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Short communication

L-Arginine abolishes the anxiolytic-like effect of diazepam in the
elevated plus-maze test in rats
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Abstract

The involvement of nitrergic mechanisms in the behavioural effects of diazepam in rats was studied in the elevated plus-maze,
Ž . Ž .open-field and rotarod tests. Administration of the nitric oxide NO precursor L-arginine 100 mgrkg, i.p. , assumed to increase the

Ž .synthesis of NO, abolished the anxiolytic-like effect of diazepam 2 mgrkg, i.p. in the elevated plus-maze, whereas the inactive
Ž .enantiomer D-arginine 100 mgrkg did not. Neither diazepam alone nor in combination with L- or D-arginine affected the exploratory

Ž .activity of animals in the open field. Pretreatment with L-arginine 100 and 200 mgrkg did not modify the motor impairment of rats after
Ž . Ž .diazepam 3 mgrkg in the rotarod test. Diazepam 2 mgrkg i.p. did not inhibit the cortical or hippocampal cytosolic NO synthase

w3 xactivity measured ex vivo by H L-arginine assay. Diazepam was similarly ineffective in in vitro studies at concentrations up to 10 mM.
We conclude that a suppression of NO synthase activity may be important in the anxiolytic-like effect of benzodiazepines. However,
diazepam does not inhibit NO synthase directly, but may affect NO synthase activity indirectly via some unknown mechanism. q 1998
Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Nitric oxide NO has been recognized as an intercellu-
Žlar messenger in the central nervous system Bredt and

.Snyder, 1989 . Interestingly, NO synthase inhibitors share
several pharmacological properties with benzodiazepine
agonists, e.g., they have an anxiolytic-like effect, decrease
motor activity, possess an anticonvulsant effect and de-

Žcrease cyclic GMP content Volke et al., 1997; Faria et al.,
1997; Mulsch et al., 1994; Bredt and Snyder, 1989; Ongini¨

.et al., 1982 . Therefore, we hypothesized that the brain
nitrergic system may be involved in some of the effects of
benzodiazepines. The aim of the present study was to
elucidate whether the behavioural effects of a reference
benzodiazepine anxiolytic, diazepam, could be modulated
by the NO precursor L-arginine. Moreover, the effect of
diazepam on the brain NO synthase activity was measured
in vitro and ex vivo.
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2. Materials and methods

2.1. Animals

ŽMale Wistar rats The National Animal Center, Kuopio,
.Finland weighing 200–250 g were used. Rats were housed

in cages of four at 20"28C in a 12-h lightrdark cycle
Ž .light on at 0700 h . Tap water and food pellets were
available ad libitum.

2.2. EleÕated plus-maze test

The apparatus and procedure have been previously de-
Ž .scribed Volke et al., 1997 . During a 5-min observation

period, the following parameters were measured: number
of open arm entries, time spent on open arms and number
of closed arm entries. Subsequently, the percentage of the
number of entries into the open arms of the total number
of entries into all arms and percentage of time spent on
open arms were calculated.
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2.3. Open field test

Immediately after the plus-maze test, the rats were
Žplaced singly into an open field 1 m=1 m, divided by

.lines into 16 equal squares and observed in 4 min to
measure locomotor activity. The number of line crossings
and rearing were counted.

2.4. Rotarod

The rotarod performance was measured as described by
Ž .Suzdak et al. 1992 . The rats were trained on the day

Žbefore the test to stay on the rotating wooden bar diameter
.8 cm, speed 9 rpm for at least 3 min. On the test day, the

animals were put on the rotarod and the number of falls
during a 3-min session was registered.

2.5. NO synthase assay

Ž .Brain pieces frontal cortex and hippocampus were
Ž .homogenized 1:10 wrv in ice-cold 20-mM Tris–HCl

Ž .buffer pH 7.4 containing 2 mM of EDTA. After centrifu-
Ž .gation 20 000=g, 15 min supernatants were removed

and used immediately to measure NO synthase activity. An
Ž .aliquot of supernatant 25 ml was added to the reaction

Žbuffer 40-mM HEPES containing 1 mM of CaCl , 1 mM2
w 3 xof NADPH and 120 nM of L- 2,3,4,5- H L-arginine, pH

.7.4 , final volume 100 ml, and incubated 30 min at 378C.
Ž .For in vitro experiments the aliquots 20 ml were preincu-

bated 15 min with 10 ml of diazepam on ice, followed by
Žaddition of 70 ml of reaction buffer and incubation 15

.min at 378C . The blank samples received buffer without
CaCl and NADPH. The reaction was stopped by addition2

of 1 ml of ice-cold 20-mM HEPES buffer containing 2
w3 xmM of EDTA and subsequent transfer to ice. H L-citrul-

line was separated using 0.5-ml columns of Dowex
AG50WX-8 and quantified by the liquid scintillation spec-
troscopy. Protein concentrations were measured according

Ž .to the method of Lowry et al. 1951 using bovine serum
albumin as standard.

