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Abstract

Epilepsy is the third most common chronic brain disorder. Modafinil is an awakening agent approved for narcolepsy. In
addition to its clinical uses some reports revealed that modafinil was associated with some alterations in seizure threshold.
The purpose of this study was to clarify the effect of acute administration of modafinil in clonic seizure threshold (CST)
induced by pentylenetetrazole in mice and the involvement of glutamate, nitric oxide, gamma amino butyric acid (GABA),
and serotonin systems in this feature. Modafinil at 80 and 150 mg/kg showed anti- and pro-convulsant effects respectively
and expressed maximum anti- and pro-convulsant activities at 30 min after injection. Both modulatory effects were blunted
by pretreatment of L-NAME [nonspecific nitric oxide synthase (NOS) inhibitor; 10 mg/kg, i.p.], 7-nitroindazole (a neuronal
NOS inhibitor; 40 mg/kg, i.p.), and aminoguanidine (an inducible NOS inhibitor; 50 mg/kg, i.p.). Injection of the NOS pre-
cursor L-arginine (60 mg/kg, i.p.) before modafinil did not change the anti-convulsant effect, while thoroughly reversed the
pro-convulsant one. Our experiments displayed that administration of diazepam (a GABA , receptor agonist; 0.02 mg/kg, i.p.)
and MK-801 (a NMDA receptor antagonist; 0.05 mg/kg, i.p.) before different doses of modafinil significantly increased CST.
Finally, pretreatment of citalopram (a selective serotonin reuptake inhibitor; 0.1 mg/kg, i.p.) did not modify the convulsant
activities of modafinil. Therefore, nitric oxide system may mediate anti-convulsant activity, while glutamate, nitric oxide, and
GABA pathways may involve in pro-convulsant property. Serotonin receptors have no role on convulsant effects of modafinil.
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Introduction that there are a lot of antiepileptic drugs, which are effica-
cious in patients with epilepsy, novel drugs with the specific-
Epilepsy is a disorder characterized by frequent seizures. ity on anti-convulsant characteristic and low adverse effect

Roughly 10% of the populations encounter a seizure at  profile are still required [3, 4]. Numerous molecular mech-
some time in their life [1]. Epileptic seizures often impair ~ anisms have been documented to be involved in seizures
consciousness, hurt the individual, and create problems in  including N-methyl-p-aspartate (NMDA) receptors, nitric
receiving education and finding jobs [2]. In spite of the fact ~ oxide (NO) pathway, gamma amino butyric acid (GABA)
release, and serotonin receptors [5—-8].
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dehpour@yahoo.com approved for the treatment of narcolepsy, shift work sleep
problems, and obstructive sleep apnea [9, 10]. It is catego-
rized as psychostimulants [11-14], hence its use may be
resulted in seizures, even at therapeutic doses [15]. There
has been an increase in off-label use of modafinil for a vari-
ety of indications such as attention deficit hyperactivity dis-
. ) order [16]. Recently, some reports in both clinical trials and
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and can modulate the effects of some antiepileptic drugs in
an animal model [17-19]. Although data about the effects of
modafinil on seizure are inconclusive (and sometimes con-
flicting), some animal data suggest that it influences sev-
eral and different neurotransmitter pathways in the brain,
including dopamine transporters, NO pathway, glutamate,
GABA, serotonin, and histamine. Thus, the exact mecha-
nisms related to its therapeutic effects are complicated and
not well clarified [9, 10, 12, 20].

Glutamate is an excitatory amino acid, which is found
throughout the mammalian central nervous system where
they are considered to promote excitatory synaptic transmis-
sion. Glutamate has two kinds of receptors: ligand-gated and
G protein coupled receptors. NMDA receptor is a hetero-
meric ligand-gated glutamatergic receptor which has a big
role in seizure [21]. NR1, NR2, and NR3 are 3 subunits of
NMDA receptors and most of its heterogeneity is based on
NR2. The affinity of NMDA receptors with different subu-
nits for agonists and antagonists vary slightly and greatly
respectively [22]. Over-activation of NMDA receptors may
play an important part in etiology and expression of epi-
lepsy. Antagonizing the NMDA receptors are also believed
as a mechanism of action of some anti-convulsant agents [5].
In addition, it seems that modafinil performs its anti-narco-
leptic effect through activation of NMDA receptors [17].

Nitric oxide is a signaling molecule, which is produced
from the amino acid L-arginine by three kinds of nitric oxide
synthases (NOS). It operates as a neurotransmitter in the
nervous system. Besides, several prior literatures have pro-
posed that nitric oxide is a modifier of seizure threshold
with very different anti- and pro-convulsant effects in dis-
tinct seizure models [23, 24]. One research revealed that the
hyperalgesic effect of modafinil in mice was prevented by
nitric oxide synthase inhibitors, so the involvement of nitric
oxide system in this feature is plausible [20].

Gamma amino butyric acid (GABA) is an inhibitory
amino acid which may play a crucial role in lowering the
seizure threshold. Anti-seizure effect of benzodiazepines
like diazepam, drug of choice for status epilepticus, hap-
pens through GABA , receptors which leads to increase in
chloride current and hyperpolarization [25, 26]. One of the
probable mechanisms in simulative effect of modafinil is a
reduction in GABA release [17].

