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The influence of nitric oxide (NO) on hypnotic activity of diazepam,
chlordiazepoxide and clonazepam was studied in mice. Administration of
both non-selective NO synthase inhibitors: N�-nitro-L-arginine methyl ester
(L-NAME), N�-nitro-L-arginine (L-NOARG) and selective NO synthase in-
hibitor 7-nitroindazole (7-NI) resulted in significant increase in the duration
of diazepam-, chlordiazepoxide- and clonazepam-induced sleep. The effects
of co-administration of the examined inhibitors with benzodiazepines were
not changed by L-arginine, a substrate for NO formation. Administration of
L-arginine alone had no effect on the duration of sleep induced by benzo-
diazepines. Methylene blue, the guanyl cyclase inhibitor, was able to in-
crease the duration of benzodiazepine-induced sleep. These findings suggest
that the cGMP/NO system may participate in hypnotic effects of benzo-
diazepines.
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INTRODUCTION

Classical benzodiazepine drugs exhibit seda-

tive, anxiolytic and anticonvulsant properties. They

are known to enhance the �-aminobutyric acid

(GABA)ergic neurotransmission through binding

to the specific, benzodiazepine recognition site

within GABA! receptor-ion channel complex, and

allosterically modulate its activity [15]. Benzodi-

azepines act also on targets other than the GABA!

receptor. Through unknown mechanisms, benzodi-

azepines may produce elevations of GABA levels

in the cerebrospinal fluid [23]. At high concentra-

tions, especially those that might be achieved in the

treatment of status epilepticus, benzodiazepines in-

hibit currents carried by voltage-gated sodium

channels [25] and, to a lesser extent, calcium chan-

nels [36]. Some of the biological effects reported

for benzodiazepines and certain antipsychotics

have been associated also with changes in the pro-

duction of NO by interacting with N-methyl-D-

aspartate (NMDA) receptors and through changes

in the intracellular concentration of calcium by in-

hibiting calmodulin binding [41]. Benzodiazepines

have been used clinically as hypnotics for years

and are widely available. It is known that benzodi-

azepine hypnotics increase slow-wave sleep in hu-

mans and enhance the intermediate stage situated

between slow-wave sleep and paradoxical sleep, at

the expense of the latter sleep stage [13]. In ani-

mals, most benzodiazepines increase the intermedi-

ate stage and decrease or suppress paradoxical

sleep [10].
It is generally known that NO, a novel intercel-

lular messenger in the brain, plays a crucial role in

a number of physiological and pathological pro-

cesses [27]. Recent researches indicate that NO is

also involved in sleep mechanism, however, data

are controversial because it is not clear whether NO

facilitates sleep or waking [2, 4, 18, 29]. NO is syn-

thetized from L-arginine by NO synthase as a re-

sponse to activation of NMDA receptors by excita-

tory amino acids [11].
It is emphasized that the physiological roles of

NO in the brain include its ability to modulate

either the release or uptake of several neurotrans-

mitters including glutamate [14] and GABA [14,

22, 35]. There is also evidence on co-localization

of NO with GABA [40]. It has also been postulated

that NO through cGMP synthesis changes the func-

tion of GABA! receptors [34, 43]. NO modulates
synaptic transmission in several ways, the most
common of which involves activation of guanylate
cyclase leading to an increase in cGMP [7].

The present experiments were undertaken to de-
termine the role of NO in the benzodiazepine-
induced sleep. It is known that insomnia is one of
the most frequent complaints in general medical
practice. It is also known that drugs releasing NO,
such as organic nitrates and nitrites, belong to the
major drugs used in the treatment of angina. Ex-
amination of an action of some relationships be-
tween benzodiazepines and NO seems to be ra-
tional and could be useful in clinical practice to
modulate some untoward effects of drugs.

MATERIALS and METHODS

Animals

The experiments were carried out on male al-
bino Swiss mice weighing 18–25 g. The animals
were kept 10 to a cage at room temperature of
± 20°C under natural day-night cycle with free ac-
cess to food and water. All experiments were con-
ducted between 9:00 a.m. and 3:00 p.m.

The experiments were performed in accordance
with the ethical requirements.

