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SUMMARY
B-Carbolines are competitive ligands of central type benzodiaze-
pine receptors and have been reported to display either agonist,
inverse agonist, or antagonist activities in vivo. We studied the
in vivo inhibition of [*H]Ro 15-1788 binding in mice by various §-
carbolines of different pharmacological profiles and found that
they were all more potent in the cerebellum than in the cortex
hippocampus; their IDs, values (dose inhibiting 50% of the
spedﬂc binding of [*H]Ro 15-1788) were 3 to 7 times lower in
the cerebellum than in the hippocampus. The IDs, of the triazo-
lopyridazine CL 218,872 was 2.3 times lower in the cerebelium
than in the hippocampus. Thus, reguonaldifferenoesdonotseem
to explain pharmacological prof

Correlation of receptor occupancy with pharmacological ef-
fects showed that high receptor occupancy (40%) was needed
to obtain the convuisant effects of the inverse agonist methyil-g-
carboline-3-carboxylate whereas intermediate receptor occu-
pancy (30%) led to the proconflict effects and very low receptor
occupancy (<5%) to the facilitating effects in leaming and mem-
ory tasks. We also found that the selective of the
sedative effects of benzodiazepines 3{methoxycarbonyf)-amino-
B-carboline, even at high doses (20 mg/kg), did not occupy more
than 70% of the benzodiazepine receptors.

Specific binding sites for the benzodiazepine type of minor
tranquillizers have been demonstrated in the central nervous
system of vertebrates (1-3) and much evidence suggests that
these binding sites are the receptors responsible for mediating
the pharmacological and clinical effects of benzodiazepines.

New types of ligands of molecular structure different from
benzodiazepine have been discovered that bind to the benzo-
diazepine receptor with high affinity. Among these are the 3-
carboxy-g-carbolines. In vivo, 8-CCE (4) and 8-CCM (5) were
found to be inverse agonists at the benzodiazepine receptor,
with pharmacological properties opposite to those of benzodi-
azepine: 8-CCE is proconvulsant (6), 8-CCM is convulsant (7)
and anxiogenic (8). Other 8-carbolines were shown to be ago-
nists (ZK 93423) (9) or antagonists, such as 8-CCP (10) and 8-
CMGC, a selective antagonist of the sedative effects of diazepam
(11).

In vitro, some of these 8-carbolines (8-CCM, 8-CCE, and 8-
CCP) are more potent in inhibiting the binding of tritiated
benzodiazepine from the cerebellar binding sites than from the
cortical or the hippocampal ones (12-15). Similar selectivity in
vivo could be the basis for the different pharmacological profiles
of these molecules.

This work was supported by Grant 84185 from DRET and by PIRMED.
M.C.P. was supported by a fellowship from DRET and CNRS.

Thus, in the present report, the in vivo interactions of several
B-carbolines with benzodiazepine binding sites in the cerebel-
lum, cortex, and hippocampus were studied after labeling of the
benzodiazepine receptors with the tritiated antagonist [°"H]Ro
15-1788 (16). We compared the in vivo inhibition of [°H]Ro 15-
1788 binding by 8-carbolines (8-CCM, 8-CCE, 8-CCP, 8-CMC,
and ZK 93423) with the inhibition by the triazolopyridazine
CL 218,872 and by diazepam in the three brain regions. We
find that in vivo, in spite of differences in their pharmacological
profiles, all the 8-carbolines tested are more potent in inhibiting
[*H]JRo 15-1788 binding in the cerebellum than in the cortex
or hippocampus.

Materials and Methods

Animals. Male Swiss mice (20-25 g) were obtained from Iffa Credo
rearing center (L’Arbresle, France) and housed for a few days before
the beginning of the experiments, with a day-night cycle of 12-12 hr.

Drugs. 8-CCM, 8-CCE, and 8-CMC were synthesized by one of us
(17). They were dissolved in 0.1 N HCl (100 xl/mg) and diluted to
volume with saline. ZK 93423 was a gift from Schering and CL 218,872
from Lederle. The latter two compounds were suspended in saline with
a drop of Tween 80.

