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1 The abilities of some benzodiazepine-receptor agonists, antagonists and inverse agonists to
modulate the inhibitory potency of the y-aminobutyric acid (GABA),-receptor agonist, isoguvacine,
on the CA1 population spike recorded from slices of rat hippocampus, were determined.

2 Concentration-response curves were constructed of the extent to which the benzodiazepine-
receptor ligands shifted the isoguvacine concentration-response curve to the left or right. These were
compared to their displacement curves of [’H]-Ro15-1788 binding to rat hippocampal membranes
under near physiological assay conditions.

3 The above comparisons suggest that the effect on the potency of isoguvacine produced by the
benzodiazepine-receptor agonists, diazepam and flunitrazepam, and the partial agonists, Ro16-6028
and Ro17-1812, closely parallels their degree of benzodiazepine-receptor occupancy. Thus, the partial
agonists, Ro16-6028 and Ro17-1812, were unable to produce as large a maximum response as the full
agonists, diazepam and flunitrazepam.

4 The maximum effects produced by diazepam, flunitrazepam, Ro16-6028, Rol7-1812, the
antagonist, propyl- B-carboline-3-carboxylate, and the inverse agonist, methyl-6, 7-dimethyl-4-ethyl-
B-carboline-3-carboxylate (DMCM), on the potency of isoguvacine in the hippocampal slice
corresponded to the change in their affinities produced by the addition of GABA in the radioligand
binding studies (GABA-shift). This suggests that the changes in affinity of benzodiazepine-receptor
ligands produced by GABA ,-receptor activation reflects their ability to modify GABA ,-receptor
function.

5 The benzodiazepine-receptor antagonists, Ro15-1788 and CGS 8216, had apparent agonist and
inverse agonist effects, respectively, on the potency of isoguvacine. These effects occurred at
concentrations above those required for saturation of the benzodiazepine-receptor, as labelled by [*H}-
Ro15-1788, and were not in agreement with the absence of any effect of GABA ,-receptor stimulation
in the GABA-shift experiments. This indicates that these events are not mediated by an action at the
classical benzodiazepine-receptor site.

6 It is concluded that hippocampal GABA ,-receptor function can be allosterically modulated in a
manner consistent with the agonist/inverse-agonist model of benzodiazepine-receptor activation, and
that compounds exist with varying efficacies throughout this range.

Introduction

Benzodiazepine receptors are an integral part of the y-
aminobutyric acid (GABA),-receptor/chloride iono-
phore complex and are involved in regulating the
coupling between the GABA ,-agonist recognition site
and the opening of the chloride ion channel (Olsen,
1982). It is now generally accepted that different
ligands for benzodiazepine receptors can either

! Author for correspondence.

enhance the effect of GABA,-receptor activation
(agonists, positive efficacy), reduce this effect (inverse
agonists, negative efficacy) or have little direct effect
but block the actions of both agonists and inverse
agonists (antagonists, no efficacy) (Braestrup et al.,
1982; and see Haefely et al., 1985 for extensive review).
In addition, compounds possessing partial agonist and
partial inverse-agonist properties have been described
(Braestrup et al., 1984; Haefely, 1984; Haefely & Polc,
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1986). The actions of benzodiazepine-receptor ligands
at the GABA ,-receptor complex have been studied in
detail at the molecular level by radioligand binding
techniques (Matsumoto & Fukuda, 1982; Korneyev,
1983; Skerritt & Johnston, 1983 and see Ehlert et al.,
1983; Martin, 1984 and Haefely et al., 1985) and
several electrophysiological investigations have
examined the functional consequences of these
interactions. However, most of these latter studies
have been restricted to the examination of the effects
of benzodiazepine-receptor ligands on the fractional
change in the response to a single concentration of
GABA (Choi et al., 1977; Skerritt & MacDonald,
1984b; Jensen & Lambert, 1984; Chan & Farb, 1985).
The more quantitative studies that have been carried
out to date, by determining the extent to which
benzodiazepines produce a lateral shift in the GABA ,-
receptor agonist dose-response curve, have either been
performed on non-mammalian preparations (Nistri &
Constanti, 1978; Nistri & Berti, 1983) and/or have
been restricted to only limited concentrations of
benzodiazepine-receptor ligands (MacDonald &
Barker, 1978; Choi et al., 1981; Skerritt & MacDon-
ald, 1984a; Simmonds, 1985). Furthermore, none of
the studies described so far have made direct compar-
isons between the potencies and efficacies of ben-
zodiazepine-receptor ligands measured electro-
physiologically and their affinities and efficacies
measured by binding studies.

