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Abstract

7-Nitroindazole, a selective neuronal nitric oxide synthase inhibitor (25-200 mg kg™ ?, intraperitoneally (i.p.)) antagonized audiogenic
seizures in DBA /2 mice in a dose-dependent manner. We investigated the effects of 7-nitroindazole at a dose of 25 mg kg™ ? i.p., which
per se did not show anticonvulsant activity against audiogenic seizuresin DBA /2 mice, on the antiseizure activity of some conventional
antiepileptic drugs. 7-Nitroindazole sometimes potentiated the anticonvulsant activity of carbamazepine, diazepam, lamotrigine, pheny-
toin, phenobarbital and valproate against audiogenic seizuresin DBA /2 mice. The degree of potentiation by 7-nitroindazole was greatest
for phenobarbital and diazepam, less for valproate and least for carbamazepine, lamotrigine and phenytoin. The increase in anticonvul sant
activity was associated with a comparable increase in motor impairment. However, the therapeutic index of combined treatment with
diazepam + 7-nitroindazole, phenobarbital + 7-nitroindazole or valproate + 7-nitroindazole was more favourable than that of the di-
azepam + vehicle, phenobarbital + vehicle or valproate + vehicle treatment. The results indicate that 7-nitroindazole is able to increase
the protective activity of some conventional antiepileptics and this effect appears not to result only from the impaired synthesis of nitric
oxide. In fact, mice receiving 7-nitroindazole (25 mg kg~ 2, i.p.) and L-arginine (30 p.g,/mouse, intracerebroventricularly (i.c.v.) did not
show significant changes of EDg, values in comparison to those of related groups of animals treated with 7-nitroindazole and
anticonvulsants. 7-Nitroindazole was able to increase the brain levels of dopamine and noradrenaline and its anticonvulsant effects and
changes in catecholamine content were antagonized by pretreatment with a-methyl-paratyrosine, an agent inhibiting the synthesis of
catecholamines. The fact that «-methyl-paratyrosine reverses concomitantly both the increase in brain levels of dopamine and
noradrenaline and the anticonvulsant properties of 7-nitroindazole strongly suggests an important role of catecholamines in the antiseizure
activity of 7-nitroindazole. Since 7-nitroindazole did not significantly influence the total and free plasma levels of the anticonvulsant
drugs studied, we suggest that pharmacokinetic interactions, in terms of total or free plasma levels, are not probable. 7-Nitroindazole did
not significantly affect the hypothermic effects of the anticonvulsant compounds studied. 7-Nitroindazole showed an additive effect when
administered in combination with some classical anticonvulsants, most notably diazepam, phenobarbital and valproate and its activity
could be, in part, due to an increase of monoamine levels. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

During the last decade, the gaseous chemical messen-
ger, nitric oxide (NO), has attracted a great dea of atten-
tion since it was found to play a role in a variety of
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physiological processes in the brain (Moncada et al., 1989,
1991; Bredt and Snyder, 1991, 1992, 1994; Garthwaite,
1991, 1993). NO is an atypical regulatory molecule that
acts both as a second messenger and as a neurotransmitter
(Moncada et al., 1991). Severa isoforms of NO synthase
have been cloned including neuronal, endothelial and hep-
atic forms and one such form is present in macrophages
(Dawson and Snyder, 1994). It was reported that an in-
crease in cGMP levels follows the stimulation of glutamate
receptors, mainly of the N-methyl-p-aspartate (NMDA)
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type (Garthwaite et al., 1988; Bredt and Snyder, 1989),
and that NO may serve as a messenger molecule mediating
the physiological actions of L-glutamate and overal neu-
ronal excitability (Bredt and Snyder, 1989; Knowles et al.,
1989). It is widely accepted that enhanced NMDA recep-
tor-mediated synaptic transmission plays a crucia role in
the pathophysiology of a number of neurological diseases
(Klockgether and Turski, 1990; Loschmann et al., 1991;
Meldrum, 1995). NO may be involved in neuron—glia
interactions (Garthwaite, 1991), synaptic plasticity, long-
term potentiation (Bohme et al., 1991; O'Dell et al., 1991;
Schuman and Madison, 1991), long-term depression
(Shibuki and Okada, 1991), and desensitization of the
a-amino-3-hydroxy-5-methyl-4-isoxazole-propionate
(AMPA) receptor (Ito and Karachot, 1991).

The role of NO in epilepsy has been investigated by
several authors and contradictory roles for NO in the
development and pathogenesis of seizures have been sug-
gested. L-N ©-nitroarginine methyl ester (L-NAME) attenu-
ates seizures induced by focal injection of NMDA or
kainic acid into the deep prepiriform cortex (De Sarro et
al., 1991, 1993) and into the hippocampus (Moncada et a .,
1992). In addition, L-NAME and L-N®-monomethyl-
arginine (L-NMMA) attenuate cocaine- bicuculline- or
pentylenetetrazol-induced seizures in mice (Osonoe et al.,
1994; Przegalinski et al., 1994; Hara et a., 1996). In
contrast, administration of L-NAME increases convulsions
induced by NMDA in mice (Buisson et al., 1993). Another
NO synthase inhibitor, L-NCS-nitroarginine (L-NOARG),
potentiates seizures induced in rats by various convul sants,
such as quinolinic acid (Haberny et al., 1992), kainic acid
(Rondouin et al., 1993; Tutka et al., 1996) and bicuculline
(Wang et a., 1994). According to Theard et al. (1995),
acute inhibition of NO synthase activity by L-NOARG
prolongs the duration of bicuculline-induced seizures. L-
NOARG potentiates aminophylline-induced seizures, but
remains ineffective against electroconvulsions, aminooxy-
acetic acid- and pentylenetetrazol-induced convulsions in
mice (Urbanska et a., 1996). L-NOARG has a protective
effect against clonic seizures induced by intracerebroven-
tricular glutamate but does not significantly affect the
convulsive activity of the remaining intracerebroventricu-
lar excitatory amino acids: AMPA, NMDA and trans-(+ )-
1-amino-1,3-cyclopentanedicarboxylic acid (Tutka et al.,
1996). L-NOARG is aso ineffective against tonic-clonic
seizures induced by systemic bicuculline, pentylenetetrazol
and pilocarpine (Tutka et a., 1996).

Drawing a conclusion about the role of NO in epilepsy
is quite complicated, since a wide variety of experimental
epileptic models has been used and often full dosere-
sponses were not or could not be investigated. In addition,
in the earlier studies, non selective inhibitors of neuronal
NO synthase were used. The discovery of the indazole
series of NO synthase inhibitors has allowed better clarifi-
cation of the role of NO in the Central nervous system
(CNS), while 7-nitroindazole proved to have greater selec-

tivity as an inhibitor for neuronal NO synthase than for
endothelial NO in vivo (Babbedge et al., 1993). Although
7-nitroindazole is devoid of hypertensive effects in rodents
(Moore et a., 1993ab; Kelly et al., 1995, Wang et a.,
1995; Smith et al., 1996), few reports have demonstrated
that this compound affects endothelial synthase activity
(Fabricius et al., 1996; Zagvazdin et al., 1996). In addition,
7-nitroindazole attenuates the severity of kainic acid-in-
duced seizures (Mulsch et al., 1994) and pilocarpine-in-
duced seizures in mice (Van Leeuwen et al., 1995).

