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ABSTRACT. The y-aminobutyric acid (GABAA) receptor, a major inhibitory neurotransmitter receptor,
belongs to a family of membrane-bound proteins that regulate signal transmission beti@énells 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 ratt152y2L GABA 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 times higher than that of the closed-channel form. (ii) Picrotoxin
increased the channel-closing rate constlitdpproximately 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 codstant |

= Kopaykay]. (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 GABA 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 y-aminobutyric acid type A (GABA) receptor, a
major inhibitory ligand-gated ion channel in the central ner-
vous system1), belongs to a family of membrane-bound
neurotransmitter receptors responsible for transmission of
signals at the junctions (synapses) between many of the
~10% cells of the mammalian nervous syste). (Upon
binding their specific neurotransmitter, GABA, the GABA
receptors form transient chloride-conducting transmembrane
channels 1, 3). GABAA receptors are generally assembled
from a combination ofr-, -, andy-subunits, with the most Picrotin Picrotoxinin
common subunit assembly beind/32y2 (1, 3). This recep- FicURE 1: Structures of picrotin (A) and picrotoxinin (B) that are
tor composition was used in the experiments reported here.present as a 1:1 molar mixturd8) in picrotoxin.

GABA, receptors are known to possess a variety of
allosteric binding sites from which a number of drugs can Position of picrotoxin is a 1:1 molar mixture of picrotin and
modulate receptor functioril), A plant convulsant, picro-  Picrotoxinin (Figure 1). Picrotoxinin is the toxic component
toxin, which inhibits the GABAergic inhibitory postsynaptic  Of picrotoxin @). Picrotoxin also inhibits other anion-
current, is one such allosteric ligand. The molecular com- conducting neurotransmitter receptors, such as the GABA

(5), glycine @), and glutamate-gated Ckhannels 7), as

T These studies were funded by a U.S. Public Health Service National We" as cation-conducting serotpnln receptddi Convul-
Institutes of Health grant (NS08527) awarded to G.P.H. and by an Sions are also caused by mutations of the GABéceptor
Epilepsy Foundation Postdoctoral Fellowship, through the generouslinked to forms of epilepsy9—11), a disease affecting 50

support of the American Epilepsy Society and Milken Family Founda- million people worldwide {2). The dysfunction of one of
tion, awarded to L.R. ’

*To whom correspondence should be addressed. E-mail: these mutated GABA receptors §) has recently been
gph2@cornell.edu. Telephone: (607) 255-4809. Fax: (607) 255-6249. investigated by rapid kinetic techniquek3). It was shown

1 Abbreviations: HEK293, human embryonic kidney cells; GABA, that the dysfunction of an epilepsy-linked GABAeceptor
y-aminobutyric acid; LaPP, laser-pulse photolyss:CNB-caged . . A
GABA, N-(a-carboxy-2-nitrobenzyl)-GABA; nAChR, nicotinic ace- IS due to a decreased channel-opening equilibrium constant

tylcholine receptor. (13). In the case of the nicotinic acetylcholine receptor
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(nAChR), it has been shown that compounds such as cocaineMATERIALS AND METHODS

and MK-801 [(+)-dizocilpine] that inhibit this receptor by i ) )
decreasing its channel-opening equilibriubd-¢16) can be GABA and picrotoxin were purchased from Sigma (St.
used to obtain combinatorially synthesized RNA ligands that L0UiS, MO). Plasmid cDNAs for the rat GABAreceptors
can displace these noncompetitive inhibitors without them- Were a gift from P. H. Seeburg (Max Planck Institute for
selves inhibiting the receptot 7). These RNA ligands bind Medical Research, Heidelberg, Germany). In these plasmids,

with equal affinity to the open- and closed-channel forms the cDNAs encoding thexl, 52, and y2L (long splice
of the receptor. Therefore, they do not affect the channel- variant) rat GABA, subunit proteins are individually cloned

opening equilibrium and consequently do not inhibit receptor into pR'K-5 mammalian expression vegtors (BD Biosciences,
function (L7—20). Knowledge of the inhibition mechanism San Diego, C’A_‘)' Effectene t_ransfectlon reagent was pur-
of the convulsant picrotoxin may, therefore, be important chased from Qiagen (Valencia, CA).

for the rational design of therapeutic anticonvulsants. The Cell Culture and Transient TransfectiohlEK293 cells
mechanism by which the GABAantagonist, picrotoxin, ~ (American Type Cell Culture, Manassas, VA) were tran-
inhibits the receptor is the subject of this study. siently transfected with rat GAB&o1, 52, andy2L 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 previousdg). HEK293 cells were
grown in 25 cm 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