Diazepam (Valium) and flunitrazepam were kindly provided by
Hoffman-La Roche (Basel, Switzerland). Flunitrazepam was suspended
in saline with a drop of Tween 80, and Valium was diluted in saline.

ABBREVIATIONS: 5-CCE, ethyl-g-carboline-3-carboxylate; S-CCM, methyi-g-carboline-3-carboxylate; ZK 93423, ethyl-6-benzyloxy-4-methoxy-
methyl-g-carboline-3-carboxytate; 5-CCP, propyl-g-carboline-3-carboxylate; 8-CMC, 3{methoxycarbonyl)-amino-g-carboline; CL 218,872, 3-methyi-
6-(3(trifluoromethyi)phenyi)-1,2,4-triazolo(4,3-b)pyridazine; GABA, vy-aminobutyric acid; IV, intravenous; IP, intraperitoneal; SC, subcutaneous.
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[*H]Ro 15-1788 (87 Ci/mmol) and [*H)8-CCE (79.4 Ci/mmol) were
from Dupont NEN (Boston, MA). [*H]8-CMC (79.25 Ci/mmol) was
prepared by R. Besseliévre at the Commissariat a ’Energie Atomique
(Saclay, France); it was tritiated on the methyl ester by a Curtius
reaction of the acylazide in the presence of tritiated methanol.

In vivo binding experiments.In vivo labeling of the mouse brain
benzodiazepine receptors was performed as previously described (16).
Briefly, mice were injected IV with [*H]Ro 15-1788 (50 uCi/kg) and
decapitated 3 min later, a time corresponding to maximal radioactivity
in the brain (16). Their brains were rapidly excised and dissected on
ice. Cortex from one hemisphere, whole cerebellum, and both hippo-
campi were homogenized in approximately 30 volumes (3 ml for cere-
bellum and cortex and 1.5 ml for hippocampus) of ice-cold 50 mM T'ris-
HCI buffer, pH 7.4, using a Kinematica Polytron (type PT 10/35) for
5 sec, at half maximal speed.

Aliquots of 600 ul of the homogenate were immediately filtered
through Whatman glass fiber filters (GF/B, 2.5 cm) and the filters
were rinsed with two 5-ml portions of ice-cold buffer. The filters were
transferred into vials and after addition of 10 ml aqueous counting
scintillant (Amersham, France, Les Ulis, France) were counted in a
Rack-8-2 LKB counter. The radioactivity retained on the filters rep-
resented the radioactivity bound to membranes.

The total radioactivity (bound plus free) present in the brain was
determined by counting 200-ul aliquots of the homogenates without
filtering. Nonspecific binding was determined in mice pretreated IP
with flunitrazepam (10 mg/kg) 30 min before death and represented
less than 5% of the binding determined in mice injected with [*H]Ro
15-1788 only.

To study the effects of drugs on the in vivo binding of [*H]Ro 15-
1788, mice were pretreated with various doses of 8-CCM, B8-CCE, 8-
CMC, -CCP, ZK 93423, and diazepam before the IV injection of [*H]
Ro 15-1788. Unless otherwise stated, drugs were injected SC 10 min
before death. CL 218,872 was injected IP 30 min before death. These
time intervals were chosen on the basis of time required for appearance
of pharmacological effects.

For each dose of unlabeled drug injected, the membrane-bound
radioactivity was measured and specific binding was calculated by
subtracting the nonspecific binding. Results were expressed as per-
centage of the specific binding determined in mice injected with radio-
active ligand only.

For each drug, inhibition curves were obtained from four or five
doses (four mice per dose). IDy, values (dose inhibiting §0% of the
specific binding of [’H]Ro 15-1788) were calculated from a linear
regression analysis of log (&) on log (dose).

For each drug tested, confidence intervals at 95% of log (IDso) in the
three brain regions studied were calculated by a linear regression
analysis (18) on log-logit transformations (p < 0.05). Tween 80 alone
had no effect on [*H]Ro 15-1788 binding.

