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Electrophysiological study ofSR 42641, a novel
aminopyridazine derivative ofGABA: antagonist
properties and receptor selectivity ofGABAA versus
GABAB responses

M. Desarmenien, E. Desaulles', P. Feltz & M. Hamann

Laboratoire de Physiologie G6nerale (ULP) and Laboratoire de Neuroendocrinologie comparee
(UA 309 CNRS), 21 rue Rene Descartes, 67084 Strasbourg Cedex, France

1 A new arylamino-pyridazine y-aminobutyric acid (GABA) derivative, SR 42641, has been tested
for its ability to antagonize the actions of GABA on mammalian sensory neurones.

2 SR 42641 and bicuculline reversibly decreased GABAA-induced depolarizations and currents
recorded intracellularly from dorsal root ganglion neurones (DRG). Dose-response curves were

shifted to the right in a parallel fashion. KB values (determined under voltage clamp conditions) were
respectively 0.12 ± 0.05 and 0.38 ± 0.08 tAM. Similar values were obtained with current clamp
recording conditions.
3 The study of the GABA-induced Cl- current under voltage-clamp conditions did not show any
voltage-dependency of the antagonist effect of SR 42641.
4 In nodose ganglion neurones, SR 42641 (0.4-4.5 pM) did not alter the (-)-baclofen-induced
shortening of the calcium component of action potentials. At concentrations higher than 10pM,

,SR42641 itself prolonged calcium-dependent action potentials.
5 Patch-clamp recordings from DRG cultured neurones indicated that SR 42641 did not affect the
calcium current responsible for sustained calcium entry into cells.
6 We conclude that SR 42641 is a potent competitive GABA antagonist, specific for the GABAA
receptor. It does not act at the level of the chloride ionophore.

Introduction

'y-Aminobutyric acid (GABA) is the main inhibitory
neurotransmitter in the central nervous system. At
least two types of receptors are involved: GABAA,
activation of which opens chloride channels and
GABAB, activation ofwhich may diminish the entry of
calcium into cells (see Bowery, 1982). Both of these
receptors could therefore be involved in inhibiting
spike propagation, soma electrical activity or synaptic
transmission. Classically two GABAA receptor
antagonists are known: bicuculline and picrotoxin.
Bicuculline is known to be a competitive antagonist,
whilst picrotoxin is thought to act either on some
specific picrotoxin binding site (Barker et al., 1983;
Ticku et al., 1978), and/or by blocking some chloride
conductance subclasses triggered by GABAA receptor
activation (Yasui et al., 1985). However, since neither
ofthese compounds is entirely specific for the GABAA
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receptor site (Biscoe et al, 1972; Goldinger & Muller,
1980; Simonds & DeGroat, 1980; Michaud et al.,
1986), there is a need for new GABA antagonists. This
would also be useful to characterize structure-activity
relationships, to differentiate binding site subclasses
and to provide information about the molecular shape
of the GABA binding sites.
We have recently described (Chambon et al., 1985) a

new GABA receptor antagonist: SR 95103. SR 95103
belongs to a family of chemicals which have incor-
porated a GABA molecule by its N-terminal group
into an amino-phenyl pyridazine heterocycle. Binding
studies suggested that this antagonist had a 20 fold
greater affinity for the GABAA receptors than
bicuculline; whereas electrophysiological studies in-
dicated that this compound is slightly less potent than
bicuculline in inhibiting GABA-induced responses.
Later structure-activity relationship studies (Wer-
muth, 1985) led to the compound SR 42641 (Figure 1).
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Figure 1 Structure of SR 42641: (2-(carboxy-3'-propyl)-3-amino-6-parachloro-phenylpyridazinium chloride) and of
bicuculline.