Previously proposed mechanisms of the inhibition of the
GABA, receptor by picrotoxin were based mainly on
electrophysiological measuremenfl) and on the effects
of the neurotransmitter GABA on the onset and reversal of
inhibition by picrotoxin @1—23). Electrophysiological stud-
ies of the action of picrotoxin on GABAreceptors expressed
in different cells, varying from neurons to recombinant
receptor system2(—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 blockef,21), a mixed/noncompetitive (100 U of penicillin and 10Qug of streptomycin, both from

inhibitor (22—24), or a noncompetitive inhibitor that binds Sigma). Cells were passaged weekly (after reaching 80
to an allosteric site to stabilize a closed or desensitized stategno, cdnfluence) and-2 x 10 cells were seeded in 35
of ligand-gated ion channel&%, 24-26). Detailed analysis 1y paicon dishes (Fisher Scientific) in 10% FBS and 90%
of single-channel current recordings suggested a morepyign containing 1% penicillin/streptomycin. The trans-
complex scheme2g). Neither picrotoxin nor its more active  action reaction mixture was added to the cells 24 h after
component picrotoxinin had any effect on the conductance ey \vere passaged. After 6 h, the transfection mixture was
of single-channel events mediated by GABrceptors22, yemgoved from the cells, which were then washed once with
24). Single-channel current recordings showed that picrotoxin 1, phosphate-buffered saline (Invitrogen GibcoBRL) fol-
decreased the channel-opening frequency in a mannelgyed by the addition of 2 mL of 1% FBS in the DMEM
compatible with the stabilization of an agonist-bound closed growth medium. The cells were replated the next day in 35
state that perhaps corresponds to ades_ensitized conformatio;hm Falcon dishes and were used for electrophysiological
of the receptor 22, 27, 28). The precise mechanism of  neasurements up to 48 h from the time of transfection.

gg:)rotoxm inhibition is believed to be still unknowr2Z— ElectrophysiologyFor both the cell-flow 29) and LaPP

' (30, 31) experiments, the recording glass pipets were pulled

Recently, the existing techniques for investigations of from borosilicate glass (World Precision Instruments Inc.,
receptor mechanisms have been supplemented by rapidsarasota, FL) using a two-stage puller (L/IM 3 P-A, Adams
chemical kinetic approaches, the cell-flo28) and the laser- & List, Westbury, NY) and a flame polisher (MF-83,
pulse photolysis (LaPP) technique30( 31), suitable for  Narishige, Tokyo, Japan). Typical pipet resistances wer 2
measurements of receptor-mediated reactions on cell surfaces1Q, and the series resistances were4lMQ for whole-
in the microsecond to millisecond region (reviewed in ref cell current measurements. Series resistance compensation
30). The LaPP technique utilizes a photolabile, biologically of 60—70% was used in the whole-cell current recording
inactive, caged precursor of a neurotransmitter that is measurements3g). The bath buffer contained 145 mM
equilibrated with the receptors on the cell surfag8)(A sodium chloride, 5 mM potassium chloride, 2 mM calcium
single laser pulse liberates the free neurotransmitter [in this chloride, 1.5 mM magnesium chloride, 10 mM-(2-
case GABA 82)] in the microsecond time regio3%). The hydroxyethyl)piperaziné¥-2-ethanesulfonic acid, and 10
released neurotransmitter binds to the receptor and activatesnM glucose; the pH was adjusted to 7.4 @sBhN sodium
the opening of receptor channels. The resulting macroscopichydroxide. The electrode solution contained 140 mM cesium
current is measured by the whole-cell current-recording chloride, 10 mM tetraethylammonium chloride, 2 mM
technique 83). Such caged compounds have been shown to magnesium chloride, 10 mM ethylene glycol tetraacetic acid,
be suitable for transient kinetic investigations of receptor and 10 mMN-(2-hydroxyethyl)piperaziné¥-2-ethanesulfon-
mechanisms30, 31, 34) and for studying the inhibition of ic acid; the pH was adjusted to 7.4 using cesium hydroxide
the nicotinic acetylcholine receptor by noncompetitive (50 wt % solution in water). An Axopatch 200B amplifier
inhibitors such as cocainé4) and MK-801 (L5). This report (Axon Instruments, Union City, CA) with a-15 kHz low-
describes rapid kinetic studies of picrotoxin inhibition of the pass filter was used for the current recordings. Signals were
a152y2L GABA, receptor transiently transfected in HEK293 acquired using the pClamp 8.0.1 software packet (Axon
(human embryonic kidney) cells. Instruments). Whole-cell current-recording data were digi-
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tized at 0.5-2 kHz. LaPP data were digitized at-260 kHz
using the Digidata 1320A instrument (Axon Instruments).
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channels, was measured. Several caging groups have been
developed for the neurotransmitte&8). For this work, the

Data were analyzed off-line on a personal computer, and photolabile precurson-CNB-caged GABA 82), was used.
the time constants for the rising and decaying phases for thelt was used previously to investigate the mechanism of the
whole-cell current were obtained by using a nonlinear least- rat hippocampal GABA receptors 34) and of the recom-

squares fitting program with Microcal (Northampton, MA)

binant rat wild type as well as a mutated GABAeceptor

Origin version 3.5. All measurements were carried out at linked to one form of epilepsyl@). The cell was equilibrated

pH 7.4, 22°C, and a transmembrane voltage-660 mV.

with either the caged compound alone or a mixture of the

Data from each cell were normalized to the response caged GABA and picrotoxin for 400 ms (at 28 a-CNB-

measured with 10&M GABA. All solutions used in the

GABA) or 1 s (at 10QuM o-CNB-GABA) before the laser

experiments were prepared on the day of measurements. Tharadiation. Photocleavage of the caged GABA was initiated

