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The proconvulsant effect of sildenafil in mice:
role of nitric oxide—cGMP pathway
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1 Recent evidence indicates that sildenafil may exert some central effects through enhancement
of nitric oxide (NO)-mediated effects. NO is known to have modulatory effects on seizure threshold,
raising the possibility that sildenafil may alter seizure susceptibility through NO-mediated
mechanisms. This study was performed to examine whether sildenafil influences the threshold of
clonic and/or generalized tonic seizures through modulation of nitric oxide (NO)-cGMP pathway.
2 The effect of sildenafil (1-40mgkg") was investigated on clonic seizures induced by intravenous
administration of GABA antagonists pentylenetetrazole (PTZ) and bicuculine and on generalized
tonic seizures induced by intraperitoneal administration of high dose PTZ in male Swiss mice. The
interaction of sildenafil-induced effects with NO-cGMP pathway was examined using nitric oxide
synthase (NOS) inhibitor, N(G)-nitro-L-arginine methyl ester (L-NAME), NOS substrate L-arginine,
NO donor, sodium nitroprusside (SNP) and guanylyl cyclase inhibitor methylene blue (MB).

3 Sildenafil induced a dose-dependent proconvulsant effect in both models of clonic, but not
generalized tonic type of seizures. Pretreatment with either MB or L-NAME inhibited the
proconvulsant effect of sildenafil, indicating the mediation of this effect by NO-cGMP pathway. In
addition, a subeffective dose of sildenafil induced an additive proconvulsant effect when combined
with either L-arginine or SNP.

4 Sildenafil induces a proconvulsant effect on clonic seizure threshold that interacts with both
exogenously and endogenously released NO and may be linked to activation of NO—-cGMP pathway.
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Introduction

Sildenafil citrate is a drug widely used for male erectile
dysfunction. It is a selective phosphodiesterase type 5 (PDES)
inhibitor that enhances the effect of nitric oxide (NO) in the
target tissues by inhibiting the cGMP degradation (Boolell
et al., 1996; Jackson et al., 1999; Leung & Yip, 1999). In
the corpus cavernosum, this increase in cGMP leads to the
relaxation of the smooth muscle and with an increase in
blood flow into the penis, it helps to alleviate erectile problems
(Boolell et al., 1996; Jackson et al., 1999; Moreira et al.,
2000). Sildenafil is shown to have no effect on the penis in the
absence of sexual stimulation, when the concentrations of NO
and cGMP are low (Moreira et al., 2000; Boyce & Umland,
2001).

Several direct effects of sildenafil administration on the CNS
have been reported in both humans and rodents. These effects
in human include dizziness, depression, insomnia, abnormal
dreams and nervousness (Moreira et al., 2000; Milman &
Arnold, 2002). Also recreational sildenafil use and its
association with men’s substance abuse behaviors have been
reported (Crosby & Diclemente, 2004). Recent evidence from
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experimental animals suggest that activation of NO-cGMP
pathway by sildenafil may lead to central effects including
modulation of pain perception and anxiety behaviors
(Mixcoatl-Zecuatl et al., 2000; Asomoza-Espinosa et al.,
2001; Jain et al., 2001; Prickaerts et al., 2002; Volke et al.,
2003; Kurt et al., 2004).

NO is a gaseous free radical, which is synthesized from the
amino-acid L-arginine by nitric oxide synthase (NOS) and
functions as a neuronal messenger and as a modulator
of neurotransmitters in the brain (Moncada et al., 1991). NO
is a potent stimulator of guanylyl cyclase, resulting in increased
levels of cGMP (Snyder & Bredt, 1991). Several lines of
evidence suggest NO as a modulator of seizure activity with
diverse anticonvulsant (Starr & Starr, 1993; Theard et al.,
1995; Tsuda et al., 1997) and proconvulsant (De Sarro et al.,
1991; Osonoe et al., 1994; Van Leeuwen et al., 1995; Nidhi
et al., 1999) effects based on the type of seizure, source of NO
and other neurotransmitter systems involved. The important
role of NO in modulation of seizure threshold raises the
hypothesis that sildenafil may affect the seizure susceptibility
through NO-dependent mechanisms. Interestingly, Gilad et al.
(2002) have recently reported the occurrence of seizure attacks
in two healthy men after using sildenafil.
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The present study examined the possible effect of sildenafil
on seizure susceptibility in three experimental models of
seizure: (1) clonic seizures induced by intravenous administra-
tion of the GABA receptor antagonist pentylenetetrazole
(PTZ) (2) clonic seizures induced by another GABA antago-
nist bicuculine and (3) generalized tonic seizures induced
by intraperitoneal administration of a near maximal dose of
PTZ (Loscher et al., 1991; Kupferberg, 2001). The induction of
clonic seizures by intravenous infusion of PTZ represents a
standard experimental model with both face and construct
validity for petit-mal myoclonic seizure disorder (Swinyard &
Kupferberg, 1985; Loscher et al., 1991). Intravenous bicucu-
line administration provides an alternative model for assess-
ment of changes in clonic seizure threshold. In contrast to
these two paradigms, generalized tonic-clonic seizures induced
by near maximal intraperitoneal PTZ is a distinct model
related to clinical grand-mal seizures (Loscher et al., 1991;
Kupferberg, 2001). We also investigated the role of NO-
c¢GMP pathway in the effect of sildenafil on seizure threshold
by using NOS inhibitor, N%-nitro-L-arginine methyl ester
(L-NAME), NOS substrate L-arginine, NO donor, sodium
nitroprusside (SNP) and guanylyl cyclase inhibitor methylene
blue (MB).

