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Chick brain mRNA was isolated and injected into Xenopus
oocytes. This led to the expression
in the surface membrane
of functional GABA-activated
channels with properties
reminiscent of vertebrate
GABA, channels. The GABA-induced
current was analyzed
quantitatively
under voltage-clamp
conditions.
Picrotoxin
inhibited this current in a concentration-dependent
manner with IC,, = 0.6 PM. The allosteric
modulation
of GABA currents by a number of drugs acting
at the benrodiazepine
binding site was characterized
quantitatively. In the presence
of the benzodiarepine
receptor
ligands diazepam
and clorazepate,
GABA responses
were
enhanced, and in the presence of the convulsant
B-carboline
compound
methyl 6,7-dimethoxy-4-ethyl+carboline-3-carboxylate (DMCM), they were depressed. Maximal stimulation
of the response
elicited by 10 @I GABA was 160% with
diazepam and 90% with clorarepate,
and maximal inhibition
was 42% with DMCM, 30% with methyl B-carboline-3-carboxylate
(B-CCM), 15% with ethyl-6-fluoro-5,6-dihydro-5methyl-6-oxo-4H-imidazo[
1 $a][ 1,4]benzodiazepine-3-carboxylate (Ro 15-1766),
and 12% with ethyl fi-carboline-3carboxylate
(@-CCE).
Half-maximal
stimulation
was
observed with 20 nu diazepam
and 390 nM clorazepate,
respectively,
and half-maximal
inhibition
with 6 nM DMCM.
&CCM had a similar effect to DMCM, whereas
&CCE and
Ro 15-1766 showed only small inhibition
at low concentrations (< 1 PM). All the tested carboline
compounds
and Ro
15-1766 showed
a biphasic
action and stimulated
GABA
current at concentrations
higher than 1 PM. The modulatory
drugs did not affect the reversal potential
of the current or
the maximal GABA response. Diarepam
shifted the K. of the
GABA dose-response
curve from 21 to 11 I.IM without altering the slope, whereas
DMCM changed
the K. to 46 PM
and decreased
the apparent
slope from 1.7 to 1.4.

GABA is the major inhibitory neurotransmitter in mammalian
brain and is thought to mediate its effectsthrough a postsynaptic
membraneprotein containing an anion channel(Nistri and Constanti, 1979).A considerablebody of electrophysiological,pharmacological, and biochemical observation has suggestedthat
the anxiolytic and anticonvulsant drugs of the benzodiazepine
type and the convulsants of the &carboline type exert their
effectsvia the GABA receptor (Olsen, 1982;Turner and Whittle,
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1983). A protein complex of A4,220,000, retaining binding activity for GABA, benzodiazepines,p-carbolines,picrotoxin, and
pentobarbital has been purified to homogeneity from bovine
cerebral cortex (Sigel et al., 1983; Sigel and Barnard, 1984).
The nature of the action on the GABA-induced conductance
or on membrane potential changesby the clinically usedbenzodiazepines has received wide attention. There is consensus
about the potentiating effect of these drugs. Another class of
drugs of the @-carbolinetype has more recently beendescribed
as binding to the samereceptor sitesas the relaxant benzodiazepines, but with an opposite, convulsive effect (Braestrup et
al., 1983).This type of drug hasbeenreportedto decreaseGABAinduced conductancechanges(Pole et al., 1981;Skovgaard Jensen and Lambert, 1983, 1986; Skerritt and MacDonald, 1984;
Chan and Farb, 1985). Both benzodiazepine and p-carboline
actions are thought to be antagonized by the compound Ro 15
1788 (Hunkeler et al., 1981).
Most of the electrophysiological studieson the action of benzodiazepine receptor ligands have been performed on primary
neuronal cell cultures.An alternative model systemfor the study
of neuronal channelshasbeen developed in recent years. Xenopus oocytes are injected with mRNA isolated from the tissue
of interest, and subsequentlyacquire membraneproteins typical
for this origin of the mRNA (Barnard et al., 1982). It has been
shown previously that GABA receptor channelsexpressedby
this technique retain properties similar to those in the brain
(Miledi et al., 1982; Smart et al., 1983; Gundersenet al., 1984;
Houamed et al., 1984; Parker et al., 1986). Here we describe
quantitatively the GABA-induced current and its positive and
negative allosteric modulation by some drugs that act via the
benzodiazepine binding site. For thesetypes of drugs,the terms
“benzodiazepine agonist,” “benzodiazepine inverse agonist,”
and “benzodiazepine antagonist” have also been used in the
literature.
Materials and Methods
mRNA was prepared from forebrain of 2-d-old chick following
the procedures of Cathala et al. (1983) with the previously described
modifications (Sigel, 1987a), except that fresh tissue was used in the
initial homogenization. Injection of mRNA into the oocytes and the
removal of cellular layers surrounding the membrane have been described elsewhere (Sigel, 1987a). Measurements were performed on denuded oocytes, i.e., the follicular layers were removed prior to the current measurement. The oocytes were placed in a 0.4 ml bath on a nylon
grid. The bath was perfused at a rate of 6 ml/min with a medium
containing 90 mM NaCl, 1 mM KCl, 1 mM MgCl,, 1 mM CaCl,, and 5
mM HEPES-NaOH (pH 7.4). Where indicated, perfusion was switched
to the identical medium, with the addition of GABA, picrotoxin, and
clorazepate. p-Carbolines were dissolved in ethanol. The final ethanol
concentration in the experiment was always below 0.5%. Ethanol concentrations up to 1% and propylene glycol up to 0.2% failed to affect
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Figure 3. Effect of the benzodiazepine clorazepate and the fl-carboline
DMCM on the GABA response. The experiment was carried out under
standard conditions at a membrane potential of - 100 mV. The modulatory drugs were applied together with GABA.
200nA

