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Summary 
Background. It is estimated that approximately 1% of people worldwide suffer from epilepsy. 
Currently available antiepileptic drugs (AEDs) are able to control epileptic seizures in about 70% 
of cases. In the remaining patients (30%), the application of two or three AEDs in combination 
is necessary for effective seizure management. The goal of this work was to characterize the 
interaction of three AEDs: lacosamide (LCM), carbamazepine (CBZ) and valproate (VPA) at the 
fixed-ratio of 1:1:1 in the mouse tonic-clonic seizure model.
Material and methods. Male albino Swiss mice, after receiving a combination of LCM, CBZ and 
VPA, were challenged with electric current to evoke tonic hind limb extension (seizure activity). 
Protection of the mice from tonic-clonic seizures was assessed by isobolographic analysis to 
determine the type of interaction occurring between these drugs.
Results. Type I  isobolographic analysis revealed that the combination of LCM, CBZ and VPA 
produced infra-additive (antagonistic) interaction in the mouse tonic-clonic seizure model.
Conclusions. Since the three-drug mixture of LCM, CBZ and VPA exerted an antagonistic 
interaction in the tonic-clonic seizure test in mice, we would caution physicians against treating 
epilepsy patients with this unfavorable combination.

Keywords: antiepileptic drugs, isobolography, maximal electroshock, three-drug combination, 
antagonism

Streszczenie
Wprowadzenie. Szacuje się, że około 1% osób na całym świecie cierpi na padaczkę. Obecnie 
dostępne leki przeciwpadaczkowe pozwalają na opanowanie napadów padaczkowych 
w  około 70% przypadków. U  pozostałych pacjentów z  padaczką (30%) konieczne jest 
zastosowanie dwóch lub trzech leków przeciwpadaczkowych w kombinacji. Celem pracy było 
scharakteryzowanie interakcji między trzema lekami przeciwpadaczkowymi: lakozamidem 
(LCM), karbamazepiną (CBZ) i walproinianem (VPA) w stałym stosunku dawek 1:1:1 w modelu 
drgawek toniczno-klonicznych u myszy.
Materiał i  metody. Samce myszy albino Swiss, po otrzymaniu kombinacji LCM, CBZ i  VPA, 
poddano działaniu prądu elektrycznego, aby wywołać toniczny wyprost kończyn tylnych 
(aktywność drgawkową). Ochronę myszy przed napadami toniczno-klonicznymi oszacowano 
za pomocą analizy izobolograficznej, aby określić typ interakcji zachodzącej między tymi 
lekami. 
Wyniki. Analiza izobolograficzna typu I ujawniła, że kombinacja LCM, CBZ i VPA powodowała 
oddziaływanie infra-addytywne (antagonistyczne) w modelu drgawek toniczno-klonicznych 
u myszy. 
Wnioski. Ponieważ trójlekowa mieszanina LCM, CBZ i  VPA wywierała antagonistyczną 
interakcję w  teście napadów toniczno-klonicznych u  myszy, specjalne ostrzeżenie jest 
konieczne dla lekarzy, aby nie leczyć pacjentów z padaczką tą niekorzystną kombinacją.

Słowa kluczowe: leki przeciwpadaczkowe, izobolografia, elektrowstrząsy, kombinacja trzech 
leków, antagonizm
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Introduction

Epilepsy is one of the most frequently occurring neurological diseases, affecting almost 1% of the population 
worldwide [1]. Pharmacotherapy with currently available antiepileptic drugs (AEDs) is the treatment of choice 
for patients with epilepsy. However, the application of one AED, as monotherapy, is sometimes insufficient to halt 
seizure attacks in epilepsy patients [2, 3]. In such a situation, physicians prescribe two or three AEDs. The AEDs 
selected for combinatorial therapy are based on theoretical presumptions suggesting it is beneficial to combine 
AEDs with diverse molecular mechanisms of action [4]. This has been a “golden rule” followed by physicians 
since 2002, when this treatment method was clinically confirmed in patients with resistant epilepsy [2, 3]. 