Serotonin is a neurotransmitter which is involved in
huge processes in mammalian nervous system. There is a
big group of receptor subtypes (5-HT) responsible for ser-
otonin actions. It is believed that modafinil increases the
extracellular 5-HT significantly in the frontal cortex, central
nucleus of the amygdala, and dorsal raphe nucleus. This neu-
rotransmitter is involved in major depressive disorder and
selective serotonin reuptake inhibitors (SSRIs) drugs such
as citalopram are approved as antidepressant drugs. A dose
dependent anti- and pro-convulsant properties of citalopram
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has been observed in rodent models and it was demonstrated
that 5-HTj; receptors exert this bimodal effect on seizure
susceptibility [7, 10, 27].

Because of complicated and not well clarified convulsant
activities of modafinil and its mechanisms, we designed this
experiment to determine the anti- and pro-convulsant prop-
erties of modafinil in clonic seizure threshold induced by
intravenous administration of pentylenetetrazole in mice and
evaluate the possible involvement of glutamate, nitric oxide,
GABA, and serotonin pathways in these activities.

Materials and Methods
Chemicals

The drugs and agents, which we used are: modafinil, pen-
tylenetetrazole (PTZ), citalopram, MK-801, diazepam,
N(G)-nitro-L-arginine methyl ester(L-NAME), 7-nitroinda-
zole, aminoguanidine, L-arginine (All were purchased from
Sigma, St. Louis, MO, USA). 7-nitroindazole and modafinil
were suspended in Tween 80 1% solution, but all other drugs
were freshly dissolved in sterile isotonic saline before the
experiments. The dosage range, route of drug administration,
and injection time of various agents were based on preceding
published researches, and pilot experiments. Except PTZ,
which was administered via intravenous (i.v.) route, all other
injections were done through intraperitoneal (i.p.) route and
with a volume of 10 ml/kg body weight.

Animals

Eight-week-old male NMRI strain mice with weights
between 25 and 30 g (Tehran University of medical sciences,
Pharmacology Department, Tehran, Iran) were used in our
study. The animals were housed in groups of 10 and were
allowed freely access to food and water except for the short
time that animals were removed from their cages for testing.
All experiments were conducted during the period between
10:00 a.m. and 13:00 p.m. with normal room light (12-h
regular light/dark cycle) and temperature (22 + 1 °C). All
procedures were carried out in accordance with the insti-
tutional guidelines for animal care and in compliance with
the National Institutes of Health guide for the care and use
of Laboratory animals (NIH Publications No. 8023, revised
1978). Each mouse was used only once, and each treatment
group consisted of at least 12 animals.

Determination of Clonic Seizure Threshold (CST)
In order to evaluate the seizure susceptibility of mice we

induced seizure with Intravenous infusion of PTZ which rep-
resents a standard experimental model of clinical myoclonic
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petit mal seizures and construct validity for myoclonic sei-
zures. The infusion of PTZ was carried out by interpolat-
ing a 30-gauge butterfly needle into the tail vein of mice
which was fixed by an adhesive tape and the PTZ (0.5%)
flow infused at a constant rate of 1 ml/min to animals by an
infusion pump (NE 1000, New Era Pump System, Inc.). A
40-cm flexible tube as a connector used between syringe and
butterfly needle which provided an unrestrained freely mov-
ing condition. Infusion was stopped when forelimb clonus
followed by full clonus of the body was spotted and the dose
of PTZ (mg/kg of mice weight) was calculated according to
the following formula:

[infusion duration (min) X infusion rate (ml/min)
XPTZ concentration (mg/ml) X 100()]
/ [weight of mouse (g)].

The animals were anesthetized by increasing carbon diox-
ide concentrations and killed by cervical displacement [5-7,
28, 29].

Experiments

In experiment 1, mice in distinguished groups received a
single injection of various doses of modafinil (0 [saline],
20, 50, 80, and 150 mg/kg, i.p.) at 30 min (based on prior
study [17]) before determination of the PTZ-induced seizure
threshold. In this step, the potent anti- and pro-convulsant
doses of modafinil were measured for further experiments.

In experiment 2, in order to determine the best time of
modafinil activity on PTZ-induced seizure threshold, mice
received an acute i.p. injection of saline or modafinil (80 and
150 mg/kg) at 15, 30, and 45 min prior to establishment of
PTZ-induced clonic seizure threshold. This dose was chosen
based on our prior experiment. Control group was calculated
by the average of separate groups of saline (5 ml/kg) injec-
tions in different time (15, 30, and 45 min).

In experiment 3, non-effective dose of NMDA antago-
nist (MK-801 0.05 mg/kg, i.p) [6] was administered 15 min
before 0 (saline), 20, 50, 80, and 150 mg/kg i.p. of modafinil
injections in distinct groups of mice, and seizure tests were
performed 30 min after injections of saline or modafinil
doses.

In experiment 4, 5, and 6 animals in different groups
received an injection non-effective dose of nonspecific
NOS inhibitor, L-NAME (10 mg/kg, i.p.), as well as ami-
noguanidine as an inducible NOS inhibitor (50 mg/kg, i.p.),
and 7-nitroindazole as a neuronal NOS inhibitor (40 mg/kg,
i.p.), 15 min before O (saline), 20, 50, 80, and 150 mg/kg,
i.p. of modafinil respectively. The doses of L-NAME [24],

7-nitroindazole, and aminoguanidine were chosen based on
prior literatures [26, 30]. The PTZ-induced seizure thresh-
old was assessed 30 min after the injections of saline or
modafinil doses.