Drugs

The following drugs were used: diazepam
(Relanium) and chlordiazepoxide (Elenium) (Polfa,
Poland), clonazepam (Rivotril, Hoffman-La Roche,
Germany), 7-nitroindazole (7-NI, RBI, USA),
N"-nitro-L-arginine methyl ester hydrochloride
(L-NAME), N"-nitro-L-arginine (L-NOARG), meth-
ylene blue, L-arginine hydrochloride (all from Sig-
ma, USA). Diazepam and clonazepam were diluted
to adequate concentration, L-NAME, L-NOARG,
7-NI, L-arginine were dissolved in 0.9 % NaCl so-
lution. All substances were administered intraperi-
toneally (ip), except for methylene blue which was
given intravenously (iv). The injection volume was
10 ml/kg, except for methylene blue whose injec-
tion volume was 5 ml/kg. The control animals were
injected with an appropriate volume of the solvent
at the respective time before the test.

Sleeping time

The benzodiazepine-induced sleep (diazepam
10 mg/kg, chlordiazepoxide 50 mg/kg, clonazepam
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20 mg/kg) was recorded as the time elapsing be-
tween the loss and recovery of the righting reflex.
L-NAME (1, 10, 50, 100 mg/kg), L-NOARG (7.5,
15, 30 mg/kg), 7-NI (10, 20, 50 mg/kg) were given
10 min, L-arginine (125 mg/kg) was given 15 min,
methylene blue (5 mg/kg) was given 5 min prior to
benzodiazepine administration. Doses of benzodi-
azepines were chosen during pilot experiments.

Statistical analysis

The obtained data were analyzed statistically
using Student’s t-test. The results are presented as
means ± SEM (data in figures). A probability (p)
value of 0.05 or more is reported as statistically not
significant (NS).

RESULTS

The influence of L-NAME on benzodiazepine

sleeping time (Fig. 1)

Duration of sleep induced by diazepam
(10 mg/kg), chlordiazepoxide (50 mg/kg) and clo-
nazepam (20 mg/kg) was, respectively, 24.9 ± 3.4,
19.5 ± 4.9, 37.5 ± 9.9 min. Administration of
L-NAME at the doses of 1, 10 and 50 mg/kg did
not change the duration of diazepam-induced sleep.
L-NAME given at a dose of 100 mg/kg signifi-
cantly increased the duration of diazepam-, chlordi-
azepoxide- and clonazepam-induced sleep. L-NAME
(100 mg/kg) given alone did not evoke sleep. The
effect of co-administration of L-NAME with chlor-
diazepoxide or clonazepam was not changed by L-
arginine (125 mg/kg).

The influence of L-NOARG on benzodiazepine

sleeping time (Fig. 2)

Administration of diazepam (10 mg/kg), chlor-
diazepoxide (50 mg/kg) and clonazepam (20 mg/kg)
evoked hypnosis lasting, respectively, 24.4 ± 2.3,
19.5 ± 4.9 and 37.5 ± 9.9 min. L-NOARG was ad-
ministrated at the doses of 7.5, 15 and 30 mg/kg.
Duration of sleep induced by diazepam was in-
creased only by the dose of 30 mg/kg of
L-NOARG. L-NOARG given at a dose of 30 mg/kg
also significantly increased the duration of sleep in-
duced by chlordiazepoxide and clonazepam.
L-NOARG (30 mg/kg) given alone did not evoke
sleep. L-arginine (125 mg/kg) changed the effect of
co-administration of L-NOARG neither with chlor-
diazepoxide nor with clonazepam.
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Fig. 1. The influence of L-NAME on the duration of diazepam
(DZ)-, chlordiazepoxide (CDP)- and clonazepam (CZ)-induced
sleep in mice. The results are expressed as means ± SEM of the
groups consisting of 10 mice each. * p < 0.05, *** p < 0.001 vs.
benzodiazepine (BZ) (Student’s t-test)

S
le

e
p

in
g

ti
m

e
(m

in
)

0

10

20

30

40

50

60

70

80

90

100

110

*

**

DZ 10 mg/kg

BZ

DZ + L-NOARG 7.5 mg/kg

DZ + L-NOARG 15 mg/kg

BZ + L-NOARG 30 mg/kg

*

CDP 50 CZ 20

BZ + L-NOARG 30 + L-Arg125 mg/kg

Fig. 2. The influence of L-NOARG on the duration of diazepam
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groups consisting of 10 mice each. * p < 0.05, ** p < 0.01 vs.
benzodiazepine (BZ) (Student’s t-test)



The influence of 7-NI on benzodiazepine sleeping

time (Fig. 3)

Administration of diazepam (7.5 mg/kg), chlor-
diazepoxide (50 mg/kg) and clonazepam (20 mg/kg)
evoked hypnosis lasting, respectively, 21.1 ± 2.7,
9.5 ± 1.3 and 22.7 ± 5.7 min. Duration of sleep in-
duced by diazepam was significantly increased by
7-NI (10, 20 and 50 mg/kg). 7-NI given at a dose of
10 mg/kg significantly increased the duration of
chlordiazepoxide- and clonazepam-induced sleep.
Administration of 7-NI alone did not evoke sleep.
The effect of co-administration of 7-NI with diaze-
pam, chlordiazepoxide or clonazepam was not
changed by L-arginine (125 mg/kg).

