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Experimental data indicate that nitric oxide (NO) may play a role in the
pathophysiology of epilepsy. It is also possible that NO-mediated events are
involved in the expression of the anticonvulsant action of some antiepilep-
tics. The aim of this review was to assemble current literature data on the
role of NO in the anticonvulsant action of antiepileptic drugs (AEDs). The
influence of various NO synthase inhibitors (NOSI) on antiseizure activity
of AEDs was tested in many animal experimental models of epilepsy (elec-
trically and pharmacologically evoked seizures, sound-induced convulsions,
amygdala-kindled seizures). Although some NOSI were able to modify the
anticonvulsive properties of AEDs, the involvement of NO pathway in the
mechanisms of action of AEDs in most cases does not seem probable, since
the effects of NOSI were not reversed by L-arginine, a NO precursor.
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Abbreviations: AEDs – antiepileptic drugs,

AMPA – �-amino-3-hydroxy-5-methylisoxazole-4-
propionic acid, CBZ – carbamazepine, cGMP – cy-
clic guanidine monophosphate, CGP 37849 –
D,L-(E)-2-amino-4-methyl-5-phosphono-3-pente-
noate, CGP 40116 – D-(E)-2-amino-4-methyl-5-
phosphono-3-pentenoate, CLO – clonazepam,
DPH – diphenylhydantoin, DZP – diazepam, ETX –

ethosuximide, GABA – �-aminobutyric acid,
GYKI 52466 – 1,4-aminophenyl-4-methyl-7,8-
methylenedioxy-5H-2,3-benzodiazepine, KA – ka-
inic acid, L-ARG – L-arginine, L-NAME –
L-N�-nitroarginine methyl ester, LTG – lamotrigi-
ne, MES – maximal electroshock, MK-801 – di-
zocilpine, 7-NI – 7-nitroindazole, NMDA – N-me-
thyl-D-aspartate, NNA – N�-nitro-L-arginine, NO –
nitric oxide, NOS – nitric oxide synthase, NOSI –
nitric oxide synthase inhibitor(s), PB – phenobar-
bital, PTZ – pentetrazole, VPA – valproate

Introduction

Nitric oxide (NO) is a small gaseous, membra-
ne-diffusible molecule that is widely distributed in
the mammalian body, playing a role in a variety of
tissues [12, 21, 32, 39]. It is produced by NO syn-
thase (NOS), a Ca�1/calmodulin-dependent enzy-
me, which transforms L-arginine (L-ARG) into NO
and citrulline [48]. NO is short-lived and chemi-
cally very reactive agent. It may behave both as
a second messenger and a neurotransmitter, influ-
encing various physiological and pathological
functions [26, 32]. The main intracellular action of
NO is activation of soluble guanylate cyclase,
which leads to the formation of cyclic guanine
monophosphate (cGMP) in the central nervous sys-
tem [1, 21–23]. An increase in cGMP follows
stimulation of glutamate receptors, mainly of the
N-methyl-D-aspartate (NMDA) type [11, 23]. Apart
from raising cGMP, NO also induces feedback in-
hibition of the NMDA receptor through a redox
modulatory site on the receptor complex [51]. NO
acts as a universal modulator of interneuronal com-
munications, synaptic plasticity, long-term poten-
tiation [10, 34, 39, 46,], long-term depression [44],
desensitization of �-amino-3-hydroxy-5-methyl-4-
isoxazoleproprionate (AMPA) receptors [27], intra-
cellular signal transmission and mediator release
[39]. It may be also implicated in the pathophysio-
logy of some neurodegenerative diseases such as

Parkinson’s or Huntigton’s disease and neuronal
damage induced by brain ischemia [26, 32].

The continuous release of NO from endothe-
lium appears to play an important role in modula-
tion of blood flow in different tissues. Apart from
regulating the macrovessels, NO is also known to
modulate the microvessels of the blood-brain bar-
rier [45]. NO also influences pyloric activity, takes
part in the inflammatory process and the process of
apoptosis [9, 13, 43, 58].

The role of NO in seizure activity

NO is considered to play a role in the pathophy-
siology of epilepsy, although the results of experi-
ments carried out by several authors are often dis-
crepant [21]. Available data show a lack of effect
[41], a decrease [4, 17, 53] or increase in seizure
susceptibility [38, 41, 49, 53, 55] following admi-
nistration of NOS inhibitors (NOSI). The effects of
NOSI are dependent on the kind of an inhibitor, the
route of administration, the model of seizures and
the species of animals used in experiments.

