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Abstract

The influence of decreased endogenous y-aminobutyric acid (GABA) concentration on benzodiazepine receptor function was studied
in the brain of living baboons. Positron emission tomography and the radiotracer [''C]flumazenil combined with electroencephalography
were used to determine the pharmacological properties of two benzodiazepine receptors agonists, diazepam and bretazenil, in baboons
pre-treated or not with pL-allylglycine (an inhibitor of GABA synthesis). Our results show that, in vivo, dDL-allylglycine reduces the
affinity of benzodiazepine receptors for their agonists without altering the intrinsic capability of agonists to allosterically modulate

GABAergic transmission. © 1997 Elsevier Science B.V. All rights reserved.
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1. Introduction

The GABA , receptor is a multimeric protein complex
which, in addition to binding y-aminobutyric acid (GABA).
displays several allosteric modulatory binding sites includ-
ing the benzodiazepine receptor (for review. see Sieghart.
1992). Although GABA and benzodiazepine binding sites
are located on different subunits (Sigel et al., 1990), they
are functionally coupled one to another. Benzodiazepine
receptor ligands exert their biological activity by modulat-
ing GABAergic transmission. The type and the magnitude
of the modulation are specific features of the ligand and
have been referred to as its intrinsic efficacy (Haefely and
Polc, 1986). In vitro. the binding of a benzodiazepine

receptor agonist allosterically increases the binding of

GABA. while GABA has been shown to alter binding
properties of benzodiazepine receptor (Olsen, 1982:
Sieghart, 1995). In ex vivo binding studies. however. the
results are less clear and depending on the tracer and the
method used to modify GABA concentration. GABA may
or may not modulate the binding of benzodiazepine recep-
tor ligands (for review see Miller et al., 1988). Thus far, no
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data are available concerning such modulation in vivo, its
consequences on benzodiazepine activity and the putative
modifications of the intrinsic efficacy of benzodiazepine
receptor ligands which is the ability of the agonist to
activate the benzodiazepine receptor.

Positron emission tomography (PET) using
[''Clflumazenil is an appropriate tool to address these
guestions. This technique allows the non-invasive study of
the molecular mechanisms of benzodiazepine receptors
both in non-human primate (Brouillet et al., 1991) and in
humans (Samson et al., 1987). We recently showed that
PET in combination with electroencephalographic (EEG)
recording can be used to measure in vivo pharmacological
characteristics of benzodiazepine receptor ligands, in par-
ticular their relative affinity (determined by their potency
to displace the radiotracer) and their in vivo intrinsic
efficacy (Bottlaender et al., 1994; Brouillet et al., 1991).

The main objective of the present PET and EEG study
was to investigate in vivo the effect of a GABA synthesis
inhibitor on the activity of benzodiazepine receptor ago-
nists. We determined the intrinsic efficacy and potency of
two benzodiazepine receptor agonists: a full agonist, di-
azepam. and a partial agonist, bretazenil after treatment
with pL-allylglycine which is an inhibitor of the primary
enzyme for GABA synthesis, glutamic acid decarboxylase
(EC 4.1.1.15) (Horton et al.. 1978).
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2, Material and methods
2.1. Biological model

PET experiments were carried out on 5 male Papio
papio baboons weighting 19.3 + 2.4 kg (mean 4+ S.D.).
Each animal was allowed a rest period of at least 4 weeks
between PET studies. All animal procedures were in strict
accordance with the recommendations of the EEC
(86/609/CEE) and the French National Committee
(Décret 87 /848) for the care and use of laboratory ani-
mals.

