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Background: Epilepsy is the second, after stroke, most common chronic neurological
disorder with a serious socioeconomic impact. Hyperpolerization cyclic nucleotide gated
(HCN) channels modulate neuronal excitability and their activation leads to development
of a depolarizing (In) current that could provide a background setting for the development
of epilepsy.

The aim of this study was to assess the potential anticonvulsant effect of ivabradine, HCN
blocker, in comparison with diazepam in pentylenetetrazol (PTZ) kindled mice.

Methods: Forty Mice were randomly allocated into 4 equal groups; control, PTZ, diazepam
(4mg/kg) and ivabradine (10 mg/kg) groups. Kindling model was produced by repeated
i.p. administration of PTZ (40mg/kg), every other day for 9 days. Repeated PTZ treatment
progressively increased the seizure score with the maximum score reached on day 9.
Diazepam and ivabradine were administered intraperitoneally (i.p.), 10 minutes before
each PTZ injection till the end of the schedule. Seizure score, latency and duration were
recorded in all groups. Nitrite, malondialdehyde and reduced glutathione levels were
assessed in brain homogenate at the end of schedule.

Results: [vabradine significantly decreased kindling seizure score less than diazepam,
while both drugs significantly decreased the duration of seizures and increased latency to
seizures. The levels of nitrite and malondialdehyde were significantly increased in PTZ
kindling group while, the reduced glutathione content was significantly decreased.
Administration of either ivabradine or diazepam significantly decreased nitrite and
malondialdehyde levels while increased the glutathione content of the brain.

Conclusion: Ivabradine has anticonvulsant effect, less than diazepam, and ameliorated the
associated oxidative stress in PTZ kindled mice.
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Introduction

Epilepsy is a neurological disorder that affects 1-2% of the population. A significant
percentage of epileptic patients do not respond to anticonvulsant drugs available,
suggesting the need to investigate new pharmacological treatments!. This chronic disorder
is characterized by recurrent seizures. Seizures are finite episodes of brain dysfunction
resulting from abnormal discharge of cerebral neurons2.

Kindling has been used as a chronic animal model for temporal lobe epilepsy and also as a
very important model for complex partial epilepsy3. In this model, the initially
subconvulsive stimuli become capable of evoking fully developed seizures due to lowering
of seizure threshold* The duration and severity of induced seizures increases after



seizures are induced repeatedly>. If the stimulus causes generalized convulsion in
experimental animal, it is accepted that kindling is completed then this abnormal excitable
status remains permanent®. Pentylenetetrazol (PTZ)-induced kindling model is among the
first used models for antiepileptic drugs discovery. PTZ is a GABA4 receptor antagonist. In
addition, this chemoconvulsant induces alterations in glutamergic and antioxidant defense
systems’.

Hyperpolarization activated cyclic nucleotide gated (HCN) channels contribute in
modulation of rhythmic activity, transmission of synaptic potentials and plasticity
phenomena8. The role of HCN channels activation results in neuronal membrane
depolarizing (Is) current that modulate neuronal excitability. Modification of the function
of HCN channels can induce uncontrolled action potential firing and provide a background
setting for the development of epilepsy®.

Ivabradine, HCN channel blocker, is a pure heart rate lowering drug that specifically
inhibits the inward funny (If) current involved in the regulation of heart rate in the
sinoatrial nodel?. In addition, the drug is considered to be the most specific blocker of
central nervous system I, current!l. Ivabradine exerts anti-anginal and anti-ischemic
effects in patients with stable coronary diseasel2. Moreover, ivabradine has documented
beneficial effect on nociception, inflammation and psychosis!3 14 Benzodiazepines,
including diazepam, are widely used anticonvulsant drugs. These drugs are positive
allosteric modulator of GABAa receptor increasing chloride influx and neuronal
hyperpolerization?s.

In spite of huge funding for new antiepileptic drug development, many of them were
withdrawn because their harmful adverse effects outweigh their beneficial actions. In
addition, newly developed antiepileptic drugs are expensive to be afforded by patients of
the third world countries?e.