L-N2-nitroarginine methyl ester (L-NAME) and
L-N2-monomethylarginine, unspecific NOSI, atte-
nuated pentetrazole (PTZ)-induced seizures in rats
[35]. L-NAME significantly potentiated kainate-
induced convulsions in Sprague-Dawley rats, but
had no effect on seizure activity in Wistar rats [28].
Administration of L-NAME enhanced convulsions
induced by NMDA in mice [14, 38]. L-NAME did
not affect the threshold for electroconvulsions in
mice [8].

N2-nitro-L-arginine (NNA), another arginine ana-
logue, potentiated seizures evoked by kainic acid
[37, 40, 53], quinolinic acid [24] and bicuculline
[57] in rats. NNA enhanced also aminophylline-
induced seizures in mice [55], but displayed a pro-
tective effect against clonic seizures provoked by
intracerebroventricular injection of glutamate [53].
NNA did not significantly affect the convulsive ac-
tivity of AMPA, NMDA and trans-(±)-1-amino-1,3-
cyclopentanedicarboxylic acid and had no effect on
tonic-clonic seizures induced by systemic admini-
stration of bicuculline, PTZ and pilocarpine [53].
NNA also remained ineffective against electrocon-
vulsions and aminooxyacetic acid-provoked sei-
zures in mice [55].

L-ARG, a NO precursor, behaved as an anticon-
vulsant against kainate-induced seizures [36, 37] and
as a convulsant in NMDA-evoked convulsions [18].
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7-Nitroindazole (7-NI) is a preferential, but not

selective inhibitor of neuronal NOS [2, 59]. The

drug potentiated the severity of clonic seizures and

increased lethality produced by soman [29]. 7-NI

attenuated pilocarpine-, sound- and enoxacin-induced

convulsions in mice. It also had protective proper-

ties in genetically epilepsy-prone rats [31, 47, 56].

7-NI inhibited kainic acid-induced convulsions [33]

and hyperbaric oxygen-induced seizures in rats

[15]. 7-NI did not prevent seizures evoked by in-

tracerebroventricular administration of NMDA in

mice, although tended to delay the onset of convul-

sions [20]. On the other hand, 7-NI significantly

decreased the dose of NMDA necessary to produce

clonic convulsions [38]. 7-NI was ineffective in

PTZ-induced seizures in mice [38]. Effects of

NOSI upon the seizure susceptibility are displayed
in Table 1.

The role of NO in the anticonvulsant

action of antiepileptic drugs

The influence of NO and NOSI on the protec-
tive activity of antiepileptic drugs (AEDs) was
widely tested in various models of seizures.

Borowicz et al. [5] have found that 7-NI en-
hanced the anticonvulsive activity of phenobarbital
(PB) against maximal electroshock-induced con-
vulsions (MES) in mice and did not affect that of
carbamazepine (CBZ), diphenylhydantoin (DPH)
and valproate (VPA). Anticonvulsive properties of
PB are due to the potentiation of GABA0 recep-
tor-mediated effects and inhibition of glutamate ac-
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Table 1. An influence of different nitric oxide synthase inhibitors (NOSI) on seizure activity in various convulsive models

Convulsive model

NOSI Inhibiting effect Without effect Potentiating effect

L-N�monomethyl-
arginine

PTZ [35]
NMDA [17]

L-NAME PTZ [35]
NMDA [20]

KA ([28] – Wistar rats)

MES [8]

KA ([28] –
Sprague-Dawley rats)

NMDA [14, 38]

Pilocarpine [49]

NNA Glutamate [53] AMPA [53]

NMDA [53]

Trans-(±)-1-amino-1,3-cyclopentane-
dicarboxylic acid [53]

Bicuculline [53]

PTZ [53]

Pilocarpine [53]

MES [55]

Aminooxyacetic acid [55]

KA [37, 40, 53]

Quinolinic acid [24]

Aminophylline [55]

Bicuculline [57]

7-NI NMDA [20]
Pilocarpine [56]

Sound-induced seizures [47]

Enoxacin [31]

Hyperbaric oxygen [15]

KA [33]

MES [5]

PTZ [7]

Soman [29]

L-NAME – N�-nitro-L-arginine methyl ester, NNA – N�-nitro-L-arginine, 7-NI – 7-nitroindazole, PTZ – pentetrazole, NMDA –
N-methyl-D-aspartate, KA – kainic acid, MES – maximal electroshock, AMPA – �-amino-3-hydroxy-5-methylisoxazole propionate



tivity [25]. 7-NI decreases NO level in the brain,

which may be responsible for its anticonvulsive ac-

tion in certain models of epilepsy and for the poten-

tiation of the protective activity of PB against

MES. However, L-ARG, a donor of NO, did not

modify the influence of 7-NI upon PB, so the par-

ticipation of NO in the anticonvulsive action of this

particular drug is questionable [5]. NO does not

seem to influence the anticonvulsive activity of

CBZ, DPH and VPA, although the manipulation of

the central NO level may affect the expression of

some AED-induced adverse effects [5].
Baran et al. [3] have reported that 7-NI aug-