The influence of L-arginine on benzodiazepine

sleeping time (Fig. 4)

Diuration of sleep induced by diazepam
(10 mg/kg), chlordiazepoxide (50 mg/kg) and clo-
nazepam (20 mg/kg) was, respectively, 24 ± 2.1,
37.1 ± 3.8 and 36.4 ± 5.3 min. L-arginine adminis-
tered at a dose of 125 mg/kg did not change the du-
ration of diazepam-, chlordiazepoxide- and clona-

zepam-induced sleep. Administration of L-arginine
alone did not evoke sleep.

The influence of methylene blue on benzodi-

azepine sleeping time (Fig. 5)

Duration of sleep induced by 7.5 mg/kg of dia-
zepam (17.1 ± 2.1 min), 50 mg/kg of chlordia-
zepoxide (25.1 ± 3.0 min) and 20 mg/kg of clo-
nazepam (17.3 ± 2.6 min) was significantly in-
creased by methylene blue given at a dose of
5 mg/kg.

DISCUSSION

Several lines of evidence indicate interactions
between NO and benzodiazepine/GABAergic sys-
tem. Reports suggest that the effects of NO on
GABAergic transmission can be biphasic. NO at high
concentration can act presynaptically and can po-
tentiate the release of GABA [12, 14, 22] or can act
directly on GABA! receptors [21]. At low concen-
tration, NO can exert inhibitory effects on GABA-
ergic transmission [9, 12].
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of diazepam (DZ)-, chlordiazepoxide (CDP)- and clonazepam
(CZ)-induced sleep in mice. The results are expressed as means
± SEM of the groups consisting of 10 mice each. * p < 0.05, ** p
< 0.01, *** p < 0.001 vs. benzodiazepine (BZ) (Student’s t-test)
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Some behavioral data appear also to support the
hypothesis that NO may be involved in benzodi-
azepine actions. NO has been implicated in ben-
zodiazepine-induced antinociception [38], anxio-
lytic activity [31], anticonvulsant effects [37, 39]
and also tolerance and dependence [19].

The aim of our study was to examine the influ-
ence of NO synthase inhibitors on the hypnotic ac-
tivity of benzodiazepines in mice. It is known that
considerably higher doses of benzodiazepines, then
those used in humans, have to be administered in
order to induce sleep in animals, which is reflected
by the loss of righting reflex [42]. In our studies,
long-lasting sleep was evoked by diazepam, chlor-
diazepoxide and clonazepam. We have shown that
L-NAME and L-NOARG elevated the duration of
diazepam-, chlordiazepoxide- and clonazepam-
induced sleep. The effects of co-administration of
the examined NO synthase inhibitors with chlordi-
azepoxide and clonazepam were not changed by
L-arginine, a precursor of NO synthesis. It is known
that L-NAME and L-NOARG are non-selective

NO synthase antagonists that besides their central

activity, they also affect the cardiovascular system

and increase arterial blood pressure [32] which

further may affect the excitability of the central

neurons [8]. In order to avoid the effect of

arginine-derived NO synthase inhibitors on blood

pressure and muscarinic receptor, we used 7-NI, an

inhibitor of neuronal NO synthase, which does not

affect endothelial NO synthase (in vivo) and blood

pressure [30]. We have observed that 7-NI also en-

hanced the duration of diazepam-, chlordiazepox-

ide- and clonazepam-induced sleep. Studies of Er-

den et al. [7] demonstrated that 7-NI significantly

increased sleeping time after pentobarbital in mice.

In the present study, we also showed that L-ar-

ginine was not able to change the effects of co-

administration of 7-NI with the examined benzodi-

azepines. However, this reversible effect of L-argi-

nine seems not to be necessary because some phar-

macokinetic characteristics of L-arginine and/or

a complex interactions between 7-NI and NO syn-

thase could play a role in this phenomenon. Moreo-

ver, we have shown that administration of L-argi-

nine alone had no effect on benzodiazepine sleep.