2.2. Drugs

["'C)Flumazenil ([''CJRo15-1788; ethyl 8-fluoro-5,6-
dihydro-5-["! Clmethyl-6-ox0-4 H-imidazo[1,5-a] [1,4]ben-
zodiazepine-3-carboxylate) was synthesised in our labora-
tory as described previously (Maziére et al., 1984). Di-
azepam (galenic preparation, Hoffmann-La Roche, Basel,
Switzerland) and bretazenil (dissolved in propyleneglycol
and diluted in saline) were injected intravenously. DL-Al-
lylglycine (210 mg/kg) (2-keto-4-pentenoic acid; Sigma,
St. Louis, MO, USA) was diluted in 30 m! of saline, and
injected intravenously. In Papio papio baboons, DL-al-
lylglycine administration was shown to induce a procon-
vulsant effect associated with a reduction of the GABA
concentration in the cerebrospinal fluid (Chavoix et al.,
1991; Valin et al., 1991). For the pharmacological convul-
sant test 140 mg/kg pentylenetetrazol (Richard Labora-
tory, Sauzet, France), dissolved in 10 ml, was intra-
venously infused.

2.3. PET procedures

All experimental procedures used in this work (except
pL-allylglycine treatment) were carried out according to
previously published procedures (Bottlaender et al., 1994;
Brouillet et al., 1991). The in vivo [ Clflumazenil brain
kinetics studies were performed with a time-of-flight
TTVO03 (LETI, Grenoble, France) positron tomograph. DL-
Allylglycine (210 mg /kg) was administered i.v. 4 h before
the PET experiment. At this dose, DL-allylglycine has been
shown to decrease GABAergic transmission 4 h after its
administration in Papio papio baboons (Chavoix et al.,
1991; Valin et al, 1991). After the animal was anaes-
thetised (ketamine 5 mg/kg, i.m.), subcutaneous elec-
trodes were placed on the baboon’s skull and the head was
positioned inside the positron camera using the orbito-
meatal line as anatomical reference and the EEG recording
was started. The PET study began, at time zero (7). with
the intravenous injection of ["'C]flumazenil (14.9 + 2.4
mCi, i.e.. 552 4+ 97 MBq, equivalent to 22.7 + 9.9 nmol,
ie, 6.8+3 pg). ['"ClFlumazenil kinetics were deter-
mined on several cortical regions and expressed as percent
of the injected dose per 100 ml of tissue (% ID /100 ml).

Three control studies and three full saturation studies were
performed to determine the regional specific binding of the
["'Clflumazenil in treated and untreated animals. Displace-
ment studies were performed by intravenous injection of
the unlabeled agonist at T, ,,, to provoke a competitive
displacement of the ['' Clflumazenil from its specific bind-
ing sites. The [''Clflumazenil displacement, representing
the fractional benzodiazepine receptor occupancy by a
given agonist, was evaluated between T, and T, ..
Several displacement experiments were carried out in DL-
allylglycine-treated animals and in untreated animals using
increasing doses of diazepam (0.23; 0.5; 1; 1.8 and 0.1;
0.25; 0.5; 1; 2 mg/kg, respectively) or bretazenil (0.005;
0.01; 0.015; 0.02; 0.03; 0.8 and 0.002; 0.005; 0.02; 0.03;
0.2; 1 mg/kg, respectively).

At T,. ,, a pharmacological test was begun to measure
the anticonvulsant activity of the unlabeled ligands. The
test consisted of a slow intravenous infusion of
pentylenetetrazol (20 mg/kg per min) which was stopped
at the EEG seizure onset. At this time, the pentylenetetra-
zol administered did not interfere with the pharmacological
status of the animal since the only alterations it causes are
rather the consequence of the induced seizure (Hantraye et
al., 1987). The total dose (mg/kg) of infused pentylenete-
trazol needed to trigger paroxysmal activity was deter-
mined. The increased convulsant threshold dose of
pentylenetetrazol after ligand injection indicated the mag-
nitude of the ligand’s anticonvulsant effect and its capabil-
ity to increase GABAergic transmission (Brouillet et al.,
1991). As discussed previously (Bottlaender et al., 1994;
Brouillet et al.. 1991), the relationship between the esti-
mated fractional receptor occupancy and the simultane-
ously measured pharmacological effect gives an index of
the intrinsic efficacy of the ligand. Absolute values of the
convulsant threshold dose of pentylenetetrazol can be af-
fected slightly by anaesthesia. However, the increase in
this threshold dose is calculated relative to the appropriate
control animal (i.e., no diazepam or bretazenil injection
and equal anaesthetic dose) and is likely to be independent
of our anaesthetic procedure.