In binding studies, this compound has an approximate
affinity for the GABAA receptor ten fold greater than
SR 95103. In vivo studies of neuronal firing ofcuneate
cells (Michaud et al., 1986) indicate that SR 42641 is
more specific than SR 95103 when tested against
glycine-induced inhibition and is a more potent
GABA antagonist than bicuculline. In this latter
study, drugs were applied iontophoretically so poten-
cies could not be compared in terms ofconcentration.
The purpose ofthe present study was to evaluate, by

use of electrophysiological techniques, the potency of
SR 42641 relative to bicuculline. Dose-response curves
were obtained and KB value (dissociation constant)
calculated for both products. As GABAA receptor
activation triggers the opening of chloride channels of
which the elementary conductance and open-time are
voltage-sensitive (Hamill et al., 1983; Segal & Barker,
1984; Gray & Johnston, 1985), the voltage-depen-
dency of SR 42641 antagonism was tested in order to
detect an eventual action at the chloride ionophore
level. Furthermore, the specificity versus GABAB
receptor recognition site was evaluated. Since calcium
conductance decrease may be the result of GABAB
receptor activation (Deisz & Lux, 1985), the action of
SR 42641 alone was investigated. A preliminary report
of some parts of this work has been published
previously (Desarmenien et al., 1986).

Methods

Effect on GABAA receptor

Relative potencies of SR42641 and bicuculline The
isolated dorsal root ganglion preparation of the rat
(L4-L5) was used (Desarmenien et al., 1984). In-
-tracellular recordings were performed in large
neurones, selected for their well known large response
to GABAA receptor activation. The preparation was
continuously perfused with saline solution referred to

as 'control Ringer', the composition of which was (in
mM): NaCI 124, KCI 2, KH2P041.25, MgSO4 2,
CaCl2 2, NaHCO3 26 and glucose 10; warmed to 30-
35'C and bubbled with 02/CO2 (95/5%; pH 7.4). Glass
microelectrodes (20-100 MC tip resistance), filled
with K-acetate (4 M) were used. Responses were
recorded either under current clamp or voltage clamp.
Under current clamp, membrane potential was recor-
ded via a d.c. amplifier. A bridge circuit was used to
allow the injection of current through the recording
electrode, thus a whole experiment could be performed
from a constant resting membrane potential. Mem-
brane input resistance was measured by means of
150 ms duration hyperpolarizing current steps. For
the experiments performed under voltage-clamp, the
membrane potential was measured via a WPI
amplifier, which was controlled by a sample-and-hold
circuit (derived from the technique described by
Wilson & Goldner, 1975) allowing single electrode
voltage-clamp to be performed (switching frequency
1 kHz with a 50% duty cycle; gain of the comparison
amplifier set at 2200). We selected electrodes with a
low capacity and limited rectification. The time con-
stant of the electrode-amplifier assembly was fast
enough (approx. 10 ms) to allow confident
measurement ofthe slow GABA-induced currents and
of the steady current induced by voltage steps of
150 ms, used for membrane conductance
measurements. GABA was applied by releasing 5#l1
drops ofa concentrated drug solution (50mm to 10 AM
in Ringer) upstream from the neurone. The effective
dilution of this drop in the superfusion Ringer could
be estimated for each cell in the following way. The
plateau depolarization resulting from the addition of
9mM KCI to the superfusion medium was compared
to transient depolarizations evoked by drops of
various more concentrated (250 to 50 mM) solutions of
KCL. The relative concentrations eliciting similar
amplitude depolarizations provided a dilution factor
which, in these experiments ranged from 10 to 100,
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depending on the rate of superfusion and of the
position at which the drop was placed in the chamber.
The constancy of responses administrated in this way
was good in most experiments (< ± 10% variation
from mean response). A critical appraisal of this
method has been given in Desarmenien et al. (1981)
and Chambon et al. (1985). In the experiments desig-
ned to evaluate full dose-response relationships, each
value is the mean of at least three determinations for
any given concentration. The dose-response curves
were obtained in the absence and at least 15 min after
onset of perfusion of the antagonist, thus allowing the
dissociation constant K. to be calculated (Furchgott,
1972). Curve fitting and calculations were performed
using a microcomputer program (Barlow, 1983).

