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Abstract
Introduction. Polytherapy with three antiepileptic drugs (AEDs) is used in patients who have seizure episodes classified 
by physicians and neurologists as refractory or drug-resistant. Although doctors can prescribe these patients 25 various 
AEDs, no algorithms are available which allow them to choose the most efficacious combinations of AED.�  
Objective. The aim of this study was to isobolographically classify interaction among three classical AEDs (carbamazepine, 
phenobarbital and valproate), applied in the fixed-ratio combination of 1:1:1, in the maximal electroshock-induced seizures 
in mice.�  
Materials and method. The anti-seizure activity of the mixture of carbamazepine, phenobarbital and valproate (in the 
fixed-ratio of 1:1:1) was determined in maximal electroshock-induced seizures – an experimental model of tonic-clonic 
seizures in mice using type I isobolographic analysis.�  
Results. The mixture of carbamazepine, phenobarbital and valproate (in the fixed-ratio of 1:1:1) produced additive interaction 
in the maximal electroshock-induced seizure model in mice. The experimentally-derived median effective dose (ED50 exp 
value) for the mixture was 94.35 mg/kg, whereas the theoretically additive median effective dose (ED50 add value) amounted 
to 116.77 mg/kg.�  
Conclusions. Although the combination of carbamazepine, phenobarbital and valproate exerted additivity in the mouse 
maximal electroshock-induced seizure model, it could be recommended for the treatment of patients, if the results of this 
study would be directly transposed to clinical settings.
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INTRODUCTION

Despite the wide range of antiepileptic drugs (AEDs) 
currently available for the treatment of epilepsy, there is 
still no consensus on which drug should be preferentially 
used as the first-line AED in the treatment of epilepsy [1–3]. 
Some AEDs occur “virtually” inactive in the treatment of 
seizures and the patients need to combine two or three AEDs 
to substantially limit seizure activity and /or frequency [4, 
5]. The process of choice of AEDs and joining them together 
in one combination is performed by clinicians based on 
their clinical experience. However, this process is biased 
by professional experience of doctors prescribing specific 
AEDs [4, 5]. This is the reason that clinical experience plays a 
crucial role in the selection of AEDs. To help clinicians make 
the right decision about the selection of efficacious AEDs, 
isobolographic analysis of interaction in preclinical studies 
on animals is recommended [6–9].

Previously, it has been documented that some three-drug 
mixture of AEDs produced synergistic, additive or even 
antagonistic interactions in the mouse maximal electroshock-
induced seizure model (Tab. 1).

Table 1. Characteristics of interactions for the studied three-drug 
combinations

Combination Type of interaction References

oxcarbazepine + pregabalin + topiramate supra-additive [7]

lacosamide + carbamazepine + valproate infra-additive [10]

lacosamide + carbamazepine + lamotrigine additive [11]

lacosamide + carbamazepine + phenobarbital additive [12]

lacosamide + lamotrigine + phenobarbital additive [13]

carbamazepine + phenobarbital + topiramate supra-additive [14]

phenobarbital + phenytoin + pregabalin supra-additive [15]

However, the types of interactions determined in animals 
in the mouse tonic-clonic seizure test cannot be predicted 
theoretically. In the 90s of the 20th century, a suggestion 
of combining AEDs with various molecular mechanisms 
of action became a recommendation for physicians and 
neurologists to combine AEDs when treating the patients 
with refractory epilepsy [8, 16].

Considering the above-mentioned facts and results 
published earlier from the mouse tonic-clonic seizure 
model, it was evident that theoretical presumptions about the 
combination of AEDs with different molecular mechanisms 
of action are sometimes contradictory to the results obtained 
experimentally. Of note, when considering the combination 
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of lacosamide with carbamazepine and valproate, the mixture 
should theoretically exert supra-additive (synergistic) 
interaction due to various molecular mechanisms of action 
of the AEDs. Unfortunately, the mixture of lacosamide with 
carbamazepine and valproate produced infra-additivity 
(antagonism) in the mouse maximal electroshock-induced 
seizure model [10].

