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analysis for parallel log-probit
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Abstract: Isobolographic analysis was used to characterize the interaction between tiagabine (TGB) and clonazepam (CZP) 
against pentylenetetrazole (PTZ)-induced clonic seizures in mice. The anticonvulsant eff ects of TGB in combination 
with CZP at 3 fi xed-ratios of 1:3, 1:1 and 3:1, were evaluated in the PTZ test in mice using type I isobolographic analysis 
for parallel dose-response relationship lines. Acute adverse-eff ect profi les for the combinations were determined 
by use of the step-through passive avoidance task (long-term memory), grip-strength (muscular strength), and 
chimney (motor coordination) tests. All combinations of TGB with CZP (at fi xed-ratios  1:3, 1:1 and 3:1) were additive 
in terms of clonic seizure suppression in the PTZ test. Additionally, none of the examined combinations of TGB with 
CZP (at their median eff ective doses from the PTZ test) aff ected long-term memory, muscular strength and motor 
coordination in mice. Based on the isobolographic analysis of interaction, the combinations of TGB with CZP at the 
fi xed-ratios 1:3, 1:1 and 3:1 displayed additivity in terms of suppression of PTZ-induced seizures and appear to be 
neutral combinations from a clinical viewpoint.
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INTRODUCTION

Despite signifi cant progress in recent years in the 
characterization of seizure phenomena and the understanding 
of pathophysiological causes of seizure initiation, amplifi cation 
and propagation, there are approx. 30% of patients with epilepsy 
who still have seizures [1, 2]. Consequently, in these patients, 
polytherapy with anti-epileptic drugs (AEDs) in combination 
is administered to enhance seizure control. To date, only some 
two-drug combinations have proved to be eff ective against 
specifi c forms of epilepsy [3]. However, the application of 
two or more drugs is always associated with interactions 
between drugs, whose nature may be pharmacodynamic, 
pharmacokinetic, or mixed [4, 5]. Unfortunately, the direct 
testing of anticonvulsant effi  cacy of all two-drug combinations 
in patients with refractory epilepsy is not possible for ethical 
reasons and/or methodological limitations. Nonetheless, such 
combinations may be more readily identifi ed and selected 
in preclinical studies on animals, and only those whose 
anti-convulsant eff ects off er optimal protection against 
seizures and, simultaneously, which are devoid of any serious 
neurotoxic side eff ects [6], can be further investigated and 
verifi ed in the clinical setting. To evaluate pharmacodynamic 
interactions between drugs in preclinical studies on animals, 

the isobolographic analysis of interactions can be used, which is 
accepted as the ‘gold standard’ in the detection of interactions 
between drugs [7]. 

Accumulating evidence indicates that tiagabine (TGB – a 
second-generation AED) has been approved for use as add-
on therapy in refractory partial epilepsy [8]. TGB reduces 
seizure activity, especially, by blocking GABA re-uptake 
from synaptic clefts [9]. Therefore, it can be considered 
appropriate to evaluate its preclinical profi le in combination 
with clonazepam (CZP – a conventional AED), prescribed 
for patients with myoclonic seizures [8]. Experiments were 
performed in the mouse PTZ-induced clonic seizure model, 
a model of myoclonic seizures in humans [10], and the data 
analyzed using isobolographic analysis. The chimney test (a 
measure of motor performance impairment), the step-through 
passive avoidance task (a measure of long-term memory 
defi cits), and the grip-strength test (a measure of muscular 
strength impairment) were used to evaluate acute adverse-
eff ect potential of TGB in combination with CZP.

MATERIAL AND METHODS

Animals and experimental conditions. All experiments 
were performed on adult male Swiss mice weighing 22-26 g. 
The mice were kept in colony cages with free access to food and 
tap water, under standardized housing conditions (12 h light-
dark cycle, temperature 21 ± 1ºC). After 7 days of adaptation 
to laboratory conditions, the animals were randomly assigned 
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to experimental groups consisting of 8 mice. Each mouse 
participated only in one experiment. All tests were performed 
between 09:00–14:00 to minimize confounding eff ects of 
circadian rhythms. Procedures involving animals and their care 
were conducted in accordance with the European Communities 
Council Directive of 24 November 1986 (86/609/EEC) and 
Polish legislation on animal experimentation. Additionally, all 
eff orts were made to minimize animal suff ering and to use only 
the number of animals necessary to produce reliable scientifi c 
data. The experimental protocols and procedures described 
in this study were approved by the Local Ethics Committee 
at the Medical University in Lublin.