The present study was carried out to elucidate the anticonvulsant and antioxidant effects of
ivabradine on PTZ-induced chemical kindling in mice in comparison with diazepam.

Materials and methods

Animals: Adult male albino mice (weighing 22-26 g) were obtained from National
Research Laboratory, Cairo, Egypt and kept in colony cages with free access to food and tap
water, under standardized housing conditions (temperature of 22 * 1°C). After 7 days of
adaptation to laboratory conditions, the animals were randomly assigned to 4 experimental
groups. All experimental protocols were approved by the Ethics Committee of Zagazig
University.

Drugs: Ivabradine (Servier, Courbevoie, France); pentylenetetrazol (PTZ) (Sigma (St Louis,
MO, USA). Ivabradine and PTZ were supplied as white powder, freshly dissolved in normal
saline at the day of the experiment. Diazepam ampoules (Memphis, Cairo, Egypt).

Kindling model: PTZ was injected, 40 mg/kg, i.p. on alternate days (day 1, 3, 5, 7 and 9)
according to the standardized procedurel’. After each PTZ injection, occurrence of seizure
was evaluated using a scoring scale: 0, no effect; 1, jerks; 2, Straub’s tail; 3, clonus. The
maximum kindling score is approached if the animal shows all the phases of convulsions
(i.e. up to full-blown clonus) and equals 6 (sum of 0 + 1 + 2 + 3). On day 9 the maximum



seizure score was reached in PTZ-treated group. On day 10, mice were decapitated, the
skull was opened, and cerebral cortex was dissected for biochemical estimations.

Experimental design: 40 mice were randomly divided into the following groups:
1- Control group: mice were injected saline i.p., every other day for nine days.
2- PTZ kindling group: mice were injected PTZ, every other day for nine days.

3- Diazepam-PTZ group: mice were injected diazepam 4mg/kg, i.p. 18 (Syapin 1983), 10
minutes before PTZ every other day for nine days.

4- lvabradine-PTZ group: mice were injected ivabradine 10mg/kg, i.p.1°, 10 minutes before
PTZ every other day for nine days.

Dissection and homogenization: On day 10 of the study, animals were decapitation.
Brains were removed, rinsed in isotonic saline and weighed. Tissues were stored at -80 °C
until assays. For assay, a 10% (w/v) tissue homogenate was prepared with 0.1 mol/L
phosphate buffer (pH 7.4).

Nitrite estimation

Nitrite was measured in samples of brain homogenate using a spectrophotometric assay
based on the Greiss reaction according to Raghvendra et al20. The nitrite concentration was
calculated from a standard curve and expressed as umol/mL.

Lipid peroxidation assay

The quantitative measurement of lipid peroxidation in the whole brain was performed
according to the method of Wills21. In this assay, the concentration of malondialdehyde
(MDA) was estimated. The results are expressed as nmol MDA/mg protein using the molar
extinction coefficient of chromophore (1.56 - 10 L /mol/cm).

Estimation of reduced glutathione (GSH) content

GSH in the brain was estimated according to the method of Ellman?2. A 0.75 mL of
homogenate was precipitated with 0.75 mL of 4% sulfosalicylic acid by keeping the mixture
at 4 °C for 1 h and the samples were immediately centrifuged at 1200 g for 15 min at 4 °C.
The assay mixture contains 0.5 mL of supernatant and 4.5 mL of 0.01 M
dithiobisnitrobenzoic acid. The yellow color developed was read immediately at 412 nm.
The results were expressed as nmol GSH per mg protein

Statistical analysis

Statistical analysis of data in all models was performed with one-way ANOVA followed by
the post hoc Tukey-Kramer test for multiple comparisons. Differences among values were
considered statistically significant if p < 0.05.