GABA (5 mM) stock solution can be stored at°€ for

by a pulse of laser light from a nitrogen lasér=€ 337 nm,

several weeks. The freshly prepared picrotoxin (1 mM) stock pulse duratior= 10 ns; COMPEX 101, Lambda Physik AG,

solution can be stored at°€ for a few weeks. The-CNB-
caged GABA N-(a-carboxy-2-nitrobenzyl)-GABA 32),

Goettingen, Germany) coupled to a 306 core diameter
optical fiber (Laser Components, Santa Rosa, CA), which

Molecular Probes, Eugene, OR] stock solution (5 mM) was delivered the laser light to the cell. The unattenuated laser

stored at—80 °C and protected from light. During measure-

energy was~400-500uJ, which released & 1 and 23+

ments, the caged GABA solution was kept on ice in brown 7 uM free GABA from 25 and 10uM caged GABA,

tubes to minimize hydrolysis.

Cell-Flow and Laser-Pulse PhotolysiThe whole-cell
current-recording technigue developed by Hamill et 38)
was used in conjunction with cell-flon2Q) and LaPP 0)
methods. The cell-flow technique, which allows rapid ligand

respectively.

In a typical experiment, a cell in the whole-cell configu-
ration was first rapidly perfused with 1M GABA using
the cell-flow device 29) and the current was recorded and
corrected for receptor desensitization. After 2 min, the LaPP

application as well as a method for making a desensitization experiments were performed. After every LaPP experiment,
correction of the observed whole-cell current, has been a control cell-flow experiment was conducted with 10@

described previously2Q). Briefly, a cell (ca. 16-20 um
diameter) in the whole-cell current-recording configuration
was placed ca. 10@m from the porthole (diameter of ca.
150 um) 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 typicahyl
cm/s. A freshly prepared dilution of the 5 mM GABA stock

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 changeZ0%) in the
control current after photolysis were discarded. To determine
the concentration of GABA released from theCNB-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

solution flowed over the cell in the absence or presence of experiments. This information and the known relationship

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 uM 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

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 ref30). Cell-flow experiments were also
conducted with the highest concentration of caged GABA
(100 uM) used in the LaPP experiments together with 25
UM GABA to determine whether the presencefCNB-

60—100 ms. Receptor desensitization during this time can caged GABA changed the current amplitude measured in
be significant. In the cell-flow method, the observed current its absence. The maximum current amplitudes observed in

was, therefore, corrected, as described previoluzdy, for

these experiments were the same in either the presence or

desensitization that occurs during the time it takes GABA absence ofi-CNB-caged GABA (data not shown), indicating
to equilibrate with the receptors on the cell surface. If a that thea-CNB-caged GABA was biologically inert when
fraction of current remained after the desensitization reaction concentrations o£100uM were used. When-CNB-caged
had gone to completion (usually less than 5% of the total GABA at a concentration greater than 1@®M was co-
current), it was subtracted from the observed current beforeapplied with 25uM GABA, the caged compound inhibited

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 recept@¥).(

the GABA-evoked whole-cell current. The inhibition of the
GABA receptor bya-CNB-caged GABA 82) under certain
circumstances has been reported previoud®). (The flash/
flow system was controlled using pClamp 8.0.1 (Axon

The LaPP experiments were performed as describedInstruments).

previously B0). In brief, a photolabile, biologically inactive
precursor of a neurotransmitteB(; 38), called a “caged

neurotransmitter”, is used. After equilibration of the receptors

RESULTS AND DISCUSSION
Effect of Picrotoxin on the Concentration of Open Recep-

on the cell surface with the caged neurotransmitter using thetor ChannelsWe determined the effect of picrotoxin on the

cell-flow device @9), 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

concentration of open receptor channels, when the receptor
was either mainly in the closed-channel conformatiopNb
GABA, O symbols in Figure 2A) or in the open-channel

neurotransmitter leading to the opening of transmembraneconformation (10QuM GABA, A symbols in Figure 2A).
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Ficure 2: Inhibition by picrotoxin of thex152y2L GABA, receptor transiently transfected in HEK293 cells. The ratio of the maximum
current amplitudes in the absengég, and in the presencéy, 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 22C. (A) Experiments were carried out with varying concentrations of picrotoxin that was co-
applied, using a cell-flow device made of a U-tul@®)( with 5 uM (O) or 100uM (A) GABA. The apparenkK;, values for picrotoxin of

174+ 27 uM (at 5uM GABA) and 8524+ 35uM (at 100uM GABA) were determined from the best fit (solid line) of the data plotted
according to eq 1 (Appendix). The filled symbo®)(represent the measurements obtained from LaPP experiments wherl free

GABA was released from 26M a-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 fol s followed by co-application of the same concentration of the inhibitor with/MG@GABA. Ratios

of the maximal current amplitudes in the abser&g,and presencel, 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 vilug, @fas found
to be 2344 31 uM. The inset show#\/A; measured as a function of preincubation time using ARMOGABA with 500 4M 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 processe’, is calculated to be 2.3 1.1 s'1,

The ratio of the maximum current amplitude [corrected for
receptor desensitizatior29)] in the absence/p) or the
presenceA)) of picrotoxin as a function of picrotoxin con-

as described in the text.

with much higher affinity at a low concentration 1) of
GABA, when the receptor is mainly in the closed-channel
conformation, than at a high concentration (1001) of

centration (Figure 2A and 2B) was measured. To determine GABA can give the impression that GABA can alleviate

the dissociation constar(zpp 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 #0) in the Appendix.