The log dose-displacement curves were fitted using a
four-parameter, non-linear, least-square analysis. D5, and
“in vivo Hill coefficients” were calculated after linearisa-
tion of the dose-displacement curves using a logistic model.

Results are expressed as mean + S.D. Statistical meth-
ods include linear regression analysis and the slopes of the
Hill plots were compared to a value of one using a Student
t-test with n — 2 degrees of freedom.

3. Results

The convulsant threshold dose of pentylenetetrazol de-
termined in untreated animals and without administration
of any benzodiazepine receptor ligand was 233 + 1.8
mg,/kg (n=3) and represents the physiological state of
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the GABAergic transmission. After treatment with DL-al-
lylglycine, the dose of pentylenetetrazol needed to trigger
an EEG seizure was significantly reduced by almost 50%
(129 +2.8 mg/kg, n=23; P <0.01), indicating a sub-
stantial decrease in the efficiency of GABA transmission.

The brain kinetics of [!'Clflumazenil, after its i.v. ad-
ministration, were similar in both experimental conditions.
The maximal cerebral uptake, obtained at about T .,
min, was not different (e.g., in frontal cortex: 2.87 + 0.70
vs. 270 + 0.25%ID /100 ml of tissue in untreated vs.
pL-allylglycine-treated animals, respectively).

The administration of diazepam or bretazenil at 7, ,,
initiated a rapid washout of the cerebral radioactivity in all
brain regions studied. Increasing doses produced dose-de-
pendent displacements of [''Clflumazenil. In all cortical
structures, the sigmoidal dose-displacement curves of di-
azepam and bretazenil trend to be shifted to the right in
pL-allylglycine-treated animals as compared with that ob-
tained in untreated animals (Fig. 1). IDy, values of di-
azepam (mean in cortex = 0.62 + 0.02 mg/kg) and bre-
tazenil (0.006 + 0.001 mg/kg) in untreated animals were
found to be increased in animals treated with DL-allylgly-
cine (diazepam: 0.84 + 0.12 mg/kg, P < 0.005; bretaze-
nil: 0.012 + 0.004 mg/kg, P < 0.005).

In vivo Hill coefficients, determined as the slope of the
Hill curves, were close to unity for both drugs in untreated
(1.07 £ 0.05 and 0.90 + 0.26 for diazepam and bretazenil,
respectively), as well as in treated animals (1.15 + 0.13
and 1.24 +0.29, respectively). This indicates uniform
binding of diazepam and bretazenil whatever the experi-
mental conditions.

The convulsant threshold dose of pentylenetetrazol also
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Fig. L. ['' CJFlumazenil displacement curves in occipital cortex 20 min
after injection of increasing doses of unlabeled diazepam (circles) and
bretazenil (diamonds) in non-treated (open symbols), and DL-
allylglycine-treated baboons (filled symbols). Each dose represents a
single PET experiment. Lines are obtained after nonlinear least-square
fitting of the data. Note that the sigmoidal dose-displacement curves of
both agonists are shifted to the right after pre-treatment with pL-allylgly-
cine (solid lines) compared to untreated condition (broken lines).
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Fig. 2. Pharmacological (anticonvulsant) effect of diazepam and bretaze-
nil as a function of fractional benzodiazepine receptor occupancy esti-
mated in vivo, (broken lines) in non-treated and (solid lines) in DL-al-
lylglycine-treated animals. In non-treated animals (broken lines), the
slope of the relationship for diazepam (O, full agonist) is higher than for
bretazenil (<, partial agonist) indicating a stronger positive intrinsic
efficacy. Note that after pre-treatment with pL-allylglycine (solid lines),
the intrinsic efficacy of both the full agonist (diazepam, @) and the
partial agonist (bretazenil, 4) is statistically not modified.

increased with increasing doses of diazepam or bretazenil
in both experimental conditions (i.e., with or without
pL-allylglycine). indicating a dose-dependent enhanced an-
ticonvulsant effect. For every given dose of agonists, the
corresponding pentylenetetrazol threshold dose was always
lower in animal treated with pL-allylglycine than in non-
treated animals. For example, the pentylenetetrazol thresh-
old dose after administration of 0.5 mg/kg of diazepam
was 58 mg/kg in untreated animals and only 40.7 mg /kg
in pL-allylglycine-treated animals. Similarly, after adminis-
tration of 0.02 mg/kg of bretazenil, this threshold dose
was 49 and 20 mg/kg respectively.

