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INTRODUCTION
T‘le great amount of epilepsy patients in the world population,
a

experimentally and clinically. It has been established that
certain antiarrhythmic drugs - sodium channel blockers
lidocaine and propafenone, [(-adrenoblockers propranolol,
metoprolol, pindolol, potassium channel blocker amiodarone,
calcium channel blockers nifedipine, amlodipine, cinnarizine,
diltiazem, and verapamil additionally have anticonvulsant
properties.58 In addition, the ability of some modulators of

large percentage of multidrug-resistant forms, especially in
children up to 30%,-%! determines the urgency of developing

new approaches to treatment, in particular, the use in basic
treatment regimens the drugs, which have mechanisms of action
not known for their antiepileptic action and are able to overcome

pharmacoresistance along with classical anticonvulsants.

Given a certain similarity in the pathogenesis of epilepsy
and arrhythmia, in particular, dysregulation of ion fluxes,
activation of the voltage-gated membrane channels, increased
excitability, and the relationship between anticonvulsant and
antiarrhythmic action were suggested, which was confirmed

ionic currents (in particular, non-selective blocker of sodium
channels mexiletine and sinus node I-channels blocker
ivabradine) to enhance the anticonvulsant effect of classical
antiepileptic drugs has been verified.[>! Improved treatment
of epilepsy with the addition of cardiac glycoside digoxin in
subcardiotonic doses to classical anticonvulsants has been
shown. From separate early studies, there is evidence of
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a pronounced anticonvulsant effect of digoxin in models
of seizures induced by pentylenetetrazole, bemegride,
thiosemicarbazide, strychnine, and maximal electroshock
[MES] in mice and rats, seizure focus in hippocampus of frogs
and rats, molluscan pacemaker neurons.!'>'¥) However, the
optimal combinations of classical anticonvulsants and digoxin
in certain forms of epilepsy, dosage regimen, mechanisms of
interaction, as well as new targets of pharmacotherapeutic
influence on convulsive syndrome remain unknown.

Previously, we found that digoxin at a dose of '/, LD,
enhances the anticonvulsant activity of sodium valproate,
topiramate, levetiracetam, phenobarbital, and clonazepam in
the model of pentylenetetrazole-induced seizures.*

The aim of the present study is investigating the influence
of low doses of cardiac glycoside digoxin on the anticonvulsant
effect of carbamazepine and lamotrigine under conditions of
pentylenetetrazole- and electro-induced seizures.

MATERIALS AND METHODS
Animals and Treatment

The experiments were conducted on 112 random-bred male albino
mice weighing 18-22 g in accordance with the principles and
requirements of the EU Council Directive (2010) on the protection
of animals used for scientific purposes. Mice were kept on a standard
diet of vivarium with free access to water, constant humidity, and
temperature +18-20°C based on the Central Research Laboratory
of the Educational and Scientific Institute of Applied Pharmacy of
the National University of Pharmacy (Kharkiv, Ukraine).

The anticonvulsant properties of combinations of
carbamazepine and lamotrigine with digoxin have been
studied in basic models of seizures with different pathogenesis
caused by pentylenetetrazole and MES.['>'®) Animals were
randomly divided into groups: Group 1 — control (untreated
seizures), Group 2 — animals with model seizures receiving
digoxin, and the remaining groups — animals with seizures,
which were administered carbamazepine, lamotrigine, and
their combinations with digoxin.

Classical anticonvulsants were administered once
intragastrically (i.g.) in the form of an aqueous suspension
stabilized with Tween-80, in conditionally effective (ED,))
and sub-effective (2 ED.) doses 30 min before seizure
simulation: Carbamazepine (Finlepsin, Teva Operations
Poland, Poland) at doses of 100 and 50 mg/kg and lamotrigine
(Lamictal, GlaxoSmithKline Pharmaceuticals, Poland) — at
doses of 25 and 12.5 mg/kg."'” Digoxin (DNCLZ/Health,
Ukraine) was administered once subcutaneously at a dose
of 0.8 mg/kg (/,, LD, )!">"! for 15 min before induction
by seizures. Control animals received i.g. purified water in
appropriate volume (0.1 ml/10 g of body weight).