In experiment 7, animals received an injection of ineffec-
tive dose of the precursor of nitric oxide (L-arginine 60 mg/kg,
i.p.), according to prior publications [5, 24, 30], 15 min before
0 (saline), 20, 50, 80, and 150 mg/kg i.p. of modafinil, then
after 30 min seizure tests were conducted.

In experiment 8, mice in separated groups were injected
sub-effective dose of GABA agonist (diazepam 0.02 mg/kg,
i.p.) which was shown in previous study [26] 15 min before 0
(saline), 20, 50, 80, and 150 mg/kg of modafinil (45 min prior
to PTZ-induced clonic seizure test).

In experiment 9, animals in different group received non-
effective dose of citalopram (0.1 mg/kg, i.p.) ,which was
selected based on previous study [7], 15 min before O (saline),
20, 50, 80, and 150 mg/kg of modafinil, then after 30 min of
saline or modafinil injections the PTZ-induced clonic seizure
tests were carried out (Scheme 1).

Hippocampal Nitrite Assay

To specify the nitric oxide levels in the hippocampus, we
measured nitrite levels as the result of the nitric oxide end
product. After the seizure tests in 4, 5, 6, and 7 experiments
animals were decapitated, and then the hippocampi were dis-
sected on ice-cold surface and instantly immersed in liquid
nitrogen. Tissue homogenates were prepared, and nitrite levels
were measured by using a colorimetric assay based on the
Griess reaction. Initially, each well was loaded with 100-ul
samples, which were then mixed with 100-ul Griess reagent.
Following 10-min incubation at room temperature, absorbance
was measured at 540 nm in an automated plate reader. Con-
centration of nitrite was determined by referring to a standard
curve of sodium nitrite and normalized to the weight of each
sample [31, 32].

Statistical Analysis

Data are expressed as mean + S.E.M. of clonic seizure thresh-
old in each experimental group and were analyzed using SPSS
25 software. The one-way ANOVA followed by Post hoc Tuk-
ey’s tests were used to analyze the data. Tests of homogeneity
of variance were used to ensure normal distribution of the

15 min 30 min

Interventions s modafinil or saline m——) Scizure test

Scheme 1 Description of the time length
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data. The P value of less than 0.05 was considered statistically
significant.

Results
Effect of Different Doses of Modafinil on CST

Figure 1 illustrates the dose-dependent effect of acute
intraperitoneal administration of different doses of
modafinil (20, 50, 80, and 150 mg/kg, i.p) on PTZ-induced
clonic seizure threshold. The seizure sensitivity determi-
nation was done 30 min after modafinil injection. One-
way ANOVA revealed a significant anti-convulsant activ-
ity for modafinil at doses of 50 (*P <0.05) and 80 mg/
kg (***P < 0.001) with maximal effect at 80 mg/kg and
pro-convulsant effect at dose of 150 mg/kg (¥**P < 0.001)
compared with saline-treated animals. Based on this
experiment 20 mg/kg did not produce any significant anti-
convulsant effect compared with saline group (P> 0.05),
and was selected as sub-effective dose for subsequent
experiments.

Impact of Different Times of Modafinil Injection
on CST

Figure 2 displays the time course of the effective anti-
and pro-convulsant doses of modafinil (80 and 150 mg/kg
respectively). Administration of modafinil (80 and 150 mg/
kg) 15 min before PTZ infusion, did not alter clonic sei-
zure threshold (P> 0.05). Injection of the same doses of

Fig. 1 Effect of different doses 60 [
of modafinil in PTZ-induced
seizures. Effect of acute Q
administration of modafinil (20, : 50
50, 80, and 150 mg/kg, i.p., =
30 min before PTZ infusion) & 40
on clonic seizure threshold )
(CST) in PTZ-induced seizures é
in mice. Values are expressed T 30
as mean + SEM analyzed by =
one-way ANOVA followed by E
Tukey’s multiple comparison s 20
test. ¥*P <0.05, ***P <0.001 vs. =
control (saline-injected) group -E
©w 10
0
0
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Saline

modafinil 30 min before seizure induction significantly
changed the CST (***P <0.001), but 45 min before the
test, did not influence the CST. Data show that modafinil
exerts anti- and pro-convulsant effects with maximal activ-
ity at 30 min after administration compared with saline-
treated animals.

Effect of the NMDA Receptor Antagonist
on the Different Doses of Modafinil

For investigation of the role NMDA receptors in the anti-
and pro-convulsant activity of modafinil, MK-801, a NMDA
antagonist, (0.05 mg/kg) was administered 15 min prior to
modafinil (20, 50, 80, and 150 mg/kg) or saline. Data in Fig. 3
show that MK-801 at this specific dose did not alter the CST
in control animals. However, MK-801 in combination with
modafinil (20, 50, and 80 mg/kg) significantly enhanced the
seizure threshold (**P <0.01 ***P <0.001 compared with
saline-treated group, “#*P <0.001, 3P <0.001, #P <0.01
compared with modafinil-treated (20, 50, and 80 mg/kg)
groups respectively). Also, injection of this dose of MK-801
15 min before modafinil (150 mg/kg, i.p.) completely blocked
the pro-convulsant effect of modafinil (¥44P <0.001 in com-
parison with modafinil-treated group).