Drugs. The following AEDs were used in the study: TGB 
(Sanofi  Winthrop, Gentilly, France) and CZP (Polfa, Warsaw, 
Poland). The drugs were suspended in a 1% solution of Tween 
80 (Sigma, St. Louis, MO, USA) in saline, and administered 
by intraperitoneal (i.p.) injection in a volume of 0.005 ml/g 
body weight. Fresh drug solutions were prepared on each day of 
experimentation, and both AEDs were administered 15 min. 
before seizures and all behavioural tests. This pretreatment 
time was chosen based on information about their biological 
activity from the literature and our previous studies [11, 12]. 
PTZ (Sigma, St. Louis, MO, USA) was dissolved in distilled 
water and administered subcutaneously (s.c.) into a loose fold 
of skin in the midline of the neck in a volume of 0.005 ml/g 
body weight. 

Pentylenetetrazole-induced convulsions. The anti-
convulsant activities of TGB and CZP against PTZ-induced 
clonic seizures were determined after s.c. administration of 
PTZ at its CD97 (convulsive dose 97, i.e., the dose of PTZ that 
produced clonic seizures in 97% of mice, which in this study 
was 100 mg/kg). Following PTZ administration, mice were 
placed separately into trans parent Plexiglas cages (25 × 15 × 10 
cm) and observed for 30 min. for the occurrence of clonic 
seizures. Clonic seizure activity was defi ned as clonus of the 
whole body lasting for over 3 s, with an accompanying loss 
of righting refl ex. The number of animals convulsing out of 
the total number of mice tested was noted for each treatment 
regimen. The animals were administered with increasing 
doses of the AEDs, and the anticonvulsant activity of each 
drug was evaluated as the ED50 (median eff ective dose of an 
AED, protecting 50% of mice against clonic convulsions). 
At least 4 groups of animals were used to estimate each ED50 
value calculated from the respective log-probit dose-response 
relationship line according to Litchfi eld and Wilcoxon [13]. 
The anticonvulsant activity of TGB administered alone was 
studied at doses of 0.25, 0.5, 1, 2 and 3 mg/kg, whereas that 
of CZP alone at doses of 0.01, 0.025, 0.05, and 0.075 mg/kg 
against the clonic phase of PTZ-induced seizures in mice. 
Similarly, the anticonvulsant activity of a mixture of TGB with 
CZP was evaluated and expressed as ED50 mix, corresponding to 
the dose of a mixture of both drugs required to protect 50% of 
animals tested against PTZ-induced clonic convulsions. This 
experimental procedure has been described in more detail in 
our earlier studies [12, 14-16].

Isobolographic analysis of interactions. Interactions 
between TGB and CZP against PTZ-induced clonic seizures 
were analyzed according to methodology previously 
described in our earlier studies, where precise descriptions 
of the theoretical background with the respective equations 

showing how to undertake isobolographic calculations have 
been presented [14, 16-19]. 

In the present study, the isobolographic analysis comprised 
of 6 stages, as follows:
1. Determination of ED50 values for TGB and CZP (administered 

singly) by means of log-probit linear regression analysis 
according to Litchfi eld and Wilcoxon [13]. 

2. Calculation of purely additive ED50 add values ± S.E.M. for 
a mixture of the examined AEDs, which is associated with 
the choice of at least 3 fi xed drug-dose ratio combinations 
(usually, 1:3, 1:1 and 3:1). The ED50 add represents a total 
additive dose of the drugs in the mixture, providing 
theoretically a 50% protection against PTZ-induced clonic 
seizures. 

3. Experimental determination of the ED50 mix values ± S.E.M. 
for the corresponding fi xed-ratio AED combinations. 
ED50 mix is an experimentally determined total dose of a 
mixture of two component drugs, which was administered 
at a fi xed-ratio combination, suffi  cient for 50% protective 
eff ect against PTZ-induced seizures. To determine the 
ED50 mix value, both drugs in the mixture (at proportionally 
increased doses) were administered to the animals, and a 
dose-response relationship for the mixture (at the fi xed-
ratio) was denoted using the log-probit method.

4. Statistical comparison of the experimentally-derived ED50 mix 
values with their corresponding theoretically additive ED50 add 
values was undertaken by use of the unpaired Student’s 
t-test, according to Porreca et al. [20] and Tallarida [7].

5. Graphical illustration of the examined interactions as an 
isobologram, which is a simple form of visualization of 
interactions. 