Analysis of the voltage-dependency of SR 42641
antagonism Experiments were performed on dorsal
root ganglion neurones. Responses to GABA were
evoked at various membrane potentials in order to
determine whether the blocking effect of SR 42641
may result from an interaction of this drug with the
receptor-linked chloride channels. Indeed, depolariza-
tion induces an increase in GABA-evoked macros-
copic conductance reflecting voltage sensitivity of the
rate of channel opening and closing (Segal & Barker,
1984). IfSR 42641 were to act as a channel blocker, its
effect should depend on membrane potential. These
experiments were performed under single electrode
voltage-clamp conditions (as described previously) by
combining voltage jumps and iontophoretic GABA
applications (1 M, pH = 4). Iontophoresis allowed the
delivery of small amounts ofGABA (dose adjusted to
trigger half maximal responses), thus response
amplitude remained constant and receptor desen-
sitization progressing with time was avoided even at
relatively high rates of repetitive application (usually 1
application every 20 s). Furthermore, GABA applica-
tions could be synchronized with voltage jumps
(Figure 4). To take into account small variations in the
delivery of GABA, test responses (T) during the
voltage jump were normalized against the control
response (C), recorded at the holding potential just
before the voltage jump and T/C (A) was plotted
versus amplitude of the voltage jump in the absence
and presence of antagonist. In order to avoid con-
tamination of the chloride response by other conduc-
tances, GABA was applied 2-3 s after the beginning
of each voltage jump, at a time when sodium conduc-
tance was inactivated. Calcium conductances were
blocked with CdCl2 (0.01 mM). KH2PO4 was replaced
by KCI to avoid cadmium precipitation. Potassium
conductances were blocked by adding TEA-Br
(7.5 mM) and NaCI was lowered to 116.5 mm to
maintain osmolarity. In some experiments, potassium
conductance blockade was improved by filling the
micropipette (40-60 MCI tip resistance) with either

CsCl (2 M) or Cs2SO4 (2 M).
Microiontophoretic constant currents were gen-

erated by an operational amplifier based technique
(Bionic Instruments - Phymep, Paris) with an optical
isolated trigger system. The total return current was
isolated from the recording ground (feedback through
a silver wire included in the recording chamber) and a
backing current of20-25 nA was applied continuous-
ly to the GABA-containing pipette (always placed
downstream to the cell of interest). This current was
automatically interrupted during application of the
calibrated pulses of current used for drug delivery.

Effect on GABAB receptor

GABAB receptor activation was monitored (Desar-
menien et al., 1984) as a shortening of the calcium
component of action potential elicited by the GABAB
receptor agonist, (-)-baclofen. Experiments were
mainly performed on nodose ganglia (prepared as
described for dorsal root ganglia) because they have a
high proportion of C cells which possess GABAB
receptors and whose action potential displays a
marked calcium component. Some experiments were
also performed on A delta cells of dorsal root ganglia,
in which such a calcium component, although smaller,
does exist. This calcium component was enhanced
with tetraethylammonium bromide (TEA-Br, 10 mM)
in the 'control Ringer' solution, NaCI being lowered to
114 mM. Intracellular recordings were made with
micropipettes (80-100 MCI tip resistance) filled with
K-acetate (4M). Action potentials were elicited by
orthodromic stimulation of the vagus or sciatic nerve,
or by injection of depolarizing current through the
recording electrode. Frequency of stimulation was
once every 20 or 30 s to avoid progressive fading ofthe
spike calcium component. The duration of the action
potentials was measured as the time required for the
maximal amplitude value to decay by half(time to half
decay: t.h.d.). Baclofen and SR 42641 were applied by
perfusion.

Effect on calcium current

Experiments were carried out on new-born (4 day-old)
rat dorsal root ganglion neurones maintained in short
term (3-10 h) primary culture, as described by Bossu
et al. (1985). Voltage-clamp recordings were perfor-
med in the whole cell configuration ofthe patch-clamp
method (Hamill et al., 1981). Ionic conditions were
chosen to minimize contamination by other currents.
Thus Na+ and K+ were omitted from the external
medium, K+ channels were blocked by Cs' in the
patch-electrode and by TEA both in the patch elec-
trode and in the external solution. This latter con-
tained (in mM): choline chloride 125, CaCl2 10,
TEA 7.5, Hepes/Tris 10, pH 7.4. The patch electrode
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contained: choline chloride 70.5, CaCl2 3, MgCI2 2,
TEA 20, EGTA/CsOH 33, Hepes/Tris 10 and ATP 2,
pH 7.2. The concentration ofCaCl2 and EGTA/CsOH
were chosen so as to give low Ca2+ activities in the
intracellular compartment (approximately pCa 8)
thus minimizing Ca2+-dependent inactivation ofCa21
currents (Lee et al., 1985; Bossu & Feltz, 1986).
Experiments were carried out at room temperature.
Data were stored on a tape recorder and
measurements were made on a storage oscilloscope.

