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(½  ED50) doses: sodium valproate and topiramate  
– at doses of 300 and 150 mg/kg; levetiracetam – at 
doses of 100 and 50 mg/kg. Digoxin was administered 
once subcutaneously at a  dose of 0.8 mg/kg 
body weight (1/10 LD50) 10–15 min before seizure 
induction. Picrotoxin (aqueous solution 2.5 mg/kg,  
subcutaneously), thiosemicarbazide (aqueous so- 
lution 25 mg/kg, intraperitoneally), strychnine (aque- 
ous solution 1.2 mg/kg, subcutaneously), camphor 
(oil solution 1000 mg/kg, intraperitoneally) 
have been used as convulsive agents for seizure 
induction. It was found that under the conditions of 
primary generalized seizures induced by picrotoxin, 
thiosemicarbazide, strychnine, and camphor, digoxin 
not only shows its own strong anticonvulsant activity 
but also significantly enhances the anticonvulsant 
potential of classical AEDs sodium valproate, leve- 
tiracetam, and topiramate. The obtained results sub- 
stantiate the expediency of further in-depth stu- 
dy of digoxin as an anticonvulsant drug, in particular, 
the in-depth study of neurochemical mechanisms of 
its action.
Key words: digoxin • adjuvant • anticonvulsant • 
valproate • levetiracetam • topiramate • seizures.

Souhrn

Prevalence epilepsie ve světové populaci spolu 
s  vysokým procentem pacientů rezistentních na 
stávající antiepileptika (AED) stimuluje neustálé 
hledání nových přístupů k  léčbě tohoto on-
emocnění. Již dříve byl ověřen významný antikon-
vulzivní potenciál srdečního glykosidu digoxinu, 
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Summary

The prevalence of epilepsy in the world population 
together with a high percentage of patients resistant 
to existing antiepileptic drugs (AEDs) stimulates the 
constant search for new approaches to the treatment 
of the disease. Previously a significant anticonvulsant 
potential of cardiac glycoside digoxin has been 
verified by enhancing a weak activity of AEDs in low 
doses under screening models of seizures induced 
by pentylenetetrazole and maximal electroshock. 
The aim of the present study is to investigate the 
influence of digoxin at a sub-cardiotonic dose on the 
anticonvulsant activity of valproate, levetiracetam, 
and topiramate in models of primary generalized 
seizures with different neurochemical mechanisms. 
A  total of 264 random-bred male albino mice 
have been used. AEDs were administered 30 min 
before seizure induction once intragastrically at 
conditionally effective (ED50) and sub-effective 
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maximal electroshock15–17). However, neurochemical 
mechanisms of anticonvulsant action – both digoxin 
per se and its combinations with classical commonly 
used AEDs – remain unexplored.

The aim of the study is to investigate the influence of 
digoxin at sub-cardiotonic dose on the anticonvulsant 
activity of valproate, levetiracetam, and topiramate 
in mice models of primary generalized seizures with 
different neurochemical mechanisms.

The present work is a  part of the scientific project 
“Rationale for improving the treatment of multidrug-
resistant epilepsy through the combined use of 
classical anticonvulsant medicines with other drugs” 
(No. 0120U102460, 2020/2022) supported by the 
Ministry of Health of Ukraine and carried out at the 
expense of the State Budget of Ukraine.

Experimental part 

Materials
Classical AEDs, as well as a  cardiac glycoside, have 
been used in the form of officinal drugs: sodium 
valproate (Depakine® 57.64 mg/ml syrup, Sanofi 
Aventis, France), topiramate (Topamax® 50 mg film-
coated tablets, Janssen-Cilag SpA, Italy), levetiracetam 
(Keppra® 500 mg film-coated tablets, UCB Pharma, 
Belgium) and digoxin (Digoxin-Zdorovie® 0.25mg/ml 
solution for injection, DNCLZ / Zdorovie, Ukraine).

Convulsive agents (convulsants) picrotoxin, thio- 
semicarbazide, strychnine and camphor have been 
used in the form of substances (Sigma, USA).

Methods 

Study design 
Classical AEDs were administered once intragastrically 
in conditionally effective (ED50) and sub-effective 
(½ ED50) doses 30 min before seizure simulation: 
sodium valproate and topiramate – at doses of 300 
and 150  mg/kg; levetiracetam – at doses of 100 
and 50 mg/kg15, 18). Digoxin was administered once 
subcutaneously at a  dose of 0.8 mg/kg (1/10  LD50)19) 

10–15 minutes before seizure induction. Control 
animals received intragastrically purified water in an 
appropriate volume (0.1 ml per 10 g of weight).

The anticonvulsant effect of digoxin and its 
combinations with AEDs was studied in chemo-
induced models of seizures caused by picrotoxin 
(aqueous solution 2.5 mg/kg, subcutaneously), 
thiosemicarbazide (aqueous solution 25 mg/kg, 
intraperitoneally), strychnine (aqueous solution 
1.2 mg/kg, subcutaneously) and camphor (oil solution 
1000 mg/kg, intraperitoneally)20, 21). 