Absorption and distribution of [*H)8-CMC and [*H]8-CCE.
Groups of two or four mice were injected with [*H]8-CMC or [*H]B8-
CCE via the tail vein (200 uCi/kg). Three min after the injection of
[*H]B-CCE, and 2 or 10 min after the injection of [*H]8-CMC, mice
were decapitated and their brains were excised, dissected, and homog-
enized as described above. Aliquots (200 ul) of the homogenate (non-
filtered) were counted by liquid scintillation.

Results

In a first set of experiments, 8-CCM and B-CMC were
injected SC 7 min before the IV injection of [*H]Ro 15-1788. A
dose-dependent inhibition of [PH]Ro 15-1788 binding was ob-
served in the three brain regions studied for both drugs. How-
ever, displacement curves showed regional differences. Fig. 1
illustrates results obtained with 8-CMC: high dose (20 mg/kg
SC) of 8-CMC inhibited nearly 70% of [°'H]Ro 15-1788 in the
cortex and cerebellum but only 50% in the hippocampus. In-
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Fig. 1. Inhibition curve of ["H]Ro 15-1788 binding by 8-CMC injected SC
7 min before [*H]Ro 15-1788 and 10 min before sacrifice in the cerebelium

(@), cortex (A), and hippocampus (A).

TABLE 1

1Dsc values of S-carbolines, benzodiazepines, and a
triazolopyridazine with respect to [*H}Ro 15-1788 binding in the
cerebelium, cortex, and hippocampus

1D50 values for H)Ro 15-1768

) IDso_hippocampus
Drug injected Hippo- 1050 corebelum
Cerebelum  Cortex 1Dso
mg/kg
B-CCE 48 84 32.6 6.8*
B-CCM 0.72 1.6 48 6.7*
B-CMC 6.8 9.8 25.3 3.7
ZK 93423 7.8 19.4 24.6 3.1°
CL 218,872 12 19 28 23°
Diazepam (30 min) 441 83 88 20
Diazepam (10 min)  12.7 255 209 1.6
Ro 15-1788° 0.16 0.22 0.26 1.12
Flunitrazepam® 0.48 0.56 0.42 0.87

* log (IDso) values did not overiap in cerebelium and hippocampus (p < 0.05).
;F;mPoﬁerud.ﬂG).Cwehﬂmcoefﬁdenutoerbtsmm
t0 0.9.

+

Fig. 2. plots of the inhibition of [*H]Ro 15-1788 binding by
diazepam (A), 8-CCM (@), 8-CMC (#), and Ro 15-1788 (A) in the cortex.
Numbers in parenthesis are the negative siopes of the regression lines.

deed, the doses of 8-CCM and 8-CMC inhibiting 50% of the
specific binding of [°'H]Ro 15-1788 (IDs, values) were found to
be lower in the cerebellum than those in the cortex, which were
in turn lower than those in the hippocampus (Table 1). Results
are also expressed as the ratio of IDs, values in the hippocampus
and cerebellum (Table 1). High ratios suggest cerebellar pref-
erence. Fig. 2 shows the log-logit plots of inhibition curves with
B-CCM and 8-CMC in the cortex.

In the above described experiments, when 8-CCM (5 mg/kg)
was injected 10 min before death (i.e., 7 min before administra-
tion of [°’H]Ro 15-1788), it produced tonic-clonic seizures in
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50% of the mice with short median latencies (2-3 min after
injection) and it induced 74, 72, and 55% inhibition of specific
binding of [*H]Ro 15-1788 in the cerebellum, cortex, and hip-
pocampus, respectively. When the same dose of 8-CCM (5 mg/
kg) was administered 2 min before death (i.e., 1 min after the
IV administration of [*H]Ro 15-1788), the time interval was
not sufficient for the development of convulsions, and only 60,
35, and 30% of the specific binding of [*H]Ro 15-1788 was
inhibited in the cerebellum, cortex, and hippocampus, respec-
tively.