The hippocampus is amenable to both electro-
physiological and binding studies and the phar-
macology of GABA ,-receptors on rat hipocampal
neurones has recently been characterized in some
detail (Kemp et al., 1986). This makes it an ideal target
for the investigation of compounds which interact
with GABA ,-receptors in the mammalian central
nervous system. In the present study we have attemp-
ted to quantify the potencies and relative efficacies of
some benzodiazepine-receptor agonists, inverse agon-
ists and antagonists at the GABA ,-receptor complex
in the rat hippocampus. To do this we have construc-
ted concentration-response curves for their abilities to
modify the inhibitory effect of the selective GABA ,-
receptor agonist, isoguvacine, on the CA1 population
spike in the rat hippocampal slice preparation. This
has been done by determining the extent to which the
benzodiazepine-receptor ligands produced lateral
shifts to the right or left of the isoguvacine concentra-
tion-response curve. These results have been com-
pared to the ability of these compounds to displace the
binding of the benzodiazepine-receptor antagonist,
[*H)-Ro15-1788 (Mé&hler & Richards, 1981; Brown &
Martin, 1984) to hippocampal membranes and the
change in their affinities induced by GABA ,-receptor
activation (‘GABA-shift’, Baestrup et al, 1984,

.Karobath & Supavilai, 1985), under near
physiological assay conditions. ’H]-Ro15-1788 was

the radioligand of choice because of its reasonable
affinity under the assay conditions used and its
insensitivity to modulation by GABA (Mohler &
Richards, 1981), thereby allowing an unbiased assess-
ment of the GABA-shift.

Methods

Hippocampal slices were prepared and maintained in
a small perfusion chamber as previously described
(Kemp et al., 1986). The Schaffer collateral-commis-
sural pathway was stimulated every 30 s through metal
bipolar stimulating electrodes made from two tung-
sten microelectrodes (TM25-5, Clark electromedical)
glued together with a tip separation of 100—200 um,
and placed in the stratum radiatum. The stimulating
parameters were a square wave pulse of less than
0.1 ms duration and up to 20V amplitude. Glass
micropipettes, filled with 3M NaCl and with resistan-
ces of 2—5 MQ, were placed in the stratum pyramidal
of the CAl region and population spikes amplified
and filtered using a Neurolog system (Digitimer Ltd).
In most experiments two slices were placed in the
perfusion chamber and their responses recorded in
parallel. The recorded potentials were digitised by use
of a Gould OS4040 digital oscilloscope and a BBC
microcomputer based system used to average and
measure the peak height of the population spikes.
Cumulative concentration-response  curves to
isoguvacine were constructed as previously described
(Kemp et al., 1986). Each concentration was perfused
for a 5min period to ensure a maximum effect was
achieved and the last four responses at each concentra-
tion averaged. The benzodiazepine-receptor ligands
under study were perfused for 30 min before and
during redetermination of the isoguvacine concentra-
tion-response curve. The dose-ratio between the con-
trol and drug-treated curves was always measured at
the 50% inhibition level. It was found that increasing
the concentration of the benzodiazepine and repeating
the isoguvacine concentration-response curve led to
inconsistent effects, possibly due to the development
of acute tolerance. Therefore, only one concentration
of one ligand was tested on each slice.

Radioligand binding assay

Rat hippocampal membranes were prepared and
subject to extensive washing and freezing as described
by Bowery et al. (1983). On the day of the experiment,
the membranes were thawed and mixed with 30
volumes of a modified Krebs buffer (in mM: NaCl 118,
KCl14.7, MgSO, 1.2, NaHCO, 5, HEPES 20, KH,PO,
1.2, CaCl,2.5 and D-glucose 11; pH 7.4) and left at
room temperature (23°C) for 30 min, then centrifuged
at 49000 g for 10 min. The pellet was resuspended in 30
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volumes of Krebs-HEPES buffer and incubated at
room temperature for 15min before centrifugation.
This washing step was repeated three more times. For
the ’H]-Ro15-1788 binding assay, the washed mem-
branes were homogenized in 0.75 ml of Krebs-HEPES
buffer per sample, each containing 0.2-0.5mg of
protein (measured by the method of Lowry et al.,
1951) and added to polycarbonate test tubes contain-
ing 100 pl of 5nM [*H]-Ro15-1788, 100 ul of displacer
or buffer (for determination of total binding) and 50 pl
of buffer or of 6 mM GABA solution (300 uM, final
concentration). To control for possible uptake of
GABA, nipecotic acid (107*M), was included in the
incubation medium in all experiments. Nonspecific
binding of ’H]-Ro15-1788 was defined by 3 uM clon-
azepam, giving 90-95% displaceable binding.
Duplicate samples were incubated at 30°C for 30 min
and terminated by rapid filtration through Whatman
GByB filters in a Brandel M24-R cell-harvester foll-
owed by 2 x 4 ml washes with ice-cold assay buffer.
The filters were soaked in 10 ml Hydrofluor overnight
and radioactivity determined by liquid scintillation
counting at 41% counting efficiency. Potencies for
displacement (K;) and Hill Coefficients (nH) were
determined from data obtained using at least S
concentrations of the displacer, on at least 3 separate
occasions, by computer-assisted iterative curve fitting.