Because theoretical presumptions sometimes differed 
from those experimentally confirmed in the mouse tonic-
clonic seizure model, in this study an attempt was made to 
conduct experiments in this seizure model to determine 
the type of interaction occurring among carbamazepine 
(CBZ), phenobarbital (PB) and valproate (VPA) using type 
I isobolographic analysis of interaction, as recommended 
earlier [7, 10, 17–19]. Theoretically, the combination of 
CBZ, PB and VPA should produce synergy in mice due 
to various molecular mechanisms of action of the studied 
AEDs. Undoubtedly, the synergistic combination of CBZ, PB 
and VPA, confirmed in preclinical studies, can offer a new 
treatment option for some epileptic patients, especially if the 
AEDs belong to the first generation of AEDs [20].

MATERIALS AND METHOD

Animals. Experiments on adult male albino Swiss mice 
weighing 22–26  g were performed in accordance with 
the ARRIVE guidelines and Polish law concerning 
experimentation on laboratory animals. All experimental 
protocols performed in this study were approved by the 
Second Local Ethics Committee at the University of 
Life Sciences in Lublin, Poland. After acclimatization to 
laboratory conditions, the animals were randomly assigned 
to experimental groups consisting of eight mice each.

Drugs. All three AEDs (CBZ, PB and VPA) were purchased 
from Sigma-Aldrich (Poznań, Poland). Both CBZ and PB were 
dispersed in 1% solution of Tween 80 (Sigma-Aldrich, Poznań, 
Poland), whereas VPA was directly dissolved in distilled 
water. The experimental animals received intraperitoneal 
injections with CBZ at 30 min, PB – at 60 min, and VPA 
– at 30 min, before electrical induction of seizures in the 
maximal electroshock-induced seizure test, as presented 
earlier [10–12, 14, 15].

Maximal electroshock-induced seizures. In the maximal 
electroshock-induced seizure test, an alternating current 
(25 mA, 500 V, 50 Hz, 0.2 s stimulus duration) delivered via 
ear-clip electrodes was used to evoke seizure activity in the 
animals. The respective groups of mice were injected with 
different doses of CBZ, PB or VPA (either separately or in 
combination) and, at the respective pretreatment times, 
were subjected to maximal electroconvulsions. The mice 
protected from tonic-clonic seizures out of eight animals 
in each experimental group allowed to construct dose-
response effect line, according to the log-probit method 
[21]. The anticonvulsant effects of CBZ, PB and VPA (when 
administered separately and in the three-drug mixture at the 
fixed-ratio of 1:1:1) were expressed as the median effective 
doses (ED50 in mg/kg) for the AEDs administered separately 
and the experimental median effective dose (ED50 exp in mg/
kg) for the three-drug mixture, as presented elsewhere [7, 
15, 22–25].

Isobolography and statistics. Interaction produced by the 
mixture of CBZ, PB and VPA at the fixed-ratio of 1:1:1 was 
analyzed isobolographically, as recommended earlier [26–
28]. Calculation of median additive dose (ED50  add) along 
with experimental determination of median experimental 
dose (ED50 exp) for the three-drug mixture (at the fixed-ratio 
combination of 1:1:1) was required to statistically verified 
both values, as presented elsewhere [10, 13]. Of note, the 
unpaired Student’s t-test was used to statistically compare 
the ED50 exp and ED50 add values for the three-drug mixture, as 
described elsewhere [12, 17]. Level of statistical significance 
was established at P<0.05. Statistical analysis of data was 
performed with commercially available GraphPad Prism 
(version 7.0 for Windows; GraphPad Software, San Diego, 
CA, USA).

RESULTS

Anticonvulsant effects of the three-drug mixture and 
isobolographic analysis of interaction. The three AEDs 
(CBZ, PB and VPA) when combined together in the mixture 
at the fixed-ratio combination of 1:1:1 protected the animals 
from the maximal electroshock-induced tonic-clonic 
seizures, and the experimentally-denoted median effective 
dose (ED50 exp value) amounted to 94.35 ± 9.85 mg/kg (Figure 
1A-C). The theoretically additive median effective dose 
(ED50 add value) was 116.77 ± 6.78 mg/kg (Fig. 1A-C). With 
isobolographic analysis of interaction, the ED50 exp value for 
the three-drug mixture of CBZ, PB and VPA did not differ 
significantly from the ED50 add value (Fig. 1A-C); thus, the 
observed interaction was additive in the mouse model of 
tonic-clonic seizures.