Pentylenetetrazole-induced Seizures

Pentylenetetrazole (Sigma, USA) as an aqueous solution
at a dose of 80 mg/kg was administered subcutaneously to
animals. Immediately after the introduction of the convulsant,
the animals were placed into the separate transparent
plastic cylindrical containers and continuously monitored for
60 min.">1% The effectiveness of anticonvulsant drugs and

their combinations was evaluated by the following indicators:
Latency period of first convulsions (latency), the number of
clonic-tonic seizures in 1 mouse, percentage of animals in the
group separately with clonic and tonic convulsions, severity
of seizure — in points (1 point — single tremors, 2 points —
“manege” running or “kangaroo” position, 3 points — clonic
convulsions without lateral position, 4 points — clonic-tonic
convulsions with lateral position, 5 points — tonic extension,
and 6 points — tonic extension, which led to the death of the
animal), duration of convulsive period (period of seizures),
life expectancy of animals to death (time to death), and
lethality. If seizures were not observed for 1 h, the latency was
considered to be 60 min. 8!

MES

MES was reproduced by passing an electric current with
constant characteristics (power — 50 mA, frequency — 50 Hz)
through copper corneal electrodes for 0.2 s. The activity of
anticonvulsant drugs and their combinations was evaluated by
the following indicators: Percentage of animals in the group
separately with clonic and tonic convulsions, seizure severity
in points (3 points — clonic seizures without lateral position,
4 points — clonic-tonic seizures with lateral position, 5 points
— tonic extension, and 6 points — tonic extension, which led
to the death of the animal), the duration of the convulsive
period (period of seizures), the time of recovery from the
lateral position (restoration of motor activity), life expectancy
of animals to death (time to death), and lethality.!*>16!

Statistical Analysis

For statistical analysis, STATISTICA 8.0 for Windows was used.
The results are expressed as mean =+ standard error of mean.
The level of statistical significance was considered as P < 0.05.
Statistical differences between groups were analyzed using the
parametric Student’s t-test — in cases of normal distribution,
non-parametric Mann-Whitney U-test — in its absence. For
the results in the alternative form (lethality, percentage of
mice with clonic and tonic convulsions), the Fisher’s angular
transformation (with Yates correction, if necessary) was used.

RESULTS

In the model of pentylenetetrazole seizures in mice, digoxin at
a dose of 0.8 mg/kg shows moderate anticonvulsant properties
[Tables 1 and 2], which are verified by the significant
prolongation of the latency, as well as increasing the time to
death relative to control (in 2.7 and 3.1 times, respectively,
P < 0.01). In addition, digoxin reduces the lethality of mice
by almost a quarter compared to the group of animals with
untreated seizures, although this difference is tendential
(P > 0.05).

Carbamazepine in both studied doses (100 and 50 mg/kg)
in the model of pentylenetetrazole-induced seizures [Table 1]
had almost no anticonvulsant effect. Only at large dose, the
drug caused a statistically significant increase in the duration
of period of seizures and, accordingly, the lifetime of animals
to death (5.7 and 5.4 times, respectively) compared to control.

It should be noted, however, that against the background of
carbamazepine at an ED, convulsive period was quite severe,
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as indicated by clinical signs — lack of motor activity of animals
with prolonged lateral position (without tonic extension), as
well as deep irregular breathing mice by gasping type.

The combined use of digoxin and carbamazepine at a low
dose (2 ED,) has a pronounced anticonvulsant effect. Against
this background, there is not only a statistically significant
reduction in the lethality of mice in the group by 57% relative
to control but also a probable increase in the latency period of
the first attacks and the lifetime of animals to death by 4.6 and
6.3 times, respectively. In addition, the combination of digoxin
with carbamazepine at a sub-effective dose by 45% (P < 0.05)
reduces the severity of seizures compared to a similar indicator
in the group of control animals.

Lamotrigine, like carbamazepine, also did not show
a pronounced anticonvulsant effect in the model of
pentylenetetrazole-induced seizures [Table 2]. In both
the effective (ED,) and sub-effective (Y2 ED.) doses,
lamotrigine did not prevent animal lethality, did not affect
the latency, percentage of mice with clonic and tonic seizures,
severity of seizures, and period of seizures. The influence of
lamotrigine at the effective dose (25 mg/kg) on the course
of pentylenetetrazole-induced seizures was limited only by
a statistically significant increase in the lifetime to death by
1.7 times and a tendency to reduce the number of clonic-tonic
seizures by 2 times compared with control.