To clarify better the different effects of NO synthase
inhibitors on the susceptibility to different types of seizures,
we decided to investigate the effects of treatment with
7-nitroindazole on the anticonvulsant properties of carba-
mazepine, diazepam, lamotrigine, phenytoin, phenobarbital
and valproate against audiogenic seizuresin DBA /2 mice.
The effects of the combined treatment of 7-nitroindazole
with the above anticonvulsant drugs on rotarod perfor-
mance, body temperature and total and free plasma levels
of antiepileptics were studied. In addition, an indazole
derivative related to 7-nitroindazole, 3-indazolinone, which
has negligible NO synthase activity (Babbedge et al.,
1993), was used to characterize better the pharmacokinet-
ics and pharmacodynamic interactions of 7-nitro-
indazole and anticonvulsant drugs.

Finally, since recent results have demonstrated an effect
of 7-nitroindazole on monoamine oxidase activity (De-
svignes et al., 1999), we investigated whether the anticon-
vulsant effects of 7-nitroindazole were related to a possible
inhibitory action on monoamine oxidase activity.

2. Materials and methods
2.1. Animals

Male DBA /2 mice weighing 8-12 g (22—26 days old)
or 20-28 g (48-56 days old) were used (Charles River,
Calco, Como, Italy). The animals were housed in groups of
8-10 under a 12-h light /dark cycle (lights on at 7:00 am)
with food and water available ad libitum. Procedures in-
volving animals and their care were conducted in conform-
ity with international and national law and policies.

2.2. Experimental design

DBA /2 mice were exposed to auditory stimulation, 15,
30 or 60 min following intraperitoneal (i.p.) administration
of 7-nitroindazole, 3-indazolinone or vehicle and 45 min
following i.p. injection of carbamazepine, diazepam, lam-
otrigine, phenytoin, phenobarbital and valproate. A group
of animals was pretreated, 2 h before, with a-methyl
paratyrosine 125 or 250 mg kg~* and then given 7-
nitroindazole i.p. L-Arginine (30 g,/ mouse) was adminis-
tered i.c.v. 25 min before auditory testing, as previously
described (De Sarro et al., 1994, 1995). This route was
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used in order to exclude possible pharmacokinetic interfer-
ence between L-arginine, 7-nitroindazole and antiepilep-
tics. Each mouse was placed under a hemispheric Perspex
dome (diameter 58 cm) and 1 min was alowed for habitu-
ation and assessment of locomotor activity. Auditory stim-
ulation (12-16 kHz, 109 dB) was applied for 1 min or
until tonic extension occurred. Seizure response as previ-
ously reported (De Sarro et al., 1984) was assessed using
the following scale: 0= no response, 1= wild running,
2 =clonus, 3=tonus, 4= respiratory arrest. The maxi-
mum response was recorded for each animal. Rectal tem-
perature was recorded immediately prior to auditory test-
ing using an Elektrolaboratoriet thermometer type T.E.3.
Behavioural changes were observed and recorded during
the period between drug administration and auditory test-

ing.

2.3. Determination of the plasma levels of the antiepileptic
compounds

DBA /2 mice, 48-56 days old, were given i.p. either
vehicle+ one of the antiepileptic compounds and 7-
nitroindazole + one of the antiepileptic drugs, or 3-in-
dazolinone + one of the antiepileptic drugs. The animals
were lightly anaesthetized with ethyl ether and killed by
decapitation at appropriate times and blood samples of
approximately 1 ml were collected in Eppendorf tubes. For
lamotrigine, the assay was carried out by high performance
liquid chromatography (HPLC) (Rizzo et al., 1997).

Blood samples were centrifuged at 2000 rpm for 15 min
for carbamazepine, diazepam, lamotrigine, phenytoin and
phenobarbital determination. The plasma was put into an
MPS-1 system (Amicon, Danvers, MA, USA) for the
separation of free microsolutes from protein-bound ones.
Plasma samples, 60 |, were transferred to special sample
cups and inserted into an Automatic Clinical Analyser
(ACA 11, du Pont, Wilmington D.E. USA) which uses a
method based on the homogenous enzyme immunoassay
technique. For magnesium val proate determination, a serum
sample, 50 wl, was diluted twice with Tris-buffer and
analysed by the same method. Control drug solutions were
put before and after the respective antiepileptic experimen-
tal samples.

2.4. Effects on motor movements

Behavioural changes, their onset and duration were
recorded after drug injection until the time of rotarod
testing. Two independent observers followed gross be-
havioural changes consisting of locomotor activity, ataxia,
squatting posture and possible piloerection. These be-
havioural changes were noted but not statistically analysed.
Groups of 10 DBA /2 mice, weighing 6-12 g, (22—-26
days old) were trained to do coordinated motor movements
continuously for 2 min on a rotarod 3-cm diameter 8 rpm
min~! (U. Basile, Comerio, Varese, Italy). Impairment of

coordinated motor movements was defined as inability of
the mice to remain on the rotarod for a 2-min test period
(Dunham and Miya, 1957). The ability of the mice to
remain on the Rotarod was tested 25 min after the i.p.
administration of conventional antiepileptics+ vehicle, or
after the combined treatment with antiepileptic drugs + 7-
nitroindazole, or following the combined treatment with
antiepileptic drugs + 3-indazolinone.

2.5. NO synthase activity in brain preparations

NO synthase activity was determined in mouse brain
areas from the conversion of L-[*Hlarginine to L-[*H]citrul-
line, as described by Dwyer et al. (1991). Briefly, tissue
samples were homogenized in 10 vol. of Tris—HCI-buffer
(20 mM; pH 7.4) containing 2 mM EDTA, and centrifuged
at 10,000 x g for 15 min (4°C). A 25-p.l portion of the
supernatant was added to test tubes containing Tris—HCI-
buffer (20 mM; pH 7.4), NADPH (0.5 mM), CaCl, (1
mM), and either 1.0 wM L-[*H]arginine, or various con-
centrations of L-[*H]arginine (0.5-20 wM) in a fina vol-
ume of 100 wl. Following incubation (15 min at 25°C), the
reaction was terminated by the addition of 3 ml HEPES
buffer (pH 5.5) containing 2 mM EDTA, and then applied
onto 0.5 ml columns of Dowex AG50WX-8 (Na* form),
followed by 0.5 ml distilled water. L-[*H]citrulline was
quantified by scintillation spectroscopy of 1-ml aliquots of
the flow-through. To calculate the Ca?*-dependent NO
synthase activity, the counts from samples where Ca®*
was omitted, were subtracted from the total counts. Protein
concentration was determined by the method of Lowry et
al. (1951), and enzyme activity was expressed in terms of
picomole per milligram protein per minute double recipro-
ca (Lineweaver—Burke) plots were generated (1/V vs.
1/9) to determine the V,, and K, vaues of L-
[*Hlarginine. The animals were killed 28-32 min after
7-nitroindazole or 3-indazolinone administration, when the
effect of a single injection of these compounds on brain
NO synthase activity was investigated; the brain areas
were used for subsequent assay.

