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Abstract

Ž .The non-selective a-amino-3-hydroxy-5-methyl-isoxazole-4-propionic acid AMPA receptor antagonists, 2,3-benzodiazepine deriva-
Ž . Ž Ž X .tives CFM-1 3,5-dihydro-7,8-dimethoxy-1-phenyl-4H-2,3-benzodiazepin-4-one and CFM-2 1- 4 -aminophenyl -3,5-dihydro-7,8-di-

. Ž .methoxy-4H-2,3-benzodiazepin-4-one , following intraperitoneal i.p. administration, were studied against audiogenic seizures in
Ž .genetically epilepsy-prone rats GEPRs or pentylenetetrazole induced kindling in rats. After acute i.p. administration the ED values of50

Ž . Ž .CFM-1 against the clonic and tonic phases of the audiogenic seizures 30 min after pretreatment were 40 16–100 and 13 8–25 mmol
y1 Ž . Ž y1.kg , respectively. The animals used for chronic study were treated i.p. daily at 10 h for 4 weeks with CFM-1 20 or 50 mmol kg .

Ž . Ž . y1Chronic treatment for 2 weeks with CFM-1 gave ED values against clonic and tonic seizures of 39 22–69 and 16 8–25 mmol kg ,50
Ž . Ž .respectively, whereas chronic treatment for 4 weeks gave ED values against clonic and tonic seizures of 42 18–98 and 17 7–41.350

mmol kgy1, respectively. The duration of anticonvulsant activity observed between 0.5 and 4 h following administration of CFM-1 was
Ž y1 .similar for acute and chronic treatment. Two groups of Sprague–Dawley rats received CMF 20 or 50 mmol kg 30 min before a

Ž y1 . Žsubconvulsant dose of pentylentetrazole 25 mg kg i.p. which is able to increase seizure severity in control animals i.e., chemical
.kindling . Pretreatment with CFM-2 delayed the progression of seizure rank during repeated administration of pentylentetrazole. At the

Ž .end of the period of repeated pentylentetrazole treatment 6 weeks the mean seizure score was 0 in vehicle treated controls, 4.3 in
Ž y1 .animals treated with vehicleqpentylentetrazole, 2.2 in rats treated chronically with CFM-2 20 mmol kg i.p. qpentylentetrazole and

Ž y1 .1.0 in rats treated repeatedly with CFM-2 50 mmol kg i.p. qpentylenetetrazole. CFM-2 was also able to antagonize the long-term
increase in sensitivity of the convulsant effects of GABA function inhibitors in pentylentetrazole-kindled animals. Thus, the administra-

Ž y1 . Ž y1 .tion of a challenge dose of pentylentetrazole 15 mg kg i.p. or picrotoxin 1.5 mg kg i.p. 15 or 30 days after the end of the
repeated treatment showed that animals treated with CFM-2 were significantly protected against seizures induced by pentylentetrazole or
picrotoxin. The data suggest that, following repeated treatment, tolerance to the novel AMPA receptor antagonists does not develop
Ž .CFM-1 in genetically epilepsy-prone rats and CFM-2 in the pentylentetrazole kindling model of epilepsy . Thirteen minutes after drug
injection on days 1, 14 and 28 of chronic treatment the motor impairment induced by these compounds was studied with a rotarod
apparatus. The TD values for CFM-1 or CFM-2-induced impairment of locomotor performance were similar following acute and50

repeated treatment. The data also suggest that some novel 2,3-benzodiazepines may have clinical potential for some types of epilepsy.
q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Excitatory amino acids, aspartate and glutamate, are the
major excitatory neurotransmitters in the central nervous
system. Compounds acting as antagonists at a-amino-3-

Ž .hydroxy-5-methyl-isoxazole-4-propionic acid AMPA re-
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ceptors have been shown to possess anticonvulsant pro-
Žperties in various experimental models of epilepsy De

Sarro et al., 1987, 1995; Croucher et al., 1988; Patel et al.,
.1988; Chapman et al., 1991; Rogawski, 1993 . In parti-

Ž .cular, 6-nitro-7-sulfamoylbenzo F quinoxaline-2,3-dione
Ž . Ž . ŽNBQX , 1- 4-aminophenyl -4-methyl-7,8- methylen-

. Ž .edioxy -5H-2,3-benzodiazepine GYKI 52466 and novel
Ž2,3-benzodiazepines 3,5-dihydro-7,8-dimethoxy-1-phenyl-

Ž X4H-2,3-benzodiazepin-4-one—CFM-1 and 1- 4 amino-
.phenyl -3,5-dihydro-7,8-dimethoxy-4H-2,3-benzodiazepin-

.4-one—CFM-2 have recently been shown to exhibit anti-
convulsant activity in DBAr2 mice and in genetically

Žepilepsy-prone rats Chapman et al., 1991; Smith et al.,
.1991; De Sarro et al., 1995, 1999; Chimirri et al., 1997 . In

Ž .contrast, 6,7-dinitroquinoxaline-2,3-dione DNQX , 6-
Ž .cyano-7-nitroquinoxaline-2,3-dione CNQX and a selec-

tive AMPA receptor antagonist, NBQX, do not have very
strong and consistent anticonvulsant activity in the
pentylenetetrazole model, being active against the tonic

Ž .hind limb component Velisek et al., 1995 .
Tolerance to the anticonvulsant action of benzodi-

azepines and other classical anticonvulsant drugs has been
Žstudied in experimental animals Lippa and Regan, 1977;

File, 1983; Schmidt et al., 1986b; De Sarro et al., 1992,
.1996a . Clinical reports suggest a similar situation, i.e., an

especially rapid development of tolerance to benzodi-
Ž .azepines Oxley, 1986; Schmidt et al., 1986a,b . Chronic

administration of 2-amino-7-phosphonoheptanoic acid
Ž .AP7 , cis-4-phosphonomethyl-2-piperidine-carboxylic