After convulsant administration, the animals 
were immediately placed into separate transparent 
plastic cylindrical containers (diameter – 15 cm; 
height – 30  cm) and continuously monitored for 60 
min (240 min on the model of thiosemicarbazide-
induced seizures). The effectiveness of anticonvulsant 

který v  nízkých dávkách zvyšuje slabou aktivitu 
AED v  rámci screeningových modelů záchvatů 
vyvolaných pentylenetetrazolem a  maximálním 
elektrošokem. Cílem této studie je prozkoumat 
vliv digoxinu v subkardiotonické dávce na antikon-
vulzivní aktivitu valproátu, levetiracetamu a  topi-
ramátu v  modelech primárních generalizovaných 
záchvatů s různými neurochemickými mechanismy. 
Bylo použito celkem 264 náhodně vyšlechtěných 
samců myší albínů. AED byly podávány 30 minut 
před indukcí záchvatu jednorázově intragas-
tricky v  podmíněně účinných (ED50) a  subúčinných 
(½  ED50) dávkách valproátu sodného a  topiramátu 
– v  dávkách 300 a  150 mg/kg; levetiracetamu – 
v dávkách 100 a 50 mg/kg. Digoxin byl podán jednou 
subkutánně v  dávce 0,8 mg/kg tělesné hmotnosti 
(⅒ LD50) 10–15 min před vyvoláním záchvatu. Jako 
konvulzivní látky pro indukci záchvatů byly použity 
pikrotoxin (vodný roztok 2,5 mg/kg, subkutánně), 
thiosemikarbazid (vodný roztok 25 mg/kg, intra-
peritoneálně), strychnin (vodný roztok 1,2 mg/kg,  
subkutánně), kafr (olejový roztok 1000 mg/kg, in-
traperitoneálně). Bylo zjištěno, že za podmínek 
primárních generalizovaných záchvatů vyvolaných 
pikrotoxinem, thiosemikarbazidem, strychninem 
a  kafrem digoxin vykazuje nejen vlastní silnou an-
tikonvulzivní aktivitu, ale také významně zvyšuje 
antikonvulzivní potenciál klasických AED valproátu 
sodného, levetiracetamu a  topiramátu. Získané 
výsledky odůvodňují účelnost dalšího hlubšího 
studia digoxinu jako antikonvulzivního léčiva, ze-
jména neurochemických mechanismů jeho účinku.
Klíčová slova: digoxin • adjuvans • antikonvulzivum • 
valproát • levetiracetam • topiramát • záchvaty

Introduction

The prevalence of epilepsy in the world population 
together with the a percentage of patients resistant to 
existing antiepileptic drugs (AEDs)1–3) stimulates the 
constant search for new approaches to the treatment 
of the disease. One of the promising ways to improve 
the traditional pharmacotherapy of epilepsy is the 
use of adjuvant drugs with new targets that have 
an original basic mechanism of action not inherent 
in the known AEDs4). The anticonvulsant potential 
of drugs from various pharmacological groups has 
been investigated in particular for antiarrhythmic 
and antihypertensive drugs5–7), nonsteroidal anti-
inflammatory drugs8, 9), synthetic antidiabetic 
medicines10, 11), statins12, 13), etc. The well-known 
cardiotonic glycoside digoxin draws special attention 
as a drug for adjuvant therapy of epilepsy (including 
its refractory forms)14). In previous studies, we 
verified significant potentiation of the effect of seven 
widespread AEDs in sub-effective doses by a low dose 
of the cardiac glycoside digoxin on baseline screening 
models of seizures induced by pentylenetetrazole and 
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University of Pharmacy (Kharkiv, Ukraine) with constant 
humidity (60%) and temperature (+18–20 °С).

The experiments were carried out in accordance with 
the U.K. Animals (Scientific Procedures) Act 1986 and 
the principles and requirements of the E.U. Directive 
2010/63/E.U. (2010) on the protection of animals used 
for scientific purposes. All the experimental protocols 
have been approved by the Bioethics Commission of 
the National University of Pharmacy (Protocol No. 3, 
September 10, 2020).

Mice were randomly assigned to groups of 
6 animals each: 1st group – control (untreated 
seizures), the remaining groups – animals with 
modeling seizures, which were administered sodium 
valproate/levetiracetam/topiramate, as well as their 
combinations with digoxin.

Statistical analysis
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 a  non-parametric Mann-Whitney 
U-test. For the results in the alternative form (lethality, 
percentage of mice with clonic and tonic convulsions) 
the Fisher’s angular transformation was used.

drugs and their combinations were 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, 
the severity of seizures – 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 of hind 
limbs, and 6 points – tonic extension, which led to 
the death of the animal), duration of the 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 (240 min on the model of thiosemicarbazide-
induced seizures)15–17).

Experimental animals and grouping
The experiments were conducted on 264 random-bred 
male albino mice weighing 22–25 g which were kept 
on a standard vivarium diet with free access to water 
under controlled conditions of the Central Scientific 
and Research Laboratory of the Educational and 
Scientific Institute of Applied Pharmacy of the National 

Table 1. Anticonvulsant effect of digoxin, AEDs and their combinations in the picrotoxin-induced seizures in mice (M ± m)

Group of 
animals

Dose, 
mg/
kg

Latency, 
min

Number of 
clonic-tonic 
seizures in 

1 mouse

% of 
mice with 

convulsions

Severity of 
seizures, 

points

Period of 
seizures, 

min

Time to 
death, min

Lethality,
%

clonic tonic

Control – 12.52 ± 0.89 5.17 ± 1.28 100 100 5.33 ± 0.42 23.99 ± 1.73 34.72 ± 2.51 67

Digoxin 0.8 44.21 ± 5.66** 1.50 ± 0.56* 67* 50** 2.50 ± 0.81* 3.40 ± 1.54** – 0**

Valproate 300 56.13 ± 3.87** 0.17 ± 0.17** 17**# 0**## 0.50 ± 0.50** 0.08 ± 0.08** – 0**

Valproate 150 19.35 ± 1.69*##§§ 2.33 ± 0.42*§§ 100#§§ 33**§ 3.33 ± 0.21*§§ 8.89 ± 4.70*§§ 27.42 17*