DISCUSSION

In the study it was found that the three classical AEDs (CBZ, 
PB and VPA) when combined together exerted an additive 
interaction with a slight tendency towards supra-additivity in 
the mouse tonic-clonic seizure model. Type I isobolographic 
analysis confirmed that the dose-response effects of all three 
AEDs were parallel to each other. Despite a tendency towards 
supra-additivity observed with isobolography, statistical 
analysis with Student’s t-test revealed that the analyzed values 
did not reach significance; therefore the interaction was 
classified as additive, according to Tallarida [29].

The observed additivity in the mouse maximal electro
shock-induced seizure model for the combination of CBZ 
with  PB and VPA, was in agreement with interactions 
observed previously in animals. For instance, it has been 
reported that the combination of CBZ with PB and LCM in 
the mouse model of tonic-clonic seizures exerted additive 
interaction [12]. In contrast, OXC with PGB and TPM 
exerted supra-additive interaction in the mouse maximal 
electroshock-induced seizure model [7]. Similarly, PB 
with PHT and PGB exerted synergy in the tonic-clonic 
seizure model in mice [15]. The combination of CBZ with 
PB and TPM also exerted synergy in the mouse maximal 
electroshock-induced seizure model [14].

Considering the latter three-drug combination and 
comparing the results from the current study, one can 
observe that the replacement of TPM with VPA changes 
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the type of interaction for the combination of CBZ with PB 
from supra-additive to additive. Similarly, the combination of 
CBZ with PB and LCM was additive in the mouse maximal 
electroshock-induced seizure model [12]. In such cases, 
both VPA and LCM contribute to the additive interaction 
of the combinations of CBZ with PB, and VPA or LCM in 
the mouse maximal electroshock-induced seizure model. 
On the contrary, the replacement of VPA with TPM 
produced synergistic interaction in animals subjected to 
the maximal  electroshock-induced seizure test. It can be 
suggested that VPA and LCM, through the action on sodium 
channels, exerted additivity, whereas TPM through multiple 
molecular mechanisms of action potentiated significantly 
the interaction of CBZ with PB in the mouse tonic-clonic 
seizure model. Although this hypothesis is speculative, 
it can explain the observed types of interactions among 
three AEDs.

It is worth mentioning that in the mouse maximal 
electroshock-induced seizure test, one can readily determine 
and assess the type of interactions occurred among AEDs 
in terms of suppression of tonic-clonic seizures and partial 
convulsions. As regards the combinations of CBZ, PB and 
VPA, it should be clearly stated that all these classical AEDs 
are used clinically to treat epilepsy patients with tonic-clonic 
seizures and partial-onset convulsions. Moreover, it should 
be emphasized that all three AEDs are first-line AEDs used 
in patients with generalized tonic-clonic seizures [20].

Another aspect of interaction occurring among AEDs 
should be discussed here. Interactions occurring among 
three AEDs should be evaluated with respect to their two-
drug combinations. Previously, it has been reported that 
the combination of CBZ with PB exerted “purely additive” 
interaction in the mouse maximal electroshock-induced 
seizure model [30]. A similar situation has been observed 
for the combination of VPA with CBZ or PB, because the 
interaction among these AEDs was also “purely additive” 
in the mouse maximal electroshock-induced seizure model 
[31]. Considering the type of interactions exerted by these 
two-drug combinations, one could suggest that the observed 
interaction would also be additive in the mouse maximal 
electroshock-induced seizure model. However, when 
considering molecular mechanisms of action of the studied 
three AEDs, one could expect supra-additive interaction 
because all the studied AEDs possessed various molecular 
mechanisms of action, and they should theoretically produce 

synergistic interaction in the experimental animals [8].
Furthermore, calculation of interaction index as a ratio of 

ED50 exp and ED50 add values, revealed that the interaction of 
CBZ, PB and VPA can be classified as additive because the 
interaction index value amounted to 0.81. Generally, the 
additive interactions are documented if their interaction 
indices ranged from 0.7–1.3 [28]. Of note, the calculation 
of interaction index is an alternative way to classify the 
interaction occurring between AEDs. Although this method 
is supplementary to statistical analysis of data with Student’s 
t-test, there is no doubt that statistical comparison of ED50 exp 
and ED50 add values is superior to the calculation of interaction 
index in experiments evaluating the types of interactions 
among AEDs. This was the reason that the Student’s t-test 
was performed in this study as a unique indicator to properly 
classify interaction.