Methods
Animals

Male Swiss mice weighing 24-33 g (Razi Institute, Karadj,
Iran) were used in the study. The animals were housed in
standard polycarbonate cages in a temperature-controlled
room (24 +2°C) with 12h light/12h dark cycle. Animals were
acclimated at least 2 days before experiments with free access
to food and water. The experiments were conducted between
09:00 and 15:00. All procedures were carried out in accordance
with institutional guidelines for animal care and use and
possible measures were undertaken to minimize the number of
animals used and also to minimize animals’ discomfort
including immediate euthanasia after acute experiments.
Groups consisted of five to seven animals and each animal
was used only once.

Drugs

Sildenafil citrate (Vorin, India) was a generous gift from
Poursina (Tehran, Iran). L-NAME, SNP, PTZ and bicuculine
were purchased from Sigma (U.K.). L-arginine was purchased
from Fluka (Switzerland). MB was a product of Hoechst
(Germany). SNP was dissolved in distilled water. Other drugs
were dissolved in saline solution. All drugs were injected to
concentrations that the requisite doses were administered in a
volume of 10mlkg™"'. Sildenafil citrate was injected subcuta-
neously; L-NAME, L-arginine and MB were injected intraper-
itoneally. Bicuculine was dissolved in warm 0.1N HCL
(0.2mgml™"), and the pH of the solution was adjusted to 5.5
with I N NaOH. PTZ was prepared in isotonic saline as 1%
solution (10mgml~!) for intravenous injections (Swinyard &
Kupferberg, 1985; Loscher et al., 1991) and as 850mg
100~'cm for intraperitoneal injections (Léscher & Lehmann,
1996; Homayoun et al., 2002a; Honar et al., 2004; Shafaroodi
et al., 2004).

Seizure paradigms

Clonic seizure threshold The clonic seizure threshold was
determined by inserting a 30-gauge dental needle into the
lateral tail vein of mouse (L6scher & Lehmann, 1996, Honar
et al., 2004; Shafaroodi et al., 2004). The needle was then
secured to the tail by a narrow piece of adhesive tape. With
mouse moving freely, the PTZ solution or bicuculine solution
was slowly infused into the tail vein at a constant rate of
0.5mlmin~' using a Hamilton microsyringe, which was
connected to the dental needle by polyethylene tubing.
Infusion was halted when general clonus (forelimb clonus
followed by full clonus of the body) was observed. Minimal
dose of PTZ (mgkg~! of mice weight) needed to induce general
clonus was recorded as an index of clonic seizure threshold.

Generalized tonic seizure In this model, PTZ (85mgkg™")
was administered with a single intraperitoneal injection to
evaluate the incidence and the latency for the onset of
generalized tonic seizures and the incidence of death following
seizures (Loscher & Lehmann, 1996; Homayoun et al., 2002a;
Honar et al., 2004; Shafaroodi et al., 2004). The animals were
observed for 30 min following PTZ injection.