2.6. Brain content of noradrenaline and dopamine follow-
ing 7-nitroindazole

For neurochemical determination, DBA /2 mice were
killed 28—-32 min after 7-nitroindazole, «-methyl-para-
tyrosine + 7-nitroindazole, 3-indazolinone or vehicle ad-
ministration. The brains were removed on an ice-chilled
plate, dissected, weighed and stored at —80°C until the
assay. Catecholamine analysis was perfomed by using the
HPLC method with some modifications (De Saint Blan-
quet et a., 1987). Briefly, 1 ml of tissue homogenate
contained in polycarbonate tubes, was treated with the
internal  standard, dihydroxybenzilamine hydrobromide
(DHBA), and 10 mg of activated alumina. After vortexing
for 10 min, the supernatant was discarded and then it was
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alumina washed three times with buffer Tris=HCI pH =
8.6, 0.1 M. Catecholamines were then separated from
alumina by using 200 wl of HCIO, 0.1 M. After centrifu-
gation at 10,000 X g for 5 min at 4°C, the supernatant was
recovered, filtered and a 50-p| aliquot was injected into
the HPLC apparatus. The HPLC consisted of a solvent
delivery module (Model 422 Master, Kontron Instruments,
Everett, USA), linked with a coulometric electrochemical
detector (Coulochem Model 5100A, ESA, Bedford, USA)
and the conditioning cell (Mod. 5021, ESA) The detector
was connected to an automatic integrator (Model CR-3A,
Shimadzu, Kyoto, Japan). The column used was an HR-80,
80 X 4.6 mm, 3-p. particle size (ESA). The mobile phase
was composed of 6.9 g monobasic sodium phosphate, 250
mg heptanesulfonic acid, 80 mg of EDTA in 900 ml of
pure water. The pH was adjusted with phosphoric acid to
pH = 3. Before filtering under vacuum, 100 ml of methanol
was added. The flow rate was 1 ml min~! at room
temperature. Potentials of the detector were: conditioning
cell +0.3 V; detector 1 0.00 V; detector 2 — 0.25 V.
Cdlibration chromatograms of extracted standards of nor-
adrenaline and dopamine were also run every time for
peak identification and quantitation. Noradrenaline and
dopamine were expressed as hanomole of fresh tissue.

2.7. Satistical analysis

Statistical comparisons between groups of control and
drug-treated animals were made, using Fisher’s exact prob-
ability test (incidence of the seizure phases) or analysis of
variance (ANOVA) and Dunnett’s test (rectal tempera-
tures) or the Scheffe post hoc test (NO synthase activity,
noradrenaline and dopamine brain levels). The percent
incidence of each phase per dose of compound adminis-
tered and dose—response curves, was fitted using linear
regression analysis. ED,, values (with 95% confidence
limits) for each compound and each phase of seizure
response were estimated using a computer program of the
method of Litchfield and Wilcoxon (1949); the relative
anticonvulsant activities were determined by comparison
of respective ED;, values. The lines of best fit of conven-
tional antiepileptic drugs + vehicle or in association with
7-nitroindazole or 3-indazolinone, were compared using
chi-squared analysis, with results expressed for position,
parallelism and heterogeneity. TDg, values (with 95%
confidence limits) for each compound were estimated us-
ing the method of Litchfield and Wilcoxon (1949). The
plasmalevels of the drugs are expressed as means + S.E.M.
of at least eight determinations. Student’'s t-test was used
for statistical comparisons.

2.8. Drugs
The sources of the drugs used were: carbamazepine

(Novartis, Basel, Switzerland), diazepam (Hoffmann-La
Roche, Basel, Switzerland), sodium phenobarbital (Bracco,

Milano, Italy), sodium phenytoin (Recordati, Milan, Italy),
lamotrigine (Glaxo-Wellcome, Verona, Italy) and magne-
sium valproate (Sigma Tau, Pomezia, Italy). 7-Nitroinda-
zole was purchased from RBI (Natick, MA, USA) and
dissolved initially in dimethylsulfoxide (DMSO) to which
was added sterile saline (final solution DMSO /sdline 3:7
respectively). 3-Indazolinone was purchased from Aldrich
(Milan, Italy). L-Arginine and o-methyl-paratyrosine were
purchased from Sigma (St. Louis, MO, USA). For i.c.v.
administration, the injection volumewas 5 .| of L-arginine;
this compound was dissolved in 10 mM phosphate buffered
(pH = 7.4) saline (tablet form) (Sigma). All HPLC reagents
were purchased from Merck (Milan, Italy).

3. Resaults

3.1. Anticonvulsant properties of 7-nitroindazole in DBA /
2 mice

To allow better comparisons among the interactions of
7-nitroindazole and the different anticonvulsants used, we
attempted to choose a time of 7-nitroindazole pretreatment
that would be best for evaluation of anticonvulsant activ-
ity.

7-Nitroindazole (100, 125, 150 and 175 mg kg~ ! i.p.)
produced significant protection (P < 0.05) against the
clonic and tonic phases of the audiogenic seizure response
in DBA /2 mice 15 min after administration (Table 1). The
doses of 150 and 175 mg kg~ i.p. significantly reduced
the incidence of the wild running phase. EDg, vaues
(+95% confidence limits) for 7-nitroindazole are shown
in Table 1. When the auditory test was carried out 30 min
following 7-nitroindazole administration, significant pro-
tection (P < 0.01) against the clonic and tonic phases of
the audiogenic seizure response in DBA /2 mice was
observed after 75, 100, 125 and 150 mg kg%, i.p. In
addition, 7-nitroindazole (150 mg kg~ ? i.p.), administered
30 min before auditory testing, significantly protected
against the wild running phase of the audiogenic seizures.
The EDg, values (+95% confidence limits) for 7-
nitroindazole are shown in Table 1. When the auditory test
was carried out 60 min following 7-nitroindazole adminis-
tration (150, 175 and 200 mg kg™t i.p.), it produced

Table 1

EDs, values (4+95% confidence limits) of the 7-nitroindazole effect on
audiogenic seizures in DBA /2 mice following various pretreatment times
All data were calculated according to the method of Litchfield and
Wilcoxon (1949)

Pretreatment time Seizure phase

(min) Tonus (mg kg™ 1) Clonus(mg kg™ 1)
15 73.2(57.5-93.3) 83.3(64.3-107.8)
30 61.5 (50.2-75.4) 71.3(58.9-86.3)
60 97.1(82.7-114.1) 119.2 (101.8-139.7)
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significant protection (P < 0.01) against the clonic and
tonic phases of the audiogenic seizures in DBA /2 mice
(Table 1). The doses of 175 and 200 mg kg™ ! i.p. signifi-
cantly reduced the incidence of the wild running phase.
The EDg, values (+95% confidence limits) for 7-
nitroindazole after 60 min pretreatment are shown in Table
1. The largest doses of 7-nitroindazole studied impaired
locomotor activity in a dose-dependent manner. Ataxia,
loss of righting reflex and a fal in rectal temperatures
were evident following i.p. administration of 7-nitroinda-
zole (100, 125, 150, 175 and 200 mg kg~ ! i.p.). Since
7-nitroindazole exerted its maximal anticonvulsant activity
at 30 min, we decided to use this pretreatment time for
subsequent studies. In addition, based on previous results,
al the anticonvulsants were administered 45 min before
auditory testing (De Sarro et al., 1992, 1996).