mented the anticonvulsive action of NMDA receptor

antagonists – D,L-(E)-2-amino-4-methyl-5-phospho-

no-3-pentenoate (CGP 37849) and dizocilpine, at-

tenuated the anticonvulsive action of DPH and had

no influence on the anticonvulsant effect of CBZ

against MES in mice. Another NOSI, L-NAME,

was ineffective on the protection offered by these

AEDs, which indicates that the effect of 7-NI must

have been unrelated to the brain NO pathway [3].
According to Borowicz et al. [7], 7-NI potentia-

ted the anticonvulsive activity of clonazepam (CLO)

and ethosuximide (ETX) against PTZ-induced con-

vulsions but had no effect on the protective actions

of PB and VPA. L-ARG did not reverse the action

of 7-NI on CLO or ETX, so the enhancement of the

anticonvulsive action of these drugs by 7-NI is

probably not related to the decrease in NO in the

central nervous system. The combinations of 7-NI

with CLO or ETX were free from adverse effects,

which may indicate that the side effects observed

when 7-NI was co-administered with CBZ or DPH

may be more related to an AED than to the NOSI

[5, 7].
The influence of 7-NI on the anticonvulsive ac-

tion of conventional AEDs against amygdala-kind-

led seizures in rats was also tested by Borowicz et

al. [6]. In this study, 7-NI reduced the severity and

duration of kindled seizures when applied together

with otherwise ineffective doses of CBZ or PB, but

remained ineffective when co-administered with

CLO, DPH or VPA. The protective activity of 7-NI

combined with CBZ or PB is probably not depend-

ent on NO-mediated processes, as it was not re-

versed by L-ARG. The combinations of 7-NI with

CBZ or PB did not evoke side effects [6].
7-NI potentiated the anticonvulsive activity of

diazepam (DZP), PB, VPA, CBZ, lamotrigine (LTG),

and DPH against audiogenic seizures in DBA/2
mice [19]. L-ARG did not modify the influence of
7-NI upon AEDs, so the involvement of NO in the
protective activity of these drugs does not seem
probable. The increase in the anticonvulsive activi-
ty of DZP, PB, VPA, CBZ, LTG and DPH was ac-
companied by an increase in motor impairment.

The experiments carried out by Baran et al. [3]
showed that L-NAME, an unspecific NOSI, con-
trary to 7-NI, did not affect the anticonvulsant ac-
tivity of conventional (CBZ and DPH) and poten-
tial (CGP 37849) AEDs or dizocilpine against MES
in mice. Similar results were obtained by Borowicz
et al. [8] also for CBZ and DPH. L-NAME reduced
the anticonvulsive activity of PB and VPA against
MES in mice and this effect was not reversed by
L-ARG. It indicates that L-NAME is able to modify
the protective activity of some conventional AEDs,
although this action is probably not connected with
impaired synthesis of NO [8]. On the other hand,
Borowicz et al. [8] showed that L-NAME per se
and combined treatment of L-NAME with AEDs
(CBZ, DPH, PB, VPA) resulted in motor distur-
bances in mice. These results support the hypothe-
sis that NO plays an important role in normal body
movements [50]. The effect of NOSI upon the anti-
convulsant activity of AEDs is shown in Table 2.

According to Czuczwar et al. [16], NNA im-
paired the protective activity of ETX against the
clonic phase of PTZ-induced seizures in mice, re-
maining ineffective against the anticonvulsant ef-
fects of DZP, PB and VPA. L-ARG prevented the
NNA-induced reduction of the protective activity
of ETX, which may indicate that NO takes part in
the expression of the anticonvulsive activity of
ETX, but not that of DZP, PB and VPA against
PTZ-induced seizures. The combined treatment of
NNA and ETX, apart from reducing the protective
activity of ETX, also resulted in motor impairment.

Tutka et al. [54] have found that NNA did not
modify the protective activity of glutamate iono-
tropic receptor antagonists (CGP 40116, GYKI
52466, dizocilpine) and riluzole against electrocon-
vulsions, therefore, NO does not seem to partici-
pate in the anticonvulsive activity of these drugs.

