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A B S T R A C T

Sildenafil influences seizure activity in animal seizure models, and its both proconvulsant and anticonvulsant
effects were reported. We previously found that this PDE5 inhibitor significantly increased seizure threshold for
the 6 Hz-induced psychomotor seizures in mice and therefore we aimed to investigate the influence of some
modulators of neurotransmitter receptors, i.e., diazepam (GABA/benzodiazepine receptor agonist), flumazenil
(GABA/benzodiazepine receptor antagonist), N-methyl-D-aspartic acid (NMDA glutamate receptor agonist), CGP
37849 (NMDA receptor antagonist), metergoline (serotonin receptor antagonist), 8-cyclopentyl-1,3-dipro-
pylxanthine (adenosine A1 receptor antagonist) and β-funaltrexamine (μ opioid receptor antagonist), on the
anticonvulsant effect of sildenafil in this test. Additionally, we estimated influence of the studied compounds and
their combinations with sildenafil on the muscular strength (assessed in the grip strength test) and motor co-
ordination (assessed in the chimney test) in mice. Our results indicate that anticonvulsant properties of sildenafil
in the 6 Hz test in mice might be related to its interactions with the GABAergic, glutamatergic, serotonergic and
adenosinergic neurotransmission. We did not find interactions between sildenafil and μ opioid receptors. Neither
the studied ligands nor their combinations with sildenafil impaired muscular strength and motor coordination.
In conclusion, sildenafil has complex and extensive influence on neurotransmission and seizure generation in the
CNS.

1. Introduction

Sildenafil, a selective and competitive phosphodiesterase 5 (PDE5)
inhibitor, is the first oral drug for the treatment of erectile dysfunction
of various etiologies. Pharmacological activity of sildenafil is strictly
connected to nitric oxide (NO)/cyclic guanosine monophosphate
(cGMP)/PDE5 cell signaling pathway which participates in numerous
physiological and pathological processes. High level of NO, which is
synthesized by different isoforms of NO synthase (NOS), stimulates
guanylate cyclase (GC) to production of cGMP which is then hydrolyzed
by phosphodiesterases (PDEs) to guanosine monophosphate (GMP).
Among twelve isoforms of PDEs, which hydrolyze both cGMP and cyclic
adenosine monophosphate (cAMP), only three of them, i.e., PDE5,
PDE6 and PDE9, are selective for cGMP. They are found in different

tissues, i.e., lungs, smooth and skeletal muscles, heart, placenta, liver
and in several brain structures [1–3].

The presence of PDE5 in the brain and the ability of sildenafil to
cross the blood-brain barrier [4] enable sildenafil to influence many
CNS-related functions [3]. Sildenafil shows antinociceptive properties
in a wide range of experimental models of pain [5–10], displays anti-
depressant activity [11–13] and influences the activity of some anti-
depressant drugs [14–20]. Interestingly, sildenafil showed both anxio-
genic [21,22] and anxiolytic [4] effects in animal models. Inhibition of
PDE5 by sildenafil may be a useful strategy in the treatment of stroke
and Alzheimer’s disease because cGMP improves neurogenesis and
memory, reduces neurological deficits, enhances consideration and re-
consideration processes in animals [23–26].

Sildenafil was also widely investigated in animal models of seizures
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and it showed both pro- and anticonvulsant properties (Table 1). It
decreased seizure threshold in the timed intravenous pentylenetetrazole
(iv PTZ) infusion test in mice [27–29] while in the models of seizures
induced by electrical stimulation, i.e., in the 6 Hz-induced psychomotor
seizure threshold [30] and maximal electroshock seizure threshold
(MEST) [31] tests, it had anticonvulsant activity. Furthermore, silde-
nafil decreased the duration of behavioral seizures and afterdischarges
in the amygdala kindling model in rats [32]. It did not affect cocaine-
induced seizures in mice [33]. Of note, sildenafil affected the activity of
some antiepileptic drugs in experimental models of seizures in mice,
and both pharmacodynamic and pharmacokinetic interactions were
observed [29–31,34].