Figure 1. Membrane current in response to different concentrations
of GABA. The oocyte was kept at -80 mV under voltage-clamp. The
temperature was 6°C. Continuous perfusion was switched for the periods
of time indicated by the bar to the same medium containing GABA.

the current elicited by GABA. Diazepam and Ro 15- 1788 were diluted
into standard medium from preparations used for intravenous application (Valium, 17.6 mM in propylene glycol/ethanoL’H,O; Anexate,
0.33 mM NaCl/EDTA/Na-acetate
buffer). If diazepam was diluted from
a stock ethanol solution, stimulation of GABA responses had a similar
concentration dependence, but the maximal effect was found to be smaller (80%) than that with the dilution from the propylene glycol solution
(160%), presumably because of solubility problems. Each application
of a drug was followed by perfusion with standard medium for a period
long enough to allow full recovery of the channel from desensitization
(4-15 min, depending on the GABA concentration used). All experiments were carried out at 2O”C, with the exception of the GABA doseresponse curves, which were performed at 6°C. For the current measurement under voltage-clamp, the oocyte was impaled with 2 conventional electrodes as described (Sigel, 1987a), and the membrane potential was held at - 100 or -80 mV, as indicated in the figure legends.
Current amplitudes were either read as the peak currents or, in the case

of the GABA dose-response curves, were obtained by back-extrapolation of the current trace to the time when the current reached 50% of
the maximal response. The maximal correction that had to be applied
to a measured current amplitude was 11%. Dose-response curves were
fitted with the equation given in Results, using a nonlinear least-squares
method (Gauss-Newton-Marquardt).
The desensitization of the GABA
current was fitted, using the same method, to a single- or double-exponential decay plus a constant.
Methyl 6,7-dimethoxy-4-ethyl-p-carboline-3-carboxylate
(DMCM),
ethyl jY-carboline-3-carboxylate (P-CCE), and methyl-Pcarboline-3-carboxylate (fl-CCM) were from Research Biochemicals (Konstanz, Germany); diazepam (Valium) and ethyl-8-fluoro-5,6-dihydro-5-methyl-6oxo-4H-imidazo[ 1,5a][ 1,4]benzodiazepine-3-carboxylate
(Ro 15- 1788;
Anexate) were from Hofmann-La Roche (Basel); and clorazepate was
a gift from Boehringer-Ingelheim
(UK).