Valproate
+
Digoxin

150
+

0.8

49.03 
± 6.98**°° 0.50 ± 0.34**° 33**°° 0**##° 1.00 

± 0.63**° 1.32 ± 1.29**° – 0**

Levetiracetam 100 15.76 ± 0.74*## 2.00 ± 0.63* 100# 50** 3.50 ± 0.22* 5.79 ± 2.97** – 0**

Levetiracetam 50
15.00

± 1.28##

2.33
± 0.42*

100# 83
4.50

± 0.50
12.38

± 2.99*#

29.40
± 6.50

33#§

Levetiracetam
+
Digoxin

50
+

0.8

45.19 
± 4.86**§§°° 1.17 ± 0.60* 67*° 33**° 2.67 ± 0.95* 2.31 ± 2.25**° 46.42 17*

Topiramate 300
19.50

± 1.62*##

3.17
± 0.48

100# 100## 5.67
± 0.33##

13.35
± 2.93*#

34.98
± 2.64

83##

Topiramate 150
18.47

± 3.11##

2.83
± 0.60

100# 83
5.17

± 0.54#

16.58
± 5.41

34.09
± 3.91

67##

Topiramate
+
Digoxin

150
+

0.8

32.68
± 6.67**

1.83
± 0.48*

83 83
4.50

± 0.96
14.44
± 4.02

44.83
± 3.43

50##

*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 appropriate antiepileptic drug at an ED50, §§p < 0.01 when compared with appropriate 
antiepileptic drug at an ED50

°p < 0.05 when compared with appropriate antiepileptic drug at a ½ ED50, °°p < 0.01 when compared with appropriate 
antiepileptic drug at a ½ ED50
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affects other indicators of experimental seizures – in 
particular, it prolongs the latency period of seizures, 
reduces the number of paroxysms in 1 mouse (solely 
due to the tonic component –  % of animals with 
clonic seizures does not differ from the same indicator 
of the control group), reduces the severity of seizures 
and the duration of the convulsive period. The dose-
dependence of the anticonvulsant effect of sodium 
valproate is confirmed statistically – off almost all 
analyzed indicators of seizures (except lethality) in 
the group of animals receiving AED at ½ ED50 in high 
significance (p < 0.01) differ from similar markers on 
the background of the drug at ED50.

Digoxin potentiates the anticonvulsant effect of 
sodium valproate at ½ ED50. The combined use of 
drugs in terms of the effect on the course of seizures 
is statistically significantly higher than the values of 
similar markers on the background of AED at ½ ED50, 
closely approaching the level of anticonvulsant effect 
of sodium valproate at ED50. This, in particular, was 
established for the complete prevention of animal 
lethality, as well as a  totally reduction of the tonic 
component of seizures (p  <  0.01) compared with 
control.

The anticonvulsant effect of levetiracetam on 
the picrotoxin-induced seizure model is also dose-
dependent (Table 1). Thus, the drug at ED50 completely 
prevents picrotoxin-induced death of animals 
(lethality – 0%), and statistically significant compared 
with control, prolongs the latency of the first seizures, 
reduces the number of attacks in 1 mouse (solely 
due to the tonic component, halves decreasing the 
number of animals with tonic convulsions, p < 0.01), 
and also reduces the severity of paroxysms as well as 
the duration of the convulsive period. At the same 
time, half the effective dose of levetiracetam showed 
quite weak anticonvulsant properties, causing only 
a  significant (p  <  0.05) reduction in the number of 
clonic-tonic attacks in 1 mouse as well as the duration 
of the convulsive period.

Co-administration of levetiracetam at ½ ED50 with 
digoxin significantly enhances the anticonvulsant 
potential of low-dose classical AED, which is 
established not only by a  statistically significant 
(p  <  0.05) reduction in animal lethality but also by 
a positive influence on other indicators of experimental 
seizures. Thus, the combination of levetiracetam + 
digoxin significantly (p < 0.01), both with control, and 
the groups of animals treated with the corresponding 
AED at ED50 and ½ ED50, prolongs the latency period 
of the first attacks. In addition, the combination of 
drugs statistically significantly reduces the number 
of seizures in 1 mouse (not only due to the tonic, as 
levetiracetam at ED50, but also the clonic component) 
as well as the severity of convulsions (p  <  0.05) and 
statistically decreases the duration of the convulsive 
period in animals – both in terms of control and in 
relation to a  similar indicator on the background of 
levetiracetam in ½ ED50.

Results

Picrotoxin-induced seizures
The picrotoxin-induced model of seizures stimulates 
primary generalized clonic-tonic seizures associated 
with chlorine-ionophore blockade of GABA- 
-receptor and reduction of GABA-ergic inhibitory 
transmission22). Clinically, picrotoxin-induced seizures 
are initially detected by alternating clonic and clonic-
tonic convulsions. In two-thirds (67%) of animals, 
there is a  further transition to the tonic extension of 
the hind limbs with a lateral position, which ends with 
the animal’s death (Table 1) due to respiratory arrest.