Increasing fractional receptor occupancy by diazepam
and bretazenil induced an increasing anticonvulsant effect
as shown in Fig. 2. The relationship between the benzodi-
azepine receptor occupancy by the drug and the resulting
pharmacological effect reflects the in vivo intrinsic effi-
cacy of the drug (Brouillet et al., 1991). As the least-square
regression analysis revealed high coefficients of correla-
tion (see below), the slope of this relationship can be
considered as an index of intrinsic efficacy (Fig. 2). In
untreated animals, the slope of diazepam (4.05; r = 0.99,
P < 0.0001) was higher than that obtained with bretazenil
(1.10: r=0.92, P <0.0001) confirming that in vivo di-
azepam acts as a full agonist and bretazenil as a partial
agonist. In DL-allylglycine-treated animals, the slopes of
both drugs (diazepam: 3.84; r=0.99, P <0.0001 and
bretazenil: 0.59: r=0.83, P <0.005) were not signifi-
cantly modified compared to those obtained in untreated
animals (z = 0.62, df = 7 for diazepam and r = 1.85, df =
10 for bretazenil). This indicates that the intrinsic effica-
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cies of both the full and the partial agonists are not altered
after treatment with DL-allylglycine.

4. Discussion

The GABA and benzodiazepine binding sites are two
distinct binding sites within the GABA , receptor complex
and they are functionally coupled. Electrophysiological
studies reveal that benzodiazepine receptor agonists facili-
tate GABA binding. Conversely, in vitro, GABA was
shown to facilitate the binding of benzodiazepine receptor
agonists. In the present study we show that in vivo DL-al-
lylglycine, which can decrease the endogenous GABA
concentration, causes a slight reduction of the benzodi-
azepine receptor agonists’ affinity without altering their
intrinsic efficacy. We pre-treated animals with DL-al-
lylglycine, an inhibitor of glutamic acid decarboxylase, the
enzyme responsible for the GABA synthesis. The thresh-
old dose of pentylenetetrazol to trigger paroxysmal EEG
activity in animals treated with DL-allylglycine is signifi-
cantly reduced when compared to untreated animals. This
is consistent with other studies demonstrating the procon-
vulsant effect of pL-allylglycine after i.v. administration in
baboons (Chavoix et al., 1991; Horton et al., 1978; Valin
et al., 1991). This effect was associated with a reduced
GABA concentration in the cerebrospinal fluid by inhibi-
tion of the glutamic acid decarboxylase activity (Horton et
al., 1978; Valin et al., 1991). It is therefore highly proba-
ble that the proconvulsant effect observed with pL-al-
lylglycine in our study results from a reduced endogenous
GABA concentration.

In control experiments, the time course of cerebral
radioactivity was similar in the treated and untreated ani-
mals, indicating that ['' C]flumazenil brain kinetics are not
modified by prL-allylglycine pre-treatment. Since the brain
kinetics of ['' Clflumazenil depend on its bioavailability for
the cerebral tissue and its binding parameters with the
benzodiazepine receptors (Delforge et al., 1993), this result
has two important implications for our study. First, this
indicates that the bioavailability of the radiotracer for the
brain tissue is not altered by the treatment with DL-al-
lylglycine and thus, the pharmacological parameters be-
tween the two experimental conditions can be compared.
The second implication which arises from the similar
radiotracer Kinetics is that in our study, pL-allylglycine
does not alter the interaction of ['!' C]flumazenil with ben-
zodiazepine receptors. This is consistent with in vitro
binding studies showing that binding of benzodiazepine
receptor antagonists such as flumazenil is not modified in
the presence of GABA (Mohler and Richards, 1981).