2.6. Drugs

Ž .7-Nitroindazole was obtained from RBI Natick, USA .
w 3 xL- 2,3,4,5- H Arginine was purchased from Amersham

Ž .Amersham, UK . All other chemicals were from Sigma
Ž .St. Louis, USA . L- and D-arginine were dissolved in
saline. 7-Nitroindazole and diazepam were dissolved using
a few drops of Tween-80 for in vivo experiments and
dimethylsulphoxide, final concentration 10%, for in vitro
experiments. All drugs were freshly prepared and given

Ž .intraperitoneally i.p. in a volume of 0.1 mlr100 g body
weight of rats at different time intervals before the testing.

2.7. Statistics

Data were statistically treated using one-way analysis of
Ž .variance ANOVA . Post-hoc comparisons between indi-

vidual groups were performed by Duncan’s multiple range
test. Data are expressed as the mean values"S.E.M.

3. Results

3.1. EleÕated-plus-maze and open field

The results are shown in Fig. 1. One-way ANOVA
indicated significant drug effects on percentage of time
spent on, percentage of entries into open arms and total

Žnumber of arm entries Fs3.75, P-0.05; Fs8.12,
.P-0.001 and Fs3.81, P-0.05, respectively . Di-

Ž .azepam 2 mgrkg i.p. caused a significant increase in
Ž .percentage of open arm visits P-0.05 , in total number

ŽFig. 1. The effect of pretreatment with L- or D-arginine 100 mgrkg i.p.
. Ž60 min prior to the test on the behavioural action of diazepam 2 mgrkg,

. Ži.p. 30 min prior the test in the elevated plus-maze. A, test duration 5
. Ž . Ž .min and open field B . ns8–10. a P -0.05 compared to control

Ž . Ž .group, b P -0.05 compared to diazepam group, c P -0.05 compared
to diazepamqD-arginine group, Duncan’s test after the significant one-
way ANOVA.
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Ž .of arm entries P-0.05 and in percentage of time spent
Ž .on open arms P-0.05 . Pretreatment with L-arginine

Ž .100 mgrkg i.p. 60 min before testing , but not with
D-arginine, abolished the anxiolytic-like effect of diazepam
Ž .P-0.05; Fig. 1A . ANOVA did not show any drug

Ž .effect on the number of line crossings Fs1.25, P)0.1
Ž .or number of rearing Fs1.72, P)0.1 . However, a

post-hoc test indicated that the decrease in number of
rearing was close to statistical significance in the case of

Ždiazepam combined with L- or D-arginine Ps0.052 and
. Ž .0.06 respectively compared to the vehicle group Fig. 1B .

3.2. Rotarod performance

Treatment had significant effect on the motor coordina-
Ž . Žtion of rats on rotarod Fs6.0, P-0.01 . Diazepam 3

.mgrkg increased the number of falls during the 3-min
Ž .test session from 0.4"0.2 to 9.4"2.4 P-0.01 . Pre-

Ž .treatment with L-arginine 100 or 200 mgrkg did not
modify the motor incoordination caused by diazepam
Ž .number of falls 8.4"1.9 and 9.6"1.9 respectively .

3.3. NO synthase actiÕity

ANOVA revealed a significant drug effect on the corti-
Žcal and hippocampal NO synthase measured ex vivo Fs

.60, P-0.0001 and Fs46, P-0.0001, respectively .
ŽThe NO synthase inhibitor, 7-nitroindazole 40 mgrkg i.p.

.40 min prior sampling decreased NO synthase activity by
Ž . Ž .more than 65% P-0.001 in cortex and 70% P-0.001

Žin hippocampus, as shown in Fig. 2A. Diazepam 2 mgrkg
.i.p. 30 min prior sampling did not affect NO synthase

activity. Diazepam had no apparent effect on hippocampal

NO synthase activity in vitro in concentrations up to 10
Ž .mM Fig. 2B .