3.2. Influence of 7-nitroindazole on the anticonvulsant
activity of conventional antiepileptic drugs against audio-
genic seizures

The influence of 7-nitroindazole on the activity of the
conventional antiepileptic drugs on the audiogenic seizure
response, varied according to the different classes of drugs.
As shown in Tables 2 and 3, diazepam, carbamazepine,
lamotrigine, phenobarbital, phenytoin and valproate (ad-
ministered 45 min before testing) exhibited anticonvulsant
activity in the audiogenic seizure model of DBA /2 mice.
Pretreatment with conventional antiepileptic drugs (45 min
before testing) and then with 7-nitroindazole (25 mg kg ~*
i.p.) (30 min before testing) was sometimes able to pro-
duce a consistent shift to the left of the dose-response
curves compared with concurrent groups; this suggests an
increase in anticonvulsant activity. All dose-response
curves were parallel except that of carbamazepine and
valproate plus 7-nitroindazole. There was no significant
heterogeneity; i.e. any residual variation was consistent

Table 2

EDg, values (+95% confidence limits) of vehicle+lamotrigine or vehi-
cle+phenytoin and 7-nitroindazole (25 mg kg~! i.p.)+lamotrigine or
7-nitroindazole (25 mg kg~! i.p.)+ phenytoin effect against the audio-
genic seizures in DBA /2 mice

All data above reported are expressed in mg kg™?.

Seizure phase Test drug Drug+ Drug+ 7-
vehicle nitroindazole
(mgkg™) (mgkg™?)
Wild running lamotrigine 6.1(4.6-8.1) 5.8 (5.5-8.4)
phenytoin 4.3(3.1-6) 3.4(27-4.3)
Clonus lamotrigine 35(24-5.1) 2.8(2.4-3.3)
phenytoin 25(1.8-3.5) 21(1.8-2.4)
Tonus lamotrigine 1.1(0.7-1.8) 0.8(0.6-1.1)
phenytoin 2.0(1.6-2.5) 1.0(0.6-1.7)2

@Significant differences in the EDs, values between concurrent groups
of vehicle+ antiepileptic drug and 7-nitroindazole+ antiepileptic groups
are denoted by ®P < 0.01 according to the method of Litchfield and
Wilcoxon (1949).

with binomial sampling. The degree of potentiation by
7-nitroindazole varied among the anticonvulsant drugs,
being greatest for diazepam and phenobarbital, less for
valproate and least for phenytoin, lamotrigine and carba-
mazepine. In addition, 7-nitroindazole (25 mg kg™* i.p.)
was able to potentiate significantly the anticonvulsant ac-
tivity of phenytoin against tonus but did not significantly
affect the activity of the same drugs against clonus.

3.3. Influence of L-arginine on the 7-nitroindazol e-induced
enhancement of the antiseizure activity of carbamazepine,
phenobarbital, diazepam and valproate on audiogenic
seizures

Treatment (25 min before testing) with L-arginine (30
wg,/mouse, i.c.v.) did not affect either the anticonvulsant
properties of carbamazepine, phenobarbital, diazepam and
valproate or the 7-nitroindazole-induced increase in anti-
convulsant activity of the same compounds against audio-
genic seizures (Table 3).

3.4. Influence of 7-nitroindazole upon the motor impair-
ment induced by antiepileptic drugs

When applied at doses equal to their ED;, vaues
against the clonic phase of the audiogenic seizures, carba-
mazepine (4.4 mg kg~1), diazepam (0.28 mg kg™ 1), lam-
otrigine (3.5 mg kg™1), phenytoin (2.5 mg kg™ 1), pheno-
barbital (3.4 mg kg~!) and valproate (43 mg kg~ ?*) did not
influence the motor performance of DBA /2 mice. Higher
doses were necessary to produce motor impairment. 7-
Nitroindazole at dose levels up to 50 mg kg%, did not
significantly affect locomotor performance. Concomitant
treatment with valproate and 7-nitroindazole resulted in
marked motor impairment. Considerable impairment of
locomotor performance was aso observed when 7-
nitroindazole was administered with carbamazepine, di-
azepam, phenytoin, phenobarbital and lamotrigine. How-
ever, the therapeutic index of combined treatment with
diazepam + 7-nitroindazole, lamotrigine + 7-nitroindazole,
valproate + 7-nitroindazole or phenobarbital + 7-
nitroindazole was more favourable than that with diazepam
+ vehicle, lamotrigine + vehicle, phenobarbital + vehicle
or valproate + vehicle (Fig. 1).

3.5. Effects of combined treatment with 7-nitroindazole
and antiepileptic compounds on body temperature

Body temperature was recorded in animals given anti-
convulsant drugs + vehicle and anticonvulsant drugs+ 7-
nitroindazole. We observed hypothermic effects after ad-
ministration of the highest doses of carbamazepine, di-
azepam and valproate. No significant differences among
groups treated concomitantly with carbamazepine, di-
azepam, lamotrigine, phenytoin, phenobarbital or valproate



280 G. De Sarro et al. / European Journal of Pharmacology 394 (2000) 275-288

Table 3

Influence of vehicle, L-arginine (30 .g/mouse) administered i.c.v., 7-nitroindazole (25 mg kg~

1 i.p.) and 7-nitroindazole + L-arginine on EDg, values

(+95% confidence limits) of some antiepileptic drugs against the audiogenic seizures in DBA /2 mice

All data above reported are expressed in mg kg™?.

Seizure phase and Drug + vehicle Drug + L-arginine Drug + 7-nitroindazole Drug + 7-nitroindazole
test drug (mgkg™1) (mgkg™1) (mgkg™?1) +L-arginine (mg kg~ %)
Wild running

Carbamazepine 10.6 (8.1-13.8) 9.8(7.9-12.2) 8.8 (7.5-10.3) 9.3(7.6-11.4)
Diazepam 0.49 (0.34-0.71) 0.44 (0.28-0.69) 0.24 (0.16-0.36)? 0.32(0.21-0.49)
Phenobarbital 7.1(5.6-9) 6.1(5.2-7.2) 35(2.3-5.3)2 3.7(25-5.5)
Valproate 84 (63-114) 88 (61-127) 54 (39.1-74.6) 66 (37-117.7)
Clonus

Carbamazepine 4.4(3.6-5.4) 4.1(3.2-5.2) 3.8(2.4-6.0) 3.9 (2.6-5.85)
Diazepam 0.28 (0.2-0.39) 0.22(0.16-0.3) 0.15(0.13-0.18)° 0.18(0.14-0.23)
Phenobarbital 34(2.3-5) 31(19-5.1) 2.0(1.7-2.3° 2.5(1.8-3.47)
Valproate 43 (33-56) 43 (33-56) 25.1(18.5-33.7)° 29.2(18.9-45.1)
Tonus