Results
Concentration and voltage dependence of GABA currents
injection with mRNA isolated from brain tissue of 2-dold chicks, oocytes acquired ion channelswith propertiestypical
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2. Inhibition of the current by picrotoxin. The membrane potential was kept at - 100 mV and currents were measured at 20°C. The
current amplitude evoked by application of medium containing 10 PM
GABA and different concentrations of picrotoxin was determined. Values for the relative current amplitudes from 4 experiments were averaged and fitted with the equation I,, = (1 + [picrotoxin]lK,)-I.

Figure

Id-7

concentration

,o-5

(M)

4. Concentration dependence of different modulators of the
GABA channel. All measurements were standardized by assigning 100%
to the current amplitude elicited by 10 PM GABA (see Fig. 3). Drugs
were applied together with 10 PM GABA and omitted in the washout
intervals. For each point, mean + SD is given for at least 4 determinations performed on different oocytes. 0, Diazepam; A, clorazepate;
A, fl-CCE; 0, DMCM; n , Ro 15- 1788. Values obtained for fl-CCM are
omitted for clarity; these values are between those for &CCE and DMCM
at all drug concentrations.
Figure
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The curves obtained in the experiment
shown in Figure 4 were evaluated
indicated in the text. All the drug actions, except that of chlorazepate, show
extreme at low drug concentration,
which is called the “optimal effect.”
- The effect of a drug is expressed as percentage stimulation or inhibition of
current amplitude elicited by 10 JLM GABA on the same oocyte.
h This value was obtained, as indicated in the text, from the antagonism of
stimulation
by clorazepate.
( Measured at IO F’M diazepam.
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5. Current-voltage relationship of the GABA-inducedcurrent.
Datawereobtainedfrom an experimentof the type shownin Figure3.
Figure

Before application

of the drugs and during peak current amplitude, a

discontinuous
voltagerampof 100msecstepdurationwasappliedfrom
a holdingpotentialof - 100mV. The currentamplitudemeasured
at
the endof the stepwasplottedagainstmembranepotential.0, Resting

solute values determined here for half-maximal effectsare similar to the known binding constants of thesedrugs at the benzodiazepine binding site (Mtihler and Richards, 1981; Braestrup
conditions; 0, GABA (10 PM); A, GABA (10 PM) and 5 PM clorazepate;
et al., 1983).At concentrationshigherthan 1PM, all drug actions
A, GABA (101~) and0.3PM DMCM. E, andE, indicatethemembrane
potential of the oocyte and the reversal potential of the current, rewere smallerthan at the optimal concentration, and somedrugs
spectively.
even switched from inhibition to stimulation. The largesteffect
of this type was seenwith &CCE, which changed from 12%
inhibition to 120% stimulation. The compound Ro 15-1788,
of neural tissue. Channel expressionwas highest for voltagedependentNa channelsand GABA channels,but Ca channels usually cited as a benzodiazepine antagonist in the literature,
or kainate-sensitive channels could also be reproducibly inexhibited a similar effect to that of P-CCE, except that the stimulation at high drug concentration was small (30% at 30 PM).
duced. Perfusion of mRNA-injected oocytes clamped at -80
mV with GABA produced an inward current that was GABAEach point in Figure 4 representsthe averageof 4 experiments
concentration-dependent(Fig. 1). The current showedtime-decarried out with 4 different oocytes. If oocytes were exposedto
pendent inactivation in the presenceof GABA. This desensi- the perfusion of any of the modulators in the absenceof GABA,
tization was faster at higher concentrations of GABA. Typical
no current responsecould be detected. The size of the moducurrent amplitudes elicited by 100 PM GABA 5 d after mRNA
latory effect of the drugs was found to be dependent on the
injection were between 1 and 2 PA. The convulsant picrotoxin
GABA concentration (seebelow).
inhibited the GABA-induced current in a concentration-depenEffect of modulators on the reversalpotential of the GABA
dent manner. Inhibition by 50% was observed at 0.6 PM conresponse
centration (Fig. 2). The voltage dependenceof the chick brain
mRNA-induced GABA-activated current was similar to that
The presenceof positive or negative modulators (5 FM clordescribedearlier (Miledi et al., 1982; Parker et al., 1986). The
azepate or 0.3 /IM DMCM) that act at the benzodiazepinebindreversal potential was -22 mV (Fig. 5), similar to the chloride
ing sitedid not alter the reversalpotential of the GABA-induced
current response(Fig. 5). The shapeof the current-voltage reequilibrium potential in the Xenopus oocyte (Barish, 1983).
lationship was not changedby the modulator compounds, inEfect of benzodiazepinebinding site ligands on the GABA
dicating that the ion selectivity of the channelwas not affected.
current
The water-soluble benzodiazepineligand clorazepate increased Eflect of modulators on the GABA-concentration dependence
of the current
and the P-carboline compound DMCM decreasedthe size of
At normal temperature, the GABA responseshowed fast dethe current elicited by 10 PM GABA (Fig. 3). The concentration
dependenceof both the positive and negative modulation was
sensitization. In order to obtain reliable current amplitudesfor
studied further (Fig. 4). The concentration dependenceof the
GABA dose-responsecurves, the temperature was lowered to
drug action reached an extreme at low drug concentrations,
6°C for these measurements.As shown in Figure 6, time-deexcept for the water-soluble clorazepate (Fig. 4, Table 1). The
pendent inactivation was greatly slowed at this temperature.
The GABA-concentration dependenceof the current is shown
curves were fitted as indicated in Materials and Methods. The
values for half-maximal stimulation or inhibition are shown in
in Figure 7 (closed circles). The data were obtained as follows:
Each dose-responsecurve representsthe average of 3 separate
Table 1. The concentration of the drugs exhibiting half-maximal effect increasedin the following sequence:Ro 15-1788 <
experimentsperformed with different oocytesand variable levels
of channelexpression.The individual dose-response
curves were
DMCM cdiazepam < clorazepate. The data on Ro 15-1788
were obtained from an experiment described below. The abfitted (see Materials and Methods) with the equation Z(c) =