Other B-carbolines were also tested for their potencies in
inhibiting [*H]Ro 15-1788 binding in the three brain regions.
Mice were pretreated with various doses of 8-CCE or ZK 93423
SC 10 min before death. The ID;, values (Table 1) were, as
with 8-CCM and 8-CMC, also lower in the cerebellum than in
the cortex or hippocampus. The ratio of IDs, values in the
hippocampus and the cerebellum was higher for 8-CCE (6.8)
than for ZK 93423 (3.1).

The preferential inhibition in the cerebellum of [’H]Ro 15-
1788 binding by 8-CMC or by 8-CCE was not due to a hetero-
geneous distribution of these drugs in the brain. Thus, 2 or 10
min after the IV injection of [°’H]8-CMC (200 nCi/kg), total
radioactivity in homogenates of the three brain regions were
not significantly different (p = 0.05), 254.2 and 282.9 pCi/mg
of wet tissue in the cerebellum, 262.8 and 254.7 in the cortex,
and 293.7 and 263.1 in the hippocampus 2 min after the
injection, and 55.1 + 9 in the cerebellum, 53.2 + 8.5 in the
cortex, and 60.6 + 8.6 in the hippocampus (n = 3) 10 min after
the injection. Similarly, 2 min after the injection of [*H]8-CCE
(200 uCi/kg), total radioactivity in the cerebellar and cortical
homogenates were not significantly different (p = 0.05), 738.6
+ 47.7 pCi/mg of tissue in the cerebellum and 787.8 + 63.8 in
the cortex (n = 4).

B-CCP injected SC at doses lower than 10 mg/kg 10 min
before sacrifice did not produce any detectable inhibition of
[*H]Ro 15-1788 binding. At 10 mg/kg, 10% inhibition was
found only in the cerebellum and, at 30 mg/kg, higher inhibition
was found in the cerebellum (35%) than in the cortex (13%)
and hippocampus (10%).

Apparent differences in inhibition curves in the various brain
regions were also observed with one benzodiazepine tested.
When diazepam was injected SC 30 min or 10 min before death
the IDs, values seemed lower in the cerebellum than in the
hippocampus or cortex but the ratio of the IDs, values was not
as high as with g-carbolines (Table 1). Moreover, confidence
intervals of log(IDs,) in the three brain regions, calculated by
a linear regression analysis (see Materials and Methods), were
overlapping, which was not the case for 8-carbolines.

CL 218,872, a triazolopyridazine claimed to be a selective
anxiolytic, is known to have a higher affinity for the cerebellar
than for the hippocampal binding sites in vitro (19). In in vivo
binding studies, when injected IP 30 min before death, CL
218,872 dose dependently inhibited the binding of [*H]Ro 15-
1788 but, as with 8-carbolines and diazepam, IDs, values were
higher in the hippocampus and cortex than in the cerebellum
(Table 1). In addition, confidence intervals of log(IDsy) in
cerebellum and hippocampus were not overlapping (see Mate-
rials and Methods).

Discussion

In vivo molecular interactions of S-carbolines and
benzodiazepines with the benzodiazepine receptors. The

B-carbolines used in this study, whether agonist (ZK 93423),
inverse agonists (3-CCM and 8-CCE), or antagonists (8-CMC
and 8-CCP), as well as the triazolopyridazine CL 218,872, all
showed lower ID;, values in the cerebellum than in the cortex
and hippocampus. Similar results have already been observed
with 8-CCE in mice (20, 21) and with CL 218,872 in rats (22).
In contrast, this regional difference was not observed with
flunitrazepam or with Ro 15-1788 (Table 1).