The combination of lamotrigine at a sub-effective
dose (Y2 ED,) and digoxin exhibits potent anticonvulsant
properties, as determined by the main integral indicator of efficacy
— a significant reduction lethality in group — not only compared
to control but also compared to groups of animals receiving
lamotrigine at the doses of 25 and 12.5 mg/kg. The pronounced
anticonvulsant effect of the combination of lamotrigine with
digoxin is further confirmed by statistically significant influence
on all other markers of experimental seizures. Thus, lamotrigine
at a sub-effective dose of 12.5 mg/kg with digoxin is significantly
not only compared to control but also compared to groups of
animals treated with both digoxin and lamotrigine in high and
low doses, prolongs the latency (8.6, 3.2, 8.6, and 11.9 times,
accordingly), and reduces the percentage of mice with clonic
seizures by half. In addition, against the background of the
combination, there is a 2-fold statistically significant decrease
in the percentage of animals with tonic convulsions and the
severity of seizures compared to the control and lamotrigine
groups in both ED_, and "2 ED, . Lamotrigine in combination
with digoxin also reduces the number of clonic-tonic seizures in
1 mouse in 3.1 and 3.8 times compared to the same indicator
in the control and digoxin groups, respectively (P < 0.05), and
significantly increases the lifetime of animals to death in 2.9
times compared to the control and 2.1 times compared to the
group of lamotrigine at the effective dose.

In the model of seizures induced by MES
[Tables 3 and 4], digoxin exhibits pronounced anticonvulsant
properties: Reduces lethality by 7 times compared to control,
decreases the severity of seizures by 24% and also the
duration of the convulsive period by 77% (P < 0.05), and also
significantly prolongs the lifetime of animals to death.

The effects of carbamazepine and its combination with
digoxin on the indicators of electro-induced seizures are

Table 3: Anticonvulsant effect of digoxin, carbamazepine, and their combination in the maximal electroshock seizure test in mice, mean =+ standard error of mean

Recovery period/ Time to Lethality,

Period of

Severity of

Percentage of mice with convulsions

Dose,

Group of animals

%

lateral position, s death, s

seizures, s

ts

seizures, poin

Tonic

Clonic

mg/kg

88
13%*

13.57+0.75

18.00
21.43+9.82

14.13+0.85
8.00+2.53*
1.25+0.16%*##

5.88+0.12

4.75+0.25%*
2.88+0.44%%#

100
100
25:‘:-!:##

100
100

Control

19.00*

0.8
100
50
50+0.8

Digoxin

O:’c‘,’:

8.57x1.66%*

88
100

75%#o
n: Number of animals, *P<0.05 when compared with control, **P<0.01 when compared with control, #P<0.05 when compared with digoxin, *P<0.01 when compared with digoxin, *?<0.05 when compared with

carbamazepine at an ED, (100 mg/kg), °P<0.05 when compared with carbamazepine at a 2 ED, | (50 mg/kg), *°P<0.01 when compared with carbamazepine at a '2 ED,; (50 mg/kg)

Carbamazepine

O

9.00£2.54**
6.17+0.60**##

1.57+0.20%*##

3.43+0.20%*#*

437‘;7‘:##

Carbamazepine

0:’:‘.‘:

2.25+0.49%x##° 1.13+0.13**##

(e H##g00

8

Carbamazepine+Digoxin
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given in Table 3. In both doses ED, (100 mg/kg) and %2 ED_,
(50 mg/kg), the drug shows a pronounced anticonvulsant
effect: Completely prevents lethality of animals in experimental
groups, statistically significant compared to control and
digoxin reduces the % of mice with tonic convulsions,
severity of seizures, duration of the convulsive period, and
the recovery period from the lateral position. However, the
combination of low-dose carbamazepine and digoxin has
much more pronounced anticonvulsant properties: In addition
to complete protection against death, the combination
completely prevents the development of tonic seizures, and
by a quarter compared to control groups, digoxin and low-
dose carbamazepine decrease the percentage of mice with
clonic convulsions (P < 0.05). In addition, carbamazepine in
combination with digoxin statistically significantly reduces
the severity of seizures (2.6, 2.1, and 1.5 times compared to
similar indicator in the control groups, monotherapy digoxin,
and carbamazepine in low doses, respectively), significantly
compared to control and digoxin reduces the period of seizures
and the recovery time from the lateral position.

Lethality,
%
88
13%*
0¥
0%+
0%+

19.00*

Time to
death, s
13.57+0.75

Recovery period/
lateral position, s
18.00
21.43+9.82
22.43+8.97
11.00+1.59**
9.57+2.50%*

The results of the study of the effect of lamotrigine and its
combination with digoxin on the course of paroxysms induced
by MES are given in Table 4.