Sexual dysfunctions are very common in patients with epilepsy and
they may be attributed both to the disease and to antiepileptic treat-
ment. According to Atif et al. [35] about 30–66% of epileptic men suffer
from sexual dysfunctions which include decrease in libido, erectile and
ejaculation problems. Sildenafil is recommended as one of the available
medications for combatting erectile dysfunctions in men with epileptic
disorders [35].

The aim of our study was to investigate the mechanism of the an-
ticonvulsant action of sildenafil in the psychomotor 6 Hz-induced sei-
zure test in mice [30]. We administered sildenafil in combination with
modulators of neurotransmitter systems to investigate their participa-
tion in the anticonvulsant effect of sildenafil. Diazepam (a benzodia-
zepine agonist on GABAA receptor) and flumazenil (a GABA/benzo-
diazepine antagonist) were used to study possible involvement of
GABAergic system while N-methyl-D-aspartic acid (NMDA, an agonist of
NMDA glutamate receptors) and CGP 37849 (an antagonist of NMDA
receptors) were administered to evaluate participation of glutamatergic
neurotransmission, and especially NMDA-type receptors. These two
neurotransmission systems are essential in generation of seizures and
are the main targets for numerous antiepileptic drugs [36–38]. Fur-
thermore, contribution of serotonergic neurotransmission in the antic-
onvulsant action of sildenafil was studied by co-administration of this
PDE5 inhibitor with metergoline – a potent nonselective serotonin (5-
HT) receptor antagonist. We also used 8-cyclopentyl-1,3-dipro-
pylxanthine (DPCPX; an adenosine A1 receptor antagonist) to in-
vestigate the involvement of adenosinergic system and β-funaltrex-
amine (β-FNA; an irreversible μ-opioid antagonist) to determine
participation of μ opioid receptors in the anticonvulsant action of sil-
denafil. The studied modulators of neurotransmitter receptors that have
anticonvulsant potential in the 6 Hz test were combined with the sub-
effective dose of sildenafil, i.e., 5 mg/kg, while those with pro-
convulsant activity were co-administered with sildenafil at the effective
dose, i.e., 20 mg/kg. In addition, the chimney test and the grip strength
test in mice were used to investigate the influence of the used receptor
ligands and their combinations with sildenafil on motor coordination
and muscular strength, respectively.

2. Material and methods

2.1. Animals

Naïve male albino Swiss mice weighting 23–30 g were used. The
animals were purchased from a licensed breeder (Laboratory Animals
Breeding, Słaboszów, Poland). They were housed in groups of eight in
standard polycarbonate cages (37 cm×21 cm×15 cm) with free ac-
cess to food (Agropol S.J., Motycz, Poland) and tap water under strictly
controlled laboratory conditions (ambient temperature 21–24 °C, re-
lative humidity 45–65%) with a 12/12 h light-dark cycle (light on at
6:00 a.m.). After a 7-day period of acclimatization to laboratory con-
ditions, the animals were randomly assigned to the experimental
groups. All experiments were performed between 8:00 a.m. and 3:00
p.m. to minimize circadian influences. Control and drug experiments
were always done on the same day to avoid day-to-day variations in
convulsive susceptibility.

All procedures involving animals were approved by the First Local
Ethics Committee at the Medical University of Lublin (49/2013) and
the Local Ethical Committee in Lublin (7/2017), Poland. Both housing
and experimental procedures were conducted in accordance with the
European Union Directive of 22 September 2010 (2010/63/EU) and
Polish legislation acts concerning animal experimentation. All efforts
were made to reduce the number of animals used in the study and their
suffering.