Impact of .-NAME on the Anti- and Pro-Convulsant
Activity of Modafinil

To explore the role of nitric oxide on the anti- and pro-
convulsant effects of modafinil, we examined the impact
of nonspecific nitric oxide synthase inhibitor, L-NAME,
on the seizure threshold alteration of modafinil. Figure 4

keskosk

50 80 150

modafinil (mg/kg)
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Fig.2 Time course of modafinil 60 -
in PTZ-induced clonic seizure.
Effect of acute administration
of modafinil (80 and 150 mg/
kg) on clonic seizure threshold
(CST) in PTZ-injected mice.
Modafinil (80 and 150 mg/kg)
was injected 15, 30, and 45 min
prior to PTZ test. Values are
expressed as the mean+S.E.M.
analyzed by one-way ANOVA
followed by Tukey’s multiple
comparison test. ***P <(0.001
vs. control group. Control group
was calculated as an average of
different data of control groups
at 15, 30, and 45 min

[ Saline

th
=

40 1

Seizure threshold (mg/kg PTZ)
!5

10

C—J Modafinil (150 mg/kg)
B Modafinil (30 mg/kg)

*EE

Control

B pretreatment with saline

20

Seizure threshold (mg/kg PTZ)
3

10 4

Pretreatment with MK-801 (0.05 mg/kg)

15 30 45

Times after injection (min)

saline 0

50 80 150

Fig.3 Effect of MK-801 injection on clonic seizure threshold of
different doses of modafinil. MK-801 (0.05 mg/kg, i.p,) was admin-
istered 15 min before modafinil (20, 50, 80, 150 mg/kg, i.p,). Data
are expressed as mean+SEM analyzed by one-way ANOVA fol-
lowed by Tukey’s multiple comparison test. *P <0.05, **P<0.01,

shows the effect of selected doses of L-NAME (10 mg/kg,
i.p.) and modafinil (80 and 150 mg/kg, i.p.) alone or in com-
bination on the clonic seizure threshold induced by PTZ.
The L-NAME (10 mg/kg) was administered 15 min prior
to modafinil (80 and 150 mg/kg) or saline injection. Our
data exhibit that L-NAME (10 mg/kg) alone did not alter the

Modafinil (mg/kg)

###P < (.001 compared with saline-treated group. ***P <0.001 com-
pared with modafinil-treated (20 mg/kg) group. ***P<0.001 com-
pared with modafinil-treated (50 mg/kg) group. #P <0.01 compared
with modafinil-treated (80 mg/kg) group. ““¢P<0.001 compared
with modafinil-treated (150 mg/kg) group

CST while co-administration of modafinil (80 mg/kg) with
L-NAME (10 mg/kg) completely reversed the anti-convul-
sant effect of modafinil, compared with modafinil-treated
(80 mg/kg) group (***P <0.001). Moreover, combination
of L-NAME (10 mg/kg) with modafinil (150 mg/kg) sig-
nificantly decreased the pro-convulsant activity of modafinil
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Fig.4 Impact of .L-NAME on
both anti- and pro-convulsant
effects of modafinil. .L-NAME
(10 mg/kg, i.p,) administered
15 min before modafinil (80 50
and 150 mg/kg, i.p,). Data

are expressed as mean + SEM
analyzed by one-way ANOVA
followed by Tukey’s multiple
comparison test. *P <0.05,
*#**P <0.001 compared

with saline-treated group.

###P <0.001 compared with
modafinil-treated (80 mg/kg)
group. 4P <0.01 compared
with modafinil-treated (150 mg/
kg) group

60 -

72
7
I 2

Seizure threshold (mg'kg PTZ)
7]
=

Pretreatment with L-NAME (10 mg/kg)

Pretreatment with saline

saline

(*P<0.05, &&p ~0.01 compared with saline-treated and
modafinil-treated (150 mg/kg) groups respectively). There
are no statistical differences between saline and 20, 50 mg/
kg groups which is why their data have not been shown.

Impact of Aminoguanidine on the Effective Doses
of Modafinil

As shown in Fig. 5, the specific inducible nitric oxide syn-
thase inhibitor aminoguanidine (50 mg/kg, i.p.) did not
modify the seizure threshold (P> 0.05). However, pretreat-
ment with the same dose of aminoguanidine 15 min before

Fig.5 Effect of aminoguanidine 60 -
on both anti- and pro-convulsant
features of modafinil. Amino-
guanidine (50 mg/kg, i.p,) was 50 -
administered 15 min before
modafinil (80 and 150 mg/

kg, i.p,). Data are expressed

as mean + SEM analyzed by
one-way ANOVA followed by
Tukey’s multiple comparison
test. **P <0.01, ***P <0.001
compared with saline-treated
group. #¥P <0.001 compared
with modafinil-treated (80 mg/
kg) group. ¢P <0.01 compared
with modafinil-treated (150 mg/
kg) group

20

Seizure threshold (mg'kg PTZ)
8

10

0 80 150

Modafinil (mg/'kg)

modafinil (80 mg/kg, i.p.) totally blocked the anti-convulsant
effect of modafinil in comparison with modafinil-treated
(80 mg/kg) animals (**P < 0.001). Administration of amino-
guanidine (30 mg/kg, i.p.) 15 min before modafinil (150 mg/
kg, i.p.) significantly lower the pro-convulsant effect of
modafinil (**P <0.01, “¢P <0.01 compared with saline and
modafinil-treated (150 mg/kg) groups respectively). There
are no significant differences between saline and 20, 50 mg/
kg groups, so their data have not been shown.