It should be stressed that this study determined a 
potential for AEDs administered in combination to 
produce acute adverse effects with respect to impairment 
of motor coordination, deficits in long-term memory, and 
attenuation of skeletal muscular strength (results not shown). 
Experiments conducted on animals in the chimney, step-
though passive avoidance and grip-strength tests revealed 
that the combination of CBZ with PB and VPA, administered 
in doses of AEDs reflecting the ED50 exp value, exerted no acute 
adverse effects. The combination did not exert any significant 
changes in the normal behaviour of experimental animals. It 
can be confirmed that the combination of CBZ, PB and VPA 
did not produce acute impairment in motor coordination, 
deficits in long-term memory, or changes in skeletal muscular 
strength in mice. Thus, the combination seems to be safe 
enough to be recommended for use in clinical practice for 
epileptic patients.

It should be explained that in this study only acute adverse 
effects were tested after a single administration of the mixture 
of three AEDs to animals. It should also be stressed that after 
the single administration of AEDs, the three-drug mixture 
was unable to significantly change metabolic transformation 
of co-administered AEDs in the liver. The authors are aware 
of the fact that during chronic administration of AEDs, 
some pharmacokinetic changes related to AEDs’ contents 
may occur as a result of inducing or inhibiting cytochrome 
P450 isoenzymes. In chronic experiments, pharmacokinetic 
interactions among AEDs occur more frequently than those 
in acute studies.

Figure 1A-1C. Isobolograms displaying additive interaction among carbamazepine (CBZ), phenobarbital (PB) and valproate (VPA) in the maximal electroshock-induced 
seizure test in mice.
Median effective doses (ED50 ± S.E.M.) of CBZ, PB and VPA (when administered alone) are plotted on abscissa and ordinate, respectively. Point A reflects the ED50 add value, 
point M indicates the ED50 exp value. Statistical analysis with unpaired Student’s t-test revealed that both, ED50 exp and ED50 add values did not differ significantly. Interaction 
among CBZ, PB and VPA was additive in the maximal electroshock-induced seizure test in mice.
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The main limitation in this study was lack of 
pharmacokinetic verification of total brain concentrations of 
AEDs administered in triple combination. Such verification 
could unequivocally confirm whether or not the observed 
interaction was pharmacodynamic in mice. Of note, any 
pharmacokinetic contribution to the observed interaction 
is unlikely because doses of particular classical AEDs in the 
mixture were low enough to produce significant changes 
in total brain AED concentrations. Although total brain 
content of AEDs was not measured in mice, it cannot be 
entirely excluded that the observed additivity in the mouse 
maximal electroshock-induced seizure model had, at least 
in part, a pharmacokinetic contribution to the interaction 
occurring among the three AEDs when combined together. 
The AED concentrations were not evaluated in this study 
for three reasons:
1)	the interaction observed in the mouse maximal 

electroshock-induced seizure model was additive;
2)	the doses of particular drugs used in the mixture were 

“substantially” low;
3)	the ethical rule of “3 Rs” based on the reduction of animals 

exposed to experimental conditions.
All three reasons prompted the authors to accept the 

hypothesis that CBZ, PB and VPA were unable to interact 
pharmacokinetically in mice when used in triple combination 
in doses reflecting the ED50 exp from the maximal electroshock-
induced seizure test.

CONCLUSIONS

1.	The three-drug combination of CBZ with PB and VPA 
exerted additive interaction in the mouse model of 
maximal electroshock-induced seizures.

2.	The combination of CBZ with PB and VPA may occur to be 
advantageous for epilepsy patients who have inadequately 
controlled seizures.
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