Ž . Ž .acid CGS 19755 and 3- 2-carboxypiperazine-4-yl
Ž . Ž .propenyl-1-phosphonic acid CPPene and DL- E -2-

Žamino-4-methyl-5-phosphono-3-pentenoic acid CGP
. Ž .37849 and its carboxyethylester CGP 39551 did not

result in diminution of their anticonvulsant effects in ro-
Ždents Boast et al., 1988; Chapman, 1988; Smith and

.Chapman, 1993; De Sarro et al., 1996b . Since no data
were available for tolerance to anticonvulsant effects of
AMPA receptor antagonists in genetically epilepsy-prone
rats, we now studied the development of tolerance to one
of these 2,3-benzodiazepines acting as an excitatory amino
acid antagonist. This experimental genetic model of
epilepsy lends itself to following the development of toler-
ance over time. In this strain of rats, the seizures are
relatively stable, so that drug effects on seizure activity can
be measured repeatedly and the rate of tolerance develop-
ment can be monitored. In contrast to experiments in
which chemical convulsants are used, this model allows no
possibility of drug interaction and there is no concern that
reduced anticonvulsant effectiveness might result from the
treated animal becoming more sensitive to the convulsant
drug during chronic treatment.

Kindling is a model of epilepsy that has the advantages
Žof both the epileptogen and spontaneous models Moshé

and Ludwig, 1988; Majkowski, 1989; McNamara, 1989;
.Mutani et al., 1991 . On one hand, the initiation of seizures

is definitely the result of epileptogenic manipulation and is

Fig. 1. Chemical structure of compounds studied.

highly time-connected to it. On the other hand, there is a
close relation between the behavioural and electrocortico-
graphic features of seizures and the intensity and duration
of the kindling stimuli. Kindling is usually considered a

Ž .drug-resistant model of epilepsy Loscher, 1993 . In these¨
Ž X .experiments, we studied the action of 1- 4 -aminophenyl -

3,5-dihydro-7,8-dimethoxy-4 H-2,3-benzodiazepin-4-one
Ž .CFM-2 on the development of kindling and on the

Ž .post-kindling state in a chemically pentylenetetrazole
kindled rat model. To allow better comparison of these
different compounds, an attempt was made to choose
anticonvulsant doses that would be approximately equief-
fective, based on dose–response activity of these drugs in
preliminary experiments and on the results of a previous

Ž .study De Sarro et al., 1995, 1999; Chimirri et al., 1997 .
ŽSince the solvent used for some experiments 30%

Ž . .dimethylsulfoxide DMSO with 70% sterile saline can
affect seizures induced by pentylentetrazole, an attempt
was made to choose a hydrochloride salt of CFM-2, easily
soluble in sterile saline for the pentylentetrazole kindling
study. The CFM-1 derivative was used for chronic treat-
ment in genetically epilepsy-prone rats because dimethyl-
sulfoxide solution does not affect seizure response in

Žgenetically epilepsy-prone rats De Sarro and De Sarro,
.1993; De Sarro et al., 1990, 1996a, 1999 .

In addition, the effects on motor function in rats of both
compounds CFM-1 and CFM-2 were assessed in the ro-
tarod test. The resulting effects were assessed so as to
demonstrate the clinical potential of these novel com-
pounds. We also aimed to find whether these compounds
had similar tolerance profiles in two different models of

Ž .epilepsy Fig. 1 .

2. Materials and methods

2.1. Animals

Genetically epilepsy-prone rats, a strain derived from
Sprague–Dawley rats were supplied from our breeding
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Ž .stock Institute of Pharmacology, Messina from a colony
kindly supplied by Dr. B.S. Meldrum, London University.
The latter colony was obtained from the colony maintained

Žby Dr. P.C. Jobe at Lousiana State University Shreveport,
.USA . Progenitors of the latter were raised at the Univer-

Ž Ž ..sity of Arizona and named UAZ:AGS SD . The rats
Žwere housed three or four per cage 350=530 mm long=

. Ž180 mm high under stable conditions of humidity 60"
. Ž .5% and temperature 21"28C and allowed free access to

food and water until the time of the experiments. The
animals were maintained on a 12 h light and 12 h dark

Ž .cycle lights on 19.00–07.00 h, off 1900–0700 h . Geneti-
cally epilepsy-prone rats were tested three times at weekly
intervals between 6 and 8 weeks of age and only animals

Ž .which showed an audiogenic seizure score 9 in all three
exposures to sound stimulation were used for these experi-
ments.

One hundred Sprague–Dawley rats, weighing 250–280
g at the beginning of experiments were used for kindling
studies. The animals were purchased from Harlan-Nossan
Ž .Corezzana, Milano, Italy . The experimental protocol and
all the procedures involving animals and their care were
conducted in conformity with the institutional guidelines
and the European Council Directive of Cares and Policies.

2.2. Surgical procedure and kindling phase

Fronto-parietal steel screw electrodes were implanted
bilaterally, while the ground electrode was implanted
epidurally over the nasal bone under chloral hydrate anes-

Ž y1 .thesia 400 mg kg i.p. . The kindling phase of the
experiment began at least 7 days after surgery. Pentylente-
trazole was given i.p. to each rat at the dose of 25 mg

y1 Žkg on Mondays, Wednesdays and Fridays i.e., three
.times a week at 09.00 h, for up to six consecutive weeks.