Carbamazepine 3.0(2.6-3.8) 3.4(2.6-4.4) 20(1.3-3.D 21(1.4-3.1)
Diazepam 0.24 (0.15-0.39) 0.22 (0.16-0.30) 0.11 (0.09-0.13)2 0.15(0.11-0.2)
Phenobarbital 24(1.7-34) 2.6 (1.7-3.98) 1.1(0.7-1.7)?2 1.4(0.8-2.45)
Valproate 31(22-43) 30(21-42.9) 15.4(12.7-18.7)2 18.2(13.1-25.3)

@Significant differences in the ED5, values among concurrent groups of antiepileptic drug + vehicle and antiepileptic drug + 7-nitroindazole groups are

denoted by P < 0.01, using the method of Litchfield and Wilcoxon (1949).

bSignificant differencesin the EDg, values among concurrent groups of antiepileptic drug + vehicle and antiepileptic drug + 7-nitroindazole groups are

denoted by P < 0.05, using the method of Litchfield and Wilcoxon (1949).

and vehicle or concurrent group treated with 7-nitroinda-
zole were evident (data not shown).

3.6. Influence of 7-nitroindazole on the total and free
plasma levels of antiepileptic drugs

The blood concentrations of carbamazepine, diazepam,
lamotrigine, phenytoin, phenobarbital and valproate are
presented in Table 4. The dose of 7-nitroindazole (25 mg
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Fig. 1. Effects of a single administration of 7-nitroindazole (25 mg kg™ 1,
i.p.) in combination with some antiepileptics on changes in percentage
incidence of therapeutic index (TI). Note that the combined treatments
with 7-nitroindazole (25 mg kg, i.p.) plus diazepam, phenobarbital or
valproate resulted in a favourable therapeutic index, whereas a combina
tion of 7-nitroindazole with carbamazepine, lamotrigine or phenytoin
caused an increase of motor impairment.

kg~! i.p.) studied did not significantly modify the plasma
level of carbamazepine (15 mg kg~ ! i.p.), lamotrigine (10
mg kg~ ! i.p.), phenytoin (10 mg kg%, i.p.), phenobarbital
(20 mg kg~?! i.p.), valproate (200 mg kg~! i.p.) or di-
azepam (5 mg kg™t i.p.).

3.7. Effects of 7-nitroindazole on brain NO synthase activ-
ity

Brain NO synthase activity was determined in the ab-
sence and presence (in vitro) of 7-nitroindazole and 30 min
after asingle i.p. administration of the drug (25 mg kg™ 1).
Initially, the effects of several concentrations of 7-
nitroindazole (0.1-10 u.M) were studied (data not shown).
The ICg, value of 7-nitroindazole for the inhibition of the
conversion of L-[3H]arginine (1.0 uM) to L-[*H]citrulline
was calculated to be 1.25 + 0.19 M, in agreement with
the IC4, value previously reported by Babbedge et al.
(1993). We dso found that all antiepileptics studied, at the
highest dose level now used, did not significantly affect
brain NO synthase activity (data not shown). The competi-
tive type of NO synthase inhibition by 7-nitroindazole
seems to be demonstrated by the finding that in presence
of exogenously added 7-nitroindazole (1.0 wM), the K,
values for the enzymatic reaction were increased 2.3-2.5
times, with no apparent changesin V,,, vaues (Table 5).
The vehicle used to dissolve 7-nitroindazole had no signifi-
cant effects on NO synthase kinetics. A singlei.p. adminis-
tration of 7-nitroindazole (25 mg kg™*) induced a 2.5-2.9
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Influence of 7-nitroindazole (25 mg kg~ i.p.) on total and free plasma levels of some antiepileptic compounds in DBA /2 mice

Antiepileptic compounds (carbamazepine, diazepam, lamotrigine, phenytoin, phenobarbital and valproate) were administered i.p., lamotrigine 45 min,
carbamazepine and diazepam 45 and 60 min, phenobarbital 45, 60 and 120 min, phenytoin 45 and 120 min and valproate 30, 45 and 60 min before the test
in association with vehicle or with 7-nitroindazole. Values are means (g ml~1) of at least eight determinations + S.E.M. Student’s t-test was used for

statistical analysis of the data.

Treatment (time, min)

Vehicle + compound

7-Nitroindazole + compound

(dose, mg kg™1) Total (ugmi—1) Free (mgmi—1) Total (mgmi~1) Free (ngmli~1)
Carbamazepine (45) (15) 6.5+ 0.9 0.77+ 0.2 6.6 + 0.7 0.79+ 0.2
Carbamazepine (60) (15) 52+0.7 0.62 + 0.2 53+ 0.6 0.63+ 0.2
Diazepam (45) (5) 28+ 0.3 0.19 + 0.07 28+ 04 0.19 + 0.07
Diazepam (60) (5) 21402 0.15+ 0.05 21403 0.14 + 0.05
Phenytoin (45) (10) 2.7+0.6 0.3+ 0.03 28+ 06 0.3+0.03
Phenytoin (120) (10) 88+18 09+01 89+21 09+01
Phenobarbital (45) (20) 39.2+35 49+03 385+ 38 48+ 04
Phenobarbital (60) (20) 353+31 44403 347+ 34 43+ 04
Phenobarbital (120) (20) 224+25 31+03 22.1+27 29+03
Valproate (30) (200) 251 + 22 40.2 + 3.9 253 + 27 437+ 4.1
Vaproate (45) (200) 276 + 24 442+ 4.2 278 + 29 481+ 45
Valproate (60) (200) 309 + 29 494+ 41 311+ 36 49.6 +4.0
Lamotrigine (45) (10) 18+02 0.67 + 0.07 18+03 0.71+0.08

times increase in the K; values with no apparent change in
the V,,, values (Table 5). The degree of inhibition, ex-

Table 5

Effects of 7-nitroindazole on the kinetic parameter of brain NO synthase
The conversion of L-[*Hlarginine to L-[*HIcitrulline was determined in
cortical, diencephalon, brainstem and cerebellar preparation as described
in Materials and methods. The V,,,, values were derived from double
reciprocal (Lineweaver—Burke) plots and represent the means+ S.E.M. of
five to six determinations. ‘‘Vehicle’” indicates the solvent for the
preparation of 7-nitroindazole solution: DMSO /saline 3:7 , respectively.

Brain area Treatment Vinax (pmol /
mg protein min)

Cortex control 80+8
+vehicle 82+8
+ 7-nitroindazole 77+8
(1.0 wM; invitro)
+ 7-nitroindazole 89410
(25 mg kg™~1; in vivo)

Diencephalon control 7847
+vehicle 81+9
+ 7-nitroindazole 78+8
(1.0 wM; invitro)
+ 7-nitroindazole 8448
(25 mg kg™1; in vivo)

Brainstem control 77+8
+vehicle 80+9
+ 7-nitroindazole 77+8
(1.0 wM; invitro)
+ 7-nitroindazole 83+8
(25 mg kg™~1; in vivo)

Cerebellum control 79+6
+vehicle 82+8
+ 7-nitroindazole 76+ 6
(1.0 wM; invitro)
+ 7-nitroindazole 8447

(25 mg kg™1; in vivo)

pressed as a percentage of the control, differed in all brain
areas. Cerebellar NO synthase activity was significantly
more inhibited than the same enzymatic activity in the
diencephalon, cortex and brainstem (Fig. 2).