In our study, we observed that the dose-displacement
curves obtained for both agonists (Fig. 1) tend to be shifted
to the right when animals were pre-treated with DL-al-
lylglycine. This was confirmed by the significantly in-
creased 1D, for both drugs in these animals when com-

pared to untreated animals. This decreased potency of
benzodiazepine receptor agonists is likely due to a de-
creased benzodiazepine receptor affinity since pL-allylgly-
cine appears to have no interaction with the pharmacoki-
netics of concurrently administered drugs (see above). This
‘GABA shift’ suggested in vivo is consistent with in vitro
findings showing that GABA increases the affinity of
benzodiazepine receptor agonists (Sieghart, 1995). Bio-
chemical studies showed that binding of [*Hlflunitraze-
pam, a benzodiazepine receptor agonist, to brain mem-
branes was stimulated by GABA or GABA mimetics and
this stimulation was inhibited by the GABA receptor an-
tagonist bicuculline (Olsen, 1982; Tallman et al., 1978).
GABA was also shown to enhance the potency of benzodi-
azepine receptor agonists for displacing the [*H]flumazenil
(Mohler and Richards, 1981). All these studies show that
the extent of the shift is directly related to the intrinsic
efficacy of the benzodiazepine receptor ligand. The range
of GABA concentration variations used in in vitro studies
to evidence the GABA shift was 107 to 10*. For ethical
reasons, such a huge decrease in the endogenous GABA
concentration was not possible in vivo. The conditions
used in our study may only reduce GABA by 2- to 10-fold
(see Valin et al., 1991) and this may explain why, although
the IC, values are significantly increased, the GABA shift
is small and does not appear proportional to the intrinsic
efficacy of the benzodiazepine receptor ligands.

As expected, in vivo Hill coefficients, calculated for
both diazepam and bretazenil in untreated animals, were
close to unity indicating that these drugs recognise in a
similar manner all subtypes of benzodiazepine receptors.
This is consistent with in vitro and previous in vivo data
(Brouillet et al.. 1991; Haefely et al., 1985). In the treated
animals, when endogenous GABA concentration is low-
ered, the in vivo Hill coefficients obtained for both drugs
were still close to unity. This indicates that both studied
agonists still bind to all subtypes of benzodiazepine recep-
tors with similar affinity. This suggests that, in vivo,
modifications induced by low endogenous GABA concen-
tration occur in the same proportion for all benzodiazepine
receptor subtypes.

The slope of the relationship between the fractional
benzodiazepine receptor occupancy by a dose of a benzo-
diazepine receptor agonist and the resulting pharmacologi-
cal effect, is a reliable index of the intrinsic efficacy of this
substance (Bottlaender et al., 1994; Brouillet et al., 1991).
As shown in Fig. 2 (solid lines), in untreated animals,
diazepam, which is often considered to be a full agonist,
possesses a high positive intrinsic efficacy (slope of 4.05)
whereas bretazenil, a partial agonist, possesses a low posi-
tive intrinsic efficacy (slope of 1.10). After pre-treatment
with DL-allylglycine, the slopes of the relationships for
both the full agonist and the partial agonist were not
modified (Fig. 2; dotted lines). This indicates that the
intrinsic efficacy of both agonists is not modified under
conditions which may reduce endogenous GABA concen-
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tration and thus, that the ability of the benzodiazepine
receptor agonists to change the benzodiazepine receptor to
an active form is not altered in this condition.

From a pharmacological point of view, our study shows
that the anticonvulsant effect of benzodiazepine receptor
agonists is reduced in pL-allylglycine-treated animals due
to reduced basal rate of the GABAergic transmission and
to decreased affinity of benzodiazepine receptor agonists.
These results have therapeutic implications for a number
of human pathological processes.

In conclusion, our study brings new insight into the
mechanisms in vivo of the allosteric coupling between
benzodiazepine receptor and GABA binding site. We show,
in vivo, a probable reduction of the affinity of benzodi-
azepine receptors for their agonists in animals under a
condition which is known to reduce endogenous GABA
concentration and this occurs without altering the intrinsic
capability of agonists to modulate GABAergic transmis-
sion.
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