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SERRA, M., C. A. GHIANI, C. MOTZO, M. L. PORCEDDU AND G. BIGGIO. Antagonism of isoniazid-induced
convulisions by abecarnil in mice tolerant to diazepam. PHARMACOL BIOCHEM BEHAV 52(2) 249-254, 1995. —The
ability of the benzodiazepine receptor full agonist diazepam, the selective agonist abecarnil, and the partial agonist imidazenil
to antagonize convulsions induced by isoniazid (200 mg/kg, SC) was studied in mice chronically treated with diazepam (3 mg/
kg, IP, three times daily) or abecarnil (0.1 or 1 mg/kg, IP, three times daily or 6 mg/kg, SC, daily). Diazepam induced
tolerance to its own anticonvulsant effect. In contrast, chronic treatment with abecarnil failed to induce tolerance to its own
anticonvulsant activity. Animals treated with abecarnil at 0.1 mg/kg developed cross-tolerance to imidazenil, whereas those
treated with 1 mg/kg became less sensitive to diazepam. Mice chronically treated with abecarnil at 6 mg/kg showed almost
complete tolerance to diazepam. Abecarnil was able to antagonize the convulsions elicited by isoniazid in diazepam-tolerant
mice. These data indicate that chronic administration of abecarnil, unlike that of classical benzodiazepines, does not induce
tolerance to its anticonvulsant effect, and that abecarnil overcomes tolerance induced by long-term treatment with the full

agonist diazepam.
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ALTHOUGH benzodiazepines are effective antiepileptic
drugs, tolerance to their anticonvulsant actions can limit the
long-term effectiveness of these compounds (2,9,21). Recent
studies of the pharmacology of y-aminobutyric acid type A
(GABA,) receptors have shown that benzodiazepine receptor
partial agonists, as well as ligands that possess higher affinity
or efficacy at specific subpopulations of GABA, receptors,
fail to induce tolerance to their anticonvulsant effects (6,8,
14,19). Such compounds may therefore mantain their pharma-
cological and therapeutic efficacy during long-term treatment.
The 3-carboline abecarnil and the imidazobenzodiazepine imi-
dazenil, two new anxioselective and anticonvulsant allosteric
modulators of GABA, receptors, possess marked anticonvul-
sant activity with low tolerance liabilities (6,7,15,22,23,26).
Although the molecular mechanisms responsible for the ac-
tions of abecarnil and imidazenil are not known in detail, the
ability of these drugs to induce fewer side effects at pharmaco-
logically effective doses may be attributable to a preferential

affinity for and high efficacy at specific GABA , receptor sub-
types in the case of abecarnil (10,20) and the partial agonist
profile of imidazenil (7).

We have now evaluated the development of tolerance to
the anticonvulsant effect of abecarnil and cross-tolerance to
the effects of imidazenil and diazepam after long-term treat-
ment of mice with abecarnil. We also investigated whether
long-term treatment with diazepam induces cross-tolerance to
abecarnil and imidazenil.

METHOD
Animals

Male CD-1 mice (Charles River, Como, Italy) with body
masses of 25-30 g were mantained under a 12L : 12D cycle at
a temperature of 23 + 2°C and 65% humidity. After arrival
at the animal facility, the mice were acclimatized for = 7
days, during which they had free access to food and water.

' Requests for reprints should be addressed to Mariangela Serra, Department of Experimental Biology, Chair of Pharmacology, University of

Cagliari, 09123 Cagliari, Italy.
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TABLE 1

EFFECT OF ACUTE ADMINISTRATION OF IMIDAZENIL, ABECARNIL,

AND DIAZEPAM ON ISONIAZID-TREATED MICE

Convulsions Death

Latency No. of Latency No. of
Experimental group (mg/kg) (min) Animals (min) Animals
Isoniazid (200) 55+ 7.5 49/50 67 + 6 43/50
Isoniazid + imidazenil (0.1) 88 + 5.9* 18/42% 97 + 9* 12/742%
Isoniazid + imidazenil (1) 88 + 10* 7/30% 91 + 4* 4/30%
Isoniazid + abecarnil (0.1) 0/15% 0/15%
Isoniazid + diazepam (3) 0/15+ 0/15%

SERRA ET AL.