292

Sigel

A

and

IOOpM

Baur

- GABA

GABA

Channel

Modulation

B

lOO,,MGABA

Figure 6. Effect of temperature on the desensitization of the GABA
response. GABA, 100 PM, was applied twice to the same oocyte, with
a 15 min washout interval. First exposure (A) was at 2O”C, second
exposure (B) at 6°C. Holding potential was - 100 mV.
GABA

Z,,,,,cnl(cn+ K,“), where Z,,,,,is the maximal current amplitude,
c the GABA concentration, n the Hill number, and K, the GABA
concentration that elicits half-maximal current response.Individual curves were standardized by setting Z,,,,, = lOO%, and
the 3 experiments were then averagedand fitted again with the
above equation to give the solid line in Figure 7. The values
obtained for K, and n in the absenceand presenceof 0.3 PM
DMCM or of 0.1 PM diazepam in the medium are summarized
in Table 2. While diazepam did not alter the Hill number,
DMCM decreasedthis value.
Efect of modulatorson the maximal GABA response
The procedure usedabove to standardize the current responses
does not allow any conclusion to be drawn as to whether the
modulator drugs also affect the maximal GABA response.To
clarify this question, we studied the effect of the modulators on
the responseelicited by 100 PM GABA. This was the highest
GABA concentration at which a reproducible responsecould
be achieved within 15 min of the control application. These
experiments were carried out at 6°C. In the presenceof 0.1 PM
diazepam the average responsewas 105 f 9% of the GABA
control (4 experiments), and the correspondingvalue for 0.3 FM
DMCM was 82 + 7% (5 experiments). Similar changeswould
be expected for a pure effect of the modulators on the K,, with
no effect on I,,,.
Antagonism of clorazepate-stimulatedGABA currents by Ro
15-1788
The concentration-dependentaction of Ro 15-l 788 on currents
elicited by 10PM GABA and 5 PM clorazepateis shownin Figure
8. Half-maximal inhibition of clorazepate (5 FM) stimulation
wasobserved at about 8 nM Ro 15-1788. The inhibition of the
current below the standard value of 100%chosenfor the current
responseto 10 JLM GABA is due to the direct inhibitory effect
of Ro 15-1788 on the GABA response(seeFig. 4). It has previously been shown in binding studiesthat Ro 15-1788 competeswith the classicalbenzodiazepinesat a common binding
site (MGhler and Richards, 1981). The data presented above
suggestthat binding of the modulatory drugsto this binding site
directly relates to their electrophysiological effect. Therefore,
the K,, for Ro 15-l 788 may be estimatedasKd = 0.6 nM = IC,,/
(1 + c/K,), where c is the drug concentration of clorazepateused
in this displacementexperiment, K, is the concentration of clorazepatethat effects half-maximal stimulation (Fig. 4), and IC,,