Digoxin per se in the model of picrotoxin-induced 
seizures has a  pronounced anticonvulsant effect 
(Table 1). The protective action of cardiac glycoside 
was verified not only by complete prevention of 
animal death (lethality – 0%) but also by a statistically 
significant prolongation of the latency period of the 
first convulsions (p  <  0.01), as well as a  reduction in 
the number of mice with clonic and tonic convulsions 
(p < 0.05), reducing the severity of seizures (p < 0.05) 
and the duration of the convulsive period (p < 0.01) 
compared with similar indicators of the control 
group. The pronounced anticonvulsant properties 
of digoxin on the picrotoxin-induced seizure model 
correlate with a strong protective effect on the model 
of paroxysms induced by the known GABA-blocker 
pentylenetetrazole, which we studied earlier15) and 
additionally indicates its stable activity. It can be 
assumed that the influence on GABA-mediated 
neurotransmission is indirect, as there are still no 
relevant scientific data on the affinity of cardiac 
glycosides for the GABA-barbiturate-benzodiazepine 
receptor complex. The possibility of reciprocal 
interaction cannot be ruled out either – in particular, 
it is known about the enhancement of GABA release 
in brain synaptosomes under the influence of 
endogenous digitalis-like factor (ouabain)23). 

Sodium valproate shows a  predicted expressive 
and dose-dependent anticonvulsant effect on the 
picrotoxin-induced seizure model (Table 1). At ED50, 
the known AED not only completely prevents the 
death of animals in the experimental group but also 
prevents the development of severe tonic seizures 
(p  <  0.01). In addition, against the background of 
sodium valproate at this dose, there was detected 
a  high (p  <  0.01) prolongation of the latency period 
of the first attacks, as well as reducing the number of 
seizures in 1 mouse % of animals with clonic paroxysms, 
the severity of convulsions and duration of seizure 
period compared with the control group indicators. 
Meanwhile, the anticonvulsant effect of sodium 
valproate at ½ ED50 under conditions of picrotoxin-
induced seizures is less pronounced – starting from 
a  statistically significant (p  <  0.05), but incomplete 
prevention of animal death (lethality – 17%) compared 
with control. In addition, the sub-effective dose of 
sodium valproate with a lower significance (p < 0.05) 
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simultaneous accumulation in neurons of its precursor 
glutamate, which has a  powerful stimulating 
effect on the CNS. Clinically, thiosemicarbazide-
induced seizures are characterized by a  rather slow 
development with a  prolonged “shaking” period, 
which is manifested by increased motor activity, 
agitation, jumping, skeletal muscle hypertonia 
(“kangaroo” position, Straub’s symptom, etc.). Further, 
the animals have alternating clonic, clonic-tonic, and 
tonic convulsions with lateral position and subsequent 
extension of the hind limbs. The rigidity of the model 
is confirmed by the high lethality – 100% of mice did 
not come out of long-term tonic extension (Table 2).

Prophylactic administration of digoxin contributes 
to a  significant reduction of the thiosemicarbazide-
induced convulsive syndrome (Table 2). Thus, cardiac 
glycoside not only significantly (p < 0.05) prolongs the 
latency period of the first attacks but also statistically 
reduces the number of paroxysms in 1 mouse 
(primarily due to the tonic component) and decreases 
the duration of the convulsive period. Moreover, 
digoxin reduces the lethality of animals in the group 
(67% compared to 100% in control, p < 0.05).

Sodium valproate is a  commonly used AED with 
multiple mechanisms of anticonvulsant action, a first-

Topiramate in the model of picrotoxin-induced 
seizures has almost no anticonvulsant effect (Table 
1). At ED50, the drug only significantly (p  <  0.05) 
prolongs the latency of the first seizures and reduces 
the duration of the convulsive period, while at ½ 
ED50, topiramate is generally devoid of statistically 
significant influence on all studied indicators of 
experimental convulsions.

The combined use of topiramate at ½ ED50 with 
digoxin although it does not show a  significant 
influence on the main integral indicator of efficiency 
–  % of lethality in the group, still contributes to 
a  significant prolongation of the latency period of 
the first seizures (p  <  0.05) and significantly reduces 
the number of clonic tonic paroxysms in 1 mouse 
(p < 0.01).

Thiosemicarbazide-induced seizures
The model of thiosemicarbazide-induced seizures has 
specific mechanisms of development and individual 
features of the course17, 24). The convulsive effect of 
thiosemicarbazide has a  double mechanism: due 
to the blockade of the cerebral enzyme glutamate 
decarboxylase, the pool of the main inhibitory 
neurotransmitter GABA is depleted with the 

Table 2. Anticonvulsant effect of digoxin, AEDs and their combinations in the tiosemicarbaside-induced seizures in mice (M ± m)

Group of 
animals

Dose, 
mg/
kg

Latency, 
min

Number of 
clonic-tonic 
seizures in 

1 mouse

% of 
mice with 

convulsions

Severity of 
seizures, 

points

Period of 
seizures, min

Time to 
death, min

Lethality, 
%

clonic tonic

Control – 61.14 ± 3.87 3.00 ± 0.45 100 100 6.00 ± 0.00 23.48 ± 4.22 84.62 ± 4.41 100

Digoxin 0.8 77.31 ± 4.73* 1.37 ± 0.33* 100 67* 5.00 ± 0.63 8.66 ± 4.14* 84.27 ± 6.05 67*

Valproate 300 110.92 ± 28.04 1.50 ± 0.43* 83 83 5.00 ± 1.00 11.08 ± 6.45 98.39 ± 16.92 83

Valproate 150 91.82 ± 13.44 1.83 ± 0.31 100 100# 5.67 ± 0.33 14.75 ± 6.44 108.41 ± 15.40 83

Valproate
+
Digoxin

150
+

0.8

98.75 
± 5.77**#

1.67 
± 0.42

100 67*° 5.00 
± 0.63

8.37 
± 5.42*

104.74 
± 4.15*# 67*

Levetiracetam 100 98.38 ± 28.82 2.50 ± 0.67 83 83 4.67 ± 0.99 23.31 ± 9.78 91.11 ± 15.10 67*