Experiments

In experiment 1, animals received a subcutaneous injection of
different doses of sildenafil citrate (1, 5, 10, 20 and 40 mgkg™")
30min before the determination of the threshold of clonic
seizures induced by intravenous administration of PTZ
solution. Control animals received the same volume of isotonic
saline solution. The doses and time point were chosen
according to pilot experiments and the study performed by
Kurt et al. (2004). In experiment 2, sildenafil (10 mgkg™!) was
administered to distinct groups of mice, 15, 30, 45 or 60 min
before the determination of PTZ-induced clonic seizure
threshold. Based on these two experiments, a dose of
10mgkg™"' of sildenafil with a pretest injection interval
of 30 min was used in subsequent experiments.

In experiment 3, animals received a subcutaneous injection
of sildenafil (2.5, 5, 10 and 20 mg kg™"') or saline 30 min before
the determination of bicuculine-induced clonic seizure thresh-
old. To study the time-course of the effect of sildenafil on the
bicuculine-induced seizure threshold, we performed experi-
ment 4 in which sildenafil (20mgkg ', selected based on
experiment 3) was injected 15, 30 and 45 min before bicuculine
infusion to distinct groups of mice.

In experiments 5-10, we investigated the involvement of
NO-cGMP pathway in the proconvulsant effect of sildenafil.
In experiment 5, mice received intraperitoneal injections of
either saline solution as controls or different doses of L-NAME
(1, 5, 10 and 60mgkg™"), MB (0.1, 0.3, 0.5, 1 and 2mgkg™"),
or L-Arginine (25, 50 and 100mgkg™'), 45min before
measurement of PTZ-induced clonic seizure threshold. The
doses were selected according to previous studies (Homayoun
et al., 2002b, Kurt et al., 2004). According to the results of this
experiment, the subthreshold doses of L-NAME (1 and
S5mgkg"), MB (0.3, 0.5 and 1 mgkg™'), and L-arginine (25
and 50 mgkg™") were chosen for the subsequent experiments.

In experiments 6 and 7, we studied the effect of pretreatment
with L-NAME and MB, respectively, on the proconvulsant
effect sildenafil in intravenous PTZ seizure paradigm. Experi-
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Table 1 Groups and injection protocols for experiments 6-10

Experiment 6

First injection

Second injection

Group 1 Saline Saline

Group 2 L-NAME 1 mgkg™! Saline

Group 3 L-NAME 5mgkg ' Saline

Group 4 Saline Sildenafil 10 mgkg™'

Group 5 L-NAME I mgkg™' Sildenafil 10mgkg™"

Group 6 L-NAME 5mg kg™! Sildenafil 10 mgkg™'
Experiment 7

Group 1 Saline Saline

Group 2 MB 0.3mgkg ' Saline

Group 3 MB 0.5mgkg™' Saline

Group 4 MB I mgkg™ Saline

Group 5 Saline Sildenafil 10 mgkg™'

Group 6 MB 0.3mgkg™! Sildenafil 10mgkg™'

Group 7 MB 0.5mgkg™! Sildenafil 10 mgkg ™!

Group 8 MB I mgkg™! Sildenafil 10 mgkg™'
Experiment 8

Group 1 Saline Saline

Group 2 L-Arginine 25mgkg™! Saline

Group 3 L-Arginine 50 mgkg™' Saline

Group 4 Saline Sildenafil 5mgkg™'

Group 5 L-Arginine 25mgkg™" Sildenafil 5mgkg™"

Group 6 L-Arginine 50 mg kg™ Sildenafil 5mgkg™!
Experiment 9

Group 1 Saline Saline

Group 2 SNP 3mgkg™! Saline

Group 3 SNP 6 mgkg™' Saline

Group 4 Saline Sildenafil 5Smgkg™!

Group 5 SNP 3mgkg™" Sildenafil 5mgkg™"

Group 6 SNP 6 mgkg™' Sildenafil 5mgkg™!
Experiment 10

Group 1 Saline Saline

Group 2 L-Arginine 50 mg kg™ Sildenafil 2.5mgkg™"

Group 3 Saline Sildenafil 10mgkg™"

Group 4 MB Imgkg™! Sildenafil 10mgkg™'

Group 5 L-NAME 5mgkg™! Sildenafil 10mgkg™'