Recently, several favorable combinations of AEDs have been clinically confirmed [5]; however, with 25 
currently licensed AEDs, there can be (theoretically) 13,800 distinct three-drug combinations. Only a few of these 
combinations have been clinically verified [2, 3], and the efficacy of the remaining three-drug combinations have 
yet to be clinically established or publicly revealed. In order to aid clinicians in their choice on how to combine 
AEDs, preclinical studies in animal models can provide useful information on favorable combinations that could 
be utilized in patients with epilepsy for seizure suppression [6-10]. Several triplicate AED combinations have 
been found to be either beneficial, producing synergy, or neutral, with additivity determined by isobolography 
in an experimental animal model of epilepsy [6-9]. It is believed that synergistic interactions observed in 
experimental animal models of epilepsy will be similarly synergistic in humans—this is a basic concept resulting 
from translational study data [4].

Generally, the application of three drugs produces interactions that may be pharmacokinetic, 
pharmacodynamic or both [11]. Theoretically, some AED combinations may be beneficial due to a reduction 
of drug doses. However, it is highly likely that some AED combinations may produce unfavorable effects. 
Theoretical presumptions can aid physicians in selecting proper combinations of AEDs that exert a favorable 
interaction in mammals, and it is known that various molecular mechanisms of action contribute to the wide 
range of seizure suppression exerted by AEDs [4, 12].

Since induction, propagation and amplification of seizures are complex processes and, unfortunately, not 
fully understood, seizure suppression often requires medicating with various AEDs [4, 13]. Undoubtedly, 
various AEDs with diverse molecular mechanisms of action should synergistically cooperate in terms of seizure 
suppression [12]. 

The aim of this study was to continue our previous experiments and assess the type of interaction between 
three AEDs: lacosamide (LCM), carbamazepine (CBZ) and valproate (VPA) in the tonic-clonic seizure model in 
mice. To search for interaction among the AEDs, we used type I isobolographic analysis of interaction, which is 
considered a gold standard in the evaluation of drug properties in preclinical studies [14]. The selection of AEDs 
in this study was not serendipitous because two of the studied AEDs, VPA and CBZ, are widely prescribed AEDs 
(as first-line drugs) for patients with tonic-clonic seizures, partial onset convulsions with or without secondary 
generalization [15, 16]. LCM has recently been licensed as an add-on drug for patients with partial-onset 
seizures with or without secondary generalization [17]. Thus, from a theoretical point of view, the combination 
of LCM, CBZ and VPA should likely be beneficial, offering the patients with epilepsy a suppression of tonic-clonic 
seizures. Moreover, the choice of these AEDs (LCM, CBZ and VPA) was considered to be ideal because the drugs 
in combination, due to their diverse molecular mechanisms of action, should theoretically provide maximal 
therapeutic effects and no or minimal side effects [18]. Thus, to confirm our hypothesis that the combination 
of LCM with CBZ and VPA was an “ideal” selection, we conducted experiments on male albino Swiss mice as 
described previously [6, 8, 9, 19].

Material and methods

Adult male albino Swiss mice (8 week-old, weighing 22-26 g) were used in this study. All experimental 
procedures carried out in this study were in strict accordance with the Guide for the Care and Use of Experimental 
Animals [20], and approved by the Local Ethics Committee (License no.: 45/2014). 

LCM (Vimpat®, UCB Pharma, Brussels, Belgium) and CBZ (Polfa, Starogard Gdanski, Poland) were suspended 
in a  1% solution of Tween 80 (Sigma-Aldrich, Poznań, Poland) in distilled water, while VPA (Sigma-Aldrich, 
Poznań, Poland) was dissolved directly in sterile distilled water. All three drugs (LCM, CBZ and VPA) were 
administered i.p., 30 min before the tonic-clonic seizures and all behavioral tests. 