2.2. Drugs

The following drugs were used: sildenafil (as citrate, kindly pro-
vided by Polpharma S.A., Starogard Gdański, Poland), diazepam (Polfa,
Warszawa, Poland), flumazenil (Selleck Chemicals, Houston, TX, USA),
NMDA (Abcam Biochemicals, Cambridge, UK), CGP 37849 (Tocris
Bioscience, Bristol, UK), metergoline (Sigma-Aldrich, St. Louis, MO,
USA), DPCPX (Sigma-Aldrich, St. Louis, MO, USA) and β-FNA (Tocris
Bioscience, Bristol, UK). Sildenafil, NMDA, CGP 37849 and metergoline
were dissolved in saline, DPCPX and flumazenil were dissolved in 1%
solution of dimethyl sulfoxide (DMSO; ICN Biomedicals, Inc., Aurora,
OH, USA) in normal saline, β-FNA was dissolved in 100% DMSO while
metergoline was suspended in a 0.5% aqueous solution of methyl cel-
lulose. The used compounds, except for β-FNA, were injected in-
traperitoneally (ip) at a constant volume of 0.1 ml per 10 g body weight.
Animals were treated with sildenafil, diazepam, flumazenil and DPCPX
30min before the tests while CGP 37849, metergoline and NMDA were
administered 60min before the tests. β-FNA was administered in-
tracerebroventricularly (icv) at a volume of 5 μl/mouse 5min before the
tests. The icv injection was performed according to the method de-
scribed elsewhere [43,44]. Animals in the control groups received the
respective vehicles at the appropriate volume and time. The pre-treat-
ment times were taken from the literature and were confirmed in our

Table 1
Effect of sildenafil in different animal seizure/epilepsy models.

Model of seizures/epilepsy Animal Studied doses of sildenafil and route of its administration Effect of sildenafil References

iv PTZ-induced seizure test Swiss mice 1–40mg/kg; sc Proconvulsant [39]
Swiss mice 5–10mg/kg; sc Proconvulsant [27]
Swiss mice 5–40mg/kg; ip Proconvulsant [32]
NMRI mice 1–20mg/kg; ip No effect [40]
NMRI mice 1–20mg/kg; ip Proconvulsant [28]
NMRI mice 5–40mg/kg; ip Proconvulsant [41]

sc PTZ test Swiss mice 5–40mg/kg; ip No effect [34]
PTZ kindling model Swiss mice 20mg/kg; ip Anticonvulsant [42]
iv bicuculine test Swiss mice 2.5–20mg/kg; sc Proconvulsant [39]
Cocaine-induced seizures Swiss mice 5–20mg/kg; ip No effect [33]
Maximal electroshock seizure threshold (MEST) test Swiss mice 5–20mg/kg; ip Anticonvulsant [31]
6 Hz electroshock-induced psychomotor seizure threshold test Swiss mice 5mg/kg; ip Anticonvulsant [30]
Amygdala-kindling model Wistar rats 5–40mg/kg; ip Anticonvulsant [32]
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previous experiments.

2.3. The 6 Hz electroshock-induced seizures

Psychomotor seizures (6 Hz seizures) were induced via corneal sti-
mulation (0.2 ms square pulse at 6 Hz for 3 s) using Grass S48 stimu-
lator coupled with a constant current unit CCU1 (both from Grass
Technologies, West Warwick, RI, USA). Prior to the stimulation, a drop
of ocular anesthetic, 1% solution of tetracaine hydrochloride (Sigma-
Aldrich Co., St. Louis, MO, USA), was placed on the animals’ corneas.
The electrodes were soaked in the 0.9% saline immediately before
testing to ensure a good electrical contact. Mice were restrained
manually during the stimulation and immediately thereafter they were
placed in a Plexiglas box (35 cm×20 cm×14 cm) for observation. Six
Hz electroshock-induced seizures were characterized by stun, which
was often followed by rearing, forelimb clonus, twitching of vibrissae,
and Straub-tail, which lasted at least 10 s from the stimulation [45]. The
mouse was scored as protected if it resumed its normal activity within
10 s from the stimulation. The mice were subjected to stimuli of dif-
ferent current intensities according to the “up-and-down” method and
the median current strength (CS50 in mA; the current strength of 6 Hz
stimulation which induce psychomotor seizures in 50% of the tested
animals) with 95% confidence limits was calculated as described else-
where [30,46]. Each mouse was stimulated only once at any given
current intensity (8–23mA) and convulsant activity was judged as de-
scribed above. If the mouse responded with convulsions, the next
mouse was stimulated with current of an intensity 0.06-log step lower
than the previous one. If the mouse did not have convulsions, the next
one was stimulated with a current of intensity 0.06-log step higher [46].
Each experimental group consisted of 20 animals.