Drugs

The following were used: GABA: y-aminobutyric acid
(NBC); bicuculline methiodide (Sigma); SR 42641; (2-
(2-(carboxy-3' propyl)-3-amino-6-parachloro-phenyl-
pyridazinium chloride) Sanofi Recherche Montpellier);
(-)-baclofen; (-)-+-(p-chlorophenyl)-GABA (kindly
provided by Ciba-Geigy).

a

750

GABA (>M)

Statistics

Results are expressed as mean ± s.e.mean. Statistical
differences were evaluated using non parametric
Mann-Whitney U test for independent samples and
Wilcoxon matched pairs signed-ranks test for related
samples (Siegel, 1956). Slope differences between
control and test curves were evaluated individually
using a t test for slopes (Schwartz, 1963).

Results

GABAA receptor antagonism: comparison with
bicuculline

In a first series of experiments carried out on 25 cells
(resting potential, - 64 ± 3 mV; input resistance
28 ± 2 Mf), we evaluated the antagonistic effects of
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Figure 2 SR 42641 antagonizes GABAA depolarizations in large dorsal root ganglion neurones. (a) Penwriter
recordings showing depolarizations and decreases of membrane resistance (monitored by hyperpolarizing current
pulses: 1 nA; 150 ms) induced by various concentrations of GABA (numbers indicate the effective concentration of
GABA in the Ringer solution). Note the diminution ofGABA responses during perfusion of SR42641 (middle row)
and the recovery after washout (bottom row). (Resting membrane potential, - 62 mV; input resistance 25 MCI). (b)
GABA log-dose response curve obtained from a sample of 6 cells (mean resting potential, - 65 + 5 mV; mean input
resistance 33 ± 5 MG) before and during perfusion ofa given concentration ofSR 42641 (0.1 juM): (A) control; (A) in
presence ofSR 42641. The amplitudes ofGABA-induced depolarizations were expressed as % ofthe maximal control
response = 100. Experimental points could be fitted (coefficient of multiple correlation: 0.925) with a 'two parallel
sigmoid curves' microcomputer programme. SR 42641 shifted the dose-response curve to the right in a parallel manner.
EC50s calculated in the presence of SR 42641 were significantly different from those obtained in the control medium
(0.57 ± 0.15 and 0.24 ± 0.06mM; P<0.001).
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low concentrations ofSR 42641 (0.1 to 1 pM) on short
membrane depolarizations evoked by GABA. Figure
2 shows that continuous perfusion of the preparation
with 0.1 M SR 42641 reversibly decreased the dose-
dependent responses caused by brief applications of
GABA. Similar effects but with slower delay of onset
were observed with bicuculline (0.7 to 7pM). Neither
of the two antagonists affected resting membrane
potential or input resistance. However, the delay of
drug washout for full recovery of the GABA-induced
responses was always slower after application of
bicuculline. With both antagonists, dose-response
curves to GABA displayed a parallel shift to the right
(as illustrated for SR 42641 in Figure 2) which we have
examined further in voltage-clamp experiments. In
keeping with the data obtained in current-clamp
experiments, the mean maximal amplitude ofGABA-
induced responses (10.4 ± 0.8 mV) was not significan-

tly affected by SR42641 although the individual
maxima were slightly decreased in some instances (up
to 20% in 4 out of 16 cells). These data provided a first
evaluation of the apparent dissociation constant:
KB = 0.10 ± 0.02gM (14 determinations from 9 cells)
for SR 42641 and 0.36 ± 0.06 pM (16 determinations
from 16 cells) for bicuculline. The difference between
these values was statistically significant (P <0.001).
To assess further the competitive nature of this

