
andkcl(I) is the channel-closing rate constant in the presence
of the inhibitor.

At low GABA concentrations, thekobsvalue obtained from
the current rise time reflects the channel-closing rate constant
(16; reviewed in ref30).

The channel-opening rate constant in the presence of the
inhibitor, kop(I), can be described by the following equation
(16).

wherekop(I) andkcl(I) are the rate constants for channel opening
and closing, respectively, in the presence of the inhibitor and
ΦI

-1 is the channel-opening equilibrium constant in the
presence of the inhibitor (15). The equation further assumes
that the inhibitor does not affectkop (Figure 5).
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