Seizure paradigm

Intravenous PTZ-induced clonic seizure threshold

Intravenous PTZ-induced clonic seizure threshold

Intravenous PTZ-induced clonic seizure threshold

Intravenous PTZ-induced clonic seizure threshold

Intravenous bicuculine-induced clonic seizure threshold

ments 8 and 9 were performed to study the effect of L-arginine
and SNP on the proconvulsant effect of sildenafil. Experiment
10 tested the involvement of NO-cGMP pathway in the
proconvulsant effect of sildenafil in intravenous bicuculine
seizure paradigm. Table 1 represents the groups and injection
protocols for the experiments 6-10. Drugs or vehicle were
injected in separately grouped mice and seizure thresholds
were measured 30min after administration of the last
treatment. The first injections in all these experiments were
15 min before second injection. The only exception was for the
experiment 9, which was the combination treatment of SNP
and sildenafil. In experiment 9, SNP (3 and 6 mgkg™') was
administered together with a subthreshold dose of sildenafil
(5mgkg™"). The dose of SNP was injected in two divided
doses, one at the time of sildenfil injection and the other 15 min
later. This procedure was used because of the short half-life
of SNP and to lower the probability of death due to SNP as
reported by others (Bujas-Bobanovic et al., 2000; Smith &
Ogonowski 2003). Vehicle controls for this experiment were
also injected by two doses of saline solution.

In experiment 11, we studied the effect of sildenafil (10 and
20mgkg™") on the rate and the latency of generalized tonic
seizure and the rate of death induced by intraperitoneal
administration of PTZ (85mgkg™"). Sildenafil or vehicle was
injected 30 min before PTZ.

Data analysis

Data of seizure thresholds are expressed as mean +standard
error of the mean (s.e.m.) of clonic seizure thresholds in each
experimental group. Two-way analysis of variance (ANOVA),
and one-way ANOVA followed by Tukey’s post hoc multiple
comparisons were used to analyze the data where appropriate.
In case of intraperitoneal PTZ paradigm, data of time latencies
(seconds) for tonic seizures are expressed as medians (with
95% confidence intervals) and a nonparametric analysis based
on median values (Kruskal-Wallis H test) was used for
analysis. Incidences of tonic generalized seizures and death
subsequent to intraperitoneal PTZ administration were com-
pared between different groups using Pearson > test. In all
experiments, a P-value <0.05 was considered as the signifi-
cance level between the groups.

Results

The effect of sildenafil on PTZ- or bicuculine-induced
clonic seizure threshold

Figure la shows the effect of acute intraperitoneal adminis-
tration of different doses of sildenafil (1, 5, 10, 20 and
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Figure 1 (a) The effect of different doses of sildenafil (0 (Saline), 1,

5,10, 20 and 40 mg kg~") on PTZ-induced clonic seizure threshold in
mice. Sildenafil was injected subcutaneously 30 min before PTZ.
**P<0.01 and ***P<0.001 compared with saline-treated control
group. (b) The time-course of the proconvulsant effect of sildenafil
(10mgkg™") on PTZ-induced clonic seizure threshold. Sildenafil
was administered subcutaneously, 15, 30, 45 or 60 min before PTZ
infusion. **P<0.01 compared with saline-treated group. Data are
presented as mean+s.e.m. Each group consisted of five to six
animals.

40mgkg") on PTZ-induced clonic seizure threshold. One-way
ANOVA revealed a significant effect (Fs ;,=13.218,
P<0.001). Post hoc analysis showed a significant proconvul-
sant effect for sildenafil at doses of 10 and higher compared
with saline-treated control animals. A dose of 10mgkg™"' of
sildenafil, which induced a significant proconvulsant effect,
was chosen for further experiments to allow better detection of
possible proconvulsant effects. Figure 1b shows the time-
course of the proconvulsant effect of Sildenafil (10mgkg™").
One-way ANOVA revealed a significant effect (F, ,,=6.912,
P<0.01). Further post hoc analysis showed that sildenafil
exerted a proconvulsant effect 30 min after administration
(P<0.01, compared with saline-treated control group) and
its effect vanished thereafter. The quick renormalization
of seizure threshold may be related to fast pharmacokinetic
of sildenafil in mice (Walker et al., 1999). In addition, the time
course of effect of sildenafil is comparable to some other
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Figure 2 (a) The effect of different doses of sildenafil (0 (Saline),
2.5, 5, 10 and 20mgkg™") on the threshold of bicuculine-induced
clonic seizures in mice. Sildenafil was injected subcutaneously,
30min before bicuculine infusion. *P<0.05 and ***P<0.001 in
comparison with saline-treated control animals. (b) The time-course
of the proconvulsant effect of sildenafil (20mgkg™') on the
threshold of bicuculine-induced clonic seizures. Sildenafil was
administered subcutaneously, 15, 30 or 45min before bicuculine
infusion. ***P<0.001 compared with saline-treated control group.
Data are presented as mean+s.e.m. Each group consisted of five
to seven animals.

central effects of this drug (Jain et al., 2001; Araiza-Saldana
et al., 2005).