A rodent shocker (Hugo Sachs, type 221, Freiburg, Germany) was used to induce seizure activity in animals 
by a current (25 mA, 500 V, 50 Hz, 0.2 s stimulus duration) delivered via ear-clip electrodes. The seizure activity 
in the experimental mice manifested in the form of tonic hind limb extension. Different increasing drug doses 
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were administered to animals in order to determine a  variable percentage of protection from tonic-clonic 
seizures. Doses of drugs and their corresponding protective effects were linearly related using dose-response 
effect functions [21]. The anticonvulsant potency of CBZ, LCM and VPA when administered alone was expressed 
as median effective doses (ED50 in mg/kg) of the AEDs, protecting 50% of mice from tonic-clonic seizures. 
Similarly, the anticonvulsant potency of the three-drug mixture in the fixed-ratio of 1:1:1 was expressed as the 
experimental median effective dose (ED50 exp value) protecting 50% of mice from tonic-clonic seizures. 

Characterization of interactions among three AEDs was performed with isobolographic analysis of 
interaction, as described previously [6-8]. The test for parallelism of dose-response effects for LCM, CBZ and 
VPA was performed with the log-probit method [21]. Subsequently, we calculated median additive dose for the 
mixture of three AEDs at the fixed-ratio combination of 1:1:1 (ED50 add—i.e., a dose of the mixture that theoretically 
protected 50% of the tested mice from tonic-clonic seizures). The equations underlying the calculations have 
been described previously [6-8]. Next, the anticonvulsant effects produced by the three-drug mixture of LCM, 
CBZ and VPA (at the fixed-ratio of 1:1:1) were evaluated and expressed as the ED50 exp value, reflecting a dose of 
the mixture that protected 50% of the mice from tonic-clonic seizures. 

Acute adverse effect potentials produced by the mixture of three AEDs (LCM, CBZ and VPA, applied in doses 
reflecting the ED50 exp value from the tonic-clonic seizure model) were determined in three standard behavioral 
tests: the chimney test (assessing motor coordination), grip-strength test (assessing skeletal muscular strength) 
and passive avoidance task (evaluating long-term memory and learning) in experimental animals, as described 
elsewhere [22]. 

The experimentally determined ED50 exp value from the tonic-clonic seizure model was statistically compared 
with its theoretical additive ED50 add value using the unpaired Student’s t-test. Impairment of motor coordination 
in mice from the chimney test was statistically analyzed with Fisher’s exact probability test. Mean muscular 
strengths of the animals from the grip-strength test were statistically compared with Student’s t-test. Median 
retention times from the passive avoidance task were statistically analyzed with Mann-Whitney U-test. All data 
were statistically analyzed with GraphPad Prism version 7.0 for Windows (GraphPad Software, San Diego, CA, 
USA).

Results

The experimentally-derived ED50 values for LCM, CBZ and VPA (all three AEDs administered alone) in the 
mouse tonic-clonic seizure model were 7.27 ± 0.77 mg/kg, 14.25 ± 0.79 mg/kg, and 298.6 ± 15.15 mg/kg,  
respectively (results not shown). The equations for the dose-response functions, along with the test for 
parallelism for the respective AEDs (LCM, CBZ and VPA), are presented in Figure 1. The log-probit line for CBZ 
was parallel to that of VPA (Figure 1). In contrast, LCM’s log-probit line was non-parallel to that of CBZ and 
VPA in the mouse tonic-clonic seizure model (Figure 1). The mixture of LCM, CBZ and VPA at the fixed-ratio of 
1:1:1 produced anticonvulsant activity and the experimentally-derived ED50 exp value was 140.49 ± 11.09 mg/kg 
(Figure 2A). In contrast, the theoretically calculated ED50 add value was 106.71 ± 5.05 mg/kg (Figure 2A). With 
isobolography, it was found that the three-drug mixture at the fixed-ratio of 1:1:1 exerted an infra-additive 
(antagonistic) interaction (P < 0.05) in the tonic-clonic seizure model in mice (Figure 2A-2C). Moreover, the 
evaluation of potential acute adverse effects produced by the three AED mixture (at doses reflecting the ED50 exp  
from the tonic-clonic seizure model) in three behavioral tests revealed that the mixture did not disturb long-term 
memory and learning or skeletal muscular strength in the experimental animals (Table 1). Motor coordination 
in mice subjected to the chimney test was the only behavior that was slightly affected. One out of eight mice 
displayed impairment in motor coordination (12.5%, Table 1). However, the observed coordination deficits were 
not statistically significant (Table 1).
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Figure 1. Dose-response functions for lacosamide (LCM), carbamazepine (CBZ), and valproate (VPA) when injected alone 
and in combination for the fixed-ratio of 1:1:1 in the mouse tonic-clonic seizure model