3.8. Effects of 3-indazolinone in DBA /2 mice

3-Indazolinone (25, 50, 100, 125, 150, 175 and 200 mg
kg~! i.p.), did not produce significant protection against
all the phases of the audiogenic seizure responsein DBA /2
mice 30 min after i.p. administration. The largest doses of
3-indazolinone studied impaired locomotor activity in a
dose-dependent manner. Ataxia, loss of righting reflex and
a fal in rectal temperature were evident following i.p.
administration of 3-indazolinone (150, 175 and 200 mg
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Fig. 2. Effects of a single administration of 7-nitroindazole (25 mg kg2,
i.p.) on percent inhibition of mouse brain nitric oxide synthase activity.
Results are means+ SEE.M., n=5-6. Statistical significance is denoted
by ®P < 0.01 and P < 0.05.
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kg™t i.p.). Since 3-indazolinone failed to inhibit signifi-

cantly, mouse brain NO synthase activity at a concentra-
tion of 25 mg kg~* after 30 min, we decided to use this
dose and a 30 min pretreatment time for subsequent stud-
ies. In addition, as in previous studies, all the anticonvul-
sants were administered 45 min before auditory testing (De
Sarro et al., 1992, 1996).

3.9. Influence of 3-indazolinone upon the anticonvulsant
activity of conventional antiepileptic drugs against audio-
genic seizures

3-Indazolinone did not significantly affect the activity
of the conventional antiepileptic drugs on the audiogenic
seizures. Pretreatment with some conventional antiepileptic
(administered 45 min before testing) and then with 3-in-
dazolinone (25 mg kg~ i.p.) (30 min before testing) was
unable to produce significant changes in EDg, values of
groups receiving antiepileptics + 3-indazolinone when
compared with the related groups.

Table 6

3.10. Effects of 7-nitroindazole on noradrenaline and
dopamine brain levels

Acute administration of 3-indazolinone 25 or 50 mg
kg~! i.p. did not produce any change in the content of
noradrenaline or dopamine in any brain area studied (data
not shown). Pretreatment (30 min before) with 7-
nitroindazole (12.5, 25 or 50 mg kg™') was able to
increase the level of noradrenaline and dopamine in com-
parison to those in vehicle and 3-indazolinone groups
(Table 6). Examination of brain samples obtained from
diencephalon revealed that 7-nitroindazole 25 and 50 mg
kg~! when acutely administered, caused a significant in-
crease of both noradrenaline and dopamine in this region.
This effect was more evident following 7-nitroindazole,
100 mg kg~! (data not shown). In the brainstem and
cortex, 7-nitroindazole produced a non-significant and
non-dose-dependent increase in noradrenaline and
dopamine content (Table 6). Pretreatment, 2 h before, with
a-methyl-paratyrosine (125 or 250 mg kg~ *) was able to

Effects of acute administration of 7-nitroindazole, a-methyl-paratyrosine + 7-nitroindazole, 3-indazolinone or vehicle on the content of noradrenaline (NA)

and dopamine (DA) in cortex, diencephalon and brainstem of the DBA /2 mice

Data analysis was performed using one-way ANOVA with the Scheffé post hoc test for multiple comparisons. Each group was composed of six animals.

Data are expressed as the means + S.E.M.

Brain area Treatment (mg kg™1) NA (nmol g~ %) DA (nmol g~ 1)
Cortex vehicle 1013+ 21 106.60 + 6.0
7-nitroindazole (12.5) 1039+ 16 110.63 + 5.7
7-nitroindazole (25) 11.12+1.8 109.41 + 6.1
7-nitroindazole (50) 1145+ 138 110.62 + 6.6
3-indazolinone (25) 1064+ 1.4 11041+ 5.3
3-indazolinone (50) 1091+ 16 111.73+ 5.8
a-methyl-paratyrosine (125) 839+ 16 91.17+9.1
a-methyl-paratyrosine (125) + 7-nitroindazole (50) 916+ 1.8 10114+ 95
a-methyl-paratyrosine (250) 6.18 + 2.0? 7147 + 8.32
a-methyl-paratyrosine (250) + 7-nitroindazole (50) 8.34+1.9° 81.55 + 8.5°
Diencephalon vehicle 2242+ 11 11.20 + 0.89
7-nitroindazole (12.5) 2364+ 1.0 11724+ 0.74
7-nitroindazole (25) 2791+ 1.1° 15.32 + 0.81°
7-nitroindazole (50) 31.15+0.92 18.88 + 0.80?
3-indazolinone (25) 2243+ 15 11.00 + 0.62
3-indazolinone (50) 2385+ 1.2 11.09 4+ 0.70
a-methyl-paratyrosine (125) 11.2 4+ 342 93+ 161
a-methyl-paratyrosine (125) + 7-nitroindazole (50) 13.6 + 3.82 1045+ 1.35
a-methyl-paratyrosine (250) 9.18 + 292 5.8 + 0.99?
a-methyl-paratyrosine (250) + 7-nitroindazole (50) 11.28 + 4.02 8.12 + 1.16°
Brainstem vehicle 1878 + 1.1 2.96 + 0.26
7-nitroindazole (12.5) 1845+ 0.7 291+ 0.24
7-nitroindazole (25) 19.20+ 0.8 295+ 0.27
7-nitroindazole (50) 19.77+ 0.6 2.97 + 0.20
3-indazolinone (25) 1831+ 0.6 2.88+0.18
3-indazolinone (50) 1894+ 0.6 291+ 0.12
a-methyl-paratyrosine (125) 12.92 + 1.022 1.67 +0.242
a-methyl-paratyrosine (125) + 7-nitroindazole (50) 135+ 3.2° 2.34+ 0.26
a-methyl-paratyrosine (250) 1144292 141 +0.222
a-methylparatyrosine (250) + 7-nitroindazole (50) 12.8 4+ 3.4° 1.77 + 0.27°

aStatistical significance was set a P < 0.01 vs. vehicle.
bStatistical significance was set at P < 0.05 vs. vehicle.
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Fig. 3. Effects of pretreatment with a-methyl-paratyrosine (MPT, 125 or
250 mg kg~! i.p.) on dose—response curve for 7-nitroindazole adminis-
tered 30 min before auditory testing in DBA /2 mice. A% clonus;, B%
tonus. Pretreatment with MPT (125 mg kg~! i.p.) increased the EDg,
values for clonus to 97.21 (79.21-119.29) and for tonus to 84.67
(68.65-104.41). Pretreatment with MPT (250 mg kg~ i.p.) increased the
EDg, vaues for clonus to 125.75 (104.19-146.17) an for tonus to 108.27
(91.19-128.54).

antagonize both anticonvulsant properties of 7-nitroinda-
zole (Fig. 3) and the increase in noradrenaine and
dopamine brain content (Table 6).