S

Like carbamazepine, lamotrigine in both ED,,
(25 mg/kg) and %2 ED,; (12.5 mg/kg) exhibits pronounced
anticonvulsant properties: Completely prevents animal
lethality, statistically significant relative to control and
digoxin reduces the severity and the period of seizures. At an
ED,,, lamotrigine is additionally more than 2-fold compared
to control and digoxin, as well as exactly twice against the
same indicator on the background of %2 ED,  reduces the
percentage of mice with tonic convulsions. In addition,
at a dose of 12.5 mg/kg, lamotrigine significantly reduces
the time of recovery from the lateral position compared
to the control. The combined use of lamotrigine at a dose
of 12.5 mg/kg and digoxin is characterized by an even
more pronounced anticonvulsant effect than monotherapy
with each drug. Thus, the combination, along with 100%
protection of animals from death as well as lamotrigine in
ED,,, reduces the percentage of mice with tonic convulsions,
similarly reducing the severity of paroxysms and the period
of seizures compared to the control and digoxin groups.
Finally, the combined use of lamotrigine and digoxin reduces
the recovery period of animals from the lateral position (1.9
times compared to control, P < 0.05).

Period of seizures,
14.13+0.85
8.00+2.53*

1.14+0.14%*##
1.71£0.18%*##
1.14+0.14%*##

ts

5.88+0.12

Severity of
4.75+0.25%*

3.43+0.20%%##
3.86:£0.14+%*
3.43+0.20%*##

seizures, poin

86¢

43 FH#o
n: Number of animals, *P<0.05 when compared with control, **P<0.01 when compared with control, ”P<0.05 when compared with digoxin, *#P<0.01 when compared with digoxin, $P<0.05 when compared with

Tonic
100
100
lamotrigine at an ED, (25 mg/kg), °P<0.05 when compared with lamotrigine at a Y2 ED, (12.5 mg/kg)

Percentage of mice
with convulsions
43**##0

Clonic
100
100
100
100

00

0.8
25
12.5

mg/kg

Dose,

DISCUSSION

To assess the effect of digoxin on the anticonvulsant effect
of carbamazepine and lamotrigine, seizure models induced
by pentylenetetrazole and MES were selected. This is due
to qualitative differences in their pathogenesis and the
manifestation of seizures.!’®! Pentylenetetrazole is a classic
antagonist of the inhibitory mediator GABA, blocker of GABA
site of GABA-barbiturate-benzodiazepine receptor complex.
In the model of pentylenetetrazole seizures, the most
pronounced anticonvulsant effect is shown by antiepileptic
drugs with GABAergic properties - benzodiazepines,
barbiturates, valproates, vigabatrin, and tiagabine.l'*2°! The
MES model is based on the induction of sodium currents,

12.5+0.8

Table 4: Anticonvulsant effect of digoxin, lamotrigine, and their combination in the maximal electroshock seizure test in mice, mean + standard error of mean
n
8
8
7
7
7

Group of animals
Lamotrigine+Digoxin

Control
Digoxin
Lamotrigine
Lamotrigine
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membrane hyperpolarization, and excitation generalization.
Under the conditions of electro-induced seizures, the
blockers of voltage-gated sodium channels (phenytoin,
carbamazepine, oxcarbazepine, and lamotrigine) show
pronounced anticonvulsant properties.™®2

The lack of anticonvulsant effect of carbamazepine
and lamotrigine in the model of pentylenetetrazole-induced
seizures, along with the clear effect of each drug on the course
of electro-induced paroxysms, is in good agreement with
the known data on the predominant mechanism of action of
drugs."*2% In addition, under conditions of pentylenetetrazole-
induced seizures, our results confirm the data on the limited
spectrum of anticonvulsant action of carbamazepine, the use
of which, in particular, is ineffective in myoclonic epilepsy. It
is known that carbamazepine is able to exacerbate myoclonic
seizures,? which correlates with a more severe course of
pentylenetetrazole-induced seizures on the background of the
drug in our experiments.

Digoxin, in turn, has an antagonistic effect with
pentylenetetrazole, which indirectly indicates the presence
of GABAergic properties. However, a more pronounced
anticonvulsant effect of digoxin was verified under the
conditions of electro-induced seizures in the MES test. There is
evidence that digoxin has a dose-dependent (sub-cardiotonic
dose activates, cardiotonic inhibits) activity of Na*, K*-ATPase
not only of cardiomyocyte membranes but also neurons,
which provides the basic mechanism of excitation and
conduction.?*?? This mechanism is not inherent in existing
antiepileptic drugs, which makes it promising to continue
studying digoxin as an anticonvulsant in the adjuvant therapy
of epilepsy, including multidrug-resistant one.