2.4. The grip-strength test

The influence of the studied ligands and their combinations with
sildenafil on muscular strength was determined in the grip-strength test
[47]. The apparatus consisted of a steel wire grid (8× 8 cm) connected
to an isometric force transducer. The mice were lifted by the tail so that
they grasp the grid with their forepaws. The mice were then gently
pulled backwards until they released the grid and the maximal force in
newtons (N) exerted by the mouse before losing grip was measured by
the apparatus. The mean of three consecutive measurements for each
animal was calculated and then normalized to the body weight (mN/g).
Each experimental group consisted of 10–12 animals.

2.5. The chimney test

The chimney test was used to determine the influence of the studied
modulators of neurotransmitter receptors and their combinations with
sildenafil on motor coordination. The mice were placed in a Plexiglas
tube (3 cm, inner diameter× 30 cm, length) with rough inner surface.
The inability of the mouse to climb backwards up through the tube in
60 s was an indicator of impairment of motor coordination. Each ex-
perimental group consisted of 10–12 animals.

2.6. Statistical analysis

The seizure thresholds in the 6 Hz test are expressed as CS50 values
with their 95% confidence limits. These values were compared with the
one-way analysis of variance (ANOVA) followed by the Tukey’s post
hoc test. Results from the chimney test (percent of animals with im-
paired motor coordination) were analyzed with the Fisher’s exact
probability test. The mean maximal force (± SEM) determined in the
grip strength test was compared with one-way ANOVA. All statistical
analyzes were carried out with GraphPad Prism 5.03 for Windows
(GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Influence of diazepam and flumazenil on the activity of sildenafil in the
6 Hz test in mice

Neither sildenafil administered at a dose of 5mg/kg nor diazepam
injected at a dose of 0.05mg/kg significantly increased seizure
threshold in the 6 Hz test. Combination of both significantly increased
seizure threshold in comparison both to the control group (p < 0.01)
and to the group that was treated with diazepam (p < 0.01). Seizure
threshold in group of animals co-treated with sildenafil and diazepam
was ∼24% higher than in the control group and ∼20% higher than in
group injected with diazepam (one-way ANOVA: F(3,32)= 7.083,
p=0.0009; Fig. 1A).

Sildenafil administered at a dose of 20mg/kg significantly increased
seizure threshold in comparison to the control group (p < 0.001).
Flumazenil at a dose of 10mg/kg did not significantly change seizure
threshold in comparison to the control group. Its co-administration with
sildenafil (20mg/kg) reduced seizure threshold by ∼14% in

Fig. 1. Influence of diazepam and flumazenil, GABAA receptor mod-
ulators, on the activity of sildenafil in the 6Hz test in mice. Sildenafil,
diazepam and flumazenil were administered ip 30min prior to the test. Animals
in the control groups received the respective vehicles at the appropriate volume
and time. Results are presented as median current strengths (CS50 in mA with
their 95% confidence limits) required to produce psychomotor seizures in 50%
of animal tested. ** p < 0.01, *** p < 0.001 (one-way ANOVA followed by
the Tukey’s post-hoc test).
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comparison to the sildenafil-treated (20mg/kg) group, however, this
change was not statistically significant. Seizure threshold in the group
concomitantly treated with sildenafil and flumazenil was significantly
higher than in the control group (by ∼28%, p < 0.01). Results are
presented in Fig. 1B (one-way ANOVA: F(3,34)= 12.47, p < 0.0001).

3.2. Influence of NMDA and CGP 37849 on the activity of sildenafil in the
6 Hz test in mice

Seizure threshold in the control group was 12.9 (13.4–12.4) mA and
it increased by ∼71% in the group treated with sildenafil at a dose of
20mg/kg (p < 0.001). NMDA at a dose of 50mg/kg did not change
significantly seizure threshold in comparison to the control group but it
entirely abolished the anticonvulsant effect of sildenafil (20mg/kg).
Results are presented in Fig. 2A (one-way ANOVA: F(3,33)= 52.36,
p < 0.0001).

Neither sildenafil at a dose of 5mg/kg nor CGP 37849 at a dose of
0.4 mg/kg changed significantly seizure threshold in comparison to the
control group in the 6 Hz test. However, co-treatment with these
compounds at sub-effective doses significantly increased seizure
threshold (Fig. 2B, one-way ANOVA: F(3,31)= 3.774, p=0.0203).