antagonist, voltage-clamp experiments were carried
out on 16 cells (mean resting potential, - 65 + 3 mV;
mean input resistance 26 ± 6 MQ). The dose-depen-
dent inward currents evoked by GABA and their
reversible inhibition by SR 42641 are shown in Figure
3a. As already noticed in current-clamp experiments,
SR42641 (0.2-0.4 pM) shifted the log-dose response
curve to the right in a parallel manner (Figure 3c). In
the presence ofSR 42641, the EC,4 values were always
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Figure 3 Analysis, under voltage-clamp conditions, ofthe GABAA antagonist properties ofSR 42641 and bicuculline.
(a) Same comments as in Figure 2a except that inward currents were recorded instead of depolarizations (Holding
potential = Resting membrane potential = -68 mV; input resistance = 10 Ma). (b) GABA log-dose response curves
obtained in the presence (U) and absence (0) of bicuculline 0.475 gM. The amplitudes of GABA-induced inward
currents were expressed as% ofthe maximal control response = 100. Bicuculline shifted the dose-response curve to the
right in a parallel manner, without affecting the maximal response. Experimental points were fitted with a 'two parallel
sigmnoid curves' microcomputer programme (coefficient of multiple correlation: 0.86). (Holding potential = Resting
membrane potential = - 80 mV; input resistance = 10 Ma.) (c) GABA dose-response curves obtained in the same cell
as in (a) in the presence (A) and absence (A) ofSR 42641 (0.375 JM). Same comments as in (b). Coefficient of multiple
correlation: 0.936.

-2

I
, lo

. 2 m



292 M. DESARMENIEN et al.

greater than those of control curves (68 ± 24 ILM) and
the difference was statistically significant when paired
measurements (P< 0.005) were compared. Moreover,
the slope of the dose-response curves obtained in the
absence and presence of SR 42641 never differed
significantly from each other when tested within their
linear portion. In addition, no statistical difference
was found between maximal current amplitudes
(2.6 ± 0.7 nA), although this maximum sometimes
decreased up to 20% (2 out of 10 cells). Finally, the
calculated KB of SR 42641 was 0.12 ± 0.05 gM (10
cells), which is close to the value determined from
current-clamp experiments. A similar shift to the right
was obtained for dose-response curves established
with bicuculline (Figure 3b). The same remarks as for
SR 42641 concerning maximal amplitudes and slopes
apply to this antagonist. The mean ofthe calculated KB
values for bicuculline was 0.38 ± 0.08 gM (6 cells)
which was statistically different from that ofSR 42641
(P<0.001).

Voltage-dependency of the antagonism

The voltage-dependency of GABA responses was
determined in 7 cells (mean resting potential,
- 60 ± 3 mV; mean input resistance 28 ± 6 Mf).
Figure 4 illustrates such an experiment in which A =
T/C values were plotted versus membrane potential.
Increasing depolarizations (holding potential,
- 60 mV) elicited a decrease in the GABA response as
the GABA reversal potential was approached. The
curve cannot be described by a straight line between
potential - 100 and 0mV but rather as a part ofa bell-
shape curve. In no case did the curves obtained in the
presence of SR42641 (0.2-0.511M) differ from the
control one. GABA reversal potentials (-4 ± 6 mV,
n = 7) were the same in the absence or in the presence
of SR42641, as determined by extrapolation or by
direct measurement.