When a rat treated with pentylentetrazole had a seizure
score of 4 or 5 after three consecutive injections, it was
defined as kindled, and it was used for the next study. In
particular, when the animals showed behavioral and elec-
trocortical seizures, CFM-2 was administered at doses of
10, 20, 30 or 50 mmol kgy1 i.p., 30 min before a 25 mg
kgy1 dose of pentylentetrazole i.p. Control rats received an

Ž .equivalent volume of solvent sterile saline . Electrocorti-
cal activity was recorded with an 8-channel electrocortical

Ž .EcoG machine OTE Biomedica, Firenze, Italy .
The animals were immediately placed in a circular

Ž .Plexiglass chamber 50 cm diameter and the time from
Žinjection until response onset latency for the myoclonic

.jerk, generalized clonus, and tonus was recorded and
scored according to the scale described below. The rats
were observed for a maximum of 60 min following penty-
lentetrazole administration. Seizure severity was scored
according to the following scale: 0sno seizure; 1sear
and facial twitching; 2smyoclonic body jerks associated

with behavioural rest; 3 s clonus of forelimb; 4 s
generalized seizures with rearing and falling; 5 s
generalized seizures with tonic hind limb extension and
status epilepticus.

2.3. AnticonÕulsant actiÕity of CFM-1 in genetically
epilepsy-prone rats

Seizures were induced in genetically epilepsy-prone
Ž .rats, 190–250 g, 10 to 14-week old, male ns96 by

exposing them to a mixed frequency sound of 12–16 kHz,
Ž109 dB intensity under a hemispheric plexigas dome 58

.cm diameter . Individual animals were initially tested 10
min before sound stimulation for assessment of locomotor
activity and then placed in the dome for habituation and
assessment of anticonvulsant activity. Auditory stimulation
was applied for 60 s or up to the onset of convulsions. A
full seizure response consisted of one or two running

Žphases, followed by a convulsion clonus of forelimbs,
.hindlimbs, head, pinnae, vibrissae and tail and tonic ex-

Ž .tension to give a score of 9 Jobe, 1981 . The audiogenic
seizure response was assessed on the following previously

Ž .reported scale De Sarro et al., 1990 : 0sno response,
1s running only, 2s two running phases, followed by a

Žclonic convulsion clonus of forelimbs, hindlimbs, head,
.pinnae, vibrissae and tail , 3sone running phase, fol-

Žlowed by a clonic convulsion clonus of forelimbs,
.hindlimbs, head, pinnae, vibrissae and tail , 4s two run-

ning phases followed by tonus of neck, trunk and forelimb
and hindlimb clonus, 5sone running phase followed by
tonus of neck, trunk and forelimb and hindlimb clonus,
6s two running phases followed by nearly complete tonic
extension except hindfeet, 7sone running phase followed
by nearly complete tonic extension except hindfeet, 8s two
running phases followed by complete tonic extension,
9sone running phase followed by complete tonic exten-
sion. The maximum response was recorded for each ani-
mal. Behavioural changes were observed during the period
between drug administration and auditory testing.

2.4. Chronic treatment in genetically epilepsy-prone rats

The chronic treatment with CFM-1 was administered
i.p. to genetically epilepsy-prone rats once daily, at 10 h.
The doses used were: CFM-1 20 and 50 mmol kgy1, these
doses had decreased the tonic or clonic component of
audiogenic seizures by 80–90%. Control rats received a
solution containing 30% dimethylsulfoxide on 70% saline

Žas appropriate. Treatments lasted 4 weeks. One day i.e.,
.24 h after the end of chronic treatment, the auditory

stimulation was administered again to test for residual drug
effects. The animals were usually tested 30 min following
i.p. administration of the compound, while for the time
course studies the genetically epilepsy-prone rats were
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exposed to the sound stimulus at 0.5, 1, 1.5, 2, 3 and 4 h
after oral administration of the compound.

2.5. Chronic treatment and behaÕioral obserÕation on
deÕelopment of pentylentetrazole kindling

Pentylentetrazole was given i.p. at the dose of 25 mg
y1 Žkg on Mondays, Wednesdays and Fridays i.e., three

.times a week at 09.00 h, for up to 6 consecutive weeks.
CFM-2 was administered at the doses of 20 or 50 mmol
kgy1 i.p., 30 min before each dose of pentylenetetrazole
throughout the chronic treatment. These doses of CFM-2
were able to reduce the severity of kindled seizures to
score 2 and score 1 of pentylenetetrazole-kindled seizures.
Control rats received an equivalent volume of solvent
Ž .sterile saline . A fourth group of kindled animals were

Ž y1 .treated with CFM-2 20 mmol kg i.p. three times daily
Ž .at 9, 15 and 21 h for 4 weeks. Control animals received
an equivalent volume of sterile saline at the same time.

The animals were immediately placed in a circular
Plexiglass chamber and the time from injection until re-

Žsponse onset latency for the myoclonic jerk, generalized
.clonus, and tonus was recorded and seizure severity was

Žscored according to the scale described below Section
.2.2 . The rats were observed for a maximum of 60 min

following pentylenetetrazole administration. Rats which
failed to display tonus in this time were assigned a tonic
latency of 60 min.

The mean value of three seizure scores recorded for
each rat in each week of treatment was used for statistical
analysis. When a rat treated with pentylenetetrazole alone
had a seizure score of 4 or 5 after three consecutive
injections, it was defined as kindled, and its treatment was
discontinued. On the same day, the treatment of one rat in
each of the other experimental groups was discontinued in
order to have comparable withdrawal periods across treat-
ments. The rats whose treatment was discontinued upon
fulfilment of the kindling criteria were assigned the score
of their last week of treatment in each of the remaining
weeks for the calculation of the results shown in Fig. 2. At
the end of the repeated treatment, kindled rats receiving

Ž .CFM-2 three times daily were treated one day i.e., 24 h
after the last CFM-2 or vehicle injection, respectively, and
the kindling stimulus was administered again to test for
residual drug effects. All rats were coded and the persons
involved in behavioural observations were not aware of
which rats were kindled, i.e., experiments were done blind.