Preferential inhibition of the in vivo binding of [*H]Ro 15-
1788 by B-carbolines and CL 218,872 in the cerebellum could
be due to different distribution and penetration of these com-
pounds in brain or to different molecular interactions at the
receptor protein level. The second explanation seems more
likely because [*'H])8-CMC and [*H]B8-CCE (or their radioactive
metabolites) were distributed uniformly in the three brain
regions studied (cerebellum, cortex, and hippocampus). More-
over, pretreatment of mice with high doses (10 to 30 mg/kg) of
B-CCM, 8-CMC, 8-CCE, ZK 93423, or CL 218,872 did not alter
significantly (p < 0.05) the distribution of the free (unbound)
radioactivity in the brain, as compared with mice injected with
radioactive ligand only.

The possible existence of two different benzodiazepine recep-
tors (BZ, and BZ,) has been extensively discussed (12-15, 19);
BZ, is the only type present in cerebellum, whereas cortex
contains 80% of type 1 and 20% of type 2, and hippocampus
contains 50% of each type. In vitro, most of the g-carbolines
(B-CCE, B-CCP, and $-CCM) and the triazolopyridazine CL
218,872 are selective for the cerebellar over the hippocampal
receptors (12-15, 19). In our in vivo binding studies, 8-carbo-
lines and CL 218,872 have lower IDs, values in cerebellum than
those in cortex, which were in turn lower than those in hippo-
campus. Thus, the differences displayed in the in vivo binding
of B-carbolines and CL 218,872 could be due to the selectivity
of these molecules for the BZ, receptor type. Because 8-carbo-
line agonist, inverse agonists, and antagonists and CL 218,872
all have higher potency in inhibiting [*’H]Ro 15-1788 binding
in the cerebellum in vivo, this selectivity for the cerebellum
cannot account for the inverse agonist pharmacological profiles
of some of the B-carbolines (8-CCM and S-CCE) or for the
selective antagonist properties of 8-CMC (11).

In vivo occupancy of benzodiazepine receptors: cor-
relation with pharmacological effects. Correlations of ben-
zodiazepine receptor occupancy to pharmacological effect have
already been established (23-27). However, most of the [°H]
benzodiazepine inhibition studies were not performed at the
time coinciding with the onset of the pharmacological effects
of the benzodiazepine.

Previous experiments performed in this laboratory have
shown that the pharmacological effects displayed by both 8-
CCM and diazepam depend on the doses administered. For
instance, 8-CCM at 0.2 mg/kg has facilitating effects in learn-
ing and memory tasks (28) whereas higher doses (1 mg/kg) are
necessary for inducing proconflict effects (8) and still higher
doses (5-10 mg/kg) for inducing convulsant effects (7). In direct
contrast, diazepam is anticonvulsant (against convulsions in-
duced by pentylenetetrazol) at low doses (0.2 mg/kg) (29),
displays anticonflict effects at a higher dose (1 mg/kg) (8), and
impairs learning and memory tasks at 1.5 mg/kg (28). To help
to elucidate this phenomenon, receptor occupancies by 8-CCM
and diazepam were measured at the time of onset of the
different pharmacological effects (Table 2). It was demon-

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

TABLE 2

Correlation of in vivo benzodiazepine receptor occupancy by an
agonist (diazepam) and an inverse agonist (3-CCM) with their
pharmacological effects

% of
benzodiazepine Inverse agonist
Agoniet {dlazeparm) effects receptor (8-CCM) effects
occupancy
35-55 Convuisant®
Ataxic* 30-40
15-50 Proconflict®
Impairment of leaming? 10-20
Anticonflict® 5-15
Anticonvulsant® <5 Facilitation of
leaming®

* Rotarod test, 2 mg/kg (7).

*5 mg/kg (7).

° Conflict test, 1 mg/kg (8).

? Leaming and memory tasks, 1.5 mg/kg for diazepam and 0.2 mg/kg for g-
CCM (28).