Results

Effect of diazepam and ivabradine on seizure score, latency and duration:

Diazepam significantly decreased seizure score from 5.12+0.66 in PTZ kindling group to
1.334£0.21. Administration of ivabradine induced significant decrease in seizure score to
3.22% 0.49, in respect to PTZ kindling group while, was significantly increased in respect to



diazepam-PTZ group. Administration of either diazepam or ivabradine induced significant
increase in latency to seizure from 4.85+0.54 minutes in PTZ kindling group to 13.93+2.13
and 12.42+1.98 minutes respectively. There were no significant differences between
diazepam-PTZ and ivabradine-PTZ groups. Diazepam and ivabradine, significantly
decreased duration of seizure from 6.11+0.75 minutes in PTZ kindling group to 2.13+£0.31
and 2.55+0.36 minutes respectively, while there were no significant differences between
diazepam-PTZ and ivabradine-PTZ groups. (Table 1)

Table 1: Effect of ivabradine and diazepam on seizure score, latency and duration in PTZ
kindling seizure model in mice.

Groups Saline PTZ kindling Diazepam-PTZ  Ivabradine-PTZ
Seizure score 0 5.12+0.66* 1.33+0.21# 3.22+ 0.49%
Latency to 0 4.85+0.54* 13.93+2.13# 12.42+1.98*
seizures

Duration of 0 6.11+0.75* 2.13+0.31# 2.55+0.36#
seizure

Data represent meant standard error of mean. *Significant compared to saline group.
#Significant compared to saline and PTZ kindling group. $Significant compared to saline,
PTZ and diazepam-PTZ groups. PTZ: pentylenetetrazole, SE: standard error.

Effect of diazepam and ivabradine on MDA, GSH and nitrite levels:

PTZ administration caused a significant increase in MDA and nitrite levels from 0.35+0.04
nmol/mg and 144+15 pg/ml in the saline group to 0.98+0.06 nmol/mg and 295+ 33 pg/ml
respectively, while decreased GSH from 34+0.23 nmol/mg in saline group to 3.57%£0.43
nmol/mg. Diazepam significantly decreased MDA and nitrite levels to 0.41+0.05 nmol/mg
and 165+ 21 pg/ml respectively, while increased GSH level to 7.19+0.73 nmol/mg in
relation to PTZ group. Administration of ivabradine significantly decreased MDA and nitrite
levels to 0.44+0.03 nmol/mg and 143+ 11 pg/ml respectively, while increased glutathione
level to 7.22+0.77 nmol/mg in relation to PTZ group, while were non-significantly different
in respect to diazepam-PTZ group. (Table 2)

Table 2: Effect of ivabradine and diazepam on MDA, GSH and nitrite levels in PTZ kindling
seizure model in mice.

Groups Saline PTZ kindling  Diazepam-PTZ Ivabradine-
kindling PTZ kindling

MDA (nmol/mg 0.35x0.04 0.98+0.06* 0.41+0.05# 0.44%0.03#

protein)

GSH (nmol/mg protein) 34+0.23 3.57+£0.43* 7.19+0.73# 7.22+0.77*

Nitrite (ug/ml) 144+15 295+ 33* 165+ 21# 143+ 11#

Data represent meant standard error of mean. *Significant compared to saline group.
#Significant compared to saline and PTZ kindling group. PTZ: pentylenetetrazole, MDA:
malondialdehyde, GSH: reduced glutathione, SE: standard error.



Discussion

The etiology of epilepsy remains unknown in about 60% of cases. Several types of epilepsy
have a genetic component mainly linked to mutations in genes encoding voltage-gated
(Na*, Ca2*, and K*) or ligand-gated (GABAa and cholinergic nicotinic receptor) channels?23.
HCN channels are unique in that they are dually activated by voltage hyperpolarization and
intracellular cAMP. These channels have established role in modulating neuronal
excitability®. The present study assessed the anticonvulsant effect of ivabradine, HCN
blocker, in PTZ-induced kindling in mice as well as on the parameters of oxidative stress.