Isoguvacine

Control 1x 107 %m

+Diazepam
300 nm

2x107% 4 x 107 %m

Source of drugs

Diazepam, flunitrazepam and Ro15-1788 (ethyl-8-
fluoro-5,6-dihydro-5-methyl-6-oxo-4H-imidazo [1,5-a]
[1,4] benzodiazepine-3-carboxylate) were kindly pro-
vided by Dr H. Mohler, Hoffman La Roche. CGS
8216 (2,5-dihydro-2-phenyl-3H-pyrazolo [4,3-c] quin-
olin-3-one) was a gift from Ciba-Geigy. Propyl-g-
carboline-3-carboxylate (B-CCPr) and methyl-6, 7-
dimethyl-4-ethyl-B-carboline-3-carboxylate (DMCM)
were provided by Ferrosan. Ro16-6028 (t-butyl(s)-8-
bromo-11,12,13,13a-tetrahydro-9-oxo-9H-imidazo
[1,5-a}-pyrrolo-[2,1-c] [1,4] benzodiazepine-1-carboxy-
late) and Ro17-1812 (cyclopropylmethyl (s)-8-chloro-12,
12a-dihydro-9-ox0-9H, 1 1H-aceto[2,1-c] imidazo[1,5-a]
[1,4] benzodiazepine-1-carboxylate were synthesized
at MSDRL, Terlings Park.

Benzodiazepine-receptor ligands were initially dis-
solved in absolute ethanol at a concentration of 10~M
or 107°M and diluted directly into artificial cerebrosp-
inal fluid (aCSF) or Krebs buffer to the final concen-
tration used. Ethanol at 0.1% vol/vol, the highest
concentration added, had no effect on the potency of
isoguvacine, log dose-ratio = 0.016 + 0.019 (mean-

+ s.e.mean, n = 8 slices).

8x10°% 1.6 x 10~5m Recovery

2mV

T

10 ms

N

Figure 1 Potentiation of the inhibitory effect of isoguvacine on the CA1 population spike by diazepam. Traces show
the effect of increasing concentrations of isoguvacine, added cumulatively, on the averaged CA 1 population spike. The
upper row shows control responses to isoguvacine and the lower row shows responses in the presence of, and following
30 min perfusion with, diazepam (300 nM). In the control, a concentration of 1 x 10~*M isoguvacine was not tested,
whilst in the presence of diazepam concentrations above 8 x 10~*M were not applied because of complete inhibition of

the population spike.
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Results
Electrophysiological studies

The benzodiazepine-receptor agonists, diazepam and
flunitrazepam, potently potentiated the inhibitory
effect of isoguvacine on the CA1 population spike in a
concentration-dependent manner (Figure 1). This
resulted in parallel shifts to the left of the isoguvacine
concentration-response curves (Figure 2a, b). The
reversibility of this effect was studied in detail with 30
and 100nM flunitrazepam (n=9 slices). Partial
recovery was usually apparent after 30 min of return-
ing to normal aCSF but at least 60 min was generally
required for a return to control values (Figure 2a).
Complete concentration-response curves for the
increase in potency of isoguvacine produced by
diazepam and flunitrazepam are illustrated in Figure
3a. Maximum effects, expressed as log dose-ratios, of
—041+0.04 (meants.e.mean, n=6) and
—043+004 (n=9), were produced by 1pum
diazepam and 0.1uM flunitrazepam respectively.
These maxima were not statistically different (un-
paired ¢ test) and correspond to 2.5 and 2.7 fold
increases in the potency of isoguvacine. Higher con-
centrations of diazepam could not be used as they
often had direct depressant effects on the size of the
population spike. This effect appeared to be unrelated

to the GABA,-receptor potentiating effects of
diazepam and may be due to block of uptake of
endogenously released purines (Phillis ez al., 1979).
Using the four parameter logistic equation, concentra-
tion-response curves were fitted to all the data points
for diazepam and flunitrazepam (» = 32 and 24 slices,
respectively) with the computer programme, Allfit
(DeLean et al., 1978). These curves also had maximum
values which did not differ significantly, Hill coef-
ficients not significantly different from unity and gave
EC,, values of 38nM for diazepam and 15nM for
flunitrazepam.