As the GABA concentration was increased from 5 to 100
uM (Figure 2A), the fraction of receptors in the open-channel
form increased by more than6-fold from 0.14 at 5uM
GABA to 0.85 at 100tM GABA, as calculated from th&g
value of 344 13 uM and thed~* value of 104 1 obtained
previously (3) using eq 3B (Appendix). If the inhibitor

picrotoxin inhibition, suggesting that picrotoxin inhibition
has a competitive componer#3, 24, 41). The experiments
depicted in Figure 3A, however, indicate that GABA
concentrations-100 times higher than its apparent dissocia-
tion constant Ks = 34 uM) 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

picrotoxin bound only to the open channel, as deduced from the noncompetitive inhibitor is co-applied with the agonist.

some previous experiments, @1), as the GABA concentra-
tion is increased the receptor affinity for picrotoxin would
increase, corresponding to a decreasg, i, for picrotoxin.
Consequently, the slope of the data obtained at 28D
GABA (A 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 100uM GABA is less than the slope of the line obtained
at 5uM GABA. The decrease in the slope obtained at the
high GABA concentration corresponds to arb-fold in-
crease irK sppand, therefore, to a decrease in the affinity of
the receptor in the open-channel form for picrotoxin.
Moreover, the increase i€ app from 174+ 27 to 852+ 35

uM (Figure 2A), in the range of GABA concentrations that
was used (from 5 to 10@M), corresponds closely to the
increasing fraction of receptors in the open-channel form.
These results indicate that picrotoxin binds at leasttimes

However, besides this fast inhibition process, which occurs
during the time the ligands equilibrate with the cell surface
receptors in the cell-flow technique-p0—100 ms R9)],
another slower process was observed in the inhibition of the
muscle-type nAChR by MK-80116). Therefore, the effect

of the duration of preincubation of the GARAeceptor 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-tub&3), to study

the effect of preincubation duration on the extent of inhibition
(Figure 2B, inset). At 5uM GABA, preincubation with
picrotoxin for up © 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 100M
GABA, preincubation with picrotoxin fol s (O symbols in
Figure 2B) significantly increased the inhibition over that

more strongly to the closed-channel forms of the receptor pbtained with the simultaneous GABA application (

(A, AL, and AL,) than to the open-channel forml(,)

symbols in Figure 2A). The apparent inhibition dissociation

(Figure 6). The measurements that indicate picrotoxin binds constant K .pp) decreased from 852 35 to 234+ 31 uM,
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Ficure 3: Effect of 500uM picrotoxin on the GABA doseresponse curve recorded in the bath buffer & mV, pH 7.4, and 22C from
HEK293 cells transiently expressing the celi52y2L GABA, receptor. The data were normalized to the whole-cell current corrected for
desensitization29), obtained in the presence of 1M 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 @) representing the GABA dosgesponse curve in the presence of GABA aldg@®y, Ks, and®, are 3+ 0.1 nA, 35+ 3 uM,

and 0.23+ 0.1, respectively. The parameters used to compute the solid line for the open sy@potpresenting the GABA dose
response curve in the presence of GABA and a80 picrotoxin, IyRy, Ks, and®, are 2.27+ 0.2 nA, 49+ 7 uM, and 0.38+ 0.1,
respectively. (B) The GABA doseresponse curve in the presence of 500 picrotoxin, which was co-applied with GABA, is presented

in panel A © 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 parametéify andKs of 2.27 nA and 49M, respectively, were used; the value of the channel-closing
equilibrium constantb, was obtained from the ordinate intercept and is equal to &3601.

corresponding to arv4-fold increase in the inhibitor affinity ~ determined previously1@). A decrease in®,! in the
compared to that obtained when 100M GABA and presence of picrotoxin indicates that the inhibitor reduces
picrotoxin were co-applied. receptor function by decreasing the channel-opening equi-

The rate constant for the slow inhibition process can be librium constant. Either an increase kg (channel-closing
determined from the plot ofA/A, versus preincubation rate constant) or a decrease kg, (channel-opening rate
duration (Figure 2B, inset). Cells were perfused with constant) could lead to a decreasebn', which equalsy/
picrotoxin (500:M) alone for the indicated time; subse- ka. To further understand the effect of this antagonist on
quently, 100uM GABA was co-applied with 500uM @1, we used the LaPP technique that has a 100-fold better
picrotoxin. Approximately 50% of the inhibition process time resolution than the cell-flow metho80). Additional
went to completion within the mixing time of picrotoxin with  essential information about the effect of the inhibitorlgp
the receptors on the cell surface0—100 ms). A second  andky and, therefore, on the channel-opening equilibrium
much slower process went to completion withil s. The constant was obtained from these studies.

data (Figure 2B, inset) were fitted using eq 5 in the Effect of Picrotoxin on the Rates of Channel Opening and
Appendix. TheA—/Ao term in eq 2 was set to 0.21 (the  cjosing Whole-cell currents obtained from HEK293 cells

value after preincubation for 3 s), and from a nonlinear yansiently expressing the GABAreceptors on photolysis
regression analysis of the data (Figure 2B, inset) using eq 2o 4 cNB-caged GABA at various concentrations of picro-
(Appendix), Aye=oy/Ao andksps’ were estimated to be 0.32 toxin, using the LaPP technique, are shown in Figure 4A.