(MI

Figure
7. Effect of the modulators on the GABA-concentration
dependence of the response. The experiment was carried out at 6°C and
at a holding potential of - 80 mV. The GABA dose-response curve is
shown in the absence of drug (O), in the presence of 0.1 PM diazepam
(0), and in the presence of0.3 PM DMCM (A). Drugs were added together
with GABA and omitted during the washout intervals. The dose-response curve was obtained 3 times for each condition, with oocytes
displaying different degrees of channel expression. Each curve was first
fitted with the equation given in the text. Maximal current I,,, was then
arbitrarily set at 100% and the extrapolated current amplitudes (see
Materials and Methods) were expressed in relative values. Each point
represents the average of 3 determinations. The curves shown were
obtained by reapplying the equation to the standardized average values.

is the concentration of Ro 15-1788 that prevents 50% of the
stimulation of the GABA responseby clorazepate. The binding
affinity for Ro 15- 1788 is therefore higher than the K, for diazepam or the K, for DMCM. A similar conclusion has been
drawn from binding studiesof thesedrugsto the benzodiazepine
binding site (MBhler and Richards, 1981; Braestrupet al., 1983).
Effect of modulators on desensitization
In Figure 1, it is clearly shown that even at 6°C there is considerable desensitization of the GABA current. Desensitization is
more pronounced at higher concentrations of GABA (Figs. 1,
9a) and at a higher temperature (Fig. 6). We further investigated
desensitizationof the GABA current by applying different concentrations of GABA for 5 min in the presenceor absenceof
modulators at 20°C. Figure 9a showsthe result of such an experiment. The time-dependent decay of the current could be
fitted with a single exponential function at GABA concentrations lower than 100 PM. At higher concentrations, the decay
was characterized by double-exponential decay, with the time
constants7rand T, for fast and slow desensitization.The follow-

Table 2. Effect of diazepam and DMCM
response curve

on the GABA dose-

Drugs applied

Ka (W)

Hill coefficient

GABA
GABA + 0.1
GABA + 0.3

20.8

1.69 f 0.12

PM
/.bM

diazepam
DMCM

+ 2.6

10.5 + 1.0

1.72 + 0.12

48.3

1.36 + 0.09

*

2.2

Three experiments using different oocytes were performed for each condition. The
dose-response curves were fitted with the equation given in the text. Averages
aid standard deviations of the fitted values are given for each condition.
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Figure 8. Effect of Ro 15- 1788 on clorazepate-stimulated
GABA currents. Varying concentrations of Ro 15- 1788 were applied in combination with 10 PM GABA and 5 PM clorazepate. Peak current amplitudes
were standardized as explained for Figure 4. The results of 2 experiments
performed with different oocytes are shown.

ing limitations
apply to our measurements.
Owing to the slow
decay of the current amplitude
in the presenceof GABA con-

centrations lower than 10 PM, no reliable evaluation could be
made for a 5 min observation period. Another limitation was
imposed by the application
of GABA to the oocyte by perfusion.
From the washout times of low GABA concentrations, it could
be shown that the solution changewas characterized by r = 8
sec. Any inactivation time constant near or below that value
would be missedor biased. The GABA-concentration dependenceof orand r, is shown in Figure 9b. Theseresultsare qualitatively similar to data obtained by Akaike et al. (1986) for the
GABA current in frog sensoryneurons,but the absolutevalues
are slowerby a factor of about 10. Addition of 0.1 PM diazepam
and 0.3 PM DMCM, respectively, had no significant effect on
the desensitization time constantsin the GABA concentration
range between 20 and 250 I.LM (Fig. 9b). A time-independent
component of the GABA current wasalsofound in the presence
or absenceof modulatory drugs. This component saturated at
low GABA concentration (< 10 PM; Fig. 9a).