2.6. Challenge with pentylenetetrazole

Two independent challenge experiments were per-
Ž y1 .formed using pentylenetetrazole 15 mg kg , i.p. 15

days after the completion of the chronic treatment and the
rats were observed for 1 h after the injection in order to
determine the incidence of convulsions. Experiment 1 was
carried out using 10 control rats chronically treated with

Ž .Fig. 2. Dose-dependent effects of CFM-2 administered 30 min before
on severity and cortical afterdischarges elicited in pentylenetetrazole-kin-
dled rats by i.p. administration of pentylenetetrazole 25 mg kgy1. Ordi-
nate shows seizure score, abscissa shows the dose expressed as mmol
kgy1 i.p. Six to ten animals were used for the determination of each
point. Significant differences are denoted by aP -0.05; bP -0.01 using

Ž .Mann–Whitney U-test seizure score or Wilcoxon two sample test
Ž .cortical afterdischarges .

Žsaline, 10 rats kindled with pentylenetetrazole 25 mg
kg y1 i.p. three times a week and 8 rats treated with

Ž y1 .pentylenetetrazole plus CFM-2 20 mmol kg i.p. . Ex-
periment 2 was done with 10 control rats, 10 pentylenete-
trazole-kindled rats and 8 rats treated with pentylenetetra-

Ž y1 .zole plus CFM-2 50 mmol kg i.p. .

2.7. Challenge with picrotoxin

One month after the challenge with pentylenetetrazole,
the animals used in experiments 1 and 2 were divided into
two groups of identical composition: 8 saline controls, 10
pentylenetetrazole-kindled rats and two groups of 8 rats

Žeach treated with pentylenetetrazoleqCFM-2 20 or 50
y1 .mmol kg i.p. . All groups were challenged with picro-

Ž y1 .toxin 1.5 mg kg , i.p. . The rats were observed for 1 h
after picrotoxin in order to determine the incidence of
seizures.

2.8. Effects on motor moÕements

Genetically epilepsy-prone rats or Sprague–Dawley
treated with CFM-1 or CFM-2, respectively, were trained
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just before anticonvulsant testing to do coordinated motor
movements continuously for 5 min on a rotarod 4 cm in

Ž .diameter 4.5 rpm. U. Basile, Comerio, Varese, Italy .
Impairment of coordinated motor movements was defined
as inability of the animals to remain on the rotarod for a
test period of 5 min according to Dunham and Miya
Ž .1957 . On the morning of days 1, 14 and 28, the locomo-
tor performance of the genetically epilepsy-prone rats or of
Sprague–Dawley rats was usually assessed at 30 min after
i.p. administration. The last day of the chronic treatment
for the subgroups of 5–8 rats treated chronically with
CFM-1, CFM-2 or vehicle for 14 or 28 days, were tested
30 min after the administration of the compounds to assess
possible changes in the impairment of locomotor perfor-
mance.

2.9. Statistical analysis

The maximum response for each animal was recorded.
Comparisons were made between the results for the first
and the final treatment day, using baseline values and
results recorded 24 h after the final chronic dose, respec-
tively. The effects of the treatment were analyzed statisti-
cally using non-parametric methods. Kruskall–Wallis
Analysis of Variance was first carried out and if this
showed significance a Mann–Whithey U-test was used to
compare control and drug-treated genetically epilepsy-
prone rats. The percentage of animals exhibiting tonic

Ž . Žextension seizure scores6–7 or clonic phase seizure
.scores2–3 of the audiogenic seizure was determined for

each dose and these values were plotted against corre-
Žsponding doses for calculation of ED values with 95%50

. Ž .confidence limits . Latencies to fall s as a measure of
locomotor performance were converted to percentages of
the respective vehicle-treated groups and used to calculate

Ž .the TD values with 95% confidence limits . The ED50 50

and TD values for each compound were determined50
Ž .using the method of Litchfield and Wilcoxon 1949 . At

least 32 animals were used to calculate each ED values.50

Pentylenetetrazole seizure latencies were compared us-
Ž .ing a two-way Analysis of Variance ANOVA with a

Tukey’s post hoc test and seizure severity scores were
compared between groups using a Kruskall–Wallis non-
parametric ANOVA followed by a Mann Whitney U-test.
Data were compared with the Kruskall–Wallis analysis by
ranks and Fisher’s exact probability test. Electrocortical
afterdischarges were analysed using the Wilcoxon two-
sample test. All tests were used two-sided and P-0.05
was considered significant. At least five animals were used
for each dose level studied.

2.10. Drugs

Pentylenetetrazole and picrotoxin were purchased from
Ž .Sigma Milan, Italy , 3,5-dihydro-7,8-dimethoxy-1-phenyl-

Ž4H-2,3-benzodiazepin-4-one CFM-1, molecular weight,

. Ž X .MWs296.15 and 1- 4 -aminophenyl -3,5-dihydro-7,8-di-
methoxy-4 H-2,3-benzodiazepin-4-one hydrochloride
ŽCFM-2, MWs345.07, now available from Tocris Cook-

. Žson were obtained from Prof. A. Chimirri Dipartimento
.Farmaco Chimico, University of Messina, Italy . All com-

pounds were easily dissolved in sterile saline, with the
exception of CFM-1 which was dissolved in 30% DMSO
and 70% sterile saline. For repeated administration, all

Žcompounds were administered i.p. 0.4 mlr100 g of body
.weight of the rat as fresh solution.