6. Finally, to determine the separate doses of TGB and CZP 
in the mixture, the ED50 mix values were multiplied by the 
respective proportions of AEDs (denoted for purely additive 
mixture).
In isobolography, it is accepted that half of the eff ective dose 

of a fi rst drug, plus half of the eff ective dose of a second one, 
should be as therapeutically eff ective as a full dose of each drug 
administered separately. This concept of adding fractions of 
the eff ective doses of AEDs is a principal, fundamental and 
crucial rule underlying the isobolographic analysis [7, 21, 22]. 
To simplify the notation and nomenclature of interactions in 
isobolography, the drug doses were administered in fi xed-ratio 
combinations (e.g. 1:3, 1:1, and 3:1). The additive doses of 
drugs tested in various combinations were calculated from the 
‘equation of additivity’, presented by Loewe [21] as follows: 

x/X + y/Y = 1; where x and y are respectively the doses 
of a fi rst and the second drug, co-administered in the 
mixture, exerting a 50% protection against PTZ-induced 
seizures; X and Y are respectively the doses of the drugs 
administered separately in order to obtain the same eff ect 
(50% suppression of PTZ-induced seizures).

The fi xed drug dose ratios are usually presented in the form 
of natural numbers (1:3, 1:1, 3:1) and refl ect fractions of ED50 
values denoted for the drugs used separately. For example, the 
mixture at the fi xed-ratio of 1:3 was comprised of ¼ of the ED50 
of TGB and ¾ of the ED50 of CZP. Thus, the isobolographic 
notation of fi xed-ratio combinations comprised of numerators 
of fractions of ED50 values for AEDs used in the mixture. For 
instance, in the present study, the ED50 values for TGB and 
CZP administered alone in the PTZ test were 0.989 mg/kg 
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and 0.023 mg/kg, respectively. Hence, the mixture of TGB 
with CZP at the fi xed-ratio of 1:3 comprised of TGB at (¼ of 
0.989 mg/kg = 0.248 mg/kg) and CZP (¾ of 0.023 mg/kg = 
0.017 mg/kg). Thus, the ED50 add value for the fi xed-ratio of 
1:3 was 0.265 mg/kg (Table 1). 

It is noteworthy that in this two-drug mixture, CZP 
prevailed over TGB with respect to its pharmacological 
(antiseizure) activity against PTZ-induced clonic seizures, but 
it did not exceed quantitatively in the mixture. Analogously, 
the two-drug mixture for the combination of 1:1 in the PTZ 
test comprised of TGB (½ of 0.989 mg/kg = 0.495 mg/kg) 
and CZP (½ of 0.023 mg/kg = 0.012 mg/kg), where the drugs 
were combined in equi-eff ective (iso-eff ective) doses. Thus, 
the ED50 add value for the fi xed-ratio combination of 1:1 was 
0.507 mg/kg (Table 1). Likewise, the fi xed-ratio combination 
of 3:1 comprised of TGB (¾ of 0.989 mg/kg = 0.742 mg/kg) 
and CZP (¼ of 0.023 mg/kg = 0.006 mg/kg), producing the 
ED50 add of 0.748 mg/kg (Table 1). In this combination, TGB 
clearly prevailed over CZP in the mixture. 

All the above-mentioned drug doses for the respective fi xed-
ratio combinations were primarily considered as additive 
because they were directly calculated from the equation of 
additivity. Further details regarding these concepts have been 
published elsewhere [14-19].

Chimney test. The eff ects of combinations of TGB with 
CZP (at the fi xed-ratios of 1:3, 1:1 and 3:1 from the PTZ test) 
on motor coordination impairment were quantifi ed with the 
chimney test of Boissier et al. [23]. In this test, the animals have 
to climb backwards up a plastic tube (3 cm inner diameter, 25 
cm length). Motor impairment was indicated by the inability of 
the animals to climb backward up the transparent tube within 
60 s. Data were presented as a percentage of animals that failed 
to perform the chimney test. This experimental procedure has 
been described in detail in our earlier studies [11, 19]. 

Grip-strength test. The eff ects of combinations of TGB 
with CZP (at fi xed-ratios of 1:3, 1:1 and 3:1 from the PTZ 
test) on muscular strength in mice were quantifi ed by the 
grip-strength test. The time before the commencement of the 
grip-strength test (after drug administration) was identical to 
that for the PTZ test. The grip-strength apparatus (BioSeb, 
Chaville, France) comprised a wire grid (8 × 8 cm) connected 
to an isometric force transducer (dynamometer). The mice were 
lifted by the tails so that their forepaws could grasp the grid. 
The mice were then gently pulled backward by the tail until 
the grid was released. The maximal force exerted by the mouse 
before losing grip was recorded. The mean of 3 measurements 
for each animal was calculated and subsequently, the mean 
maximal force of 8 animals per group was determined. 
The skeletal muscular strength in mice was expressed in N 
(Newtons) as means ± S.E.M. of at least 8 determinations. 
This experimental procedure has been described in detail in 
our earlier studies [24, 25].