The reported benzodiazepine-receptor partial agon-
ists, Ro16-6028 (n=23) and Rol7-1812 (n=22),
(Haefely, 1984), also produced leftward shifts of
the isoguvacine concentration-response curve, with
threshold concentrations (10 nM) similar to that of
diazepam. However, these effects reached immediate
maxima at 30 nM, which were then maintained at a
similar level over a large concentration range (up to
1 uM) (Figure 3b). The maximum shifts produced by
Ro16-6028 and Ro17-1812 were significantly less than
those caused by flunitrazepam and diazepam
(P<0.01, unpaired ¢ test) (Figure 4) and were
equivalent to 1.6 and 1.7 fold increases in the potency
of isoguvacine, respectively.

The B-carboline, p-CCPr, and the imidazoben-
zodiazepine, Ro15-1788, are both antagonists with
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Figure2 Examples of concentration-response curves for isoguvacine from 4 separate slices before (O) and following
30 min perfusion with (a) flunitrazepam 30 nM (@), (b) diazepam 300 nM (M), (c) CGS 8216 300 nM (V) and (d) methyl-
6, 7-dimethyl-4-ethyl-g-carboline-3-carboxylate 100 nM (A). In (a) (O) show recovery from flunitrazepam 55 min after

returning to control artifical CSF.
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Figure3 Concentration-response curves for the ability of benzodiazepine-receptor ligands to modulate the potency of
isoguvacine on the hippocampal slice. The curves are plotted as log concentrations against —log dose ratio
(EC, + drug)/EC,, control. (a) Concentration-response curves for the benzodiazepine-receptor agonists, flun-
itrazepam (A) and diazepam (@), and the inverse-agonist, methyl-6, 7-dimethyl-4-ethyl-B-carboline-3-carboxylate
(A). The curves shown are computer generated best fits to all the data points for each compound, using the Allfit
programme (see text). (b) The partial agonists RO17-1812 (O) and Ro16-6028 (O) and the antagonists propyl-g-
carboline-3-carboxylate (¥), CGS 8216 (V) and Ro15-1788 (I).

high affinity for the benzodiazepine recognition site
(O’Brien et al., 1981; Braestrup et al., 1982; Polc et al.,
1982). At doses of 0.3 and 1pM, B-CCPr (n=113)
produced no significant shift in the isoguvacine con-
centration-response curve (Figures 3b, 4). However,
Ro15-1788, (n = 15) at doses of 0.3—3 uM, produced
significant, concentration-related shifts to the left of
the isoguvacine concentration-response curve
(Figures 3b, 4). In contrast to the latter two com-
pounds, the pyrazoloquinoline, CGS 8216 (Petrack et
al., 1986) at 0.1 and 0.3 uM (n = 9), caused concentra-
tion-related decreases in the potency of isoguvacine,
resulting in significant shifts to the right of the
isoguvacine concentration-response curves (Figures
2¢, 3b). Similarly, the inverse-agonist, DMCM,
produced the anticipated decrease in the potency of
isoguvacine (Figure 2d). A maximum shift to the right
of the isoguvacine concentration-response curve of
0.38 £ 0.04 (n = 6) was produced by 1 um DMCM,
which corresponds to a 2.4 fold decrease in the potency
of isoguvacine. The complete concentration-response
curve for DMCM is illustrated in Figure 3a and the
best fit curve to all the data points (n = 26) had a
maximum of 0.39, a Hill coefficient of 1.05 and an EC;,
of 32 nM.

Binding studies

The affinities of the above compounds for ben-
zodiazepine receptors, both in the absence and

— log GABA-shift :
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0.2 )%
~Ro16-6028
CGS 8126 0.11 :
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~0.31
-0.4
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Figure 4 Comparison between the ‘GABA-shift’ seen
with benzodiazepine-receptor ligands in the radioligand
binding studies and the maximum effect they produced
on the change of potency of isoguvacine in the hippocam-
pal slice. (@) Diazepam, (O) flunitrazepam, (A) Rol7-
1812, (A) Ro16-6028, (M) Rol5-1788, (O) propyl-B-
carboline-3-carboxylate, (¥) CGS 8216 and (V) methyl-
6, 7-dimethyl-4-ethyl-B-carboline-3-carboxylate DMCM.
The dotted line indicates an exact correspondence bet-
ween the two assays.
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presence of GABA (3 x 107*M), were measured by
their ability to displace ['H]-Ro15-1788 binding from
hippocampal membranes under near physiological
assay conditions. The results are summarised in Table
1. The affinities of diazepam and flunitrazepam were
increased in the presence of GABA, by 2.9 and 2.7
fold, respectively. However, the affinities of both
Ro016-6028 and Ro17-1812 were increased to a smaller
extent by the addition of GABA, only 1.8 and 1.9 fold,
respectively. The three chemically different ben-
zodiazepine-receptor antagonists all showed very little
‘GABA-shift’, whilst the affinity of the inverse agon-
ist, DMCM, was reduced 2.8 fold by GABA ,-receptor
stimulation. For comparison, in Figure 4, the ‘GABA
shift’ of the above compounds has been plotted against
the maximum effect they produced in the electro-
physiological studies.