0.08 and 2.3k 11 st respectlvely. T'h.e.results are similar - 1o \whole-cell current decreases with an increase in picro-
to those obtained for the slow inhibition process of the toxin concentration at &M (Figure 4A) or 23uM (Figure
muscle-type nAChR by MK-80116). 4B) released GABA. The rising phase of the current in the
The GABA dose-response curve recorded in the presence | app experiments (Figure 4) follows a single-exponential
of 5001M picrotoxin is presented in Figure 3A. The value rise for 85% of the reaction in all the measurements, and
of the equilibrium GABA dissociation constankd) was - the observed first-order rate constant for the current rise
determined to be 4% 7 uM in the presence of 50aM time at different picrotoxin concentrations, was determined

picrotoxin, compared to its value of 35 3 uM obtained in from a nonlinear fitting using eq 40) (Appendix).
the absence of picrotoxin for the rat GARAeceptor (Figure

3A; 13) using the cell-flow method2Q). Such a right shift

in the equilibrium dose response for GABA in the presence . . . S
of picrotoxin has been reported previousy The channel-  2scribed to_? decrease in the channel-opening equilibrium
closing equilibrium constantd = ky/kop) in the presence  coNStant @ = ko/kq) as a result of the inhibitor’s higher

of picrotoxin was evaluated from the GABA doseesponse ~ &ifinity for its allosteric site on the closed-channel form
curve replotted in linear form using eq 3 (Appendix). From (AlL>) than for the site on the open-channel forAll(,,

the ordinate intercept of the solid line in Figure 3B and using Figure 6). At the low concentration of released GABA (5
eq 3 (Appendix), a value fob, of 0.36+ 0.01 was obtained. M) and with pre-incubation of the receptors with picrotoxin
This corresponds to a channel-opening equilibrium constant,for 400 ms kqps increases with increasing inhibitor concen-
®,71, of 2.8+ 0.5, a value that is much lower than the value tration, and at 1 mM picrotoxin, it reaches a value that is
of 10+ 1 for the channel-opening equilibrium constabt ) ~3 times the value obtained in the absence of picrotoxin
for the GABA. receptor in the absence of picrotoxin (Figure 5A). It should be noted thét,s does not increase

The effect of picrotoxin orkos (Figure 5) indicates that
the inhibition of the receptor by this antagonist can be
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of a-CNB-caged GABA, with HEK293 cells transiently transfected
with the ratal132y2L GABA, receptor at-60 mV, pH 7.4, and Ficure 5: Effect of picrotoxin onkgps for the current rise time

22 °C in bath buffer. (A) Currents induced by release ofild determined using the LaPP techniqu®)(at —60 mV, pH 7.4,
GABA from 25uM o-CNB GABA in the absence (1) and presence and 22°C in bath buffer. Each data point represents two to four
of 500 (2) or 75QuM (3) picrotoxin. The laser was fired at time O  measurements, with each measurement made with a different cell.
after the cells were preincubated with theCNB-caged GABA The observed first-order rate constant was obtained from the rising
and picrotoxin for 400 ms. The rising phase of the current is fitted phase of the whole-cell current (eq 4, Appendix) generated by 5
by a single exponential using eq 4 (AppendigP). The values of (®) or 23uM (») released free GABA in the absence and presence
the observed first-order rate constant for the current 3& ¢f of different concentrations of picrotoxin. The laser was fired at time
the whole-cell currentss in traces 13 were determined to be 0 after the cells were preincubated with theCNB-GABA and
115+ 1, 281+ 2, and 322+ 7 s71, respectively, and the maximum  picrotoxin for 400 ms in panel A and fd. s inpanel B. The solid
current amplitudes were 2394, 464, and 96 pA, respectively. (B) line in panel A represents the best fit according to eq 6 (Appendix;
Currents induced by the release of 281 GABA from 100 uM 15). The values fokg, kop, andKs were taken to be 113°§ 1183
a-CNB-GABA in the absence (1) and presence of 500 (2) or 1000 s, and 34uM, respectively {3). The apparent value df,,

uM (3) picrotoxin. The laser was fired at time 0 after the cells {=k.[L]/([L] + Ks)3} is 19 s! at this GABA concentration. A
were preincubated with the-CNB-caged GABA and picrotoxin nonlinear least-squares fitting program was used to obtain the values

for 1 s. The observed first-order rate constants for the rise of the ¢ 472 + 67 st K (718 &+ 252 uM
whole-cell currents in traces—B are 325+ 3, 224+ 1, and 350 ?hekcsl(gn(d line. 67 s7) andk, (718 524M) and to construct