3.3. Influence of metergoline on the activity of sildenafil in the 6 Hz test in
mice

Injection of sildenafil at a dose of 5mg/kg or metergoline at a dose
of 0.5 mg/kg did not significantly influence seizure threshold in com-
parison to the control group while co-administration of these com-
pounds raised the seizure threshold by ∼15% (p < 0.05 vs. control
group). Seizure threshold in the group treated with the combination of
sildenafil and metergoline differed significantly from the seizure
threshold in the group of animals treated with sildenafil (p < 0.05)
and metergoline alone (p < 0.01). Results are presented in Fig. 3 (one-
way ANOVA: F(3,30)= 6.602, p=0.0015).

3.4. Influence of DPCPX on the activity of sildenafil in the 6 Hz test in mice

Sildenafil at a dose of 20mg/kg significantly increased seizure
threshold from 11.6 (12.1-11.1) mA in the control group to 14.8 (15.9-
13.8) mA (p < 0.001). Although DPCPX administered at a dose of
0.5 mg/kg did not significantly influence psychomotor seizure
threshold, it completely abolished the anticonvulsant effect of silde-
nafil. Seizure threshold in the group treated with DPCPX (0.5mg/kg)
and sildenafil (20mg/kg) did not differ significantly from the control
group but was significantly lower than in the sildenafil-treated group
(p < 0.001). Results are presented in Fig. 4 (one-way ANOVA: F
(3,34)= 19.66, p < 0.0001).

3.5. Influence of β-FNA on the activity of sildenafil in the 6 Hz test in mice

Neither sildenafil at a dose of 5mg/kg nor β-FNA at a dose of
10 nmol/mouse caused statistically significant change in psychomotor
seizure threshold in comparison to the control group. Moreover, there
was also no statistically significant change in the seizure threshold in
the group treated with combination of sildenafil (5mg/kg) and β-FNA
(10 nmol/mouse). Results are presented in Fig. 5 (one-way ANOVA: F
(3,34)= 1.824, p= 0.1613).

3.6. Influence of combinations of sildenafil with the studied modulators of
neurotransmitter receptors on the muscular strength and motor coordination
in mice

Neither sildenafil and the studied ligands nor their combinations
significantly influenced muscular strength and motor coordination (not

Fig. 2. Influence of NMDA and CGP 37849, glutamate NMDA receptor
modulators, on the activity of sildenafil in the 6 Hz test in mice. Sildenafil
was administered ip 30min while NMDA and CGP 37849 were administered ip
60min prior to the test. Animals in the control groups received the respective
vehicles at the appropriate volume and time. Results are presented as median
current strengths (CS50 in mA with their 95% confidence limits) required to
produce psychomotor seizures in 50% of animal tested. * p < 0.05, ***
p < 0.001 (one-way ANOVA followed by the Tukey’s post-hoc test).

Fig. 3. Influence of metergoline, a nonselective 5-HT1, 5-HT2 and 5-HT7
receptors antagonist, on the activity of sildenafil in the 6 Hz test in mice.
Sildenafil was administered ip 30min while metergoline ip 60min prior to the
test. Animals in the control group received the respective vehicles at the ap-
propriate volume and time. Results are presented as median current strengths
(CS50 in mA with their 95% confidence limits) required to produce psycho-
motor seizures in 50% of animal tested. * p < 0.05, ** p < 0.01 (one-way
ANOVA followed by the Tukey’s post-hoc test).
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illustrated).

4. Discussion

The aim of the study was to evaluate participation of different
neurotransmitter systems in the anticonvulsant effect of sildenafil in the
6 Hz test in mice [30]. Although there are some studies which clarify
the proconvulsant effect of sildenafil in the PTZ tests [27,28], there are
no studies aimed to identify its anticonvulsant activity. In our study we
investigated participation of GABAA, NMDA, 5-HT, adenosine A1 and
opioid μ receptors in its anticonvulsant effect in this test. The men-
tioned receptors and neurotransmission systems have been proved to
play a pivotal role in seizure activity [36,38,48–51].