Animals were observed for 4 h, during which the latency of tonic~clonic seizures

and death was recorded. Values are means =+

experiments.

SEM of three to five separate

*p < 0.01 vs. isoniazid-treated mice (Student’s ¢-test).
tp < 0.05 vs. isoniazid-treated mice (Fisher’s exact probability test).

Treatments

Abecarnil (0.1 or 1 mg/kg, IP) or diazepam (3 mg/kg, IP)
was administered three times daily (0800, 1400, 2000 h) for 30
days. The drugs were suspended in distilled water with a drop
of Tween-80 per 5 ml and injected in a volume of 10 ml per
kilogram of body mass. Control mice received an equivalent
volume of vehicle.

A parallel group of mice was treated subcutaneously once
a day for 15 days with abecarnil (6 mg/kg) dissolved in sesame
oil and administered in a volume of 4 ml/kg. Control mice
received an equivalent volume of vehicle.

Isoniazid was dissolved in distilled water and administered
(200 mg/kg, SC) in a volume of 10 ml/kg; control mice re-

ceived an equivalent volume of vehicle. Animals received the
challenge injection (IP) of abecarnil, diazepam, or imidazenil
36 or 72 h after the last chronic administration and 10 min
after isoniazid. All animals were observed for the appearance
of convulsions for = 4 h; the time of onset of seizure activity
was recorded and the pattern of the seizures was noted.

Statistics

Data were analyzed by Fisher’s exact probability test or
Student’s ¢-test.
Chemicals

Imidazenil was provided by Fidia Research Laboratories
(Abano Terme, ltaly), abecarnil was a gift of Schering AG

TABLE 2

EFFECT OF LONG-TERM TREATMENT WITH A LOW DOSE (0.1 mg/kg)
OF ABECARNIL ON THE DEVELOPMENT OF TOLERANCE TO THE
ANTICONVULSANT ACTIONS OF ABECARNIL,IMIDAZENIL, AND DIAZEPAM

Convulsions Death
Latency No. of Latency No. of
Experimental Group (mg/kg) (min) Animals (min) Animals
Chronic vehicle
Isoniazid (200) 48 + 2 45/45 63 + 2.6 43/45
Isoniazid + abecarnil (0.1) 78 + 4* 2/18% 83* 1/18%
Isoniazid + imidazenil (0.1) 76 + 7* 9/25% 103 + 8* 3/25%
Isoniazid + diazepam (3) 0/15% 0/15%
Chronic abecarnil
Isoniazid (200) 43 + 4 65/65 58 + 2.3 65/65
Isoniazid + abecarnil (0.1) 75 + 7% 6/24% 78 + 1.4% 3/24§
Isoniazid + imidazenil (0.1) 67 = 3% 31/36 83 + 71 21/36§
Isoniazid + diazepam (3) 80 =+ 2% 2/15§ 0/15§

Mice were treated with abecarnil (0.1 mg/kg) or vehicle three times a day for 30
days. Isoniazid and the challenge injections were administered 36 h after the last chronic
treatment. Animals were observed for 4 h, during which the latency of tonic-clonic

convulsions and death was recorded. Values are means

experiments.

+ SEM of three separate

*p < 0.01 vs. chronic vehicle + isoniazid; (Student’s ¢-test).

tp < 0.025 vs. chronic vehicle + isoniazid; (Fisher’s exact probability test).
ip < 0.01 vs. chronic abecarnil + isoniazid (Student’s ¢-test).