Our results are in accordance with Erden’s et al. [7]

observations that L-arginine had no apparent effect

on pentobarbital sleep parameters, suggesting that

the amount of L-arginine may not be a rate-limiting

factor for NO production.
The effects of inhibitors of NO synthase on

sleep-wakefullness are contradictory. Some authors

suggest that NO synthase inhibitors cause a promi-

nent depression of the CNS. Cespuglio and Burlet

[1] demonstrated that L-NAME administered ip in-

creased a slow wave sleep and paradoxical sleep. In

a study by Dzoljic et al. [5], the neuronal synthase

inhibitor 7-NI induced a long-lasting ptosis and

a loss of righting reflex in rats. However, the

mechanism underlying the central depressive ef-

fects of NO synthase inhibitors is unknown. It is

known that acute increases in blood pressure can

cause arousal from sleep in animals [8]. Practically,

all the NO synthase inhibitors used in experiments

are not devoid of an effect on cerebral circulation,

although they differ in behavioral effects [33]. But

it seems unlikely that hemodynamic changes are of

the essential importance for the central depression

induced by NO synthase inhibitors. It is known that

NO synthase inhibitors blocked the NMDA-mediated

release of various excitatory neurotransmitters, in-

cluding L-glutamate, L-aspartate [22] and nora-
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drenaline [28], which may affect neuronal excit-

ability. Therefore, it seems that inhibition of NO

synthesis in the brain and corresponding decreased

levels of excitatory neurotransmitters are of crucial

importance for the central depression. On the other

hand, it has been shown that systemic and icv ad-

ministration of L-NAME suppresses spontaneous

sleep and increases time in wakefulness in rabbits

[18] and rats [17]. The studies of Dugovic et al. [4]

have shown that L-NAME produced no change in

the duration of wakefulness, it reduced slow wave

sleep and increased paradoxical sleep in rats. When

administered locally in the nucleus raphe dorsalis,

L-NAME induced an increase in waking and re-

duction of slow wave sleep and paradoxical sleep

[29] but 7-NI decreased paradoxical sleep without

slow wave sleep changes [1]. These discrepancies

could be related to the significant species differ-

ences, or disparate mode of drug administration,

sleep parameters and use of different approaches to

data analysis.
It is generally known that activation of NMDA

receptors results in the production of NO and in-

creases the level of cGMP [6]. Moreover, it is

widely accepted that NO is responsible for oxidiz-

ing the redox binding site of NMDA receptor and

may serve as a negative feedback signal for NMDA

receptors that subsequently inhibits NMDA re-

ceptor-mediated responses [20, 24]. It was also

shown that NMDA receptor antagonists exerted

a sleep-inducing effects in cats [16]. These obser-

vations suggest that NO has a role in the excitabil-

ity of central neurons and consequently in vigi-

lance. However, it is difficult to explain the role of

NO in sleep regulation only by its interaction with

the excitatory amino acid receptors, because the

role of excitatory amino acids in sleep regulation it-

self is poorly understood.
Therefore, it is possible that lowering the level

of NO and its interaction with the excitatory amino

acid receptors by NO synthase inhibitors would

lead to potentiating of the effects of some hypnotic

drugs, but the presence of other interactions in the

CNS could not be excluded.
It has been well established that the major path-

ways for NO signaling begin with an increase in

cellular levels of cGMP through activation of the

soluble guanyl cyclase [3]. Methylene blue, a sim-

ple inhibitor of guanylate cyclase [26], has been

widely applied in the experiments to determine the

contribution of the cGMP pathway in the effects of
NOergic system. The results of the present study
demonstrate that methylene blue (5 mg/kg iv) pro-
longed the duration of sleep induced by diazepam,
chlordiazepoxide and clonazepam. The results
seem to support the involvement of cGMP/NO sys-
tem in hypnotic activity of benzodiazepines.

In summary, the hypnotic effects of benzodi-
azepines were intensified by both L-NAME and
L-NOARG, nonselective NO synthase inhibitors,
and 7-NI, selective NO synthase inhibitor. The ef-
fect of co-administration of NO synthase inhibitors
with benzodiazepines was not reversed by L-argi-
nine, a substrate for NO production. The participa-
tion of NO : cGMP pathway in the hypnotic effects
of benzodiazepines seems to be supported by inten-
sification of these effects by methylene blue, the
guanyl cyclase inhibitor. All these observations
seem to suggest a potential role for the NO : cGMP
system in the regulation of sleep induced by benzo-
diazepines.

It may be speculated that concomitant admini-
stration of NO synthase inhibitors and benzodi-
azepines could produce synergistic effect which
could be used in medical practice. Relationship be-
tween these compounds suggests possibility of using
lower doses of benzodiazepines with NO synthase
inhibitors and, thus, in future diminishing the side
effects of benzodiazepines in the treatment of in-
somnia.
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