Clinical considerations

There are only very few studies trying to corre-
late NO-mediated events with human pathology. In
fact, Leite et al. [30] have studied the expression of
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neuronal NOS in hippocampi from patients with
temporal lobe epilepsy. The results indicate that the
density of neurons containing NOS has been
sharply reduced in many hippocampal regions ex-
cept for fascia dentata where an increase has been
found. This can be interpreted in terms of an abnor-
mal innervation of fascia dentata with the simulta-
neous neurodegeneration within CA*–CA8 hippo-
campal subfields [30]. The following neuronal
plasticity may eventually lead to the increased hip-
pocampal excitability. In our opinion, however, it is
premature to state whether the observed effects are
linked to epileptogenesis or result from seizure ac-
tivity. In any case, a question arises on the possible
therapeutic use of NOSI in epileptic patients. So
far, overproduction of NO by neuronal NOS has
been implicated for a number of acute (stroke) and
chronic (Parkinson’s and Alzheimer’s dementia,
schizophrenia) conditions (for review see [42]).
Considering that NOSI may possess neuroprotec-
tive properties [52], their use in epileptic patients
could be of some value since seizure activity is un-
doubtedly associated with neuronal cell loss [52].
In view of the experimental data presented above,
selective neuronal NOSI might be proper candi-
dates since they did not impair the anticonvulsant
activity of AEDs and even potentiated that of PB.

Conclusions

It is possible that NO-mediated events are in-
volved in the expression of the anticonvulsant ac-
tion of some AEDs, although our knowledge in this
field still remains incomplete. The experimental
data showed potentiation [3, 5, 7, 19], inhibition [3,
8, 16] and also lack of effect [3, 5–8, 16, 54] of
NOSI on the anticonvulsive activity of AEDs.
These effects were not reversed by L-ARG in case
of 7-NI and L-NAME, but were in case of NNA.
This may indicate that interactions of 7-NI and
L-NAME with some AEDs in MES, PTZ, amyg-
dala-kindling and audiogenic models of epilepsy
are not related to the NO pathway. In contrast, in-
teraction of NNA with ETX in PTZ-induced sei-
zures occurs via NO-dependent mechanism [3,
5–8, 16, 19].

It is also worth underlining that most of NOSI
per se and in combined treatment with AEDs re-
sulted in motor disturbances. This points out that
changes in central NO level may affect the expres-
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Table 2. Effect of different NOSI on the anticonvulsant action of
conventional antiepileptic drugs (AEDs) in different seizure
models

AED Seizure
model

Effect of NOSI on
the anticonvulsive
action of AEDs

Effect of
L-ARG

Refe-
rences

DZP PTZ

Audiogenic

(0): NNA

(+): 7-NI

ND

(0)

[16]

[19]

CLO PTZ

Kindling

(+): 7-NI

(0): 7-NI

(0)

ND

[7]

[6]

CBZ MES

Kindling

Audiogenic

(0): L-NAME

(0): 7-NI

(+): 7-NI

(+): 7-NI

ND

ND

(0)

(0)

[3, 8]

[5]

[6]

[19]

PB MES

PTZ

Kindling

Audiogenic

(+): 7-NI

(–): L-NAME

(0): NNA

(0): 7-NI

(+): 7-NI

(+): 7-NI

(0)

(0)

ND

ND

(0)

(0)

[5]

[8]

[16]

[7]

[6]

[19]

VPA MES

PTZ

Kindling

Audiogenic

(–): L-NAME

(0): 7-NI

(0): NNA

(0): 7-NI

(0): 7-NI

(+): 7-NI

(0)

ND

ND

ND

ND

(0)

[8]

[5]

[16]

[7]

[6]

[19]

DPH MES

Kindling

Audiogenic

(0): L-NAME

(0): 7-NI

(–): 7-NI

(0): 7-NI

(+): 7-NI

ND

ND

ND

ND

(0)

[3, 8]

[5]

[3]

[6]

[19]

ETX PTZ (–): NNA

(+): 7-NI

PR

(0)

[16]

[7]

LTG Audiogenic (+): 7-NI (0) [19]

DZP – diazepam, CLO – clonazepam, CBZ – carbamazepine,
PB – phenobarbital, VPA – valproate, DPH – diphenylhydan-
toin, ETX – ethosuximide, LTG – lamotrigine, PTZ – pentetra-
zole, MES – maximal electroshock, NNA – N�-nitro-L-argi-
nine, L-NAME – N�-nitro-L-arginine methyl ester, 7-NI –
7-nitroindazole, L-ARG – L-arginine. Effect of NOSI: (+) po-
tentiating effect, (–) inhibiting effect, (0) without effect. Effect
of L-ARG: (0) without effect, PR – partial reversal, ND – not
determined



sion of some AED-induced adverse effects [5, 6,
16, 19].

Undoubtedly further investigations are needed
to determine precisely the role of NO in seizure ac-
tivity and in the mechanisms of anticonvulsive ac-
tion of AEDs.
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