Discussion

The present results demonstrate that benzodiazepine-
receptor ligands modulate the functional response of
GABA ,-receptor  stimulation on hippocampal
neurones in a manner compatible with the proposed
agonist/inverse-agonist model of benzodiazepine-
receptor activation (Braestrup et al., 1984). In
agreement with previous studies, our results clearly
show that GABA,-receptor-mediated events are
facilitated by benzodiazepine receptor agonists such as
diazepam and flunitrazepam. Furthermore, in the
present study the degree of this potentiation has been
quantified and concentration-response curves to these
agonists constructed. This enables a direct comparison
to be made between the data from the concentration-
response curves and the data from the displacement

curve of [‘HJ-Rol5-1788 binding produced by
diazepam and flunitrazepam (Figure 3, Table 1). The
similarities between these data suggest that there is a
close correspondence between the response these
agonists produce and their degree of benzodiazepine-
receptor occupancy. Thus, for these full agonists the
Hill coefficients of both types of curves are equal to 1,
the EC,, and K; values are similar and the maximum
effects correspond to 90%, or greater, receptor
occupancy. Similarly, for the partial agonists, Ro17-
1812 and Ro16-6028, the concentrations required to
produce threshold effects (10 nM) correspond to a
greater than 60% receptor occupancy and then low
maximum effects are reached upon receptor satura-
tion. These results indicate that 100% receptor
occupancy is required to produce a maximum modula-
tion of the response to GABA, receptor stimulation.
In general, the affinities of the benzodiazepine-recep-
tor ligands tested in the present binding study were
lower than those previously reported (Méhler &
Richards, 1981; Mohler et al., 1981). This is due to the
use of a more physiological buffer and elevated
temperature.

The apparent partial agonist nature of Ro15-1788 in
the electrophysiological studies is in agreement with
some previous functional and behavioural studies
(Nutt et al., 1982; Albertson et al., 1982; Greckseh et
al., 1983; Jensen et al., 1983; Vellucci & Webster, 1983;
Robertson & Riives, 1983; Skerritt & MacDonald,
1983), although this is not reflected in the present and
previous biochemical investigations (Hunkeler et al.,
1981; Korneyev, 1983; Skerritt & Johnston, 1983).
However, whilst concentration-related, the potentia-
tion of the effects of isoguvacine only occurred at high
concentrations of Ro15-1788 compared to its affinity
for the benzodiazepine recognition site. Studies using

Table1 Displacement of ’H]}-Ro15-1788 binding by benzodiazepine receptor ligands and their sensitivities to GABA

log [ IC,,+ GABA
IC, control

Ki(nm) nH GABA-shift
Diazepam 58.8+53 0.96 + 0.04 2.89+0.22 —0.46 + 0.03
Flunitrazepam 125+42 0.94 + 0.01 273%£0.15 —0.39 £ 0.06
Ro016-6028 0.94 +0.21 0.99 +0.11 1.78 £ 0.27 —0.25+0.06
Rol7-1812 5.17+1.21 0.99 +0.12 191 +0.24 —0.28 + 0.05
Ro15-1788 5.3710.64 1.05 + 0.05 1.12+0.07 —0.05 +0.03
B-CCPr 12.64 + 2.09 0.74 + 0.06 1.13+0.02 —0.05+0.01
CGS 8216 0.26 + 0.08 0.86 + 0.12 1.00 £ 0.15 0.00 + 0.06
DMCM 3411045 0.81 +0.07 0.36 + 0.03 0.44 + 0.04

The affinities of benzodiazepine-receptor ligands for displacement of [PH]-Rol15-1788 (0.5nM) binding to rat
hippocampal membranes and their sensitivities to modulation by GABA. The values are expressed as the
mean * s.e.mean of > 3 separate determinations. The GABA-shift is control IC/IC,, in the presence of 3 x 10~‘M
GABA. For direct comparison with the electrophysiological data the log (IC,, + GABA/IC,, control) is also given.