3. Results

3.1. AnticonÕulsant actiÕity of CFM-1 in genetically
epilepsy-prone rats

To allow a better evaluation of CFM-1 anticonvulsant
effects, anticonvulsant doses were chosen that would be
able to reduce the severity of audiogenic seizures, based on
dose–response activity of these compounds in preliminary

Žexperiments De Sarro et al., 1995, 1999; Chimirri et al.,
. Ž .1997 . Significant protection P-0.01 against the audio-

genic seizure phases in genetically epilepsy-prone rats was
Ž y1observed after CFM-1 50, 66 and 100 mmol kg i.p.,

.Table 1 . The dose of CFM-1 required to completely
Ž y1 .abolish audiogenic seizures 100 mmol kg i.p. was not

associated with mild ataxia, sedation, reduction in locomo-
tor activity or similar signs observed after i.p. injection of

Ž .higher doses of CFM-1 De Sarro et al., 1999, in press .
Ž .The relative ED values with 95% confidence limits of50

CFM-1 are reported in Table 2. The duration of anticon-
vulsant protection observed after i.p. administration of

Ž y1 .CFM-1 50 mmol kg following acute and repeated
treatment is shown in Table 3. The anticonvulsant activity

Table 1
The effect of CFM-1 on audiogenic seizures in genetically epilepsy prone
rats

Treatment Concentration Vehicle Drug
y1Ž .mmol kg

Ž . Ž .CFM-1 10 9.0"0 8 8.5"0.5 8
Ž . Ž .21 9.0"0 8 6.0"1.0 8

bŽ . Ž .33 9.0"0 8 3.0"1.0 8
bŽ . Ž .50 9.0"0 8 2.0"1.0 8
bŽ . Ž .66 9.0"0 8 1.0"1.0 8

bŽ . Ž .100 9.0"0 8 0"0 8

Groups of genetically epilepsy-prone rats were administered i.p. the
stated doses of the drugs or vehicle and exposed to auditory stimulation
30 min later.
Incidence of each seizure phase was recorded and median seizure score"

interquartile range for each dose is given.
The number of animals used are in parentheses.
Significant differences in the incidence of seizure phases between concur-
rent control and drug-treated group are denoted by aP -0.05; bP -0.01,
Mann–Whitney U-test.
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Table 2
Ž y1 .Effects of CFM-1 20 or 50 mmol kg on audiogenic seizures and

rotarod performance in genetically epilepsy-prone rats

Treatment CFM-1
y1 y120 mmol kg 50 mmol kg

Acute administration
Ž .ED50 clonus 40 16–100
Ž .ED50 tonus 13 8–25
Ž .TD50 128 98–167

TI 3.2

Repeated treatment for 14 days
Ž . Ž .ED clonus 39 22–69 34.1 23.5–49.550
Ž . Ž .ED tonus 16 8–25 17.2 14.3–20.750
Ž . Ž .TD 138 106–180 138 106–18050

TI 3.5 4.0

Repeated treatment for 28 days
Ž . Ž .ED clonus 42 18–98 35.7 29.3–43.450
Ž . Ž .ED tonus 17 7–41.3 15.9 7.3–33.550
Ž . Ž .TD 149 101–220 134 96–18750

TI 3.6 3.8

Ž .ED or TD values with 95% confidence limits of CFM-1 adminis-50 50
Ž .tered i.p. 30 min before test against the clonic and tonic phases of the

audiogenic seizures in genetically epilepsy-prone rats were calculated
Ž .according to the method of Litchfield and Wilcoxon 1949 and expressed

as mmol kgy1.
Ž .Therapeutic index TI sTD rED clonus.50 50

of this compound was evident after 30 min, with maximum
protection 1–2 h after the administration. The antiseizure
action was reduced after 3 h and had disappeared com-
pletely at 4 h after the i.p. administration of CFM-1.
Similar anticonvulsant potency and duration of effects
were observed following 4 weeks of treatment with CFM-1.

3.2. AnticonÕulsant actiÕity of CFM-1 after chronic
administration

Fifty genetically epilepsy-prone rats were used for
chronic treatment with CFM-1. Chronic treatment with i.p.

Ž .administration of the vehicle DMSO and saline, 20 rats
had no effect on any of the audiogenic seizure phases
Ž .P)0.13 There was no statistically significant reduction
of CFM-1 effects over time as measured from the occur-
rence of various phases of the audiogenic seizures in the

Ž .chronic treatment groups Tables 2 and 3 . The effect of
the various doses of CFM-1 on incidence of seizure phases
was maintained for 28 days. The occurrence of phases of
audiogenic seizures appeared almost similar to that ob-
served on the first treatment day. No residual drug effects
were observed in rats 24 h after chronic treatment for 4
weeks.

3.3. Effects on motor impairment

After doses of CFM-1 higher than those which showed
full anticonvulsant activity, transient ataxia was observed

in the majority of the genetically epilepsy-prone rats. This
was reflected by an impairment of locomotor activity 30
min after acute or chronic administration of CFM-1. All
animals which received vehicle stayed balanced for 5 min
on the rotarod. After the acute administration of large

Ž y1 .doses of CFM-1 140 or 180 mmol kg i.p. an impair-
ment of locomotor performance was observed in geneti-
cally epilepsy-prone rats from 0.5 to 4 h. Since the
TD rED ratios were quite similar during the first 4 h50 50

we decided to measure the TD values at 30 min during50
Žchronic treatment. The doses of CFM-1 20 and 50 mmol

y1 . Ž y1 .kg and CFM-2 20 and 50 mmol kg used during
chronic treatment were not able to induce ataxia, decreased
muscle tone and reduction in locomotor activity or loss of
righting reflex or any other adverse effects. The relative

Ž .TD values with 95% confidence limits of CFM-1 dur-50

ing acute and repeated treatment are given in Table 2. The
Ž .TD values with 95% confidence limits of CFM-2 dur-50

ing acute and repeated treatment are given in Table 6.