§p < 0.01 vs. chronic abecarnil + isoniazid (Fisher’s exact probability test).
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TABLE 3

EFFECT OF LONG-TERM TREATMENT WITH A HIGH DOSE (I mg/kg)
OF ABECARNIL ON THE DEVELOPMENT OF TOLERANCE TO THE
ANTICONVULSANT ACTIONS OF ABECARNIL AND DIAZEPAM

Convulsions Death
Latency No.of Latency No. of

Experimental Group (mg/kg) (min) Animals (min) Animals
Chronic vehicle

Isoniazid (200) 47 + 1 30/30 61 + 2 30/30

Isoniazid + abecarnil (1) 0/10* 0/10*

Isoniazid + diazepam (3) 115¢ 1/15* 0/15*
Chronic abecarnil

Isoniazid (200) 40 + 4 35/35 63 + 3 33/35

Isoniazid + abecarnil (1) 73 + 2% 2/25§ 100} 1/25§

Isoniazid + diazepam (3) 80 + 5% 21/32§ 105 + 2% 19/32§

Mice were treated with abecarnil (1 mg/kg) or vehicle three times a day for 30
days. Isoniazid and the challenge injections were administered 36 h after the last
chronic treatment. Animals were observed for 4 h, during which the latency of
tonic~clonic convulsions and death was recorded. Values are means + SEM of
three separate experiments.

*p < 0.01 vs. chronic vehicle + isoniazid; (Fisher’s exact probability test).

tp < 0.01 vs. chronic vehicle + isoniazid; (Student’s -test).

ip < 0.01 vs. chronic abecarnil + isoniazid (Student’s #-test).

§p < 0.025 vs. chronic abecarnil + isoniazid (Fisher’s exact probability test).

(Berlin, Germany), and diazepam was a gift from Hoff- RESULTS

mann-La Roche (Basel, Switzerland). Isoniazid (isonicotinic Acute studies

acid hydrazide) was obtained from Sigma (St. Louis, MO).

Other drugs and materials were obtained from commercial Acute administration of abecarnil, imidazenil, or diazepam
sources. antagonized isoniazid-induced convulsions in a dose-depen-

TABLE 4

EFFECT OF LONG-TERM TREATMENT WITH ABECARNIL (6 mg/kg)
ADMINISTERED SUBCUTANEOUSLY ON THE DEVELOPMENT OF
TOLERANCE TO THE ANTICONVULSANT ACTIONS OF ABECARNIL,
IMIDAZENIL, AND DIAZEPAM

Convulsions Death
Latency No. of Latency No. of

Experimental Group (mg/kg) (min) Animals (min) Animals
Chronic vehicle

Isoniazid (200) 44 + 2 27/27 53+ 3 27/27

Isoniazid + abecarnil (0.1) 0/18* 0/18*

Isoniazid + imidazenil (1) 89 + 4% 5/18* 98 + 5t 2/18*

Isoniazid + diazepam (3) 0/18* 0/18*
Chronic abecarnil

Isoniazid (200) 37 £ 6 36/36 5 +6 36/36

Isoniazid + abecarnil (0.1) 82 + 3§ 5/21% 94 + 5§ 2/21%

Isoniazid + imidazenil (1) 47 + 2 21/21 67 + 5§ 18/21

Isoniazid + diazepam (3) 66 + 6§ 21/28 78 + 5§ 5/21%

Mice were treated with abecarnil (6 mg/kg, SC) or vehicle once a day for 15
days. Isoniazid and the challenge injections were administered 72 h after the last
chronic treatment. Animals were observed for 4 h, during which the latency of
tonic-clonic convulsions and death was recorded. Values are means + SEM of
three separate experiments.

*p < 0.01 vs. chronic vehicle + isoniazid; (Fisher’s exact probability test).

tp < 0.0l vs. chronic vehicle + isoniazid; (Student’s ¢-test).

ip < 0.01 vs. chronic abecarnil + isoniazid (Fisher’s exact probability test).

§p < 0.01 vs. chronic abecarnil + isoniazid (Student’s /-test).
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TABLE 5

LONG-TERM TREATMENT WITH DIAZEPAM (3 mg/kg) ON THE
DEVELOPMENT OF TOLERANCE TO THE ANTICONVULSANT
ACTIONS OF DIAZEPAM, ABECARNIL, AND IMIDAZENIL