=+ 15 s, respectively, and the maximum current amplitudes are
3252, 1366, and 643 pA, respectively. ] ] ]
the current rise reflects primarily the rate constant for channel

linearly with increasing picrotoxin concentrations but reaches closing kep], according to eq 744) (Appendix). In the

a limiting value (Figure 5A). At 75Q:M picrotoxin, Kops presence of high concentrations (28l) of released GABA
reaches a value-3 times (310+ 11 s1) that obtained in (Figure 5B), thek,ps value for the current rise time represents
the absence of picrotoxin (113 9 s1) and remains  a sum ofky andk,p, the rate constant for channel opening
approximately the same at picrotoxin concentrations up to 1 (eq 6 in the Appendix). The effect of different concentrations
mM (325 + 61 s'%; Figure 5A).kops as a function of picro-  of picrotoxin onkgy) is obtained by subtracting thieps()
toxin concentration can be quantitatively described by eq 6 values obtained using the same concentration of picrotoxin
(Appendix), and this is consistent with the observed nonlinear at 5uM released GABA (Figure 5A) from those obtained at
dependence déson picrotoxin concentration (Figure 5A). 23 uM released GABA (Figure 5B). Increasing concentra-
From a nonlinear least-squares fit of the data in Figure 5A tions of picrotoxin had no significant effect on the value of
(the solid line in Figure 5A was constructed by using eq 6 k,,, (Figure 5B). These results indicate that the inhibitor
in the Appendix) and by using the experimentally obtained picrotoxin increases-4-fold the channel-closing rate constant
value forky of 113 s* (13), the values of the rate constant hjle the channel-opening rate constant remains essentially
for channel closing of the recepteinhibitor complex K] unchanged. According to eq 9 (Appendix), when the rate
and the dissociation constant for dissociation of picrotoxin ¢onstant for channel opening remains largely unaffected in
from the open-channel receptor fori§ (Figure 6) were  the presence of the inhibitor (Figure 5), the ratio of the

estimated:kygy = 472+ 67 st andK, = 718 + 252 uM. channel-opening equilibrium constant in the absence of the
The apparent value &, {=kop[L/(L + Ks)]% determined inhibitor to that in the presence of the inhibiteb(Y/®, 1)
from the values of 118373 and 34uM for ko, and Ks, is obtained from the ratio of the channel-closing rate constant
respectively {3), was taken to be 19°$at this low released  in the presence of the inhibitor to that in the absence of the
GABA concentration (5«M). inhibitor [Keiy/ka]. A value of 2.4 for the channel-opening
At high GABA concentration (Figure 5B), the effect of equilibrium constant in the presence of the inhibitdx {*
picrotoxin on kopgy is determined by equilibrating the = Kopgykeiy] obtained from the LaPP experiments shown in
receptors with the inhibitor for 1 s. In the presence g\ Figure 5 using eq 9 (Appendix) is essentially in agreement

GABA, the fraction of receptors in the open-channel form with the value of 2.8+ 0.5 obtained from the cell-flow
is 0.14 (eq 3A in the Appendix), and the valuelgfs for experiments shown in Figure 3. Unlike cell-flow experiments,
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the LaPP experiments give the, and ky values that Ky Ky — —
determine the channel-opening equilibrium constant. A+L+I AL, P AL,
cl
Mechanism of Inhibition by PicrotoxinThe channel- K X e
blocking mechanism predicts that as the concentration of ! ! !
open channels increases, the affinity of the receptor for Ks Koy — k .
. . . . . . . Al AIL, AIL, AIL,
picrotoxin also increases. Picrotoxin binds with-aB-fold ko k,
()

greater affinity to the closed-channel form than to the open-

: : : - FIGURE 6: Minimum mechanism for the activation and inhibition
channel form (Figure 2A). These results are inconsistent with of the GABA, receptor based on cell-flov2g) and LaPP (reviewed

a mechanism in which picrotoxin can inhibit the receptor iy ref 30) measurements. A represents the active non-desensitized
only by entering the receptor channel after it has opened receptor form, L the neurotransmitter GABA, and | the inhibitor

and blocking it, i.e., the channel-blocking mechanism sug- picrotoxin. AlL; represents the complexes in which the inhibitor
gested previously2(l). The results in Figure 2 also indicate is bound to the closed-channel form of the receptatL,

that the picrotoxin reaction is independent of preincubation represents the inhibitor-bound open-channel form of the receptor,
duration when the receptor is predominantly in the closed- and AlL;* represents the nonconducting form AfL ,. Ks is the
channel form but not when the open-channel form predomi- dissociation constant for the receptareurotransmitter complex,
nates (Figure 2B). The effect of preincubation duration on whereasK, and K, are the observed inhibitor dissociation con-
the extent of inhibition at high GABA concentrations (Figure stants of the closed-channel (A, AL, and Aland open-channel

P hikitian (AL,) forms of the receptor, respectively is the equilibrium
2B) indicates the presence of both a fast and a slow inhibition constant between the closed- and open-channel forms of the receptor

process. When the receptors are pr_edominantly in the closed-(49, 50) and is equal tdk/kop Whereky is the rate constant for
channel form, only the fast inhibition process seems to channel closing an#, is the rate constant for channel opening.
contribute to the receptor’s inhibition. This suggests that the The corresponding channel-closing and channel-opening rate
inhibitor reacts more rapidly with the closed-channel form constants for the inhibitor-bound receptor channel are represented
of the GABA4 receptor than with the open-channel form. 23k andkep, respectivelyks andk, are the rate constants for