The combined use of digoxin with carbamazepine and
lamotrigine in sub-effective doses drastically changes the effect
of the classical anticonvulsants on the pentylenetetrazole-
induced seizures model. The combinations have a powerful
anticonvulsant effect, while monotherapy with carbamazepine
and lamotrigine, even in conditionally effective doses, is
generally ineffective.

The potential found in the anticonvulsant action of
carbamazepine and lamotrigine by digoxin was verified by
the MES test. Although under conditions of electro-induced
seizures classic anticonvulsants even at low doses show a
pronounced protective effect, digoxin can further enhance
the anticonvulsant properties of drugs. The combined use
of lamotrigine at a sub-effective dose and digoxin shows an
anticonvulsant effect at the level of lamotrigine in ED, . The
combination of digoxin with carbamazepine at a low dose is
not only inferior to the severity of the anticonvulsant effect
of monotherapy with a classic anticonvulsant in a high dose
but also probably exceeds it, in particular, by the complete
reduction of the tonic component of seizures.

Therefore, in basic models of seizures (pentylenetetrazole
induced and MES) in mice, it was found that digoxin at a
sub-cardiotonic dose of 0.8 mg/kg significantly enhances
the effect of classical antiepileptic drugs carbamazepine and
lamotrigine, providing a clear protective effect on their sub-
effective doses. This suggests that digoxin may be a valuable
component of complex pharmacotherapy of epilepsy, as it

allows reducing the dose of classical anticonvulsants with a
corresponding reduction in the risk of side effects without
compromising the effectiveness of treatment. Despite the fact
that digoxin belongs to drugs with narrow therapeutic index,
it should be emphasized that low (sub-cardiotonic) doses of
digoxin are well tolerated and cardiac signs of possible toxic
effects (bradycardia, cardiac conduction disturbances, etc.) are
absent, as shown previously.''®! Features of pharmacodynamics
of digoxin - abrupt development of cardiac effects with
increasing dose and, consequently, the lack of impact on the
myocardium of low doses of digoxin — are enough to predict
the safety of its use as an anticonvulsant.

Along with the pharmacodynamic interaction of digoxin
with classical anticonvulsants, leading to an increase in the
anticonvulsant action, the role of possible pharmacokinetic
interaction cannot be excluded. The pharmacokinetic
interaction of several antiepileptic drugs with digoxin is known.
For example, phenytoin, carbamazepine, and topiramate can
decrease plasma concentrations of digoxin.?**! To clarify
the possibility of changing the concentration of antiepileptic
drugs in the blood and, especially, in the brain under the
influence of digoxin, special studies are needed, which are to
be assigned to the next stage of our study. Subsequent analysis
of ultrastructural changes in the brain under monotherapy with
antiepileptic drugs and their combination with digoxin will
also contribute to the clarification of the subtle mechanisms of
modulation of the specific action of anticonvulsants by digoxin.

Thus, the results of the research indicate the topicality
of in-depth study of the influence of digoxin on the
anticonvulsant effect of classical antiepileptic drugs: Study
of interaction with other anticonvulsants, spectrum, and
mechanisms of anticonvulsant action in models of seizures
with different pathogenesis. The results also substantiate the
prospects for improving the treatment of epilepsy (including
multidrug resistant) through the combined use of classical
anticonvulsants with other drugs.

CONCLUSION

The effect of low-dose cardiac glycoside digoxin on the
anticonvulsant effect of carbamazepine and lamotrigine
under conditions of pentylenetetrazole-induced seizures
and MES test has been studied. Coadministration of digoxin
with carbamazepine and lamotrigine in sub-effective doses
shows pronounced anticonvulsant properties in the model
of pentylenetetrazole-induced seizures in the absence of the
effect of classical anticonvulsants in both sub-effective and
conditionally effective doses. Digoxin enhances the action of
carbamazepine and lamotrigine, providing a clear protective
effect of their sub-effective doses on the model of seizures
induced by MES. Digoxin can be a valuable component of
complex therapy of epilepsy, as it enables to reduce the dose
of classic anticonvulsants carbamazepine and lamotrigine with
a corresponding reduction in the risk of side effects without
compromising the effectiveness of treatment.
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