3.4. Effects of repeated treatment with CFM-2 on
deÕelopment of pentylenetetrazole kindling

To allow better evaluation of the anticonvulsant activity
of CFM-2, anticonvulsant doses were chosen that would be
able to reduce the severity of behavioural seizures induced

Žby pentylenetetrazole kindling. Significant protection P-
.0.01 against the kindling seizures in rats was observed

Ž y1 . Ž .after CFM-2 20 and 50 mmol kg i.p. Fig. 2 . The
doses of CFM-2 required to significantly reduce kindling

Ž y1 .seizures 20 and 50 mmol kg i.p. were not associated
with mild ataxia, sedation, reduction in locomotor activity
or other similar signs observed after i.p. injection of higher

Ž .doses of CFM-2 De Sarro et al., 1999, in press . The

Table 3
Ž y1 .Effects of CFM-1 50 mmol kg on audiogenic seizures in genetically

epilepsy-prone rats after acute and repeated treatment

Ž .TIME h Treatment

Acute Repeated

Ž . Ž .Control 9.0"0 8 9.0"0 8
b bŽ . Ž .0.5 2.0"1.0 8 2.0"1.0 8

b bŽ . Ž .1 0"0 8 0"0 8
b bŽ . Ž .1.5 1.0"1.0 8 1.0"1.0 6
a bŽ . Ž .2 5.0"1.0 8 4.0"1.0 8

Ž . Ž .3 6.0"1.0 5 6.0"1.0 6
Ž . Ž .4 9.0"0 8 9.0"0 8

Groups of genetically epilepsy-prone rats were administered i.p. the
stated doses of CFM-1 and exposed to auditory stimulation after various
intervals.
Incidence of each seizure phase was recorded and median seizure score"

interquartile range is reported.
The number of animals used is reported in brackets.
Significant differences in the incidence of seizure phases between concur-
rent control and drug-treated group are denoted by aP -0.05; bP -0.01
using Mann–Whitney U-test.
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repeated treatment with pentylenetetrazole at a subconvul-
Ž y1 .sant dose 25 mg kg i.p. , three times a week, induced

chemical kindling, as reflected by the progressive increase
in the mean seizure score observed from the first week on.
CFM-2 was able to reduce both the incidence and the
severity of seizures occurring during the repeated treat-
ment with pentylenetetrazole in a dose-dependent manner.
As shown in Fig. 3, by the end of the repeated treatment
with vehicleqpentylenetetrazole the mean seizure score
was 4.1 and 18 out of 20 rats showed at least phase 4.
When the animals were pretreated with CFM-2, 20 or 50
mmol kgy1 i.p., the mean seizure score was 2.2 and 1.0,
respectively.

Another series of experiments studied whether or not
previous treatment with CFM-2 was able to reduce or to
delay the development of the long-term sensitization to the
effects of pentylenetetrazole kindling which induced an
impairment of GABAergic neurotransmission. As shown
in Fig. 4 challenge with pentylenetetrazole, 15 days after
the end of repeated treatment, elicited seizures in 2 out of

Ž y1 .8 animals receiving CFM-2 20 mmol kg i.p. q
Žpentylenetetrazole in 1 out of 8 rats receiving CFM-2 50

y1 .mmol kg i.p. qpentylenetetrazole, in 9 out of 10 rats
treated with vehicleqpentylenetetrazole and in 0 out of 10
animals treated with vehicle. There was also a marked
difference 30 days after completion of the repeated treat-
ment in the incidence of seizures induced by a challenge

Ž y1 .dose of picrotoxin 1.5 mg kg i.p. . Picrotoxin was able
to induce seizures in all 10 vehicleqpentylenetetrazole
kindled rats but not in rats chronically treated with CFM-2
Ž y1 . Ž .20 or 50 mmol kg i.p. or vehicle Fig. 4 . The duration

Fig. 3. Dose-dependent effects of CFM-2 on kindling induced by
pentylenetetrazole in rats during repeated treatment for 6 weeks. CFM-2
Ž y1 .20 or 50 mmol kg i.p. was administered 30 min before each injection
of pentylenetetrazole. Pentylenetetrazole was administered i.p. at the dose
of 25 mg kgy1 three times a week. Control animals received an equiva-
lent volume of the vehicle 30 min before pentylenetetrazole. The number
of rats in each experimental group was as follows: Vehicle 20; Vehicleq

Ž y1 .pentylenetetrazole 24; CFM-2 20 mmol kg i.p. qpentylenetetrazole
Ž y1 .10; CFM-2 50 mmol kg i.p. qpentylenetetrazole 10. A Kruskall–

Wallis analysis by rank revealed some significant differences between the
vehicleqpentylenetetrazole group and the other experimental groups
Ža .P -0.05 .

Fig. 4. Effects of challenge with pentylenetetrazole on rats receiving
Ž y1repeatedly vehicle, vehicleqpentylenetetrazole or CFM-2 20 mmol kg

. Ž y1 . Ž .i.p. qpentylenetetrazole or CFM-2 50 mmol kg i.p. for 6 weeks. A
Ž y1 .Challenge with pentylenetetrazole 15 mg kg i.p. 15 days after the end

Ž .of repeated treatment, when clonic seizures were seen. B Challenge
Ž y1 .with picrotoxin PTX, 1.5 mg kg i.p. 30 days after the end of repeated

treatment, when clonic seizures were seen. Significant differences are
denoted by bP -0.01, Fisher’s exact probability test.

of anticonvulsant protection observed after acute and re-
Ž y1 .peated treatment with CFM-2 50 mmol kg is given in

Table 4.