Specificity for GABAA versus GABAB receptors

Experiments (n = 8) were performed on two types of
cells classified with respect to action potential dura-
tion measured as the time to halfdecay (t.h.d.) ofspike
amplitude. The recordings illustrated in Figures 5 and
6 were obtained respectively with group C neurones
(nodose ganglia; mean resting potential, - 78 ± 9
mV: mean input resistance 109 ± 36 MCI; mean con-
trol t.h.d. 150 ms; n = 5) and with A delta cells (dorsal
root ganglia; mean resting potential, - 62 mV; mean
input resistance 48 MD; mean control t.h.d. 1.75 ms;
n = 3). These figures show firstly that the superfusion
of (-)-baclofen (1 JAM) produced a reversible decrease
of the t.h.d. and secondly that SR 42641 (0.1-10;JM)
did not modify the effect of baclofen. Higher concen-
trations of antagonist were not used because, at doses
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Figure 4 Absence of voltage-dependency of SR 42641
antagonism. Inset illustrates the procedure used. Ex-
periments were performed under voltage-clamp condi-
tions. Iontophoretic pulses (400 nA; Is) of GABA (I M,
pH 4) elicited transient inward currents. The amplitude
(T) ofGABA responses evoked during voltage jumps (to
the potential indicated on the abscissa scale) was nor-
malized to the amplitude (C) of the control response
recorded at the holding potential (- 60 mV) immediately
before the voltage jump. I/V curves were obtained before
(0), during (V) and after (*) perfusion of SR 42641
(0.2 AM). Notice that all three curves are superimposed,
indicating that SR 42641 antagonism was not voltage-
dependent.

greater than 1OJAM, SR 42641 produced a significant
increase of the t.h.d. value (Figure 7) reaching 79% at
50 JAM. This latter effect was reversible during
washout. In no case did SR 42641 affect the peak
amplitude of the action potential.

Action on calcium current

By using the tight seal whole cell configuration for
recording of dorsal root ganglion cells in culture (see
methods), the I/V relationships of Ca2" currents were
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Time (min)

Figure 5 Lack of effect of SR 42641 against GABA8 receptors tested on long-lasting calcium component of action
potential. GABAB receptor activation was monitored as a (-)-baclofen-induced shortening ofthe calcium component
of action potentials (evaluated as time to halfdecay: t.h.d.). Action potentials were elicited by somatic stimulation ofa
nodose C ganglion cell (resting membrane potential, -100 mV, held at - 51 mV during the experiment; stimulation
frequency: 0.032 Hz). The calcium component was enhanced by adding TEA in the perfusion solution. t.h.d. was

plotted versus time; notice that the decrease of t.h.d. values induced by (-)-baclofen was unaffected by simultaneous
perfusion of SR 42641. The dotted line indicates that no recordings were performed during this period of time. Inset
illustrated this, showing action potentials recorded during control conditions (1), perfusion of (-)-baclofen (2) and
perfusion of (-)-baclofen plus SR 42641 (3). Recordings were digitized and redrawn using a microcomputer.

examined while using two levels of holding potentials
(- 80 or - 40 to - 30 mV; 12 cells). Using the criteria
defined by Nowycky et al. (1985), three types of Ca2"
currents could be observed on these cells: S for
sustained, T for transient and N for neither. The
sustained Ca2" current is more likely to display a

sensitivity to GABAB agonists (Deisz & Lux, 1985;
Dolphin & Scott, 1986; Holtz et al., 1986) and, for the
sake ofclarity, we focused our attention mainly on this
current. Accordingly, long lasting sustained Ca2"

currents were recorded as illustrated in Figure 8. The
potential was stepped to 0mV for 300 ms, after a
300ms prepulse to -40 mV; the holding potential
being - 80 mV. Under these conditions, a sustained
current could be recorded. Although this is likely to
correspond to ICa2's, it is perhaps not entirely free of
contamination by N, because the conditioning de-
polarizing pulse used was only 300 ms long. SR 42641
(1I00pM; 3 experiments) did not modify the amplitude
or the shape of this calcium current (Figure 8).
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Figure 6 Lack of effect of SR 42641 against GABAB receptors, tested on short lasting calcium component. Same
comments as in Figure 5 except that t.h.d. values were plotted as % of mean control value before application of
baclofen (hatched area represents mean as 100% ± s.d.).