Briefly, seizure disturbances in the CNS are induced by an im-
balance between the neuronal excitation and inhibition which are
provided in substantial part by GABAergic and glutamatergic neuro-
transmission [36,38,52]. We noted that co-administration of sildenafil
and diazepam at sub-effective doses produced significant increase in

psychomotor seizure threshold in mice. However, flumazenil did not
completely abolish the anticonvulsant effect of sildenafil in this test.
These results suggest that sildenafil might enhance GABAergic neuro-
transmission. Influence of sildenafil on the GABAergic system was
studied previously in other seizure [27] and neuropathic pain [6]
models. Gholipour et al. [27] revealed that sildenafil decreased
threshold for clonic seizures and weakened anticonvulsant effect of
diazepam in the iv PTZ test in mice. Differences between activity of
sildenafil in the iv PTZ test [27] and the 6 Hz test [30] might be a result
of distinct mechanisms which are involved in generation of these sei-
zures [53], however, in both cases the influence of sildenafil on GA-
BAergic neurotransmission and GABAA receptors was confirmed. Huang
et al. [6] demonstrated that antinociceptive effect of sildenafil in neu-
ropathic pain model in rats was reversed by bicuculline – a competitive
GABAA receptor antagonist, which indicated that sildenafil might also
affect the activity of these receptors through GABA binding site [6].
Furthermore, high concentration of cGMP in neurons might also en-
hance GABA release [54].

The anticonvulsant effect of sildenafil in the 6 Hz test was abolished
by NMDA administration and potentiated by the competitive NMDA
antagonist CGP 37849. These results indicate that NMDA receptors and
glutamatergic neurotransmission are affected by sildenafil and might
participate in its anticonvulsant effect in the 6 Hz-induced psychomotor
seizure test in mice. There are no other studies focusing on influence of
ligands of NMDA receptor and other modulators of glutamatergic
neurotransmission on the activity of sildenafil in experimental models
of neurological disorders but there are experimental studies which
confirmed interplay between the glutamatergic neurotransmission and
NO/cGMP pathway which is modulated by sildenafil [55].

Our study revealed that anticonvulsant activity of sildenafil in the
6 Hz test in mice is also mediated by interactions with both adenosi-
nergic and serotonergic systems. Protective role of adenosine in various
pathological conditions in the CNS, i.e., ischemia, excitotoxicity or
epileptic disturbances [56], result mainly from the activation of ade-
nosine A1 receptors [57]. Adenosinergic neurotransmission might reg-
ulate the CNS-related processes indirectly through interactions with
other neurotransmitter systems because adenosine A1 receptors are
located in synapses where they might limit glutamatergic neuro-
transmission and hyperpolarize neurons [56]. Blocking of adenosine A1

receptors by DPCPX abolished the anticonvulsant effect of sildenafil in
the 6 Hz test, which indicates that protective properties of the studied
PDE5 inhibitor might arise partly from its influence on adenosinergic
system. Interactions between sildenafil and adenosinergic neuro-
transmission were also found in the formalin test in rats [7,8] because
antinociceptive effect of sildenafil was suppressed both by the non-
selective antagonist of adenosine receptors – CGS 15943 [7], and by
selective antagonists of the respective adenosine receptors, i.e., A1, A2A,
A2B and A3 [8].

Contribution of 5-HT receptors in convulsive processes is not clearly
defined because results obtained in experimental studies varied con-
siderably and seem to be dependent on the experimental model, type of
seizures and 5-HT receptor subtypes [49,58]. In case of 5-HT1, 5-HT2

and 5-HT7 receptors, which are non-selectively blocked by metergoline,
both pro- and anticonvulsant effects were noted. Our pilot study re-
vealed that metergoline increases seizure threshold in the 6 Hz test in
mice (unpublished observation). It also protected DBA/2 J mice from
sound-induced seizures and this effect seemed to be connected with
antagonism of 5-HT7 receptor [59]. We noted a significant synergistic
effect between sildenafil and metergoline when these compounds were
administered at sub-effective doses, however, our results did not de-
termine which subtype of 5-HT receptors antagonized by metergoline
had the most meaningful influence in the observed effect. Lee et al. [7]
confirmed interactions between sildenafil and serotonergic neuro-
transmission in the formalin test in rats because antinociceptive activity
of sildenafil in this test was attenuated by dihydroergocristine metha-
nesulfonate – a nonselective antagonist of 5-HT receptors. However,

Fig. 4. Influence of DPCPX, an adenosine A1 receptor antagonist, on the
activity of sildenafil in the 6 Hz test in mice. Sildenafil and DPCPX were
administered ip 30min prior to the test. Animals in the control group received
the respective vehicles at the appropriate volume and time. Results are pre-
sented as median current strengths (CS50 in mA with their 95% confidence
limits) required to produce psychomotor seizures in 50% of animal tested. ***
p < 0.001 (one-way ANOVA followed by the Tukey’s post-hoc test).