4. Discussion

The main finding of the present study is that pretreat-
ment with L-arginine abolished the anxiolytic-like effect of
diazepam in the elevated plus-maze. L-arginine seems to
cause a true change in the anxiolytic-like action of di-

Ž .azepam since Faria et al. 1997 as well as our group
Ž . ŽVolke et al., 1997 have shown that L-arginine, 60 and

.100 mgrkg i.p., respectively administered alone, does not
modify the behaviour of rats in the elevated plus-maze test.
Moreover, the effect of the L-arginine treatment to de-
crease entries into open arms of the maze could not be
explained by nonspecific change in motor activity, since
L-arginine combined with diazepam did not affect locomo-
tion of rats in the open field test. Since only the NO
precursor L-arginine, but not the biologically inactive enan-
tiomer D-arginine, modified the behaviour of the rats, the
increased synthesis of NO seems likely to account for the

Žabove-mentioned action. L-arginine 150 and 300 mgrkg
.i.p. has been shown to increase brain NO synthesis by

Ž .about 50% Salter et al., 1996 . The present results are in
line with the previous findings showing that specific NO
synthase inhibitors induce an anxiolytic-like effect in the

Želevated plus-maze Wiley et al., 1995; Volke et al., 1997;
.Faria et al., 1997 and indicating that NO may be an

anxiogenic stimulus. However, not all the evidence is
Ž .unanimous. Quock and Nguyen 1992 have described that

Ž .the NO synthase inhibitor, L-NG-nitro arginine L-NOARG
antagonizes the anxiolytic-like effect of chlordiazepoxide.

Ž .Moreover, De Oliveira et al. 1997 showed that L-NOARG
has an anxiogenic-like effect in the elevated plus-maze.

Ž . Ž . Ž . Ž .Fig. 2. A The action of 7-nitroindazole 40 mgrkg i.p. and diazepam 2 mgrkg on brain NO synthase activity ex vivo. B The effect of diazepam on
hippocampal NO synthase activity in vitro. ns5, ) P-0.001, Duncan’s test after the significant one-way ANOVA.
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We do not have any explanation for these discrepancies,
but non-specific effects of the drug on locomotion cannot
be ruled out.

We are unable to assess whether an increase in NO
synthesis affects the benzodiazepine induced hypolocomo-

Ž .tion, because the dose of diazepam used 2 mgrkg did not
significantly suppress the motor activity. L-arginine did not

Žmodify the motor impairment caused by diazepam 3
.mgrkg , even though the dose of L-arginine was increased

to 200 mgrkg, demonstrating that not all the effects of
diazepam are sensitive to an increase of the NO synthesis.

In another set of experiments we tested the hypothesis
that diazepam may directly affect the NO synthase activity,
which in turn would explain the behavioural effect of
L-arginine. However, diazepam did not modify NO syn-
thase activity as measured ex vivo, whereas the known NO

Ž .synthase inhibitor 7-nitroindazole 40 mgrkg decreased
Žactivity by more than 60%. Diazepam in concentrations

.up to 10 mM was similarly ineffective in in vitro studies,
demonstrating that there is no direct interaction of di-
azepam with the NO synthase. Nevertheless, it is tempting
to speculate that benzodiazepines may decrease NO syn-
thase activity via some indirect mechanism, e.g., by chang-
ing the concentration of some essential cofactor. Indeed,

Ž .Wang et al. 1997 have found that g-aminobutyric acid
Ž .GABA positive neurons have synapses to NO synthase
positive neurons in the dorsal raphe nucleus, suggesting
that GABAergic neurons could modulate NO-producing

Ž .neurons. Furthermore, Mulsch et al. 1994 showed that¨
Ž .diazepam 10 mgrkg is nearly as effective in inhibiting

the kainate-induced NO formation as the NO synthase
inhibitor, 7-nitroindazole. There are also other potential
levels of interaction between GABA- and nitrergic systems
in the regulation of anxiety. An increased synthesis of NO
can decrease GABA-stimulated Cly influx by inhibiting
the function of the GABAA receptor as described by Zarri

Ž .et al. 1994 . In fact, the functional balance between
GABAergic and nitrergic system may be important in the
regulation of anxiety but further studies are needed to
clarify the impact and mechanism of this interaction. In
conclusion, the present study indicates that the anxiolytic-
like effect of diazepam depends on the level of NO
synthesis. However, diazepam is not an inhibitor of NO
synthase, but may affect the NO synthase balance indi-
rectly via some unknown mechanism.
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