Step-through passive avoidance task. Each animal was 
administered TGB in combination with CZP at the fi xed-
ratios of 1:3, 1:1 and 3:1 from the PTZ test on the fi rst day 
before training. The time before the commencement of the 
training session (after drug administration) was identical to 
that for the PTZ test. Subsequently, animals were placed in 
an illuminated box (10 × 13 × 15 cm) connected to a larger 
dark box (25 × 20 × 15 cm) equipped with an electric grid 

fl oor. Entrance of animals to the dark box was punished by 
an adequate electric foot shock (0.6 mA for 2 s). The animals 
that did not enter the dark compartment were excluded from 
subsequent experimentation. On the following day (24 h later), 
the pre-trained animals were again placed in the illuminated 
box and observed for up to 180 s. Mice that avoided the dark 
compartment for 180 s were considered to have rememberd 
the task. The time that the mice took to enter the dark box 
was noted and the median latencies (retention times) with 25th 
and 75th percentiles were calculated. The step-through passive 
avoidance task gives information about ability to acquire the 
task (learning) and to recall the task (retrieval). Therefore, 
it may be regarded as a measure of long-term memory [26]. 
This experimental procedure has been described in detail in 
our earlier studies [11, 12].

Statistics. The percent protection of animals against PTZ-
induced clonic seizures per dose of the AEDs, and subsequently 
dose-response relationship lines were fi tted using log-probit 
linear regression analysis according to Litchfi eld and Wilcoxon 
[13]. The ED50 values with their 95% confi dence limits were 
calculated by computer-assisted log-probit analysis according 
to Litchfi eld and Wilcoxon [13]. To precisely analyze the 
experimental data, the test for homogeneity of data points 
creating the dose-response relationship lines and the test for 
parallelism of the dose-response relationship lines for TGB and 
CZP were presented as indispensable conditions for testing 
AED interactions with isobolography. The obtained 95% 
confi dence limits were transformed to standard errors of the 
means (S.E.M.) as described previously [18, 19]. Statistical 
evaluation of isobolographic interactions was performed by 
the use of Student’s t-test in order to detect the diff erences 
between the experimentally derived (ED50 mix) and theoretical 
additive (ED50 add) values, according to Porreca et al. [20] and 
Tallarida [7]. Qualitative variables from the chimney test were 
compared by use of the Fisher’s exact probability test. The 
results from the step-through passive avoidance task were 
statistically analyzed using Kruskal-Wallis non-parametric 
ANOVA test, followed by the post-hoc Dunn’s test. The data 
from the grip-strength test were statistically analyzed using 
one-way ANOVA, followed by the post-hoc Bonferroni’s test. 
All statistical tests were performed using GraphPad Prism 
version 4.0 for Windows (GraphPad Software, San Diego, CA, 
USA). Diff erences among values were considered statistically 
signifi cant if P<0.05. 

RESULTS

Log-probit dose-response relationship line analysis 
for TGB and CZP against PTZ-induced clonic seizures 
in mice. In the PTZ-induced clonic seizure test, TGB was 
administered separately at increasing doses of 0.5, 1, 2, and 
3 mg/kg, respectively, and the percent protection off ered 
by these drug doses was 25, 50, 75 and 87.5, respectively. 
Subsequently, log-probit transformation of data allowed to 
denote the equation of dose-response relationship for TGB 
administered alone (y = 2.3232 x + 5.0104 [r2 = 0.9987]; 
where y – probit of response, x – logarithm of the drug dose to 
the base 10, and r2 – coeffi  cient of determination). To analyze 
homogeneity of data, the test of the line for ‘goodness of 
fi t’ was conducted using Chi-squared analysis according to 
Litchfi eld and Wilcoxon [13]. In this test, the χ2 [(Chi)2] value 
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for experimentally-derived points for TGB was 0.0331, whereas 
the χ2 tabular (for 2 degrees of freedom at the 95% level of 
signifi cance for P<0.05) was 5.99. Because the experimentally-
derived χ2 value was lower than the tabular χ2 value, data points 
comprising the line were not heterogeneous, i.e., the log-probit 
line for TGB was good-to-fi t [13]. Thus, the experimentally-
derived ED50 value for TGB was 0.989 (0.565 – 1.733) mg/
kg.