Pretreatment with aminoguanidine (50 mg/kg)
BN Pretreatment with saline

xxFE

saline
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Modafinil (mg/kg)
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Fig.6 Effect of 7-nitroindazole 60 -
on both anti- and pro-convulsant

effects of modafinil. 7-nitroin-

dazole (40 mg/kg, i.p,) was 50
administered 15 min before
modafinil (80 and 150 mg/
kg, i.p,). Data are expressed
as mean + SEM analyzed by
one-way ANOVA followed by
Tukey’s multiple comparison
test. ***P <0.001 compared
with saline-treated group.

P <0.001 and “*4P <0.001
compared with modafinil-
treated (80 and 150 mg/kg
respectively) groups

40

Seizure threshold (mg/kg PTZ)
=

10

=== Pretreatment with 7-nitroindazole (40 mg/kg)

I Pretreatment with saline FEE

saline

Effect of 7-Nitroindazole on the Effective Doses
of Modafinil

As depicted in Fig. 6, the acute administration of 7-nitroin-
dazole (40 mg/kg, i.p.) 15 min before modafinil (80 and
150 mg/kg) completely reversed the anti- and pro-convul-
sant exertions of modafinil compared with modafinil-treated
(80 and 150 mg/kg) groups (**P <0.001 and ¥*4P <0.001
respectively). There are no meaningful differences between
saline and 20, 50 mg/kg groups, thus their data have not
been displayed.

Fig. 7 Impact of L-arginine on 60 -
both anti- and pro-modulatory

effects of modafinil in seizure

threshold induced by PTZ. 50 -
L-arginine (60 mg/kg, i.p,) was
administered 15 min before
modafinil (80 and 150 mg/

kg, i.p,). Data are expressed
as mean + SEM analyzed by
one-way ANOVA followed by
Tukey’s multiple comparison
test. *¥*P <(0.001 compared
with saline-treated group.
&&&p 20,001 compared with
modafinil-treated (150 mg/kg)
group 10

TN

30 4

Seizure threshold (mg/'kg PTZ)

0 50 150

Modafinil (mg/kg)

Impact of L.-Arginine on the Anti-
and Pro-Convulsant Effects of Modafinil

To evaluate the effect of the nitric oxide precursor L-argi-
nine (60 mg/kg, i.p.) alone and in combination with effec-
tive doses of modafinil (80 and 150 mg/kg) on the clonic
seizure threshold induced by PTZ, L-Arginine (60 mg/kg)
was administered 15 min prior to modafinil (80 and 150 mg/
kg) or saline. Analysis exposes that L-arginine alone did
not revamp the CST in comparison with control animals
(P>0.05). Combination of L-arginine with anti-convulsant
dose of modafinil (80 mg/kg) did not alter the CST com-
pared with modafinil-treated (80 mg/kg) mice (P> 0.05).
However, injection of L-arginine at the same dose completely
reversed pro-convulsant effect of modafinil (***P < 0.001,

Pretreatment with L-arginine (60 mg/kg)
- Pretreatment with saline

e

i

X
55
251

L

saline

’:
T 5050505
' Foletelel lateletel
0 80
Modafinil (mg/kg)
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60 -
=3 Pretreatment with Diazepam (0.02 mg/kg) $38 ##
FEE ik
. . T 1

0 4 B Pretreatment with saline %% -
] : &&&
A~ 40 . I i
g
&
= wEhE
° 30
-
b T
-
=
©
§ 20
T
w

10 4

0

saline 0 20 50 80 150
Modafinil (mg/kg)

Fig. 8 Effect of co-administration of diazepam before different doses
of modafinil on clonic seizure threshold. Diazepam (0.02 mg/kg,
i.p,) was administered 15 min before modafinil (20, 50, 80, 150 mg/
kg, i.p,). Data are expressed as mean+SEM analyzed by one-way
ANOVA followed by Tukey’s multiple comparison test. ¥*P <0.05

&&&p £0.001 in comparison with saline and modafinil-
treated (150 mg/kg) groups respectively) (Fig. 7). The differ-
ences between saline and 20, 50 mg/kg groups are insignifi-
cant and because of that their data have not been exhibited.