B-CCPr = probyl-g-carboline-3-carboxylate;

DMCM = methyl-6,7-dimethyl-4-ethyl-B-carboline-3-carboxylate;

CGS8216 = 2,5-dihydro-2-phenyl-3H-pyrazolo[4,3-c] quinolin-3-one.
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Ro015-1788 as an antagonist of the effects of diazepam
gave a pA, of 8.9 (Kemp & Marshall, unpublished
observations), which is in good agreement with its
affinity measured in binding experiments (Table 1).
This suggests that saturation of benzodiazepine-recep-
tors by Ro15-1788 occurred before an effect on the
potency of isoguvacine was seen, and yet this potentia-
tion increased still more with further increases in the
concentration of Ro15-1788. These data indicate that
the increase in potency of isoguvacine produced by
high concentrations of Ro15-1788 is unlikely to be
mediated by the benzodiazepine-recognition site acted
upon by diazepam and labelled by low concentrations
of ['H]-Ro-15-1788 (0.5nM), and this suggestion is
further supported by the inability of GABA to alter
the affinity of Ro15-1788 for this site. Nevertheless,
the fact that relatively high concentrations of Rol5-
1788 facilitate GABA ,-receptor activity (the present
results; Nutt et al., 1982; Skerritt & MacDonald, 1983)
may explain its apparent partial agonist effects seen
with large doses in behavioural experiments. Similar
arguments may also hold for the apparent inverse-
agonist like activity of CGS 8216 which also has a high
affinity for the benzodiazepine-recognition site and
has been reported to possess some proconvulsant
activity (Jensen et al., 1983).

Apart from Ro15-1788 and CGS 8216, for the
reasons outlined above, there was a good agreement
between the maximum changes in potency of
isoguvacine produced by the benzodiazepine-receptor
ligands and the degree of ‘GABA-shift’ observed in the
radioligand binding studies (Figure 4). These results
are commensurate with the proposal that the changes
in affinity of benzodiazepine-receptor ligands

References

ALBERTSON, T.E., BOWYER, J.F. & PAULE, M.G. (1982).
Modification of the anticonvulsant efficacy of diazepam
by Ro15-1788 in the kindled amygdaloid seizure model.
Life Sci., 31, 1597-1601.

BOWERY, N.G., HILL, D.R. & HUDSON, A.L. (1983). Charac-
teristics of GABA, receptor binding sites on rat whole
brain synaptic membranes. Br. J. Pharmac., 78, 191-206.

BRAESTRUP, C., HONORE, T., NIELSEN, M., PETERSEN, E.N.
& JENSEN, L.H. (1984). Ligands for benzodiazepine
receptors with positive and negative efficacy. Biochem.
Pharmac., 33, 859-862.

BRAESTRUP, C., SCHMIECHEN, R., NEEF, G., NIELSEN, M.
& PETERSEN, E.N. (1982). Interaction of convulsive
ligands with benzodiazepine receptors. Science, 216,
1241-1243.

BROWN, C.L. & MARTIN, L.L. (1982). Kinetics of 'H]-Rol5-
1788 binding to membrane-bound rat brain ben-
zodiazepine receptors. J. Neurochem., 42, 918-923.

CHAN, C.Y. & FARB, D.H. (1985). Modulation of neurotrans-
mitter action: control of the y-aminobutyric acid response

produced by GABA reflect their ability to modify
GABA ,-receptor function (Braestrup et al., 1982).

The inverse-agonist, DMCM, reduced the potency
of isoguvacine with a maximum effect that was similar
in magnitude to the maximum potentiations produced
by diazepam and flunitrazepam. If DMCM is a full
inverse-agonist, and diazepam and flunitrazepam full
agonists at the benzodiazepine receptor, then these
maxima may represent the extremes to which GABA ,-
receptor function can be modified by allosteric
interactions at the benzodiazepine-recognition site.

In conclusion, these studies provide further
evidence for a modulatory coupling between the
benzodiazepine-recognition site and the GABA,-
receptor. In addition, they have addressed two ques-
tions regarding the molecular mechanisms of ben-
zodiazepine action (Haefely et al., 1985). The present
investigation suggests that the maximum shift of the
GABA ,-receptor agonist concentration-response
curve reflects the intrinsic activity (efficacy) of ben-
zodiazepine-receptor agonists and inverse agonists
and that this corresponds to their GABA-shift. They
also indicate that 100% receptor occupancy is
required for this maximal effect to occur. This is in
keeping with the view that each functional GABA ,-
receptor complex encompasses a benzodiazepine-
receptor site and thus, for all the GABA ,-receptors to
be influenced then all the benzodiazepine-receptor
sites need to be occupied.