Figure 2a shows the effect of different doses of sildenafil
(2.5, 5, 10 and 20mgkg™") on the threshold of bicucline-
induced clonic seizures. One-way ANOVA followed by post
hoc comparisons showed a proconvulsant effect for sildenafil
in this model (F, ,4=20.463, P<0.001), which was significant
with a dose of sildenafil as low as 5mgkg™! (P<0.05,
compared with saline-treated control group). Figure 2b shows
the time-course curve of the effect of sildenafil (20mgkg™') on
the threshold of bicucline-induced clonic seizures. Analysis
with one-way ANOVA (F;, 5 =26.415, P<0.001) followed by
Tukey’s post hoc comparisons showed that the significant
proconvulsant effect of sildenafil in bicucline-induced seizure
model is observed at 30 min after sildenafil injection (P <0.001,
compared with saline-treated controls) but not at 15 or 45 min
which confirms the narrow time of action, already observed
with PTZ.

British Journal of Pharmacology vol 147 (8)
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The effect of pretreatment with modulators of NO—cGMP
pathway on the proconvulsant effect of sildenafil

Figure 3 shows the effect of different doses of L-NAME (1, 5,
10 and 30mgkg™"), MB (0.1, 0.3, 0.5, 1 and 2mgkg™"), and
L-arginine (25, 50 and 100mgkg™") on the threshold of
PTZ-induced clonic seizure threshold. All the drugs were
injected 45minutes before PTZ-induced clonic seizure
threshold determination. Comparison of the effect of different
doses of L-NAME, MB, and L-Arginine with saline-treated
controls using one-way ANOVA showed a significant
geffect for all these three agents [L-NAME (F, ,;,=15.647,
P<0.01), MB (F, ,,=11.406, P<0.001), and L-arginine
(F3, 50="7.086, P<0.01)]. Post hoc comparisons showed that
L-NAME with the highest dose used (60mgkg™") increased
the threshold of clonic seizures when compared with saline-
treated control animals (P<0.05). MB and L-arginine at the
highest doses used (2 and 100 mgkg™', respectively) decreased
the PTZ-induced seizure threshold (P<0.001 and <0.01,
respectively).

Figure 4 shows the effect of per se noneffective doses of
L-NAME on the proconvulsant effect of sildenafil (10mgkg™").
Two-way ANOVA with treatment 1 (L-NAME 1, 5 and
10mgkg™" or vehicle) as one factor and treatment 2 (sildenafil
10mgkg™" or vehicle) as second factor showed a significant
effect for both treatment 1 (F, 3,=11.860, P<0.001) and
treatment 2 (F; 3,=41.908, P<0.001), and a significant
treatment 1 X treatment 2 interaction (F, 3;,=10.933,
P<0.001). Post hoc comparisons showed that L-NAME when
administered before sildenafil dose-dependently inhibited the
proconvulsant effect of sildenafil (P<0.001 in comparison
with the group treated with saline before sildenafil).

Figure 5 illustrates the effect of pretreatment with different
subeffective doses of MB on the proconvulsant effect of
sildenafil. Two-way ANOVA with treatment 1 (MB 0.3, 0.5
and 1mgkg™" or vehicle) as one factor and treatment 2
(sildenafil 10mgkg™" or vehicle) as second factor showed a
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Figure 3 Effects of L-NAME, MB, and L-arginine on the threshold
of PTZ-induced clonic seizures in mice. All the drugs were injected
45min before clonic seizure threshold examination. Controls
animals received saline injections. Data are presented as mean+
s.e.m. *P<0.05, **P<0.01, ***P<0.001 compared with saline-
treated animals. Each group consisted of five to seven mice.

significant effect for both treatment 1 (F; 4, =6.801, P<0.01)
and treatment 2 (F, 4, =34.740, P<0.001), and a significant
treatment 1 x treatment 2 interaction (F; 4 =06.153, P<0.01).
Further analysis showed that MB dose-dependently inhibited
the proconvulsant effect of sildenafil in intravenous PTZ
seizure paradigm (Figure 5).