Levetiracetam 50
89.74

± 9.98*
2.50

± 0.50
100 83

5.50
± 0.50

31.52
± 12.50

117.95 
± 9.44**# 83

Levetiracetam
+
Digoxin

50
+

0.8

116.70 
± 25.30*#

1.17 
± 0.31*° 83 83

5.00 
± 1.00

5.03 
± 3.08*°

98.07 
± 5.18

83

Topiramate 300 98.99 ± 14.07* 3.50 ± 0.92 100 100# 5.17 ± 0.40 52.07 ± 16.02# 131.23 
± 20.79

50**

Topiramate 150 74.50 ± 7.04 5.50 ± 1.28# 100 100# 6.00 ± 0.00 70.59 ± 16.91*# 145.09 
± 12.88**# 100#§§

Topiramate
+
Digoxin

150
+

0.8

114.35
± 7.69**#°° 2.00 ± 0.26° 100 100# 6.00 ± 0.00 27.65 ± 8.26# 141.97 

± 12.31**# 100#§§

*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 appropriate antiepileptic drug at an ED50, §§p < 0.01 when compared with appropriate 
antiepileptic drug at an ED50

°p < 0.05 when compared with appropriate antiepileptic drug at a ½ ED50, °°p < 0.01 when compared with appropriate 
antiepileptic drug at a ½ ED50
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The anticonvulsant effect of levetiracetam under 
conditions of thiosemicarbazide-induced seizures 
is quite moderate (Table 2). Against the background 
of the drug at ED50, statistically significant differences 
compared with control are observed only for the 
reduction of animal lethality (67% vs. 100%), while at ½ 
ED50, levetiracetam causes a significant prolongation 
of the latency period of the first attacks (p < 0.05) and 
life expectancy of mice (p < 0.01).

The combination of levetiracetam at ½ ED50 and 
digoxin, although not likely to affect the main 
integral efficacy indicator –  % of animal lethality, 
but statistically significant (p  <  0.05) compared with 
control increases the latency of the first attacks, while 
reducing the number of clonic-tonic convulsions by 
1 mouse and the duration of the convulsive period.

Topiramate in the model of thiosemicarbazide-
induced seizures has a  dose-dependent anti-
convulsant effect (Table 2). Thus, at ED50, the drug 
halves the lethality of animals in the group (p < 0.05) 
and significantly increases the latency period of 
seizures. At ½ ED50, topiramate only statistically 
significantly prolongs the duration of the convulsive 
period and increases the lifespan of mice to death, 
which, however, due to the 100% lethality of animals 

line drug in the vast majority of clinical forms of epilepsy 
– in both ½ ED50 and ED50 has almost no significant effect 
on the course of thiosemicarbazide-induced seizures, 
which further indicates the severity of experimental 
model. The only exception is a significant reduction in 
the number of clonic-tonic seizures in 1 mouse in the 
valproate group at ED50 (p  <  0.05). Although against 
the background of AED, there is a prolongation of the 
latency period of the first attacks and the lifespan of 
animals to death, as well as reducing the severity of 
paroxysms and the duration of the convulsive period, 
these differences are due to high dispersion and do not 
reach statistical significance.

Co-administration of sodium valproate at ½ ED50 
with digoxin gives the classic low-dose AED a distinct 
anticonvulsant potential. Against the background 
of the combination, there is a  statistically significant 
reduction in animal lethality – at the level of digoxin 
per se (p  <  0.05), as well as significant prolongation 
of the latency period of the first seizures and life 
expectancy of animals – compared not only with 
control but also digoxin. In addition, the combination 
of valproate + digoxin statistically significantly relative 
control reduces the  % of mice with tonic paroxysms 
and the duration of the convulsive period.

Table 3. Anticonvulsant effect of digoxin, AEDs and their combinations in the strychnine-induced seizures in mice (M ± m)

Group of 
animals

Dose, 
mg/
kg

Latency, 
min

Number of 
clonic-tonic 
seizures in 

1 mouse

% of 
mice with 

convulsions

Severity of 
seizures, 

points

Period of 
seizures, min

Time to 
death, min

Lethality,
%

clonic tonic

Control – 7.92 ± 0.36 1.17 ± 0.17 100 100 6.00 ± 0.00 0.72 ± 0.58 8.64 ± 0.81 100

Digoxin 0.8 30.75 ± 9.37** 0.67 ± 0.21 67* 33** 3.00 ± 1.10* 0.21 ± 0.11 16.62 ± 4.82 33**

Valproate 300 35.43 ± 10.99** 0.83 ± 0.40 50** 33** 2.50 ± 1.20* 2.81 ± 2.41 20.05 ± 6.27* 33**

Valproate 150 17.63 ± 8.50 1.17 ± 0.31 83 83#§ 4.33 ± 0.92* 2.27 ± 1.25 10.71 ± 2.11 33**

Valproate
+
Digoxin

150
+

0.8

53.38 
± 6.62**°

0.17
± 0.17**° 17**#°° 0**#§°° 0.50

± 0.50**°
0.02

± 0.02**° – 0**#§°

Levetiracetam 100 43.00 ± 10.75* 0.50 ± 0.34 33** 33** 2.00 ± 1.26* 5.28 ± 5.10 24.85 ± 13.94 33**