We are grateful to Dr A. Richardson for implementation of
the Allfit programme and advice with the concentration-
response curve analysis.

through the benzodiazepine receptor. J. Neurosci., 5,
2365-2373.

CHOI, D.W., FARB, D.H. & FISCHBACH, G.D. (1977). Chlor-
diazepoxide selectively augments GABA action in spinal
cord cell cultures. Nature, 269, 342-344.

CHOI, D.W., FARB, D.H. & FISCHBACH, G.D. (1981). Chlor-
diazepoxide selectively potentiates GABA conductance
of spinal cord and sensory neurones in cell culture. J.
Neurophysiol., 45, 621 -631.

DELEAN, A., MUNSON, P.J. & RODBARD, D. (1978). Simul-
taneous analysis of families of sigmoidal curves: applica-
tion to bioassay, radioligand assay, and physiological
dose-response curves. Am. J. Physiol., 235, 97-102.

EHLERT,F.J,, ROESKE, W.R,,GEE,K.W.& YAMAMURA, H.I.
(1983). An allosteric model for benzodiazepine receptor
function. Biochem. Pharmac., 32, 2375-2383.

GRECKSEH, G., PRADO DE CARVALHO, L., VENAULT, P.,
CHAPOUTHIER, G. & ROSSIER, J. (1983). Convulsions
induced by submaximal dose of pentylenetetrazol in mice
are antagonized by the benzodiazepine antagonist Rol5-



608 J.A. KEMP et al.

1788. Life Sci., 32, 2579-2584.

HAEFELY, W. (1984). Pharmacological profile of two ben-
zodiazepine partial agonists: Ro16-6028 and Ro17-1812.
Clin. Neuropharmac, 7, (Suppl. 1) 670-671.

HAEFELY, W., KYBURZ, E., GERECKE, M. & MOHLER, M.
(1985). Recent advances in the molecular pharmacology
of benzodiazepine receptors and in the structure activity
relationships of their agonists and antagonists. Adv. Drug
Res., 14, 165-322.

HAEFELY, W. & POLC, P. (1986). Physiology of GABA
enhancement by benzodiazepine and barbiturates. In
Benzodiazepine-GABA receptors and Chloride Channels:
Structural and Functional properties. ed. Olsen, RW. &
Venter, J.C. pp97-133. New York, Alan R. Liss.

HUNKELER, W., MOHLER, M., PIERI, L., POLC, P.,BONETTI,
E.P.,CUMIN, R., SCHAFFNER, R. & HAEFELY, W. (1981).
Selective antagonists of benzodiazepines. Nature, 290,
514-516.

JENSEN, L.H., PETERSEN, E.N. & BRAESTRUP, C. (1983).
Audiogenic seizures in DBA/2 mice discriminate sen-
sitively between low efficacy benzodiazepine receptor
agonists and inverse agonists. Life Sci., 33, 393-399.

JENSEN, M.S. & LAMBERT, J.D.C. (1984). Modulation of the
responses to the GABA-mimetics, THIP and piperidine-
4-sulphonic acid, by agents which interact with ben-
zodiazepine receptors. Neuropharmac., 23, 1441-1450.

KAROBATH, M., SUPAVILAI, P. & BOREA, P.A. (1983).
Distinction of benzodiazepine receptor agonists and
inverse agonists by binding studies in vitro. In Ben-

zodiazepine Recognition Site Ligands: Biochemistry and °

Pharmacology. ed. Biggio, G. & Costa, E. pp 37-45. New
York, Raven.

KEMP, J.A., MARSHALL, G.R. & WOODRUFF, G.N. (1986).
Quantitative evaluation of the potencies of GABA-recep-
tor agonists and antagonists using the rat hippocampal
slice preparation. Br. J. Pharmac., 87, 677—684.

KORNEYEV, A.Y. (1983). Benzodiazepines stimulate mus-
cimol receptor binding in an Ro15-1788 reversible man-
ner. Eur. J. Pharmac., 90, 227-230. ]

LOWRY,O.H.,ROSEBROUGH, N.J,, FARR,A.L. & RANDALL,
R.J. (1951). Protein estimation with the folin phenol
reagent. J. biol. Chem., 193, 265-275.

MACDONALD, R. & BARKER, J.L. (1978). Benzodiazepines
specifically modulate GABA-mediated postsynaptic
inhibition in cultured mammalian neurones. Nature, 271,
563-564.