Fig. 5. Influence of β-FNA, an irreversible μ-opioid receptor antagonist, on
the activity of sildenafil in the 6Hz test in mice. Sildenafil was administered
ip 30min and β-FNA was administered icv 15min prior to the test. Animals in
the control group received the respective vehicles at the appropriate volume
and time. Results are presented as median current strengths (CS50 in mA with
their 95% confidence limits) required to produce psychomotor seizures in 50%
of animal tested. One-way ANOVA was used to analyze the data.
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this study also did not evaluate which subtypes of 5-HT receptors are
involved in the interactions with sildenafil [7].

Although opioidergic neurotransmission participates in seizure ac-
tivity, opioids and modulators of opioid receptors showed both pro- and
anticonvulsant effects. Furthermore, these effects may be biphasic and
dependent on the used dose [28,51,60,61]. Although β-FNA increased
seizure threshold in the 6 Hz test in mice [62] it did not influence the
activity of sildenafil in our study. We could eliminate participation of
the μ opioid receptors in the effect of sildenafil but we could not ex-
clude the contribution of other components of opioidergic neuro-
transmission, for example κ or δ opioid receptors. Montaser-Kouhsari
et al. [28] demonstrated that co-administration of sildenafil and mor-
phine (a μ opioid receptor agonist) at sub-effective doses significantly
decreased threshold for clonic seizures in the iv PTZ test in mice. In
addition, the proconvulsant effect of sildenafil was blocked by nal-
trexone – an antagonist of opioid receptors. These results indicate that
proconvulsant effect of sildenafil in the iv PTZ test is also connected
with the opioidergic neurotransmission [28].

Additionally, observed effects may result from the cross-talk be-
tween cGMP- and cAMP-dependent signaling pathways. Integral ele-
ments involved in the cross-talk between these pathways are PDEs
which activity is directly and indirectly regulated by level of cyclic
nucleotides. Therefore, cGMP concentration might affect cAMP level
and vice versa. For example, PDE2 is allosterically stimulated by cGMP
to hydrolyze cAMP while in case of PDE3, cGMP competitively inhibits
hydrolysis of cAMP [63]. The interplay between cAMP and cGMP
pathways with participation of PDE2 was revealed in the central ner-
vous system structures [64,65].

In conclusion, both results of our study and previous studies re-
vealed interactions of sildenafil with different neurotransmission sys-
tems. These interactions might not be the result of its indirect influence
on receptors in the CNS but might rather be mediated by changes in the
activity of NO/cGMP pathway and changes in cGMP level. The main
effect of activity of sildenafil is the growth of cGMP level but, due to the
cross-talk processes, changes in concentration of cAMP cannot be ex-
cluded. Cyclic nucleotides are widely distributed second messengers in
the brain and are responsible for regulating numerous processes in the
neurons. Their classical targets are cyclic nucleotide dependent kinases,
ion channels and PDEs. It was previously revealed that cGMP-

dependent mechanism is involved in the release of glutamate, which
then influences the release of other neurotransmitters in various brain
regions, i.e., in the hippocampus, striatum and hypothalamus.
Moreover, effects mediated by GABAA receptors are depressed by cGMP
and NO donors [66]. Likewise, release of 5-HT in the hypothalamus is
also mediated by cGMP [67]. Interactions between cGMP- and cAMP-
dependent signal transduction pathways and different neurotransmis-
sion systems are in many cases reciprocal and changes in neuro-
transmitters concentration in the CNS might have a wide range of ef-
fects and might also influence seizure activity. Some likely interactions
between cGMP and neurotransmission systems have been presented in
Fig. 6. Complexity of these interactions makes understanding of the
influence of sildenafil on neuronal activity and seizure processes diffi-
cult, it needs further and more precise studies with using another
chemicals.
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