Figure 6 shows the effect of pretreatment with NO precursor
L-arginine on the proconvulsant effect of sildenafil (Smgkg™").
Two-way ANOVA with treatment 1 (L-arginine 25 and
50mgkg~" or vehicle) as one factor and treatment 2 (sildenafil
5, or vehicle) as second factor showed a significant effect for
both treatment 1 (F,, 3;=12.446, P<0.001) and treatment 2
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Figure 4 Effect of pretreatment with L-NAME on the proconvul-
sant effect of sildenafil in mice. L-NAME (0 (Saline), 1 or Smgkg™")
was injected 15min before sildenafil (10mgkg™') or saline, which
followed by PTZ-infusion 30min later. Data are presented as
mean+s.em. **¥*P<(0.001 compared with Saline/Saline group.
+++P<0.001 compared with Saline/Sildenafil group. Each group
consisted of five to seven mice.

50 1

1 Saline
[ sildenafil 10 mg kg™

40 T
ik O U T -

BEkF
30 T

20

Pentylenetetrazole (mg ka™)

0 0.3 05 1 0 0.3 05 1
MB (mg kg™)

Figure 5 Effect of MB on the proconvulsant effect of sildenafil in
mice. MB (0 (Saline), 0.1, 0.3, 0.5 or 1 mgkg™~") was injected 15 min
before sildenafil (10mgkg™") or saline, which followed by PTZ-
infusion 30 min later. Data are presented as mean+s.e.m. *P<0.05,
**P<0.01, ***P<0.001 compared with Saline/Saline group.
T+ P<0.001 compared with Saline/Sildenafil group. Each group
consisted of five to seven mice.
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Figure 6 A subeffective dose of sildenafil induced an additive
proconvulsant effect when combined with L-arginine. L-arginine (0
(Saline), 25 or 50mgkg™") was injected 15min before sildenafil
(5mgkg™") or saline, which followed by PTZ-infusion 30 min later.
Data are presented as mean+s.e.m. *P<0.05, ***P<0.001
compared with Saline/Saline group, *#P<0.001 compared with
L-arginine (50 mgkg™")/Saline group, ™" P<0.001 compared with
Saline/Sildenafil group. Each group consisted of six to seven mice.

50 ~
[ saline
[ZZ2 sildenafil 5 mg kg™
‘2 40 -
=) 1 -
E T ?
2
8
g 30
2
7}
c
K
2 #HA
S 201 +++
o sk
10
0 3 6 0 3 6

SNP (mg kg™)

Figure 7 Additive/synergistic proconvulsant effect of SNP and
sildenafil in mice. SNP was injected in two divided doses, first of
which together with sildenafil, 30 min before PTZ clonic seizure
threshold examination and the rest 15min later. Vehicle controls
were also injected by two doses of saline solution. Data are
presented as mean+s.e.m. ***P<0.001 compared with Saline/
Saline group. *#P<0.001 compared with SNP (6 mgkg™")/Saline
group. ¥ 7 *P<0.001 compared with Saline/Sildenafil group. Each
group consisted of six to seven mice.

(Fy. 3,=32.529, P<0.001), and a significant treatment
1 x treatment 2 interaction (F; 3, =7.776, P<0.01). Post hoc
analysis showed that L-arginine with doses that did not affect
seizure threshold was capable of inducing an additive/
synergistic proconvulsant effect in combination with a
subeffective 5Smgkg~' dose of sildenafil.

Figure 7 shows the effect of pretreatment with SNP on
the proconvulsant effect of sildenafil. Two-way ANOVA
with treatment 1 (SNP 0, 3 and 6mgkg™!) as one factor
and treatment 2 (sildenafil 0 and 5mgkg™') as second
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Figure 8 L-arginine potentiated while L-NAME or MB inhibited
the proconvulsant effect of sildenafil in intravenous bicuculine
seizure paradigm in mice. L-arginine (50mgkg™') or saline was
injected 15 min before a subeffective dose of sildenafil (2.5mgkg™").
Saline, L-NAME (5mgkg~") or MB (1 mgkg~') was injected 15min
before an effective dose of sildenafil (10mgkg~"). The threshold
of bicuculine-induced clonic seizures was measured 30min after
sildenfil injection. Data are presented as mean+s.e.m. **P<0.01,
***P<0.001 compared with Saline/Saline group. **P<0.01,
T+ +P<0.001 compared with the group treated with Saline/
Sildenafil (10 mgkg~"). Each group consisted of five to seven mice.

factor showed a significant effect for both treatment 1
(F2, 30=0606.031, P<0.001) and treatment 2 (F; 3;,=48.771,
P<0.001), and a significant treatment 1 x treatment 2 inter-
action (F,, 30=43.248, P<0.01). Post hoc comparisons showed
that SNP, which did not affect the seizure threshold at any
doses by itself, caused a significant proconvulsant effect with
dose of 6mgkg~' in combination with subthreshold 5mgkg~'
dose of sildenafil (15.714+0.87 mgkg™" vs 36.65+1.05mgkg™"
for Saline/Sildenafil group, P<0.001). Two out of six animals
treated with SNP (6mgkg™") plus sildenafil (5mgkg™")
showed spontaneous myoclonic jerks before receiving PTZ in
clonic seizure threshold exam. No deaths occurred in animals
treated with SNP.