Convulsions Death
Latency No. of Latency No. of

Experimental Group (mg/kg) (min) Animals (min) Animals
Chronic vehicle

Isoniazid (200) 51 = 2.5 20/20 67 £ 4 19/20

Isoniazid + diazepam (3) 0/15* 0/15*

Isoniazid + abecarnil (1) 0/15* 0/15*

Isoniazid + imidazenil (1) 88 + 71 3/15* 92 + 4% 2/15*
Chronic diazepam

Isoniazid (200) 36 + 2 28/28 56 + 3 27/28

Isoniazid + diazepam (3) 63 + 61 13/15 98 + 9% 5/15§

Isoniazid + abecarnil (1) 80 + 61 5/158§ 82 + 1% 1/15§
Isoniazid + imidazenil (1) 58 + 3% 15/15 82 + 6% 13/15

Mice were treated with diazepam (3 mg/kg) or vehicle three times a day for 30
days. Isoniazid and the challenge injections were administered 36 h after the last
chronic treatment. Animals were observed for 4 h, during which the latency of

tonic-clonic convulsions and death was recorded. Values are means

three separate experiments.
*p < 0.01 vs.
p < 0.01 vs.
ip < 0.01 vs.
§p < 0.01 vs.

dent manner (Table 1). At a dose of 0.1 mg/kg (IP), imida-
zenil reduced by 57% the number of animals that exhibited
seizures or died, respectively, and significantly prolonged the
time before onset of convulsions or death in isoniazid-treated
mice. At a higher dose (1 mg/kg, IP) the effects of imidazenil
were more marked. Abecarnil was more potent and effica-
cious than imidazenil in antagonizing isoniazid-induced con-
vulsions; at a dose of 0.05 mg/kg (IP), abecarnil decreased by
70% the number of animals that exibited seizures (22), and at
0.1 mg/kg (IP) the drug completely prevented seizure activity
(Table 1). A higher dose of diazepam (3 mg/kg, IP) also abol-
ished seizure activity.

Chronic Administration of Abecarnil

As expected (15), long-term treatment with abecarnil (0.1
or 1 mg/kg, IP; three times daily) failed to induce tolerance to
the anticonvulsant effect of this drug in mice (Tables 2 and 3).
Challenge doses (0.1 or 1 mg/kg, IP, respectively) of abecarnil
administered 36 h after the last injection of the respective
chronic treatment showed similar efficacies in antagonizing
isoniazid-induced convulsions and death in mice chronically
treated with abecarnil and in control mice.

Mice chronically treated with abecarnil at 0.1 mg/kg devel-
oped cross-tolerance to the anticonvulsant action of imida-
zenil (0.1 mg/kg, IP) (Table 2). Diazepam (3 mg/kg, IP)
showed similar anticonvulsant efficacies in control animals
and mice chronically treated with abecarnil at 0.1 mg/kg.
However, the anticonvulsant efficacy of diazepam was mark-
edly decreased in mice chronically treated with abecarnil at 1
mg/kg (Table 3).

It has been reported that abecarnil does not form active
metabolites, and at doses of 0.1-5 mg/kg has a short half-life
(1 h) (11). To investigate whether the failure of long-term

+

SEM of

chronic vehicle + isoniazid; (Fisher’s exact probability test).
chronic vehicle + isoniazid; (Student’s f-test).

chronic diazepam + isoniazid (Student’s r-test).

chronic diazepam + isoniazid (Fisher’s exact probability test).

abecarnil treatment to induce tolerance was attributable to the
pharmacokinetics of the drug, we injected subcutaneously a
separate group of mice once a day for 15 days with abecarnil
(6 mg/kg). Under these conditions, the occupancy of benzodi-
azepine receptors in the mouse forebrain decreased from 83%
at 7 h to 31% at 24 h after injection (25). Three days after
the last chronic treatment, when the benzodiazepine receptor
occupancy is only 13% (25), mice were injected with isoniazid
and the challenge drugs. Consistent with the result of the
repeated intraperitoneal treatment protocol, the abecarnil-
treated mice failed to develop tolerance to the anticonvulsant
effect of abecarnil but did develop cross-tolerance to the anti-
convulsant effects of both imidazenil (1 mg/kg) and diazepam
(3 mg/kg) (Table 4).

Chronic Administration of Diazepam

As expected (3,4,21), repeated administrations of diazepam
induced tolerance to the anticonvulsant effect of this drug
(Table 5). Mice tolerant to diazepam exhibited cross-tolerance
to the anticonvulsant action of imidazenil (1 mg/kg) but not
to that of abecarnil (1 mg/kg).