4. Discussion

The present results clearly demonstrate that 7-
nitroindazole, at doses which do not significantly affect or
dlightly influence the audiogenic seizuresin DBA /2 mice,
enhances the anticonvulsant properties of diazepam,
phenobarbital, valproate and those of phenytoin against
tonus in this strain of mice. The present data are in part,
agreement with those of Borowicz et al. (1997) who found
that 7-nitroindazole strongly potentiated the anticonvul sant
activity of phenobarbital, while they did not find a signifi-
cant enhancement of anticonvulsant effects of carba
mazepine, phenytoin and valproate when these antiepilep-
tics were administered in conjunction with 7-nitroindazole.
The partia discrepancy in these results could be accounted
for by the different mechanisms for inducing seizures, i.e.
electroshock instead of a genetic model of reflex epilepsy.

According to severa reports, NO may exert either
anticonvulsant or proconvulsant activity in various animal
models of epilepsy. Results of earlier studies suggested an
involvement of NO in seizures induced by focal micro-
injection of NMDA into the deep prepiriform cortex. In
fact, seizures were prevented by the local pretreatment
with NO synthase inhibitors (De Sarro et al., 1991, 1993).
Mollace et al. (1991) observed a proconvulsive effect of
i.c.v. administered L-arginine, the precursor of NO, on
NMDA-induced seizures; this effect was reversed by L-
NAME. Subsequently, Smith et al. (1996) demonstrated
that L-arginine, at a dose of 300 w.gi.c.v., was anticonvul-
sant, while at a dose of 1000 w.g i.c.v. it became convul-
sant. In seizures induced by other chemoconvulsants in
rodents, NO synthase inhibitors have both anticonvulsant
and proconvulsant actions (Osonoe et al., 1994; Penix et
al., 1994). Apparent anticonvulsant activity of 7-
nitroindazole was described against pilocarpine-induced
seizures (Van Leeuwen et a., 1995) in DBA /2 mice and
geneticaly epilepsy-prone rats (Smith et al., 1996) and
kainic acid-induced seizures in rats (Mulsch et a., 1994).
7-Nitroindazole and L-NAME appeared to have only a
weak anticonvulsant action against seizures induced by
i.c.v. injection of NMDA in mice. Both compounds had a
tendency to delay the onset of seizures (Eblen et al., 1996)
and the occurrence of tonic extension following injection
of pentylenetetrazole in rats (Kirkby et al., 1996). Wiley et
al. (1997) showed that 7-nitroindazole inhibited acoustic
startle responses, but the dose of 7-nitroindazole (25 mg
kg™1), used in the present study, was found unable to
induce a reduction of auditory thresholds.

It was reported that the treatment of cultured neuronal
cells with L-NOARG significantly augmented the NMDA-
and kainate-induced increase in intracellular Ca?* (Tanaka
et al., 1993). Consequently, the endogenous NO would
inhibit NMDA- and kainate-induced increase in intra
cellular Ca?* as a negative feedback system independent
of guanylate cyclase activation. It is interesting to note that
the NO synthase inhibitors decreased the release of NO
and the levels of cGMP without affecting the release of
excitatory amino acids (Lizasoain et al., 1995). On the
other hand, the stimulation of NMDA receptors results in
an influx of Ca?* followed by activation of Ca*/
camodulin-dependent NO synthase enzyme. It was postu-
lated that NO aone is responsible for the increase of
CcGMP level as a result of the NMDA receptor stimulation
(Lizasoain et al., 1995). Severa studies showed that NO
released upon NMDA receptor stimulation might subse-
quently modulate NMDA receptor function through the
redox site (Theard et a., 1995). NO oxidises some redox
site within the NMDA receptor complex and inhibits an
influx of Ca?" as a negative feedback system (K utsuwada
et a., 1992; Lipton et al., 1993). This supports the hypoth-
esis that central NO might play an anticonvulsant role in
CNS. Many results, however, supported a convulsant role
for NO in epilepsy: kindling produces a long-lasting in-
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crease in NO synthase activity (Al-Ghoul et al., 1995).
Direct administration of NO (330-800 p.mol) into the rat
brain has been attempted, resulting in brief tonic convul-
sive episodes (Smith et al., 1991), while 3-morpholino-
sydnonimine (SIN-1), aNO donor, is convulsant in DBA /2
mice and genetically epilepsy-prone rats (Smith et al.,
1996).

In addition, L-NOARG induces an enhancement of the
kindling processes (Rondouin et al., 1992, 1993) and of the
severity of kindled seizures (Herberg et a., 1995) or
increases the severity of ferric chloride, kainate or bicu-
culline-induced seizures or quinolinate-induced neurotoxic-
ity in rats (Haberny et al., 1992; Mulsch et al., 1994; Penix
et al., 1994; Przegalinski et al., 1994; Wang et al., 1994;
Maggio et a., 1995; Kabuto et a., 1996).

The problem with the use of non-selective inhibitors of
NO in the CNS experiments was demonstrated in the study
of Rundfeldt et a. (1995); the threshold for seizures after
cortical electrical stimulation in rats was increased by
L-NOARG (1-10 mg kg~ ! i.p.), while L-NOARG (40 mg
kg™!, i.p.) decreased the threshold for seizures. These
discrepancies might result from the different actions of
7-nitroindazole, L-NAME and other NO synthase inhibitors
that could be unrelated to brain NO synthase inhibition.
Furthermore, although most of the reports demonstrated
that 7-nitroindazole did not affect peripheral functions, a
few demonstrated that 7-nitroindazole can also affect en-
dothelial NO synthase (Fabricius et al., 1996) and that
pretreatment with L-arginine inhibits the periphera effects
of 7-nitroindazole (50 mg kg~! i.p.), suggesting an in-
volvement of the L-arginine pathway in the effects of this
selective NO synthase inhibitor (Zagvazdin et al., 1996).
Several reports by Moore and colleagues seem to indicate
that the dose of 7-nitroindazole used in the present study
affects principaly neuronal NO synthase (Moore and
Handy, 1996; Moore et a., 1993a,b; Handy and Moore,
1998).

These apparently divergent data do not, however, ex-
clude either that NO might play a different role in various
models of epileptic disorders or that it may act as an
anticonvulsant or as a proconvulsant agent, depending on
the experimental procedures and/or particular brain struc-
tures, as recently suggested by Libri et al. (1997). The lack
of effects of 3-indazolinone on antiseizure activity of
conventional antiepileptics suggests that the increase of
anticonvulsant activity is related to the pharmacological
activity of 7-nitroindazole. The impairment of NO syn-
thase induced by 7-nitroindazole may not be solely respon-
sible for the increase of antiseizure activity observed with
some anticonvulsant drugs because its effects were not
reversed by L-arginine. Therefore, the effects of 7-
nitroindazole on antiseizure activity of conventiona
antiepileptics could be the result of various pharmacologi-
cal actions. Thereis a great body of evidence showing that
excitatory amino acid antagonists themselves possess anti-
convulsant efficacy in various models of epilepsy

(Meldrum, 1984, 1995; Dingledine et al., 1991; Rogawski,
1992; MacDonald and Meldrum, 1995) and that NO is able
to modulate the presynaptic release of excitatory amino
acids (Theard et a., 1995). In this context, the lowering of
the NO level by 7-nitroindazole would impair the negative
feedback system within the NM DA receptor complex which
could, in turn, lead to the lack of significant additive
anticonvulsant activity of some antiepileptic drugs
(carbamazepine, lamotrigine and sometimes phenytoin).