In bicuculine-induced seizure paradigm, the proconvulsant
effect of sildenafil (10mgkg™") was blocked by pretreatment
with L-NAME (5mgkg™") or MB (Imgkg™") (One-way
ANOVA, F; »,=16.246, P<0.001). The combination of the
subeffective doses of L-arginine (50mgkg™!) and sildenafil
(2.5mgkg™") resulted in an additive/synergistic proconvulsant
effect in bicuculine seizures (One-way ANOVA, F, s=11.331,
P<0.01) (Figure 8).

Effects of sildenafil citrate on generalized tonic seizure
incidence and latency

Table 2 summarizes the effects of sildenafil (10 and 20 mgkg™!
or vehicle) on the incidence and latency of generalized tonic
seizures induced by intraperitoneal PTZ (85mgkg~') admin-
istration. In vehicle-pretreated animals, tonic seizures followed
by death occurred in 40% animals. There was no significant
difference between the effects of sildenafil and vehicle on the
incidence of tonic seizures and death or the latency of tonic
seizures.
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Table 2 Effects of sildenafil on the latency and incidence of generalized tonic seizures

Treatment N Sr
Saline 15
Sildenafil 10mgkg™! 14
Sildenafil 20 mgkg ™' 15

6 (%40)
8 (%57)
8 (%53)

TSL® DP
428.0 (186.5, 669.4) 6 (%40)
411.4 (170.2, 652.5) 8 (%57)
379.4 (189.3, 569.4) 8 (%53)

The latency to the onset of tonic (TSL) generalized seizures as well as the incidence of tonic generalized seizures (TSI) and death (DI) was
assessed following an intraperitoneal injection of 85 mgkg ™' PTZ. Saline or sildenafil (10 and 20 mgkg ™', subcutaneously) was administered
30 min before injection of PTZ. Seizure latencies (seconds after PTZ injection) are expressed as medians (with 95% confidence intervals) in

each group. Tonic seizures in all mice led to death.
aPearson y°, P>0.05.
*Kruskal-Wallis H test, P>0.05.

Discussion

The present results indicate that sildenafil causes a dose-
dependent decrease in the threshold of PTZ- and bicuculine-
induced clonic seizures. This effect was specific to clonic type
of seizures and did not generalize to tonic type of seizures
induced by near maximal intraperitoneal PTZ administration.
We also examined the possible role of NO-cGMP pathway in
the proconvulsant effect of sildenafil and found evidence of
interactions between NOS substrate L-Arginine, NO donor
SNP and NOS inhibitor L-NAME and the proconvulsant
effect of sildenafil. Together, this data suggest that the
activation of NO-cGMP pathway plays a crucial role in the
lowering of seizure threshold by sildenafil.

Sildenafil is known to selectively block PDES and enhance
the NO-mediated effects by inhibiting cGMP degradation in
target tissues, such as corpus cavernosum (Boolell ez al., 1996;
Jackson et al., 1999; Moreira et al., 2000). However, the extent
and impact of central effects of sildenafil is largely unknown.
Only recently, reports indicating some central effects of this
drug have emerged from basic and clinical literature (Baratti &
Boccia, 1999; Mixcoatl-Zecuatl et al., 2000; Moreira et al.,
2000; Milman & Arnold, 2002; Gilad et al., 2002; Kurt et al.,
2004). For example, several authors have described the
modulation of antinociception by sildenafil in mechanistically
distinct models of pain perception including tail-flick (spinal
and supraspinal), hot plate (supraspinal) acetic acid writhing
and formalin (peripheral) tests (Mixcoatl-Zecuatl et al., 2000;
Asomoza-Espinosa et al., 2001; Jain et al., 2001; Ambriz-
Tututi et al., 2005). In addition, Kurt ez al. (2004) have
reported that sildenafil causes an anxiogenic effect in the
elevated plus maze in mice. Similarly, Volke et al. (2003) found
a synergistic anxiogenic effect with the combination of
sildenafil and NOS substrate L-arginine. The recent clinical
evidence also suggest that sildenafil may have some central side
effects (Gilad et al., 2002; Milman & Arnold, 2002). The
mechanism of the reported central effects of sildenafil is not
well understood but there are evidence that NO-cGMP
pathway may play a role in the aforementioned central effects
of sildenafil (Mixcoatl-Zecuatl et al., 2000; Asomoza-Espinosa
et al., 2001; Jain et al., 2001; Volke et al., 2003; Kurt et al.,
2004).