Effect of GABA, Receptor Agonist on Different Doses
of Modafinil

Figure 8 expresses the influence of GABA , receptor agonist
on seizure regulating property of modafinil. Diazepam at the
dose of 0.02 mg/kg injected 15 min before modafinil (20, 50,
80, and 150 mg/kg) and saline. In comparison with control
animal diazepam alone did not change the CST. Co-adminis-
tration of diazepam (0.02 mg/kg) with modafinil (20 mg/kg)
significantly escalated the CST (*P <0.05, **P <0.01 com-
pared with saline and modafinil-treated (20 mg/kg) animals
respectively). Moreover, injection of the same dose of diaz-
epam with modafinil (50 and 80 mg/kg) again thoroughly
enhanced the seizure threshold (***P <0.001, **P < 0.001,
#P <0.01 compared with saline and modafinil-treated (50
and 80 mg/kg) groups respectively). In addition, the same
dose of diazepam with modafinil (150 mg/kg) totally deesca-
lated the pro-convulsant effect of modafinil in contrast with
modafinil-treated (150 mg/kg) group (¥44P <0.001).
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###P < (.001 compared with saline-treated group. **P<0.01 com-
pared with modafinil-treated (20 mg/kg) group. ***P<0.001 com-
pared with modafinil-treated (50 mg/kg) group. P <0.01 compared
with modafinil-treated (80 mg/kg) group. ¥**P<0.001 compared
with modafinil-treated (150 mg/kg) group

Effect of Co-administration of Citalopram
and Modafinil on PTZ-Induced CST

Citalopram (0.1 mg/kg) was injected 45 min before PTZ-
induced clonic seizure threshold determination. At this
dose citalopram did not remake seizure threshold compared
with saline group (P> 0.05). Pretreatment with citalopram
(0.1 mg/kg, i.p.) 15 min before administration of ineffective
and effective anti-convulsant doses of modafinil (20, 50, and
80 mg/kg respectively, i.p.) failed to influence this property
of modafinil (Fig. 9). In addition, combination of citalopram
(0.1 mg/kg) with pro-convulsant dose of modafinil (150 mg/
kg) did not change the seizure threshold in comparison with
modafinil-treated (150 mg/kg) animals (P> 0.05).

Hippocampal Nitrite Concentrations in Different
Groups

To analyze the role of nitric oxide in modulatory feature of
modafinil on CST induced by PTZ we measured nitrite con-
centrations in hippocampi. Table 1 flaunts that nitrite levels sig-
nificantly were escalated in modafinil-treated (80 and 150 mg/
kg) groups compared with saline-treated group (60.39 +2.15
P<0.001 and 56.49+0.63 P <0.05 respectively). To substanti-
ate this speculation we examined the effect of pretreatment of
L-NAME (10 mg/kg), aminoguanidine (50 mg/kg), and 7-nitroin-
dazole (40 mg/kg) 15 min before the modafinil (80 and 150 mg/
kg) injection on hippocampi nitrite levels. Our analysis exposed
that all NOS inhibitors reversed the escalation that had been
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£ Pretreatment with citalopram (0.1 mg/kg)

Fig.9 Effect of citalopram 60 -
administration on clonic seizure
threshold of various doses of B Pretreatment with saline
modafinil. Citalopram (0.1 mg/ .
kg, i.p,) was administered 50 1
15 min before modafinil (20, 50, _
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are expressed as mean+SEM A 40
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occurred in modafinil-treated (80 and 150 mg/kg) groups. More-
over, nitrite concentrations in animals administered L-arginine
(60 mg/kg) 15 min prior to modafinil (150 mg/kg) were elevated
in comparison with control mice (59.68+1.794 P<0.001). But
the same dose of L-arginine injection before anti-convulsant dose
(80 mg/kg) of modafinil did not alter the nitrite level. Thus, it
can be concluded that modafinil augmented the amount of nitric
oxide in hippocampus in both anti- and pro-convulsant effects.

Discussion

We studied the effects of different doses of modafinil and the
involvement of glutamate, nitric oxide, GABA, and seroto-
nin systems in clonic seizure threshold induced by pentyl-
enetetrazole in mice. Our data divulged that modafinil has
both anti- and pro-convulsant effects on PTZ-induced CST.
The results of the present study demonstrated that acute
pretreatment of L-NAME, a nonspecific NOS inhibitor,
7-nitroindazole, a neuronal NOS inhibitor, and aminoguani-
dine, an inducible NOS inhibitor, blocked the anti- and pro-
convulsant effects of modafinil. Administration of NOS pre-
cursor L-arginine did not alter the anti-convulsant effect, but
completely reversed the pro-convulsant effect of modafinil.
Results of nitric oxide metabolite quantity revealed that
nitric oxide level increased in both anti- and pro-convulsant
activities of modafinil, which reversed after treatment with
all NOS inhibitors. Moreover, co-administration of MK-801,
a NMDA antagonist, and diazepam, a GABA , agonist,
prior to different doses of modafinil augmented the effect
of modafinil on CST enhancement, but completely blocked

50

modafinil (mg/kg)

the pro-convulsant activity of this drug. Finally, injection of
citalopram, a selective serotonin reuptake inhibitor, before
anti- and pro-convulsant doses of modafinil did not have any
effect on the seizure threshold.