It haspreviously beenshownthat the Xenopusoocyte represents
a useful model for the description of the pharmacologicaleffects
of drugson neuronal channelsby measuringwhole-cell currents
(Parker et al., 1986) or single-channelcurrents (Methfessel et
al., 1986; Sigel, 1987b).The environment provided by the Xenopus oocyte in terms of the phospholipid composition of the
membrane and the regulatory state seemsappropriate for such
studies. Specifically, in this type of measurementthe concentrations of GABA can be well controlled and there is no contribution from presynaptic uptake or releasesystems,or from
possibleendogenousbenzodiazepine ligands. Furthermore, in
contrast

to most studies performed

GABA

cell cultures,

Effect of modulators on the GABA dose-response
curve
The main action of thesemodulatory drugsis to shift the GABAconcentration responsecurve to the left or to the right, depending on their nature. The maximal GABA responsewasnot
affected. The Hill coefficient was not altered by diazepam, and
was slightly decreasedby DMCM. The convulsant p-carboline
DMCM shifted the K, from 2 1 to 48 PM, and the anticonvulsant
benzodiazepinediazepamto 11PM (Fig. 7). Thesefindingsshould
be compared with the results obtained by Choi et al. (198l),
who reported a 2-fold decreasein the K, upon exposureto the
benzodiazepine chlordiazepoxide. These results were obtained
usingspinalcord neuronsin culture and measuringconductance
changes.Earlier studieswith compoundsof the p-carboline type
(Skerrit and MacDonald, 1983) have indicated that DMCM
reducesthe GABA-induced depolarizations of the membrane

9. Effect of the modulators on
the desensitization of the GABA current. a, Superimposed traces of GABA
currents elicited by different concentrations of GABA on the same oocyte. b,
GABA was applied for periods of 5-l 0
min in the absence or presence of modulatory drugs. The time course of the
current decay was fitted with a single(GABA < 100 PM) or a double-exponential function, characterized by the
time constants rF (open symbols) and r,
(closed symbols)
for the fast and slow
component, respectively. 71 and 7, are
shown to be dependent on the GABA
concentration. 0, 0, GABA; n , 0,
GABA and 0.1 PM DMCM, A, A, GABA
and 0.1 PM diazepam; V, GABA and 5
PM clorazepate.
Figure

a

on neuronal

the oocytes containing the neuronal ion channelsmay easily be
investigated under voltage-clamp. An experimental system offering similar advantages,and, in addition, a much faster method for the change of agonist concentrations, has recently been
describedby Akaike et al. (1986).
We have investigated, in the oocyte system,the effect of different compounds that act at the benzodiazepine binding site.
Control experiments showedthat the GABA current in the oocytes displaysproperties reminiscent of vertebrate CNS GABA
currents (Fig. 1) with respect to GABA-concentration dependence (Fig. 7) and sensitivity to picrotoxin (Fig. 2) and the
reversal potential is similar to the chloride equilibrium potential
(Fig. 5).
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of the same cell types mentioned above. In the same system,
P-CCM and ,&CCE did not alter the GABA response. Another
group has shown that @-CCE antagonizes GABA action on hippocampal neurons (Pole et al., 1981). Skovgaard Jensen and
Lambert (1986) have recently studied the effect of DMCM on
cultured mouse CNS neurons. Under voltage-clamp conditions,
they found that DMCM (10 PM) caused a 35% decrease of the
GABA-induced current, with no change in the K,. GABA was
applied iontophoretically in those experiments. The discrepancies with our measurements can probably be explained by the
inadequate control of the drug concentration, which cannot be
avoided in studies with cultured neurons and iontophoretic application of drugs.