How the bindi 't iated with th h I interconversion between the open-channel form with the inhibitor
ow the binding Site associated wi € open-channet form, ,,, QAIL ,) and its nonconducting form, (AW*. It is assumed

which binds picrotoxin~5 times less strongly than the 41 thek, values for all the closed-channel forms (A, AL, and
binding site associated with the closed-channel form, differs AL,) are the same. The transitions to desensitized receptor forms

cannot be determined from the transient kinetic experiments.are not shown.
In the case of MK-801 inhibition of the nAChR, by using _ _
the LaPP technique Grewer et al5] have shown that the  outside-out patches from mouse spinal cord neurdi (
receptor is inhibited by MK-801 by an increase in the have previously shown that picrotoxin decreases the mean
channel-closing rate constant without essentially an effect open time ¢,) of the receptor channel. The channel-closing
on the channel-opening rate constant. This leads to a decreaskate constank, is inversely proportional to the mean open
in the channel-opening equilibrium constant. Thus, the time of the channel. Therefore, the results reported here,
current observed when the receptor is exposed to theobtained by transient kinetic techniques, are in agreement
activating ligand in the presence of the inhibitor is decreased With the single-channel data reported by Twyman et4#). (
(15). In this study of the mechanism of inhibition of the The LaPP technique gives the additional information that
GABA, receptor by picrotoxin, further experiments using kop is essentially not affected by picrotoxin (Figure 5B).
the LaPP technique were conducted in an effort to understandl herefore, the increase kg caused by picrotoxin without a
the mechanism of inhibition of the receptor. change inkyp indicates a decrease in the channel-opening
; ; P ilibrium.

Can the shift of the channel-opening equilibrium to the €4Y! . - .
closed-channel form in the presence of the inhibitor account The results pf?se.”Fed herfa (Figure 5) indicate the existence
for the reduction of the whole-cell current in the presence gf a regulatf?ry (|rt11h|b|tory) site on trf]ehGABnPrerc]:eptorl tt?at
of picrotoxin and, therefore, receptor inhibition? According . oes not affect the opening rate of the ion channel but can
to eq 9 (Appendix), when the inhibitor does not affég increase the channel-closing rate and, therefore, results in a
(Figure 5B), we obt,ained a value fdr1/®,* of 4.2 using decrease in the channel-opening equilibrium. This inhibits
the channel-closing rate constant determined from the Lappth€ efficiency of the GABA receptor and will affect signal

experiments in the presendeyf)] (Figure 5A) or absence transmission between cells. In the case of neurotransmitter
(ks) (13) of the inhibitor. For the proposed mechanism receptors, equilibrium between active (open-channel) and

(Figure 6), the principle of microscopic reversibilitg) inactive (closed-channel) conformations exists (Figure 6).

requires that the ratio of the inhibition constant for the open- '(I;PEB:bservation_ tgat nr?ncgmp%titivr? inhibitiﬁn ﬁf thel
channel form to that of the closed-channel form of the a receptor is brought about by changing the channe'-

receptorK/K.) be equal to the ratio of the channel-opening opening equilibrium unfavorably is new. The mechanism of

ibri tant in the ab to that in th receptor activation and inhibition shown in Figure 6 indicates
equiibrium constant in the absence 1o that In the presencey, o« yhe effect of noncompetitive inhibitors can be reversed

of the inhibitor (>~*/@,~%). The values foK/K, of 41 and  py finding compounds that compete with the inhibitor but
for &~4/®,~* of 4.2 are obtained from the LaPP experiments pind with equal or higher affinity to the open-channel form.
(Figure 5). These compounds are not expected to affect the channel-
The LaPP results in Figure 5 indicate that the picrotoxin- opening equilibrium unfavorably but can displace the inhibi-
induced increase il without a concomitant change in  tor (17). Such an approach has been shown to be effective
kopy @ccounts for the decrease in the channel-openingin the case of inhibition of the NAChR by cocairfer{-20),
equilibrium constant and for the inhibition by picrotoxin. which inhibits this receptor by a mechanisi¥{16, 19)
Single-channel currents recorded from GAB#eceptors in similar to the one described here for picrotoxin. The
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regulatory site mechanism indicated here (Figure 6) suggestsACKNOWLEDGMENT
the possibility of finding therapeutic agents that compete with We thank Professor P. H. Seeburg (Max Planck Institute

plcro'goxm for t'he regulator_y s'lte but do not inhibit channel for Medical Research) for the cDNAs encoding tht, 42,
opening and signal transmission, and hence would be useful

in alleviating the toxic convulsive effect of the inhibitor andy2L subunits of the rat GABA receptor and Dr. Kyle

. ) . Gee (Molecular Probes) for tié(a-carboxy-2-nitrobenzyl)-
picrotoxin on the GABA receptor. The existence of com- GABA. L.R. thanks Susan Coombs for editorial help
binatorially synthesized RNA polymers that bind with higher T '
affinity to an allosteric site on the open-channel form of the AppENDIX