MARTIN, LL. (1984). The benzodiazepine receptor: func-
tional complexity. Trends Pharmac. Sci., 5, 343-347.
MATSUMOTO, K. & FUKUDA, H. (1982). Stimulatory and
protective effects of benzodiazepines on GABA receptors

labelled with [3H]-Muscimol. Life Sci., 30, 935-943.

MOHLER, H., BURKHARD, W.P.,KELLER, H.H., RICHARDS,
J.G. & HAEFELY, W. (1981). Benzodiazepine antagonists
Ro15-1788: Binding characteristics and interactions with
drug-induced changes in dopamine turnover and
cerebellar cGMP levels. J. Neurochem., 37, 714-722.

MOHLER, H. & RICHARDS, J.G. (1981). Agonist and
antagonist benzodiazepine receptor interaction in vitro.

Nature, 294, 763-1765.

NISTRI, A. & BERTI, C. (1983). Potentiating action of
midazolam on GABA-mediated responses and its
antagonism by Ro14-7437 in the frog spinal cord.
Neurosci. Letts, 39, 199-204.

NISTRI, A. & CONSTANTI, A. (1978). Effects of flurazepam
on amino acid-evoked responses recorded from the
lobster muscle and the frog spinal cord. Neurophar-
macology, 17, 127-135.

NUTT, D.J., COWAN, P.J. & LITTLE, H.J. (1982). Unusual
interactions of benzodiazepine receptor antagonists.
Nature, 295, 436—438.

O’BRIEN, R.A., SCHLOSSER, W., SPIRT, N.M.,, FRANCO, §.,
HORST, W.D., POLC, P. & BONETTL, E.P. (1981). Antagon-
ism of benzodiazepine receptors by beta carbolines. Life
Sci., 29, 75-82.

OLSEN, R.W. (1982). Drug interactions at the GABA recep-
tor-ionophore complex. 4. Rev. Pharmac. Tox., 22, 245~
277.

PETRACK, B., CZERNIK, A J., CASSIDY, J.P.,, BERNARD, P. &
YOKOYAMA, N. (1983). Benzodiazepine receptor ligands
with opposing pharmacologic actions. In Benzodiazepine
Recognition Site Ligands: Biochemistry and Phar-
macology. ed. Biggio, G. & Costa, E. pp 129-137. New
York: Raven.

PHILLIS, J.W., EDSTROM, J.P., ELLIS, S.W. & KIRKPATRICK,
JR. (1979). Theophylline antagonizes flurazepam-
induced depression of cerebral cortical neurones. Can. J.
Physiol. Pharmac., 57, 917-920.

POLC, P., BONETTI, E.P., SCHAFFNER, R. & HAEFELY, W.
(1982). A three-state model of the benzodiazepine recep-
tor explains the interactions between the benzodiazepine
antagonist Ro15-1788, benzodiazepine tranquillizers, p-
carbolines, and phenobarbitone. Naunyn-Schmiedebergs
Arch. Pharmac., 321, 260—-264.

ROBERTSON, H.A. & RIIVES, M.L. (1983). A benzodiazepine
antagonist is an anticonvulsant in an animal model of
epilepsy. Brain Research, 270, 380—382.

SIMMONDS, M.A. (1985). Antagonism of flurazepam and
other effects of Ro15-1788, PK8165 and Ro5-4864 on the
GABA,-receptor complex in rat cuneate nucleus. Eur. J.
Pharmac., 117, 51-60.

SKERRITT, J.A. & JOHNSTON, G.A.R. (1983). Enhancement
of GABA binding by benzodiazepines and related anx-
iolytics. Eur. J. Pharmac., 89, 193—-198.

SKERRITT, JH. & MACDONALD, R.L. (1983). Ben-
zodiazepine Ro15-1788: Electrophysiological evidence
for partial agonist activity. Neurosci. Letts, 43, 321-326.

SKERRITT, J.H. & MACDONALD, R.L. (1984a). Ben-
zodiazepine receptor ligand actions on GABA responses.
Benzodiazepines, CL218872, Zopiclone. Eur. J. Phar-
mac., 101, 127-134.

SKERRITT, JH. & MACDONALD, R.L. (1984b). Ben-
zodiazepine receptor ligand actions on GABA responses.
B-carbolines, purines. Eur. J. Pharmac., 101, 135-141.

VELLUCCI, S.V. & WEBSTER, R.A. (1983). Is Ro15-1788 a
partial agonist at benzodiazepine receptors. Eur. J.
Pharmac., 90, 263 —268.

( Received November 18, 1986.
Revised January 23, 1987.
Accepted March 2, 1987.)