Table 4
Ž y1 .The effect of CFM-2 50 mmol kg on pentylenetetrazole induced

kindling seizures in rats after chronic treatment

Ž .TIME h Treatment

Acute Repeated

Ž . Ž .Control 5.0"0 8 5.0"0 8
b bŽ . Ž .0.5 1.0"1.0 8 1.0"1.0 6

b bŽ . Ž .1 0"0 6 0"0 6
b bŽ . Ž .1.5 0"0 6 0"0 6

b bŽ . Ž .2 3.0"1.0 6 2.0"1.0 6
aŽ . Ž .3 4.0"1.0 6 3.0"1.0 6

Ž . Ž .4 5.0"1.0 6 5.0"1.10 6

Groups of rats were administered i.p. the stated doses of CFM-2 and
exposed to pentylenetetrazole after various intervals.
Incidence of each seizure phase was recorded and median seizure score"

interquartile range is reported.
The number of animals used is given in brackets.
Significant differences in the incidence of seizure phases between concur-
rent control and drug-treated group are denoted by aP -0.05; bP -0.01
using Mann–Whitney U-test.
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Table 5
Ž y1 .Effects of CFM-2 20 mmol kg on rotarod performance of Sprague–

Dawley rats

Treatment Time

Acute 30 60 90
administration

Ž . Ž . Ž .TD 57.4 48–68.7 46.9 39.1–56.4 94.3 76.2–116.750

Repeated treatment for 14 days
Ž . Ž .TD 58.5 41.6–82.3 48.1 38.7–59.850

Repeated treatment for 28 days
Ž . Ž .TD 58.8 47.2–73.2 48.6 38.4–61.550

Ž .TD values with 95% confidence limits of CFM-2 administered i.p.50
Ž .30, 60 or 120 min before test in Sprague–Dawley rats were calculated

Ž .according to the method of Litchfield and Wilcoxon 1949 and expressed
as mmol kgy1.

3.5. Effects of repeated treatment with CFM-2 on
deÕelopment of pharmacological tolerance in
pentylenetetrazole-kindled rats

In two other groups of kindled rats receiving three times
Ž y1 .daily either CFM-2 20 mmol kg i.p. or vehicle, the

kindling stimulus was discontinued 1 day after repeated
treatments. The data reported in Table 5 show clearly that
CFM-2 did not induce pharmacological tolerance to its
anticonvulsant effects.

4. Discussion

The anticonvulsant potency and duration of anticonvul-
sant effects of CFM-1 appeared similar following acute
and chronic administration to genetically epilepsy-prone
rats. The main finding of present study was the lack of
development of tolerance after repeated treatment with this
AMPA receptor antagonist. This emphasises the marked
difference between classical antiepileptic compounds and
excitatory amino acid antagonists. Tolerance to the anti-
convulsant action of antiepileptic compounds and in partic-
ular to the action of conventional 1,4- and 1,5-benzodi-
azepines has been reported in humans and in animals
ŽBelleville and Fraser, 1957; Yanagita and Takahashi,
1970; Gastaut and Low, 1979; Oxley, 1986; Schmidt et al.,

.1986a,b; De Sarro et al., 1992, 1996a . Indeed, this charac-
Ž . Žteristic of both N-methyl-D-aspartate NMDA De Sarro

.et al., 1996b; Loscher et al., 1988, 1993 and AMPA¨
Ž .Loscher et al., 1993 and present study receptor antago-¨
nists suggests a possible therapeutic use in forms of
epilepsy which become resistant. With the kindled re-
sponse, CFM-2 was able to reduce in a dose-dependent
manner both the clinical signs of seizures and the afterdis-
charge duration, thus differing from competitive NMDA
antagonists which appeared less efficacious in this respect
ŽHolmes et al., 1990; Katayama et al., 1990; Sato et al.,

.1990; Durmuller et al., 1994 . It is important to note that¨ ¨

the seizure score of rats treated repeatedly with
pentylenetetrazole in combination with CFM-2 was greater
than O during the last weeks of chronic treatment, suggest-
ing that the protective effects of CFM-2 are not complete.
One possible explanation for this is that the doses of
CFM-2 used were insufficient to give complete protection
throughout the chronic treatment. Higher doses of CFM-2
could be not studied because of the limited amount of
CFM-2 available for the present study. An alternative
explanation is that tolerance to the protective action of
CFM-2 develops during the chronic treatment with
pentylenetetrazole. This explanation appears to be unlikely
in view of results obtained with the other 2,3-benzodi-
azepine derivative CFM-1 in genetically epilepsy-prone
rats. In spite of this finding of a more potent activity on the
kindled response, there was a slight but sometimes signifi-
cant delay in the development of kindling when CFM-2
was administered daily prior to the kindling test. Our data
also demonstrated that CFM-2 maintained its ability to
reduce the seizures in kindled animals after chronic admin-

Ž .istration Tables 4 and 6 . The present results demonstrate
that CFM-2 can delay the development of a progressive
increase in the severity of seizures and the permanent
sensitization to the convulsant effects of GABA function
inhibitors observed in animals treated chronically with a
subconvulsant dose of pentylenetetrazole. The results con-
firm the hypothesis that NMDA receptor activation is

Žimportant for the induction of kindling Croucher et al.,
1988; Holmes et al., 1990; Sato et al., 1990; Durmuller et¨ ¨

Table 6
Ž y1 .Effects of chronic treatment with CFM-2 20 mmol kg on develop-

ment of pharmacological tolerance in pentylenetetrazole-kindled rats

Treatment Experimental group Seizure Number
of ratsLatency Score

1 day after acute administration
Vehicleq
Pentylenetetrazole 5.5"1.8 4.3 10
CFM-2q

b bPentylenetetrazole )60 2.2 10

1 day after chronic administration
Vehicleq
Pentylenetetrazole 5.8"2.4 4.2 20
CFM-2q

b aPentylenetetrazole )60 2.4 20

Ž y1 .Kindled animals were injected with CFM-2 20 mmol kg or vehicle
Žthree times daily and pentylenetetrazole was administered i.p. 25 mg

y1 .kg three times weekly for 4 weeks.
One day after the last injection of CFM-2 the animals were challenged
with CFM-2 or vehicle followed 30 min later by the injection of
pentylenetetrazole.
Rats were observed for 60 min after pentylenetetrazole. Significant
differences in latency are denoted by bP -0.01, ANOVA.
Significant differences in the incidence of seizure phases between concur-
rent control and drug-treated group are denoted by aP -0.05; bP -0.01,
Mann–Whitney U-test.
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.al., 1994 , whereas activation of AMPA receptors is impor-
tant for the behavioural and electrical expression of kin-