GABAA receptor than on the closed-channel form, and hence ) o o
alleviate picrotoxin inhibition, has recently been reported ~ The apparent dissociation constaiiy) of the inhibitor

(47). picrotoxin is determined using the cell-flow methd&$) for
whole-cell current recording and eq 40j.
CONCLUSIONS
. . . Ao_, 1
The conclusions derived from this study are as follows. A K (1)

. . . . . I,
Picrotoxin binds to an allosteric site on the receptor, as app

suggested previousl®?, 23), and inhibits channel opening where A, and A
in a noncompetitive manneR®, 23). The new information

obtained by the measurements presented here follows. (i)
Picrotoxin binds to the open-channel form of the receptor

represent the maximum current in the
absence and presence of various inhibitor concentrations ([1]),
respectively.

with an ~5-fold lower affinity than to the closed-channel A A o .
form. Support for this conclusion is drawn from the following —(@) = = exp—Kkye't) + = (2)
observations. When the receptor is mainly in the open- Ao Ao Ao

channel form, inhibition requires an5-fold higher concen- . ) .

tration of picrotoxin than when it is mainly in the closed- Where A is the current amplitude in the presence of
channel form (Figure 2A). This observation has previously inhibitor after a long preincubation timé — is the initial
given the impression that there is a competitive component value of the current amplitude in the presence of inhibitor,
to picrotoxin inhibition @3, 24, 41). (ii) Picrotoxin inhibits andk.ps' is the rate constant for the slower inhibition process
the receptor’s response to GABA by increasing the rate (19).

constant for channel closing (Figure 5A), but does not have . " " o .

an apparent effect on the rate constant for channel opening (IMRula "= 1) =07+ O KL] (3A)
(Figure 5B). This~4-fold increase irk;qy without a change

in kopy decreases the channel-opening equilibrium constanta linear versionZ9) (eq 3A) of the doseresponse curve
and accounts for the observed inhibition of the receptor for the neurotransmitter, GABA, whetg is the current due
(Figure 6). The effect of picrotoxin on the lifetime of the to 1 mol of open receptor channel, represents the number
open channel, a measure of the rate constant for channebf moles of receptors in the cell membrane. For practical
closing k), has been noticed previousl¢f). However, purposes, we takig/Ry to be the maximum current corrected
transient kinetic methods, in particular the LaPP technique for receptor desensitizatio29) obtained in the presence of
developed in this laboratorg@, 31), allow one to determine  a saturating GABA concentration (5 mM), is the whole-
not only kg but also the channel-opening rate constag)) ( cell current corrected for receptor desensitizatidgis the
and, therefore, the channel-opening equilibrium constant. (i) GABA dissociation constant, [L] the GABA concentration,
The ability to determine both of these rate constants led to and ® the channel-closing equilibrium constant.
the new conclusion that picrotoxin exerts its inhibitory effect

by decreasing the channel-opening equilibrium constant ( L [L]2

= kop/ka) of the GABA4 receptor by a factor of 4. (iv) The I:ALZ - (L] + Ks)zd) +U 2
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 A= Anall = exp(kopd)] )

by decreasing its channel-opening equilibriutd, (18, 19). _ ) )

Similarly, knowledge of the mechanism presented here for A IS the measured current at tim@nd Anax the maximum

the inhibition of the GABA, receptor by picrotoxin (Figure ~ observed current in a LaPP experimeA#)( ko is the

6) led to the successful development of compounds that canPPServed first-order rate constant for the current ri&§. (
alleviate the inhibition due to the unfavorable channel- L )

opening equilibrium induced by picrotoxit]). Can the Kope= Ky + K, & (5)
same compounds also alleviate the unfavorable channel- ° AL] + Kg

opening equilibrium of a mutated GABAreceptor 13)

linked to a certain form of epilepsyg)? the relationship (eq 5) between the observed rate constant

(3B)

FaL, is the fraction of open-channel receptor forn29)(

calculated from the values d&fs and @ (eq 3A) obtained
from the LaPP experiments with the wild-type GABA
receptor 13).
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for the current riséq,s andkp, Ky, and the ligand dissociation
constantKs.

v 2

K| [1] [L]
= — |+ — |+
kobs kcl K, + [|] kcI(I) [|] + K| + KS

The relationship betweeky,s and rate constantg, andkg

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 614, 15), where K, and K, are the
equilibrium dissociation constants of the inhibitor for the
closed- and open-channel forms of the receptor, respectively,

andk is the channel-closing rate constant in the presence 14.

of the inhibitor.
At low GABA concentrations, th&psvalue obtained from

the current rise time reflects the channel-closing rate constant 15,

(16; reviewed in ref30).

K

\=— (7)
K+ (1]

kobs= kc

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

o = [l ] [l ®)
PO AL + Kol |0 + K, 18.
Kopl Kop| ™+ _ Koy _ 7t ©
Ky kcl(l) Kei d>|_1

wherekqpgy andky) are the rate constants for channel opening
and closing, respectively, in the presence of the inhibitor and

®,~1 is the channel-opening equilibrium constant in the 20

presence of the inhibitodf). The equation further assumes
that the inhibitor does not affe&t, (Figure 5).
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