Discussion

Our results provide a number of electrophysiological
arguments for considering SR 42641 as a competitive
GABAA receptor antagonist. Statistical analysis of the
data obtained under both current- and voltage-clamp
recording conditions indicate that SR 42641 shifted
GABA dose-response curves to the right in a parallel
fashion, as did bicuculline. Furthermore, the max-
imum response was also well maintained from a
statistical point ofview. With respect to the antagonist
potency of bicuculline, which served as a reference
compound, it is worth noting that the present results
are in agreement with those obtained by other authors
using electrophysiological techniques (Simmonds,

1980; Kemp et al., 1985). However, non-competitive
antagonism could be suspected in some cases in our
experiments, as maximal GABA responses were
sometimes depressed by the antagonist. However, the
real maximal GABA responses may not have been
produced because of receptor desensitization or non
steady-state equilibrium conditions due to the short
application used (short applications had to be used
precisely to try to avoid desensitization). Another
factor could be the uptake of GABA by satellite glial
cells. However Desarmenien et al. (1980) have shown
that in the superficial neurones studied, this glial
uptake does not affect the GABA response. Informa-
tion concerning these possibilities could have been
drawn from a Schild's plot analysis. However, such
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Figure 7 Effect ofSR 42641 alone on the calcium component of action potentials. (a) At a concentration up to 10 pM,

SR 42641 did not affect amplitude or shape of action potentials. Traces show superimposed action potentials elicited by
orthodromic stimulation of a nodose C ganglion cell (resting membrane potential, - 64 mV). (b) At concentrations
higher than 10 pM SR 42641 reversibly enhanced action potential duration. Similar protocol as in (a) except that action
potentials were elicited by injection of brief depolarizing currents steps through the recording electrode; for dotted
lines, see explanation in Figure 5. Time to half decay (t.h.d.) was plotted versus time (stimulation frequency 0.05 Hz).
Inset illustrates this effect, by showing a control action potential (1) and an action potential recorded in the presence of
SR 42641 (2). (Resting membrane potential, - 55 mV, held at -40 during the experiment). Notice that the peak
amplitude of action potentials was unaffected by SR 42641.

a
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Figure 8 Whole cell recording (patch-clamp technique) of a sustained calcium current evoked in a cultured DRG cell.
The potential was stepped to 0 mV after a prepulse at -40 mV, the resting holding potential being - 80 mV. Three
successive responses (digitized and redrawn) were superimposed. Notice that 2 min perfusion of SR 42641 did not
significantly affect this Ca2" current.

attempts providing further validation of our ex-
perimental conditions were not feasible, mainly be-
cause of the length of time required (several hours) for
running such a protocol while maintaining in-
tracellular recordings.

Competitive antagonism is strengthened by our
data indicating that the antagonist does not seem to
affect the chloride ionophore linked to the GABA
receptor, as indicated by the non-voltage dependency
of the antagonist effect of SR 42641. The observation
that the curve cannot be fitted by a straight line but
rather is part of a bell-shaped curve may reflect the
greater probability of chloride channel openings at
more depolarized and positive potentials (Segal &
Barker, 1984; Gray & Johnston, 1985). The contribu-
tion of a Ca2"-activated chloride conductance seems
unlikely in our conditions since voltage-activated
Ca2" entries were blocked by Cd2+. Thus, were
SR42641 to behave as a channel blocker, the effect
would be more apparent at depolarized potentials. But
in no case did we see any differences between the
control curves and those obtained in the presence of
SR42641. In our experimental conditions, GABA
reversal potentials occurred at depolarized values, so a
decrease of chloride current as a decreased driving
force may attenuate any differences between the two
curves, so that a small channel blocker property may
not have been seen. Another argument in line with our
observations comes from the binding studies of
Heaulme et al. (1986). These authors showed that
SR 42641 does not interfere with the binding of [35S]-t -
butylbicyclophosphorothionate, a chloride-channel

ligand (Squires et al., 1984).
Together, the parallel shift of dose-response curves