Doses of AEDs were transformed to logarithms, while their anticonvulsant effects from tonic-clonic seizures 
in mice were transformed to probits according to the log-probit method [21]. Linear regression functions for 
CBZ, LCM and VPA administered separately and in combination at the fixed-ratio of 1:1:1 are presented on the 
graph.

Figure 2. Isobolograms illustrating antagonistic (infra-additive) interaction among carbamazepine (CBZ), lacosamide 
(LCM) and valproate (VPA) in tonic-clonic seizures in mice

The ED50 values (± S.E.M.) of LCM, CBZ and VPA are plotted on X- and Y-axes, respectively. Point M depicts the 
experimentally-derived ED50 exp (± S.E.M.) value, whereas point A indicates the theoretically calculated ED50 add (± 
S.E.M.) value, corresponding to doses of AEDs in combination that protected 50% of the mice from tonic-clonic 
seizures. The dotted line starting from the point (0, 0) and crossing through the points M and A reflects the 
fixed-ratio of 1:1:1 for the three-drug combination. The experimental ED50 exp value of the three-drug mixture 
is placed significantly above the theoretically calculated ED50 add value (*P < 0.05), indicating the infra-additive 
(antagonistic) interaction. Statistical comparison of ED50 add and ED50 exp values was performed by using the 
unpaired Student’s t-test.
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Table 1. Influence of the three-drug mixture of lacosamide (LCM), carbamazepine (CBZ) and valproate (VPA) on skeletal 
muscular strength, long-term memory and motor coordination in mice 

Treatment (mg/kg) Muscular strength (N) Retention time (s) Motor coordination
deficits (%)

Vehicle + vehicle + vehicle 0.926 ± 0.081 180 (180; 180) 0
LCM (3.19) + CBZ (6.25) + 

VPA (131.05) 0.919 ± 0.074 175.5 (155.7; 180) 12.5

The 1st column lists doses of the studied drugs corresponding to their ED50 exp value in the tonic-clonic seizure model. The 
2nd column indicates mean muscular strengths (in newtons [N] ± S.E.M.) in mice from the grip-strength test. The 3rd column 
represents median retention times (with 25th and 75th percentiles in parentheses) of the mice in the passive avoidance task. 
The 4th column indicates percentage of animals with impairment of motor coordination during the chimney test.

Discussion

In this study we found that the combination of LCM with CBZ and VPA produced antagonistic (infra-additive) 
interaction in the mouse tonic-clonic seizure model. Unfortunately, the antagonistic interaction entirely 
disqualified this combination from clinical use so as not to expose patients to ineffective treatment options. The 
utmost caution is therefore advised for patients receiving this combination of LCM, CBZ and VPA. 

Previously, it was reported that the two-drug combination of CBZ with VPA produced an additive interaction 
in the mouse tonic-clonic seizure model [23]. Unfortunately, at present, there is no available information 
regarding the type of interaction resulting from the two-drug combinations of LCM with CBZ or VPA in the 
mouse tonic-clonic seizure model. Although it has been reported that the combinations of LCM with VPA and 
LCM with CBZ in the mouse 6 Hz-induced seizure model were additive and synergistic, respectively [24]. The 
6 Hz model is thought to be an experimental model of limbic refractory seizures, while in this study we used 
a model reflecting tonic-clonic seizures in humans. Despite the clear difference in experimental seizure models, 
the above-mentioned facts allowed us to theoretically expect a favorable combination when combining the three 
AEDs together (LCM with CBZ and VPA). Unfortunately, instead of expected synergy, an antagonistic interaction 
occurred among these three AEDs. 