The substantial increase in off-label use of modafinil has
happened in recent decades [16], and it has been used for
treatment of a veriety of psychiatery disorders including
depression and hyperactivity [10, 33]. The paradox records
and safety concerns was arisen in patients with seizures
[19]. Zolkowska and his collegues (2015) reported that
a single administration of modafinil with dose 75 mg/kg
(also its metabolites) increased the sizure threshold in the
maximal electroshock seizure threshold model in mice. also,
they exhibited that injection of modafinil at dose 50 mg/kg
escalated the anti-convulsant activity of antiepileptic drugs
such as carbamazepine, phenytoin, and valproate in maximal
electroshock seizure threshold test in mice [18]. Also, it was
reported that acute modafinil (22.5, 45, and 90 mg/kg, i.p.)
treatment significantly protected against PTZ-induced con-
vulsive behaviors in a dose-dependent manner in mice [17].
Another study by Ozsoy et al. [34], a chronic administration
of various doses (1, 2, 4, 45, and 180 mg/kg i.p) of modafinil
in PTZ-kindling model of seizure in mice, revealed that
modafinil postponed the onset of the first myoclonic jerk
and reduced the whole major seizure period between 2 and
180 mg/kg doses but did not impact on seizure onset. These
are in accordance with our results, which a single injection
of modafinil (80 mg/kg) exerted a considerable anti-con-
vulsant activity in PTZ-induced seizure threshold in mice.

On the other hand, several studies indicated that modafinil
axacerbated the seizures incidence. Chen et al. [17] unveiled
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Table 1 The comparison
between hippocampal nitrite
levels in different experimental
groups in mice

Groups Nitrite concentration Significance

(umol/L)
Saline 48.01+1.11
Modafinil 80 60.39+2.15 P <0.001 vs. saline“C
Modafinil 150 56.49+0.63 P <0.05 vs. saline®**
L-NAME 10 44.95+1.22 P>0.05 vs. saline
L-NAME 10+ modafinil 80 47.11+0.37 P>0.05 vs. saline
L-NAME 10 + modafinil 150 51.76+1.57 P>0.05 vs. saline
Aminoguanidine 50 45.73+1.53 P>0.05 vs. saline
Aminoguanidine 50 + modafinil 80 46.28 +1.81 P>0.05 vs. saline
Aminoguanidine 50 + modafinil 150 53.87+1.77 P>0.05 vs. saline
7-Nitroindazole 40 49.67+0.62 P>0.05 vs. saline
7-Nitroindazole 40 + modafinil 80 44.53+1.46 P>0.05 vs. saline
7-Nitroindazole 40 + modafinil 150 50.16+2.67 P>0.05 vs. saline
L-Arginine 60 50.57+0.65 P>0.05 vs. saline
L-Arginine 60 +modafinil 80 58.49+2.23 P <0.01 vs. saline®B8
L-Arginine 60 + modafinil 150 59.68+1.79 P <0.001 vs. saline®“©

Nitrite levels (umol/L) in the hippocampus of the mice treated with saline, modafinil (80 and 150 mg/
kg), L-NAME (10 mg/kg a non-selective nitric oxide synthase (NOS) inhibitor), L-NAME (10 mg/kg)
and modafinil (80 and 150 mg/kg), aminoguanidine (50 mg/kg an inducible NOS inhibitor), aminoguani-
dine (50 mg/kg) and modafinil (80 and 150 mg/kg), 7-nitroindazole (40 mg/kg a neuronal NOS inhibitor),
7-nitroindazole (40 mg/kg) and modafinil (80 and 150 mg/kg), L-arginine (60 mg/kg nitric oxide synthase
precursor), L-arginine and modafinil (80 and 150 mg/kg). Administration of modafinil (80 and 150 mg/
kg) significantly increased the level of nitrite in hippocampi compared with saline. Independent injection
of L-NAME (10 mg/kg), 7-nitroindazole (40 mg/kg), aminoguanidine (50 mg/kg), and L-arginine (60 mg/
kg) did not change the level of nitrite in hippocampi in comparison with control group. However, admin-
istration of L-NAME (10 mg/kg), 7-nitroindazole (40 mg/kg), and aminoguanidine (50 mg/kg) 15 min
before injection of modafinil (80 and 150 mg/kg) reversed the amount of nitrite levels in hippocampi of
modafinil-treated (80 and 150 mg/kg) groups which were not significantly differed from the amount of
nitrite in saline-treated group. Injection of L-arginine (60 mg/kg) 15 min before injection of modafinil (80
and 150 mg/kg) did not change meaningfully the nitrite level in modafinil-treated (80 mg/kg) group, while
significantly enhanced the amount of nitrite in modafinil-treated (150 mg/kg) group in comparison with
saline-treated group. Each group consists of 5 mice. “A*P <0.05, B8P <0.01, “““P <0.001 in comparison

to nitrite levels in hippocampi of saline-treated group

that modafinil at 180 mg/kg—which shows anti-seizure
activity in the MES model—exerted an increase in the the
seizure stage in the PTZ-kindling model in mice. In our
results, as well, the seizure threshold reduced after treat-
ment with modafinil given at 180 mg/kg in mice.