° At 0.2 mg/kg against convulsions induced by pentylenetetrazol (29).

strated that 8-CCM, at its ED; for convulsions (5 mg/kg)
occupied 356-55% of benzodiazepine receptors; at its proconflict
dose (1 mg/kg) (8), 8-CCM occupied 15-50% of receptors, and
its facilitating effects in learning and memory tasks (28) ap-
peared at very low receptor occupancy, <5% (exact values are
not given because of limits to the sensitivity of the method). It
was also demonstrated that an anticonvulsant (anti-pentyl-
enetetrazol) dose of diazepam in mice (0.2 mg/kg) (29) corre-
sponded to a very low level of benzodiazepine receptor occu-
pancy (<6%), an anticonflict dose of diazepam (1 mg/kg) (8)
to 5-15% occupancy, and the impairment in learning and
memory tasks (1.5 mg/kg) (28) to 10-20% receptor occupancy.
To obtain the sedative-ataxic effects of diazepam (2 mg/kg)
(7), an even higher occupancy was needed (30—40%). It is thus
clear that for both the agonist diazepam and the inverse agonist
B8-CCM, the progression of doses that induces different phar-
macological effects correlates with progressive levels of receptor
occupancy.

It is also noteworthy that all the known pharmacological
effects of both the agonist and the inverse agonist can be
observed when less than 50% of the benzodiazepine receptors
are occupied and that some of these effects are evident at even
less than 5% occupancy. Thus, very low benzodiazepine recep-
tor occupancy may be sufficient to modulate GABAergic trans-
mission, known to be facilitated by agonists and impaired by
inverse agonists. In the case of opiate receptors, analgesic
effects also correspond to a small percentage of receptor occu-
pancy (2%) (30).

Relation between the slope of the inhibition curve and
pharmacological effects. The slope of the inhibition curve
of [°H]Ro 15-1788 binding by a benzodiazepine receptor ligand
plotted in log-logit may have some bearing on its pharmacolog-
ical actions (Fig. 2). Shallow slopes reflect slow progression of
receptor occupancy by increasing doses of the inhibitor. On the
contrary, steep slopes reflect rapid occupation of receptor.
Because the pharmacological effects of a ligand of a given
intrinsic activity (agonist, inverse agonist, or antagonist) par-
tially depend on the level of receptor occupancy, the slope could
be an estimation of the therapeutic index, which is the margin
of safety or selectivity for one effect among a spectrum of
effects (31).

If that is the case, a benzodiazepine receptor agonist showing A

a shallow slope should be able to clearly dissociate the anticon-
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vulsant-anxiolytic effects from the sedative-amnesic effects
depending on the dose used. This would be explained by the
fact that anticonvulsant-anxiolytic effects appear at 10% recep-
tor occupancy, but large dose increases are necessary to produce
the level of receptor occupancy (around 30%) required to exert
the sedative-amnesic effects. A benzodiazepine agonist with
steep slope would produce all the spectrum of effects at the
same or very similar dose.

In the same way as the agonists, a benzodiazepine receptor
antagonist showing a steep slope would be able to antagonize
all the effects of benzodiazepine agonists within a very re-
stricted dose range. An example is given with Ro 15-1788,
which is known to antagonize all the effects of benzodiazepines
(32); nearly 100% benzodiazepine receptor occupancy was ob-
tained after 1 mg/kg and 50% was obtained after 0.16 mg/kg
(Fig. 2).

According to this interpretation, increasing doses of a ben-
zodiazepine receptor antagonist with a shallow slope would
progressively antagonize the various effects of benzodiazepine
agonists. In addition, antagonists that, even at high doses, do
not occupy 100% of receptors, would only block the effects
requiring high levels of occupancy (sedation). 8-CMC is an
example of this type of selective antagonist; it has a shallower
slope than Ro 15-1788, at doses up to 20 mg/kg SC it does not
occupy more than 70% of benzodiazepine receptors, and it
antagonizes the sedative effects of benzodiazepines but not
their anxiolytic or anticonvulsant effects (11).

Finally, according to the above discussed interpretation of
inhibition curves in vivo, an inverse agonist showing a shallow
slope for inhibition of in vivo binding would be able at low
doses to enhance performance in learning and memory tasks
without being anxiogenic and convulsant; a higher dose would
have to be administered to obtain the high level of receptor
occupation required for the induction of anxiogenic and con-
vulsant effects.
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