Levetiracetam 50
19.18 

± 8.24*
0.83

± 0.17
83§ 83#§ 4.33

± 0.95
0.61

± 0.22
11.75
± 1.26

83#§

Levetiracetam
+
Digoxin

50
+

0.8

51.87
± 8.13**° 0.17 ± 0.17**° 17**#°° 0**#§°° 0.50

± 0.50**°
0.02

± 0.02**° – 0**#§°°

Topiramate 300
9.42

± 0.93#

1.83
± 0.65

100# 100## 4.83
± 0.40*

8.94
± 5.62*#

9.53
± 1.20

67*

Topiramate 150
7.36

± 0.73##

1.33
± 0.21

100# 100## 5.00
± 0.45

2.02
± 0.83*##

9.38 
± 1.23

100##

Topiramate
+
Digoxin

150
+

0.8

28.52 
± 10.04*§°°

0.83
± 0.31

67*§° 67*§° 3.67
± 1.20

0.78
± 0.54§

15.09
± 3.54*

50**°°

*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 appropriate antiepileptic drug at an ED50, §§p < 0.01 when compared with appropriate 
antiepileptic drug at an ED50

°p < 0.05 when compared with appropriate antiepileptic drug at a ½ ED50, °°p < 0.01 when compared with appropriate 
antiepileptic drug at a ½ ED50
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tonic convulsions), the combination is statistically 
significant (p < 0.05) and exceeds even the effect of 
monotherapy with sodium valproate at ED50.

Clear dose-dependent anticonvulsant properties 
in the model of strychnine-induced convulsions, 
like for sodium valproate, have been established for 
levetiracetam (Table 3). At ED50, the drug significantly 
(p < 0.05) increases the latency of the first attacks and 
reduces the severity of seizures, as well as statistically 
significant compared with control (p < 0.01) reduces 
the  % of mice with both clonic and tonic seizures, 
reduces animal lethality, while at ½ ED50 levetiracetam 
has only a  significant (p  <  0.05) influence on the 
latency period of seizure development.

The combined use of digoxin with levetiracetam 
at ½ ED50 has a  pronounced anticonvulsant effect 
under conditions of strychnine-induced seizures. The 
combination of levetiracetam + digoxin completely 
prevents the death of animals, which reaches the 
level of statistical significance not only compared 
to control and levetiracetam at ½ ED50 (p  <  0.01), 
but also significantly exceeds the effect of both the 
corresponding AED at ED50 and digoxin (p  <  0.05). 
Moreover, the combined use of levetiracetam and 
digoxin is significantly outweighing the effect 
of AED per se at ½ ED50 by increasing the latency 
period of the first convulsions, as well as reducing 
the number of clonic-tonic seizures in 1 mouse, 
the severity of paroxysms, and the duration of the 
convulsive period. The combination of classical AED 
at a  sub-effective dose with digoxin significantly 
exceeds the anticonvulsant effect of levetiracetam 
at a  conditionally effective dose – in particular, by 
complete reduction of the tonic component of 
experimental paroxysms.

Topiramate at ED50 (but not at ½ ED50) is moderately 
effective in counteracting strychnine-induced 
seizures (Table 3). AED at a  relatively effective dose 
causes a significant reduction in animal lethality (67% 
vs. 100% in control) and the severity of seizures. In 
addition, against the background of topiramate at 
ED50, there is a statistically significant increase in the 
duration of the convulsive period (p < 0.05), which can 
be seen as an increase in resistance to paroxysms and 
prevention of death of animals from the first seizure. 
At ½ ED50 topiramate does not have a  significant 
positive influence on any of the indicators of the 
course of experimental seizures.

A  pronounced anticonvulsant effect is observed 
against the background of the combined use of 
topiramate at ½ ED50 with digoxin. Although the 
combination of topiramate + digoxin is significantly 
superior to topiramate at both ½ ED50 and ED50 in 
terms of individual effects, it should be noted that 
there are no statistically significant differences with 
the group of animals that received digoxin per se. 
This indicates that the anticonvulsant potential of 
the combination is due solely to cardiac glycoside 
alone.

can not indicate in favor of anticonvulsant properties 
of the drug at a sub-effective dose.

The combined use of topiramate at ½ ED50 with 
digoxin has a  significant (p  <  0.01) influence on the 
latency period of the first seizures and life expectancy 
of mice again due to the death of all animals in the 
experimental group (lethality – 100%) but does not 
allow to speak about of expressive anticonvulsant 
potential in such a combination.

Strychnine-induced seizures
Strychnine-induced seizures have an original mech-
anism of development associated with the blockade 
of the effects of the inhibitory neurotransmitter, the 
amino acid glycine25). Clinically, this model is charac-
terized by the rapid development of tonic seizures, 
which are rarely preceded by phases of clonic and 
clonic-tonic paroxysms. Then, 100% of experimental 
animals go into a tonic extension of the hind limbs 
with opisthotonos, accompanied by cerebral edema. 
A short convulsive period ends with the death of 
mice (Table 3).

The pronounced anticonvulsant effect of digoxin 
in the model of strychnine-induced seizures (Table 
3) was verified not only by a  statistically significant 
decrease in lethality (33% vs. 100% in the group 
of animals with untreated seizures) but also by 
a significant increase in the latency period of the first 
convulsions (p < 0.01), % of mice with both clonic and 
tonic seizures, as well as a  twofold reduction in the 
severity of seizures (p < 0.05) relative to control.

Sodium valproate in the strychnine-induced 
seizure model has a  pronounced dose-dependent 
effect (Table 3). Although in both ED50 and ½ ED50, 
the drug significantly reduces the death of animals 
in the experimental groups (33% vs. 100% in control, 
p < 0.01) as well as the severity of seizures (p < 0.05), 
only valproate at a higher dose can prolong latency 
period of the first convulsions and increase the 
life expectancy of mice, as well as reduce the % of 
animals with clonic and tonic seizures.