PTZ-induced chemical seizures provide a well-established
paradigm for assessment of seizure susceptibility. PTZ binds to
the picrotoxin site of the GABA receptor complex and blocks
the GABA-mediated inhibition. This leads to a disinhibition
of GABAergic transmission and a subsequent activation of
excitatory transmission in major epileptogenic centers of
forebrain like amygdale and piriform cortex (Gale, 1992;

Kaputlu & Uzbay, 1997; Eells et al., 2004). In contrast to
clonic seizures that are regulated by forebrain centers (Loscher
& Schmidt, 1988; Eells et al., 2004), generalized tonic-clonic
seizures are under brainstem regulation (Sarkisian, 2001; Eells
et al., 2004). The clonic model is a more sensitive method for
assessment of modulatory effects on convulsive tendency
(Loscher et al., 1991; Loscher & Schmidt, 1988). Thus, the
similar proconvulsant effects of sildenfil on PTZ- and bicucu-
line-induced clonic seizures suggest that this drug may
influence the seizure-regulating centers of forebrain. Its lack
of effect on measures of generalized tonic seizures would imply
that these findings may have less relevance to grand mal type
of seizures.

The present finding that the proconvulsant effect of
sildenafil can be completely blocked by either NOS inhibitor
L-NAME or guanylyl cyclase inhibitor MB, suggest direct
evidence in favor of a NO-cGMP mediated modulation of
seizure threshold by sildenafil. There is ample evidence that
NO plays an important role in regulation of seizure threshold
but the direction of its effects may depend on the type of
seizure, source of NO and other neurotransmitter systems
involved (De Sarro et al., 1991; Starr & Starr, 1993; Osonoe
et al., 1994; Theard et al., 1995; Van Leeuwen et al., 1995;
Tsuda et al., 1997; Nidhi et al., 1999). In chemical seizure
paradigms induced by GABA antagonists, excessive release of
NO, for example, after a large dose L-arginine administration,
enhances the seizure susceptibility. This effect is likely a
consequence of hyper-excitability caused by NO-induced
cGMP synthesis (Garthwaite 1991). In addition, the endogen-
ously released NO participates in the excitatory transmission
through NMDA receptors (Manzoni et al., 1992) and strong
blockade of NO synthesis, by high doses of NOS inhibitors,
blocks the PTZ-induced seizures (present data, Homayoun
et al., 2002b). Finally, NO may also reduce the activity of the
inhibitory GABAergic receptors (Robello et al., 1996). In the
present study, both NOS substrate and NO donor produced
additive/synergistic interactions with the proconvulsant effect
of sildenafil, further supporting the involvement of NO in this
effect. The possibility that NO modulating drugs may alter the
peak time of sildenafil effect should also be considered.
However, this class of drugs shows similar interactions with
sildenafil in other paradigms (Jain et al., 2001; Volke et al.,
2003; Kurt et al., 2004). The present findings are also
noteworthy in the context of possible proconvulsant inter-
actions in patients taking both sildenafil and NO-releasing
cardiovascular medications. Interestingly, a recent case report
by Gilad et al. (2002) raised concerns about the proconvulsant
side effects of sildenafil. While sildenafil is contraindicated in
patients who are taking organic nitrates because of adverse
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cardiovascular consequences of its interaction with high nitrate
levels (Leung & Yip, 1999), the present findings offer an
additional reason for caution against simultaneous adminis-
tration of sildenafil and NO-releasing drugs. It should be also
noted that the effective dose range of sildenafil used in the
present study in mice starts at doses of 5 and 10mgkg™" (for
PTZ- and bicuculine-induced clonic seizures, respectively) that
are higher than maximum clinical dose in man (approximately,
1.4mgkg™"', Walker et al., 1999; Abbott et al., 2004). However,
the elimination half live of sildenafil in mice is significantly
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