In clinical reports, 2 of 13 children experienced
exacerbation of their seizures with modafinil therapy
(346 + 119 mg/day) for almost 15 months [35]. One per-
son of 27 participants allocated in modafinil group (200-
mg total daily dose) for the 11 days was withdrawn for
seizure occurrence [36]. Modafinil was discontinued for 6
patients due to seizure exacerbation and 4 patients because
of observation of de novo seizure after starting modafinil
(about 200 mg/day), in the 10 year review by Astry et al.
between 205 patients [19]. It is important to note that in
our study, PTZ-induced tonic-clonic seizure threshold was
used in NMRI strain mice, but Zolkawska et al. performed
their experiments in the maximal electroshock seizure
threshold test (sine-wave, 0.2-s stimulus duration, 500 V,

@ Springer

25 mA, and 50 Hz) in male Albino Swiss (BALB/c) mice.
However, Chen et al. employed electroshock model (0.4-s
stimulus duration and 70 mA) and PTZ-kindling model in
male Kunming mice [17, 18]. The apparent discrepancy in
modafinil convulsive activity between all above mentioned
reports may be explained either by different seizure mod-
els or mouse strains applied in experiments. In addition, it
can be assumed that time of treatment, doses of injection,
duration of consumption may be associated with diverse
effects in both human and animal.

Our data demonstrated that nitric oxide mediates both
modulatory effects of modafinil on CST induced by PTZ.
Nitric oxide is a known modifier of seizure threshold with
either anti-convulsant [37-39] or pro-convulsant [40-42]
effects in different seizure paradigms. Many signs suggest
that both neuronal and inducible isoforms of nitric oxide
synthase take part in several crucial brain processes [43—46].
This complex and paradox effect of NO has displayed in
many previous published articles [37-42] and in few articles
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nitric oxide involved in biphasic activities of some drugs
such as D-penicillamine and morphine. In these previous
studies, D-penicillamine and morphine exhibited bimodal
effects in seizure threshold induced by PTZ in mice, and
both anti- and pro-convulsant effects of them reversed by
L-NAME intervention. So, reduction of NO level was pro-
convulsant in the anti-convulsant while anti-convulsant in
the pro-convulsant [6, 24].

Regarding to our results, all NOS inhibitors blocked
both pro- and anti-convulsive activity of modafinil, while
pretreatment with L-arginine, with no effect on anti-con-
vulsant activity, blocked the pro-convulsant characteristic
of modafinil. These caused to assume that overproduction
of NO may be more associated with protective effect of
modafinil. But surprisingly, after measuring the NO level
in mice hippocampi in all groups, data of 80 and 150 mg/kg
modafinil-treated animals’ hippocampi unveiled a signifi-
cant escalation in nitrite levels compared to control animals.
So, to substantiate the NO impact on convulsant properties
of modafinil needs other experiments and studies like gene
expression.

Our experiments explicated the involvement of gluta-
matergic, and GABAergic systems in the pro-convulsant
activity of modafinil. Based on former literatures modafinil
increases the glutamate and decreases the GABA release
[47-49]. Enhancement of glutamate in the synapse acti-
vates the ionotropic and metabotropic receptors, which is
so important for initializing and spreading of seizure activity
[50, 51]. In rodent and human studies of seizures, there is a
credit for enhancement of functions and activity of NMDA
receptors [52-56]. In addition, Glutamate levels in ventro-
medial and ventrolateral thalamus, and hippocampal forma-
tion of the awake rats are increased by modafinil [47]. As
seen in our results, injection of NMDA receptors antagonist
(MK-801) leaded to increase in anti-convulsant effect and
blockade of pro-convulsant activity of modafinil.

Our examinations revealed that GABA pathway has an
important role in pro-convulsant property of modafinil.
GABA 4 receptor is an inhibitory channel activated by ago-
nists like benzodiazepines, augmented the chloride influx,
and caused hyperpolarization of the membrane [8]. There
are many literatures expressing the involvement of GABA
pathway in seizure [57-60]. Pfluger et al. showed that
gamma-decanolactone decreases the convulsive behaviors by
modulation of GABA system in seizures induced by picro-
toxin, isoniazid, and 4-aminopyridine in mice [57]. Another
study revealed that protodioscin has an anti-convulsant effect
against pilocarpine-induced convulsions through escalation
in GABA levels [58]. Li et al. unveiled that agent SR 57227
lowers the PTZ inhibitory effect on GABA levels in hip-
pocampi of mice in PTZ-induced seizure [59]. Finally, our
data exhibited that pretreatment with diazepam may block
the inhibitory effect of modafinil on GABA release resulting

in potentiation of anti-convulsant activity of modafinil and
inhibition of pro-convulsant effect.

We evaluated the involvement of serotonin pathway in
anti- and pro-convulsant effects of modafinil. Some liter-
atures expressed that 5-HT3 subtype receptors which are
responsible for many pharmacological actions of SSRIs can
modulate the seizure threshold induced by PTZ in mice.
Moreover, anti- and pro-convulsant properties of citalopram
have been observed in some paradigms and 5-HT3 receptors
are responsible for bimodal effect on seizure susceptibility in
mice [7, 61]. Our research showed that serotonin and 5-HT?3
receptors have no impact on both anti- and pro-modulatory
properties of modafinil in clonic seizure threshold induced
by PTZ in mice.

Conclusions

In conclusion, modafinil at low and high doses expresses
anti- and pro-convulsant effects respectively in PTZ-induced
clonic seizure threshold in mice. We also revealed that
modafinil may exert anti-convulsant effect through nitric
oxide system and pro-convulsant activity via glutamate,
nitric oxide, and GABA pathways. Finally, serotonin recep-
tors have no role in these features.
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