The results of the present work revealed that, seizure score and duration are decreased by
ivabradine while increased the latency to seizures. While, diazepam decreased seizure
score more than ivabradine, the effect of both drugs on latency and duration of seizure
were insignificantly different. These results cope with Luszczki et al.1® who found that
ivabradine increased the threshold for maximal electroshock-induced tonic seizures in
mice. They supposed that ivabradine, due to its HCN channel blocking properties, is able to
support the ionic homeostasis in the brain, and therefore, the drug elevated the threshold
for electroconvulsions in mice. In addition, Mansour and Ibrahim?24 reported that
ivabradine increased latency and decreased duration of seizure in kainite model of
epilepsy.

In support of these finding, Bender et al. 25 postulated that the resected hippocampi from
patients with temporal-lobe epilepsy, showed enhancement in the levels of HCN1 channel
expression with dendritic localization in granule cells of the dentate gyrus. In addition,
another work has identified a mutation in the HCN2 gene with augmentation of Iy current
in patients with genetic epilepsy and had febrile seizures26. However, the results of the
present study don’t cope with Poolos et al.2” who reported that lamotrigine, a widely used
antiepileptic drug in clinical practice, increased Iy current. In addition, the antiepileptic
drug gabapentin was found to increase Iy current in CA1 pyramidal neurons?8. The reported
increase in I, current with the previous two drugs might be attributed to enhancement of
neuronal hyperpolerization due activation of GABAa receptor. The resulting membrane
hyperpolerization is a well documented stimulus for opening HCN channels and I, current
occurrence. Indeed, in various types of neurons the voltage-activated Na+/K+ “lh” current
has been identified as depolarizing current and activated by membrane hyperpolarization
facilitated by cAMP2°.

Oxidative stress has a major role in most of the epilepsy models. There is a strong
correlation between PTZ administration and oxidative stress30. PTZ kindling causes
alterations in antioxidant defense systems of the brain3l. The oxidative stress imposed
during seizures is an outcome of free radicals produced from the abnormal structural
alterations of cellular proteins, membrane lipids, DNA and RNA 32, These free radicals
attack membrane lipids and result in lipid peroxidation33. Of all the free radicals that can
occur in vitro, the hydroxyl free radicals are considered to be the most reactive and
hazardous34. One source of hydroxyl radicals is peroxynitrite, which is generated by the
spontaneous reaction of superoxide anion and nitric oxide. When nitric oxide synthesis is
increased, hydroxyl radical formation is enhanced. This initiates process of lipid
peroxidation and the formation of protein adducts resulting in cell damage3>.



In the present study, PTZ kindling induced increases in brain MDA (marker for lipid
peroxidation due to free radicals) and nitrite levels (the stable end-product of nitric oxide
in the in vitro system) in addition to a decrease in the reduced GSH content of the brain.
Administration of ivabradine or diazepam decreased MDA and nitrite levels while
increased the glutathione content in the brain. These effects could be related to attenuation
of kindling process as kindling per se was reported to involve generation of free radicals3¢,
as well as due direct enhancement of antioxidant machinery in the brain.

Indeed, previous studies reported that both ivabradine and diazepam have antioxidant
effects. In this context, Beytur et al. 37 reported that ivabradine directly ameliorates nitric
oxide and lipid peroxidation induced renal inflammatory response in ischemic reperfusion
injury in rats by inhibiting oxidative stress. In addition, Colak et al. 38 postulated that
ivabradine mitigated the oxidative stress and improved the hemodynamic parameters in
doxorubicin-induced cardiotoxicity in rats. Moreover, ivabradine was found to decrease the
reactive oxygen species production due to decrement in NADPH oxidase activity as well as
prevention of eNOS uncoupling3®. Consequently, NADPH with glutathione reductase could
increase GSH production*® and increase its content of the brain.

The diazepam-induced antioxidant effects have already been discussed in the literature.
Previous reports showed that modulation of GABAa receptors through different
benzodiazepine receptor agonists can reduce the oxidative damage produced by acute
immobilization4! and psychological stress*2.

In conclusion: Ivabradine had anticonvulsant effect, less than diazepam, in PTZ kindled
mice and ameliorated the associated oxidative stress.

Further experimental studies are needed to confirm the anticonvulsant effect of the drug in
other models of seizure.
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