DISCUSSION

Chronic administration of classical benzodiazepines in ro-
dents results in both a decrease in GABA, receptor function
and the development of tolerance to most of the pharmacolog-
ical effects of these drugs (5,13,17,21). We have now shown
that long-term treatment with diazepam, a full agonist of the
benzodiazepine receptor, does not induce tolerance to the anti-
convulsant effect of abecarnil, and that long-term treatment
with abecarnil does not induce tolerance to the anticonvulsant
effect of this drug. Thus, challenge doses (0.1 or 1 mg/kg,
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respectively) of abecarnil antagonized with similar efficacies
the tonic-clonic seizures elicited by isoniazid in mice chroni-
cally treated with abecarnil (0.1 or 1 mg/kg, respectively) and
in control animals. The lowest challenge dose (0.1 mg/kg) of
abecarnil was less effective in mice chronically treated with
vehicle than in naive animals. A decreased efficacy of abe-
carnil in animals chronically treated with vehicle was also
observed with regard to the effect of this drug on #-[**S]butyl-
bicyclophosphorothionate ([**SJTBPS) binding to cortical
membranes (24). Repeated handling during chronic vehicle
treatment may account for this decreased efficacy; this conclu-
sion is consistent with evidence that handling habituation re-
duces the effect of anxiolytic drugs (1,3). Our observation
that abecarnil did not induce anticonvulsant tolerance after
chronic treatment in mice is consistent with the results of pre-
vious studies showing little pharmacological tolerance to the
anticonvulsant effect of abecarnil in dogs and rats (14,15).

Although abecarnil was able to antagonize the convulsions
elicited by isoniazid in diazepam-tolerant mice, animals chroni-
cally treated with abecarnil, in which abecarnil mantained its
pharmacological action, developed cross-tolerance to both the
partial agonist imidazenil and the full agonist diazepam. Thus,
imidazenil failed to antagonize isoniazid-induced convulsions in
mice chronically treated with the lowest dose (0.1 mg/kg, IP)
of abecarnil, whereas the anticonvulsant efficacy of diazepam
decreased as the dose of chronic abecarnil treatment increased;
diazepam (3 mg/kg) failed to prevent isoniazid-induced seizures
in all animals treated with abecarnil at 6 mg/kg (SC).

Recent pharmacological and molecular studies have dem-
onstrated that abecarnil and diazepam exhibit qualitatively
different receptor properties. Thus, abecarnil shows less effi-
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cacy at GABA, receptors containing o, and «, subunits than
at receptors containing the «; subunit (10,20), and receptors
containing a, or «g subunits are insentive to diazepam (16,27).
Moreover, variants of the v subunit can influence both affin-
ity and efficacy of diazepam and abecarnil (both are higher in
the presence of v, vs. ¥,) (26). On the basis of these data, one
may speculate that abecarnil acts as a full agonist at popula-
tions of receptors that are also sensitive to diazepam and as a
partial agonist at other receptor populations that are diazepam
insensitive. Thus, chronic treatment with abecarnil would
downregulate those receptors at which it acts as a full agonist,
but not those at which it acts as a partial agonist. The result
of such selective receptor interaction might be the develop-
ment of differential tolerance to diazepam and abecarnil in
animals chronically treated with these drugs.

An alternative explanation of our data is that chronic abe-
carnil treatment might modulate the expression of GABA,
receptor subunit genes in a manner that favors the assembly
of receptors with reduced sensitivity to diazepam but not to
abecarnil. Changes in the abundance of messengers RNAs that
encode various GABA, receptor subunits have been demon-
strated after chronic treatment with benzodiazepine receptor
ligands (12,18).

In conclusion, we have shown that long-term treatment
with abecarnil did not induce tolerance to the anticonvulsant
effect of this drug, and that mice chronically treated with
diazepam did not develop cross-tolerance to abecarnil. Should
these observations be reproduced at the clinical level, abecar-
nil may prove a useful therapeutic agent with which to treat
patients who are tolerant to the anticonvulsant effect of classi-
cal benzodiazepine full agonists.
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