Ždled seizures Bawin et al., 1993; Durmuller et al., 1994;¨ ¨
.Namba et al., 1994 . Earlier studies that addressed the role

of AMPArkainate receptors in kindling employed focal
intracerebral microinjections of g-D-glutamylami-

Ž .nomethylsulphonic acid GAMS , a rather weak glutamate
receptor antagonist acting preferentially on the
AMPArkainate receptors. GAMS increased the threshold
in electrically kindled amygdala for both afterdischarge

Ž .and behavioural seizure Saitoh et al., 1991 . In addition,
Ž .Croucher et al. 1988 demonstrated that GAMS, microin-

jected repeatedly into the prepyriform cortex, delayed the
kindling process. The differences between the study of

Ž .Croucher et al. 1988 and ours might be due to partial
selectivity of GAMS at AMPArkainate receptors andror
be a feature of the injection site. The differences between
our results and those reported by Loscher and Honack¨ ¨
Ž . Ž .1994a merit discussion. Loscher and Honack 1994b¨ ¨

Ž y1reported that, in mice, GYKI 52466 10 and 15 mgrkg
.i.p. significantly increased the threshold for myoclonic

seizures induced by intravenous pentylenetetrazole while
no significant effect was observed following GYKI 52466
20 mgrkgy1 i.p. We used CFM-2, a novel 2,3-benzodi-
azepine which appears more potent and with a longer

Ž .lasting effect than GYKI 52466 Chimirri et al., 1997 , and
administered i.p. a subconvulsant dose of pentylenetetra-

Ž 1.zole 25 mg kgy in a different species of rodent. In
addition, the pharmacological activity that we character-
ized in the present study was the development of kindling
and not the antagonism of myoclonic component of
pentylenetetrazole seizures. Comparison of our experi-
ments with those of Loscher and Honack is thus extremely¨ ¨
difficult, if not impossible. The same applies for the data

Ž .for developing animals used by Velisek et al. 1995 and
for those used here.

After i.p. administration of CFM-1 and CFM-2 there
was no increase of neurological side-effects but the thera-

Ž .peutic indices TIsTD rED of these compounds50 50

showed a gradual reduction of the CFM-1- and CFM-2-in-
duced impairment of locomotor performance. This finding
appears similar to that of previous studies demonstrating
that the repetitive administration of excitatory amino acid
antagonists acting as competitive NMDA receptor antago-

Žnists gradually reduced Cain et al., 1988; Smith and
.Chapman, 1993; De Sarro et al., 1996b or did no change

Ž .Croucher et al., 1988; Holmes et al., 1990 the adverse
behavioural effects. Since we observed some differences in
the TD values after acute and chronic treatment, we50

suggest that there might be tolerance to the adverse effects
of 2,3-benzodiazepines. Reduction in locomotor activity,
sedation, muscle relaxant activity and mild ataxia as side-
effects of these derivatives have been reported by several

Žauthors Honore et al., 1988; Smith et al., 1991; Turski et´
.al., 1992; Yamaguchi et al., 1993; De Sarro et al., 1995;

and might be important factors in the therapeutic window.

In particular, the muscle relaxant effects of AMPArkainate
receptor antagonists are due to an action on spinal reflexes.
GYKI 52466 blocks both mono- and polysynaptic spinal

Žreflexes in cats and rats Tarnawa et al., 1989; Block and
.Schwarz, 1994 . In contrast to the amygdala kindling data

Ž .obtained following competitive CGP 37849 and uncom-
Ž .petitive dizolcipine , NMDA receptor antagonists, CFM-2

plus pentylenetetrazole repeated treatment did not lead to
enhanced susceptibility of kindled rats to stereotyped be-
haviours, confirming that AMPArkainate and NMDA re-
ceptor antagonists do not produce the same functional

Ž .brain changes. However, recently, Loscher 1998 reported¨
that electrical kindling and pentylenetetrazole kindling do
not involve the same brain changes. One possible explana-
tion for this is that electrical kindling increases the number

Žof NMDA receptors in the hippocampus McNamara, 1994;
.Bradford, 1995 and induces long-lasting expression of a

novel population of hippocampal NMDA receptors with
Žaltered sensitivity to NMDA receptor antagonists Kraus et

.al., 1994 . Psychotomimetic effects in man following ke-
tamine and phencyclidine administration have also been

Ž .reported Domino and Luby, 1981; Lodge et al., 1988
Žwith some potentially detrimental effects on learning Mor-

.ris et al., 1986; Collingridge and Bliss, 1987 . In this
Žrespect, some authors Muller et al., 1988; Bliss and

.Collingridge, 1993 demonstrated that long-term potentia-
tion, which is dependent for its induction on the activation
of NMDA receptors and is blocked in the presence of both
competitive and non-competitive NMDA receptor antago-
nists, can proceed in presence of AMPA receptor antago-
nists. Thus, AMPArkainate receptor antagonists may have
significant advantages over NMDA ones. However, it is
too early to draw conclusions with regard to efficacy and
tolerability of these compounds in man: experience has
shown that research in experimental animals can only give
a partial estimation of the clinical efficacy and unwanted
effect profile of experimental compounds. The observed
anticonvulsant efficacy of these AMPArkainate receptor

Ž .antagonists proved to: a be a simple tool for animal
experimental workers to study the effects of chronic AMPA

Ž .receptor blockade, and b indicate the possibility of chronic
administration in man for the treatment of some type of
epilepsy. In addition, the present data confirmed that the
activation of AMPA receptors is important for the be-
havioural and electrical expression of kindled seizures
Ž .Bawin et al., 1993 .
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