Concentration dependence of modulator action
We also studied the concentration dependence of the action of
the modulatory drugs on the response to 10 PM GABA (Fig. 4).
The stimulation by both clorazepate and diazepam was characterized by a Hill coefficient of about 1 (results not shown),
indicating an interaction of the benzodiazepines with a single
binding site. Similar observations have previously been made
by Choi et al. (198 1) using the benzodiazepine chlordiazepoxide.
This group described channel activation with a Hill coefficient
of 1.O in the concentration range up to 0.1 mM chlordiazepoxide
in primary cell cultures of embryonal chick spinal cord neurons.
Using the same types of cells, an extensive study on a number
of positive and negative modulators acting at the benzodiazepine binding site has recently been published (Chan and Farb,
1985). The experiments were carried out by measuring the
GABA-induced membrane conductance change. Drugs were applied by pressure-ejection from pipettes. Our membrane current
measurements under voltage-clamp are at least in qualitative
agreement with this work, except that we found no effect of
DMCM on GABA-induced I,,,,,. A very detailed analysis has
recently been done on the quantitative effects of diazepam on
the GABA current in frog sensory neurons (Hattori et al., 1986)
under carefully controlled conditions. This study also noted a
decrease in the stimulatory properties of diazepam at higher
concentrations, but both half-maximal and maximal stimulation were found at about 50-fold higher concentrations than we
observed in the present work. Interestingly, we also found a
biphasic behavior with all the negative modulators tested. If
&CCE, which acted as a weak negative modulator, was applied
at concentrations above 1 PM, it became a marked stimulator.
With the more potent negative modulators, the inhibitory effects
were gradually lost if applied at concentrations higher than 1
PM, and even turned into stimulatory
responses.
The reason for this biphasic action of positive and negative
allosteric modulators is not known. A possible explanation is
the presence on one protein complex of more than one binding
site for benzodiazepines, each with a different affinity. Occupancy of more than one binding site by modulatory compounds
may lead to the observed effects.

Effect of Ro 15-1788
Ro 15-l 788 has beenreported to bind with high affinity to the
central benzodiazepine binding site and to antagonize a wide
variety of benzodiazepine actions (Hunkeler et al., 1981). We
report for the first time an inhibitory action of this drug on
currents elicited by GABA. This inhibition was found reproducibly if Ro 15-1788 was applied at low concentrations (3300 nM). At concentrations of Ro 15-1788 higher than 3 PM, a

clear stimulation of the current responseto 10 PM GABA was
observed. A stimulation of the action of GABA on cervical
sympathetic ganglia has previously also been observed, using
high concentrations of Ro 15-1788 (Nutt et al., 1982). Weak
stimulatory effectson GABA-induced responseshave alsobeen
observedpreviously, with membranepotential changesin mouse
spinal cord neurons (Skerritt and MacDonald, 1983) and with
conductance changesin cultured cells from chick spinal cord
(Chan and Farb, 1985). We conclude that, in spite of the wide
useof the term “benzodiazepine antagonist” for the compound
Ro 15-I 788, this drug has, dependingon the concentration, an
inhibitory or an activating effect on GABA-induced chloride
currents. This modulatory effect is, however, small and was
never observed to affect the currents by more than 40% in the
concentration range up to 30 PM. It is interesting that in the
presenceof the stimulatory compound clorazepate, relatively
low concentrationsof Ro 15-1788cannot only reversethe stimulation, but alsoslightly inhibit the control responseelicited by
GABA (Fig. 8).
It should be stated in this context that clorazepate in vivo is
rapidly converted to the more active compound N-desmethyldiazepamand probably doesnot correspondto the major active
compound. Clorazepate was chosen here for its high watersolubility, which enabled rapid washout of the drug after application.
In conclusion, we have carried out an electrophysiological
study on GABA-activated chloride channelsexpressedin Xenopus oocytes after injection with chick brain mRNA. Using this
preparation, the currents can be studied quantitatively under
voltage-clamp conditions. Drug concentrationscan be well controlled by bath-perfusion. Presynapticreleaseof GABA or other
regulatory substancescan be excluded. In this systemwe have
determined the effects on GABA currents of allosteric modulatory drugsthat are known to act at the benzodiazepinebinding
site. The only effect of both positive and negative modulators
was a shift in the K, for GABA. The GABA-benzodiazepine
receptor-ion channel complex expressedin Xenopus oocytes
may representa convenient assaysystemfor the assessment
of
new drugsthat interact with this protein complex. Furthermore,
this system of expression,in combination with in vitro mutagenesisof the cloned DNA coding for the channelcomplex, will
allow, in the future, the investigation of benzodiazepineaction
at a molecular level.
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