The addition of digoxin to sodium valproate at 
½ ED50 significantly enhances the anticonvulsant 
potential of low-dose classical AED. Thus, the 
combination of valproate + digoxin completely 
protects animals from death (lethality – 0%), which 
is statistically significant not only compared with 
control (p  <  0.01) but also significantly different 
from similar indicators on the background of 
sodium valproate at both doses (½ ED50 and ED50) 
and digoxin per se (p  <  0.05). In addition, the 
combined use of sodium valproate with digoxin is 
significantly outweigh the effect of low-dose AED 
monotherapy in terms of prolonging the latency 
period of the first seizures, as well as reducing 
the number of clonic-tonic seizures (due to both 
clonic and tonic components), the severity and 
duration of convulsions. According to the criterion 
of tonic paroxysms prevention (% of mice with 
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significant compared with control prevents the death 
of animals (lethality – 0%, p  <  0.01). This may be in 
favor of the antihypoxic effect of digoxin, as tonic 
extension limits the ability to ventilate the lungs and 
therefore causes hypoxia. The anti-edematous effect 
of digoxin in the brain, which is known to respond 
rapidly to hypoxia by edema, cannot be ruled out28). 
These assumptions require special verification. 
However, there are no relevant data on the presence 
of antihypoxic effects in cardiac glycosides. It has 
been established. However, that digoxin inhibits 
hypoxia-inducible factor 1–3α (HIF1-3α), a  protein 
that regulates the cellular response to hypoxia29).

Sodium valproate under the conditions of 
camphor-induced seizures has a  dose-dependent 
anticonvulsant effect (Table 4). At both doses, the 
drug statistically significantly reduced the number 
of clonic-tonic paroxysms in 1 mouse relative to 
control, but only at ED50 sodium valproate completely 
prevents animal lethality (p < 0.01).

Co-administration of sodium valproate at 
½  ED50 with digoxin demonstrates a  pronounced 
anticonvulsant potential, which has been verified 
by a  statistically significant influence on almost 

Camphor-induced seizures
The results of the study of the pharmacodynamic 
interaction of valproate, levetiracetam, and 
topiramate with digoxin in the course of primary 
generalized seizures induced by camphor, are shown 
in Table 4. Unlike other chemo-induced seizures, the 
exact mechanism of convulsive action of camphor 
is not known. It has been suggested that camphor 
causes an imbalance of monoamines in the CNS26). 
According to other data, camphor affects certain 
components of the cytochrome oxidase system of 
brain neurons, which leads to rapid oxidation and 
depletion of the pool of phosphate macroergs27). The 
clinical course of camphor-induced seizures is similar 
to the classic picture of the development of GABA- 
-negative paroxysms induced by pentylenetetrazole 
or picrotoxin: alternating clonic and clonic-tonic 
seizures. In half (50%) of the experimental animals, 
there is a  further transition to the tonic extension of 
the hind limbs with a lateral position and subsequent 
animal death due to anoxia.

It is noteworthy that although digoxin does not 
protect tonic extension in the model of camphor-
induced seizures (Table 4), the drug is statistically 

Table 4. Anticonvulsant effect of digoxin, AEDs and their combinations in the camphor-induced seizures in mice (M ± m)

Group of 
animals

Dose, 
mg/
kg

Latency, min

Number of 
clonic-tonic 
seizures in 

1 mouse

% of 
mice with 

convulsions

Severity of 
seizures, 

points

Period of 
seizures, min

Time to 
death, min

Lethality,
%

clonic tonic

Control – 6.58 ± 1.58 7.50 ± 1.09 100 100 5.00 ± 0.45 46.36 ± 8.79 36.65 ± 9.29 50
Digoxin 0.8 5.55 ± 0.37 5.17 ± 0.60 100 100 4.00 ± 0.00 48.81 ± 7.47 – 0**
Valproate 300 14.91 ± 6.33 2.67 ± 0.49**# 100 83 3.83 ± 0.17 21.78 ± 6.98# – 0**
Valproate 150 10.78 ± 4.43 3.00 ± 0.37*# 100 100 4.67 ± 0.42 19.62 ± 5.28# 44.62 ± 1.63 33#

Valproate
+
Digoxin

150
+

0.8

22.81
± 7.67**##

1.83
± 0.48**## 83 50**##°° 3.00 ± 0.63**° 14.56

± 7.12**## – 0**°

Levetiracetam 100 9.14 ± 1.89 3.00 ± 0.37*# 100 83 3.83 ± 0.17 16.91 ± 6.12*# – 0**

Levetiracetam 50 9.98
± 2.41

4.33
± 0.88 100 83 3.83

± 0.17
19.59 

± 6.35*# – 0**

Levetiracetam
+
Digoxin

50
+

0.8

8.50
± 2.03

2.83
± 0.40**# 100 83 3.83 ± 0.17 23.43

± 4.02 – 0**

Topiramate 300 8.48
± 1.85

2.17
± 0.40**## 100 100 4.00

± 0.00
19.11 

± 6.76*# 45.90 17

Topiramate 150 7.65
± 1.77

3.33
± 0.88* 100 100 4.33

± 0.33
22.73 

± 6.79#
40.45 

± 10.18 50##

Topiramate
+
Digoxin

150
+

0.8
6.36 ± 0.48

2.33
± 0.42**# 100 67*#§° 3.67

± 0.21*
7.68

± 3.36*# – 0**°°

*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 appropriate antiepileptic drug at an ED50, §§p < 0.01 when compared with appropriate 
antiepileptic drug at an ED50

°p < 0.05 when compared with appropriate antiepileptic drug at a ½ ED50, °°p < 0.01 when compared with appropriate 
antiepileptic drug at a ½ ED50
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doses in the corresponding experimental models of 
paroxysms is obviously due to different mechanisms 
of the anticonvulsant effect of drugs30–32). Thus, the 
pronounced anticonvulsant effect of sodium valproate 
and levetiracetam in the model of picrotoxin-
induced seizures confirms the presence of GABA-
ergic properties in drugs33). The anti-glutamatergic 
effect was confirmed under thiosemicarbazide-
induced seizures for levetiracetam and topiramate34). 
Significant effects of sodium valproate, levetiracetam, 
and topiramate on glycinergic neurotransmission 
in the strychnine antagonism test were verified. In 
addition, sodium valproate and levetiracetam (to 
a  lesser extent topiramate) have been shown to 
have modulating properties for camphor-induced 
paroxysms, which may be due to the effect of drugs 
on the energy metabolism of neurons as well as 
cerebral monoamine balance.