The additive effects of 7-nitroindazole on anticonvul-
sant activity and the effects of lamotrigine on locomotor
activity could be expected. In fact, in a previous report
lamotrigine seemed to be able to inhibit the level of GMP
without affecting the NO synthase activity but did reduce
the release of NO (Lizasoain et a., 1995). On the other
hand, the anticonvulsant properties of diazepam, pheno-
barbital and valproate which act by enhancing ~y-amino-
butyric acid GABAergic transmission (Meldrum, 1996)
were potentiated by the concomitant administration of
7-nitroindazole. This is in agreement with previous results
which showed that 7-nitroindazole was able to potentiate
the GABA brain accumulation induced by aminoxyacetic
acid, a compound which acts by enhancing GABAergic
neurotransmission (Loscher et al., 1991). Another recent
study by Volke et a. (1997) showed that 7-nitroindazole
had potent anxiolitic effects which might affect both anti-
convulsant activity and locomotor impairment caused by
diazepam and phenobarbital. In the present study, 7-
nitroindazole appeared more active to enhance anticonvul-
sant properties than the locomotor impairment (Fig. 1).

A pharmacokinetic interaction does not seem to be
responsible for the potentiation by 7-nitroindazole of the
antiseizure effects of the anticonvulsant drugs studied. In
fact, we found no effect of 7-nitroindazole on the total and
free plasma levels of carbamazepine, diazepam, lamotrig-
ine, phenytoin, phenobarbital and valproate. However, the
present data do not exclude the possibility that (1) 7-
nitroindazole modifies the time course of the anticonvul-
sants which penetrate the brain or (2) the clearance of
some antiepileptics. In addition, we have demonstrated,
following a single administration of 7-nitroindazole, that
this compound has different effects on the antiseizure
activity of the anticonvulsants.

The first hypothesis appears unlikely to hold, since
7-nitroindazole (25 mg kg™t i.p.) did not significantly
modify the changes in body temperature induced by the
antiepileptic drugs studied.

Furthermore, 7-nitroindazole 25 mg kg ™!, in combina-
tion with phenobarbital and diazepam, caused some motor
impairment but still showed a favourable therapeutic index
(Fig. 1), whereas a combination of 7-nitroindazole and
phenytoin or carbamazepine caused an increase in motor
impairment. It was also shown that 7-nitroindazole per se
caused significant motor impairment (Smith et al., 1996)
and we observed, as previoudy reported (Borowicz et 4.,
1997), that 7-nitroindazole potentiated the motor distur-
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bances induced by antiepileptic drugs in mice. These re-
sults support the hypothesis that continued activity of
congtitutive NO synthase is necessary for norma body
movements (Starr and Starr, 1995).

7-Nitroindazole shows a new and different mechanism
of action in comparison to those of the conventional
antiepileptic drugs used in the present study. In particular,
it appears to act via specific mechanisms (i.e. inhibition of
NO brain synthase and increase of cerebral level of L-
arginine) and /or as recently suggested, it may alter seizures
NO-independently, suppressing the stereochiometric for-
mation of L-citrulline and promoting the accumulation of
L-arginine (Smith et al., 1996). Nevertheless, the influence
of 7-nitroindazole upon carbamazepine, phenobarbital, di-
azepam and valproate was not reversed by L-arginine so
the participation of NO in this particular effect of 7-
nitroindazole might be questionable.

7-Nitroindazole was able to increase both dopamine and
noradrenaline contents and this effect was particularly
significant in the diencephalon. Such an effect on catheco-
lamines appears quite important in our study. In fact, the
audiogenic seizures in DBA /2 mice seem to be particu-
larly sensitive to monoamine pharmacological manipula
tions. Previous data showed that increasing dopamine
and/or noradrenaline levels exerted anticonvulsant activity
(Dailey and Jobe, 1984; Chapman and Meldrum, 1987),
while reserpine, which depletes stores of monoamines
(Lehmann, 1977) and «-methyl-paratyrosine, which in-
hibits synthesis of catecholamines, facilitated audiogenic
seizures in DBA /2 mice (Schlesinger et a., 1970). In
addition, a body of data suggests a greater role for
dopamine than for noradrenaline as anticonvulsant in such
an epileptic model (Chapman and Meldrum, 1987; Jobe et
al., 1991; Buchhalter, 1993). The dose of 7-nitroindazole
now used was able to increase the dopamine and the
noradrenaline levels with a more evident effect in dien-
cephalon. The fact that a-methyl-paratyrosine reversed the
anticonvulsant effects of 7-nitroindazole further confirms
our hypothesis. The effects of 7-nitroindazole on dopamine
and noradrenaline brain concentrations are smaller than
those obtained with monoamine oxidase inhibitors (see
Dailey and Jobe, 1984; Chapman and Meldrum, 1987),
which could be due to various actions of 7-nitroindazole.
The latter compound could induce a dopamine and a
noradrenaline increase by its monoamine oxidase inhibitor
action. On the other hand, 7-nitroindazole could decrease
dopaminergic transmission in the striatum by its inhibitory
action on NO synthase because NO has been reported to
facilitate dopamine release in in vitro experiments (Zhu
and Luo, 1992; Black et al., 1994) and in vivo microdialy-
sis studies (Strasser et a., 1994). However, more recent
studies have shown that NO synthase inhibitors also facili-
tate the striatal release of dopamine (Shibata et a., 1996;
West and Galloway, 1997). Indeed, other studies have
clearly demonstrated that both NO synthase and
monoamine oxidase-B inhibitory effects of 7-nitroindazole

are likely to contribute to the pharmacological changes
induced by 7-nitroindazole and some other NO synthase
inhibitors (Castagnoli et a., 1997; Di Monte et a., 1997;
Desvignes et al., 1999). We observed in vivo, in the
diencephalon, an increase of dopaminergic and perhaps
noradrenergic contents similar to those already described
(Silvaet al., 1995; Castagnoli et al., 1997; Di Monte et al.,
1997; Desvignes et al., 1999). The effects obtained with
7-nitroindazole are of special importance for studies on the
role of NO on catecholaminergic transmission, using 7-
nitroindazole as a specific neuronal NO synthase inhibitor.
The inhibitory activity of 7-nitroindazole on monoamine
oxidase-B seems to be an important target for the phar-
macological development of new indazole derivatives sim-
ilar to 7-nitroindazole. It could be suggested that the
observed increase in antiseizure activity of some
antiepileptics, administered concomitantly with 7-
nitroindazole, might be related to the additional or synergic
effects elicited by drugs acting with different mechanism
of actions.

Finally, the present experimental data, showing a poten-
tiation of effects of some conventiona antiepileptic agents
induced by 7-nitroindazole in DBA /2 mice, suggest fur-
ther investigation, in other models of epilepsy.
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