To explain the observed antagonistic interaction in the mouse tonic-clonic seizure model, the molecular 
mechanisms of action of all three drugs should be considered. It can be hypothesized that LCM competitively 
blocks the anticonvulsant effects produced by CBZ due to the effects of both AEDs on sodium channels or due to 
a, highly likely, paradoxical effect upon combination of CBZ and LCM, as observed for CBZ and phenytoin [25]. 
Thus, higher doses of both AEDs are required to provide the same anticonvulsant effects in the mouse tonic-
clonic seizure model. 

On the other hand, we have previously documented that several three-drug combinations, LCM with CBZ and 
LTG, LCM with CBZ and PB, and LCM with LTG and PB, exerted additive interactions in the mouse tonic-clonic 
seizure model [6-8]. Since the above-mentioned three-drug combinations were additive in preclinical studies, 
we determined the magnitude and strength of these combinations by calculating interaction index values. This 
index, a ratio of ED50 exp and ED50 add values, allows one to measure the strength of interaction by classifying the 
combinations as beneficial, neutral and unfavorable [26]. It is widely accepted that interaction index values 
equal to or lower than 0.7 indicate synergistic interaction, whereas interaction index values equal to or higher 
than 1.3 reflect infra-additive (antagonistic) interaction. Only values ranging between 0.7 and 1.3 are indicative 
of additivity [27-29]. In this study, the interaction index value for the combination of LCM with CBZ and VPA 
was 1.32, whereas the interaction index values for the three-drug combinations ranged from 0.46 to 1.18 in our 
previously published studies (Table 2). Thus, the interaction index value of 1.32 confirmed that the combination 
of LCM with CBZ and VPA exerted antagonistic interaction in the mouse tonic-clonic seizure model.

Table 2. Interaction index values for the studied three-drug combinations

Combination Type of interaction Interaction index References

LCM + CBZ + VPA infra-additive 1.32 [the present study]
LCM + CBZ + LTG additive 1.05 [8]
LCM + CBZ + PB additive 1.18 [6]
LCM + LTG + PB additive 1.07 [7]
CBZ + PB + TPM supra-additive 0.46 [9]
PB + PHT + PGB supra-additive 0.53 [22]
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In this study we also evaluated acute adverse effect potentials of the AEDs in combination. It was found 
that the combination of LCM, CBZ and VPA produced no acute adverse effects in three behavioral tests (grip-
strength, chimney and passive avoidance) used in our study. 

An antagonistic interaction between LCM, CBZ and VPA in the mouse tonic-clonic seizure model was observed 
for the first time and necessitates a  warning for patients receiving such a  combination due to the fact that 
a similar interaction may occur in clinical settings. For instance, it has been found isobolographically that the 
combination of CBZ with LTG was antagonistic in the mouse tonic-clonic seizure model [30], and simultaneously, 
this combination was highly toxic in patients [31]. Moreover, caution is specifically advised to patients that 
receive VPA and CBZ and intend to replace one of these AEDs with LCM (as the add-on drug). When replacing one 
ineffective AED in epileptic patients, there is a general rule that the replaced drug is co-administered with the 
new one. In such a situation a transient triple therapy (three AEDs) is administered to patients. All three drugs 
are administered together until the newly introduced AED reaches a steady-state and then the ineffective drug 
is removed [32]. 

	
Conclusions

1.	The mixture of LCM, CBZ and VPA produced an antagonistic (infra-additive) interaction in the tonic-
clonic seizure model; therefore, it should not be recommended for further clinical trials.

2.	A specific warning is required for physicians if they are considering treating epilepsy patients with LCM, 
CBZ and VPA in combination.

3.	LCM should be avoided as a third AED when added to the combination of CBZ and VPA. 
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