and the absence of voltage-dependency indicate that
SR42641 is probably a competitive antagonist. This
statement is confirmed by biochemical results showing
the competitive displacement of [3H]-GABA from its
Na'-independent binding site (Heaulme et al., 1986).
In these studies, SR 42641 appeared 200 times more
potent than bicuculline; whereas, in our electro-
physiological study, SR 42641 was only 3.6 times more
potent than bicuculline. Such a discrepancy between
binding and physiological studies may concern dif-
ferent subtypes of GABAA binding sites (Olsen et al.,
1981). On the other hand, binding and electro-
physiological results are in agreement when compar-
ing SR 42641 to its chemical parent, SR 95103. Such
studies show a 10 fold greater potency for SR 42641,
an interesting finding as regards potency and struc-
ture-activity relationship. SR 42641 does not affect
resting membrane properties but may, at high doses,
affect other conductances implicated in spike activity.
Indeed, at concentrations above 10 jtM, it prolongs the
calcium component of action potentials. A similar
result has been described for bicuculline (Heyer et al.,
1982). SR 42641 did not behave as an agonist for
GABAB receptor sites as it did not shorten the calcium
component of action potentials. Nor did it behave as a
GABAB receptor antagonist since it did not affect
baclofen action. Thus, SR 42641 may be a helpful tool
in experiments in which GABAB receptor activation is
studied with the natural ligand GABA, since it does
not affect calcium current, which may be implicated in
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some mechanism of action of baclofen.
Our evidence concerning the specificity ofSR 42641

for the GABAA versus the GABAB receptors is based
on spike duration measurements and recordings of
ICa2+s. Changes in the ICa2+s component of inward
currents are reflected in the timing of spikes, par-
ticularly in the presence of TEA (7.5mM in our
experiments). Indeed, there have been detailed studies
showing a decrease of ICa2 S (Deisz & Lux, 1985;
Dolphin & Scott, 1986; Taleb et al., 1986; Holz et al.,
1986) which may account for shorter spikes during
GABAB receptor activation. In our experiments,
ICa2 S was not inhibited by SR 42641 and peak
amplitudes and spike durations were not modified
(doses up to 100 times the KB). However, there are
limitations on the analysis of spikes timing and of
ICa2+s. For instance, in sensory ganglia, spike shape
and duration in the presence of TEA may reflect the
combined involvement of ICa2 s and a tetrodotoxin
(TTX)-resistant Na current in a physiological medium
with a normal Na+/Ca2' ratio (see Bossu & Feltz,
1984). Since SR 42641 also preserved the peak
amplitude of spikes, one can speculate that this other
inward current will also be unchanged as well. Similar
kinetics of activation-inactivation were reported for
ICa2+N, so it is for the same reason that we suspect that
this current will also remain unaffected. In the case of
ICa2+T, this third Ca2+ current is generally thought to
play a major role in spike generation mechanisms
rather than on its shape and/or timing (see discussion
in Nowycky et al., 1985; Bossu & Feltz, 1986). It
should also be borne in mind that any significant
decrease in spike duration by GABAB agonists on the
rat ganglia also depends on K+ currents (Desarmenien
et al., 1985; Dolphin & Scott, 1986) but biophysical
experiments are needed to investigate whether the
drug is acting directly or indirectly (affecting in-

tracellular Ca2+) on outward currents. This remains
an open question, especially since higher doses of
SR42641 clearly increase spike duration.
Other potent antagonists for GABAA receptors

have been described in the last few years. The more
potent are R 5135 (Hunt & Clements-Jewery, 1981)
and Pitrazepin (GAhwiler et al., 1984). In electro-
physiological experiments, R 5135 was 200 fold more
potent than bicuculline but interfered greatly with the
glycine receptor (Simmonds & Turner, 1985; Curtis &
Malik, 1985). Pitrazepin, 3 fold more potent than
bicuculline (Kemp et al., 1985), interacts with the
benzodiazepine and glycine receptors (Braestrup &
Nielsen, 1985) but does not influence baclofen action.
In binding studies, SR 42641 (Heaulme et al., 1986)
did not interact with either the benzodiazepine,
glutamate, strychnine or GABAB binding sites. This
latter result confirms our own observation concerning
an absence of interaction with baclofen. In another
type of electrophysiological study, using extracellular
techniques, SR 42641 appeared to be a specific GABA
antagonist in that it did not interact with the glycine
receptor (Michaud et al., 1986). Finally it is worth
noting that this compound is easily soluble, chemically
stable and its effects occur rapidly and are easily
reversible, so it is a useful tool in investigating GABAA
and GABAB receptors.
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