The pronounced anticonvulsant effect of digoxin 
per se, as well as the ability of the drug to potentiate 
the weak anticonvulsant potential of sub-effective 
doses of classic AEDs sodium valproate, lamotrigine, 
and topiramate in all studied experimental models 
of seizures may indicate multiple mechanisms of 
action of cardiac glycoside: blockade of the effects 
of glutamate, normalization of energy metabolism 
of neurons, etc. On the other hand, given the known 
tropism of cardiac glycosides to a  key enzyme 
supporting the membrane potential of excitable 
tissues (including cardiomyocytes and neurons) – 
Na+-, K+-ATPase35–38) – it is reasonable to assume that 
the anticonvulsant action of digoxin is likely to be 
due to resting potential due to the normalization of 
transmembrane sodium currents.

The obtained results indicate the expediency 
of further in-depth study of the mechanisms of 
realization of the anticonvulsant potential of 
cardiac glycosides (primarily digoxin), in particular, 
verification of the role of neuronal Na+-, K+-ATPase, 
endogenous digitalis factor, neuroactive amino acids, 
cytokines, neurotrophins, etc.

Thus, experimental models of primary generalized 
paroxysms with different neurochemical mechanisms 
have shown that digoxin has a stable anticonvulsant 
effect and enhances the anticonvulsant potential of 
sub-effective doses of classical antiepileptic drugs 
sodium valproate, levetiracetam and topiramate.

Conclusions

The impact of the cardiac glycoside digoxin in a sub-
-cardiotonic dose on the spectrum of anticonvulsant 
action of the classic commonly used antiepileptic drugs 
– sodium valproate, levetiracetam and topiramate has 
been studied. It was found that under the conditions 
of primary generalized seizures induced by picrotoxin, 
thiosemicarbazide, strychnine and camphor, digoxin 
causes a strong anticonvulsant effect per se at the same 
time significantly enhancing the anticonvulsant po-

all indicators of camphor-induced seizures. Thus, 
the combination of valproate + digoxin not only 
completely prevents the death of animals in the 
experimental group (lethality 0% vs. 50% in control, 
p < 0.01), but also, in contrast to classical AED at both 
doses and digoxin per se, significantly prolongs the 
latency period of convulsions, decreases the number 
of paroxysms in 1 mouse, reducing the % of animals 
with tonic convulsions, the severity of seizures as well 
as the duration of the convulsive period. In terms of 
the effect on individual indicators, the combination 
statistically significantly outweighs the effectiveness 
of monotherapy with both digoxin and sodium 
valproate at ½ ED50.

The effectiveness of levetiracetam at both doses in 
the model of camphor-induced seizures was almost 
the same (Table 4). At both ED50 and ½ ED50, the drug 
is significantly preventing animal lethality (p  <  0.01) 
and also statistically significantly reduces the duration 
of the convulsive period (p  <  0.05) compared with 
control. The only difference is the significant additional 
reduction in the number of clonic-tonic paroxysms in 
1 mouse when using levetiracetam at a high dose.

The addition of digoxin to levetiracetam at ½ ED50 
does not affect the severity of the anticonvulsant effect 
of classical AED – the advantage of the combination at 
zero animal lethality is only statistically significant (both 
for the control group and for digoxin per se) reduction 
in the number of clonic-tonic seizures in 1 mouse, 
similar to that in the levetiracetam at ED50 group.

The anticonvulsant effect of topiramate at both 
studied doses under conditions of paroxysms induced 
by camphor has been weak (Table 4) in the absence of 
a significant influence on lethality is manifested only 
in a  statistically significant reduction in the number 
of clonic-tonic attacks in 1 mouse. In addition, at ED50 
the drug significantly reduces the duration of the 
convulsive period relative to control (p < 0.05).

The combined use of topiramate at ½ ED50 with 
digoxin shows a clear protective influence against the 
convulsive effect of camphor. This has been verified by 
the complete prevention of animal deaths – significant 
(p  <  0.01) not only compared with control but also 
relative to low-dose topiramate monotherapy. In 
addition, the background of the combination is also 
determined by a  statistically significant decrease in 
the number of clonic-tonic seizures in 1 mouse, the % 
of animals with tonic convulsions, the severity of 
paroxysms, and the duration of the convulsive period. 
The combination is significantly superior to digoxin 
monotherapy in terms of its impact on individual 
parameters and even the effect of topiramate at ED50 
(p < 0.05) in terms of the reduction in the % of mice 
with tonic convulsions.

Discussion 

The difference in the severity of the anticonvulsant 
action of classical AEDs at conditionally effective 
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tential of classical antiepileptic drugs with various me-
chanisms of action: sodium valproate, levetiracetam 
and topiramate. The obtained results substantiate the 
expediency of further research of digoxin as an anti-
convulsant drug, particularly the in-depth study of the 
neurochemical mechanisms of its action.
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