CZP was given at doses of 0.01, 0.025, 0.05, and 0.075 
mg/kg, respectively, and the protection (in %) against PTZ-
induced clonic seizures was 25, 50, 75, and 100%, respectively. 
The equation of dose-response relationship for CZP was y = 
1.9176 x + 8.1341 [r2 = 0.9936]. The experimentally denoted 
χ2 for CZP was 0.1628, whereas the tabular χ2 (for 1 degree of 
freedom at the 95% level of signifi cance for P<0.05) was 3.84. 
Since the experimental χ2 value was lower than the tabular 
χ2 value, data points were not heterogeneous; therefore, the 
log-probit line for CZP was ‘good-to-fi t’ [13]. The ED50 for 
CZP was 0.0232 (0.0118 – 0.0458) mg/kg. 

The test for parallelism of two log-probit dose-response 
relationship lines revealed that slope function ratio for these 
lines (S.R. = 1.233) was lower than the factor for slope function 
ratio (f ratio S.R. = 1.922), indicating that the lines were 
parallel to one another (Figure 1). For more details concerning 
the calculation of S.R. and f ratio S.R. see Appendix in [18].

Isobolographic characteristic of interaction between 
TGB and CZP against PTZ-induced clonic convulsions. 
Statistical evaluation of data revealed that the combinations 
of TGB with CZP for all fi xed-ratios of 1:3, 1:1 and 3:1 were 
additive in suppressing PTZ-induced clonic seizures (Table 1; 
Figure 2). The experimentally derived ED50 mix for the fi xed-
ratio of 1:3 was 0.150 mg/kg, whereas the ED50 add calculated 
from the line of additivity was 0.265 mg/kg (Table 1; Figure 2). 
Likewise, the ED50 mix for the combination of TGB with CZP 
at the fi xed-ratio of 1:1 was 0.388 mg/kg, while the ED50 add 
amounted to 0.507 mg/kg (Table 1; Figure 2). Similarly, the 
ED50 mix for the fi xed-ratio of 3:1 was 0.573 mg/kg, whereas the 
ED50 add value was 0.748 mg/kg (Table 1; Figure 2).

Eff ects of TGB administered alone and in combinations 
with CZP on long-term memory, motor coordination 
and muscular strength in mice. When TGB was co-
administered with CZP at the fi xed-ratios of 1:3, 1:1 and 3:1, 
motor coordination in mice was unaff ected. Furthermore, 
none of the studied combinations impaired long-term memory 
as determined in the passive avoidance task, the median 
retention times being 180 s. Similarly, these combinations 
had no eff ect on muscular strength, as assessed by the grip-

Table 1 Isobolographic characterization of interactions between tiagabine (TGB) and clonazepam (CZP) in the mouse pentylenetetrazole 
(PTZ)-induced clonic seizure model. 

 AED-combination FR TGB + CZP = ED50 mix (mg/kg) nmix ED50 add (mg/kg) = TGB + CZP nadd

 TGB + CZP 1:3 0.140 0.010 0.150 ± 0.036 24 0.265 ± 0.077 0.248  0.017 44
 TGB + CZP 1:1 0.379 0.009 0.388 ± 0.076 16 0.507 ± 0.145 0.495  0.012 44
 TGB + CZP 3:1 0.569 0.004 0.573 ± 0.112 16 0.748 ± 0.214 0.742  0.006 44

Data are presented as median eff ective doses (ED50s ± S.E.M.) protecting 50% of animals tested against PTZ-induced clonic seizures. The clonic phase of PTZ-
induced seizures was produced by the s.c.-injection of PTZ at its CD97 (100 mg/kg). The ED50s were either experimentally determined from the mixture of two 
AEDs (ED50 mix) or theoretically calculated from the equation of additivity (ED50 add). Additionally, the actual doses of TGB and CZP that comprised the mixtures, at 
all fi xed-ratio combinations and for both ED50 mix and ED50 add values, are presented in separate columns. Statistical evaluation of the data was performed by using 
unpaired Student’s t-test according to Porecca et al. [20] and Tallarida [7]. FR – fi xed-ratio of drug dose combinations; n – total number of animals used at those 
doses whose expected anticonvulsant eff ects ranged between 4 and 6 probits, denoted for the experimental mixture of drugs (nmix) and theoretically calculated 
(nadd) from the equation of additivity.

Figure 1 Log-probit dose-response relationship lines for tiagabine and 
clonazepam administered alone in the mouse pentylenetetrazole-induced clonic 
seizure model.
Doses of tiagabine (TGB) and clonazepam (CZP) were transformed to logarithms, 
whereas the protective eff ects off ered by the AEDs administered alone against 
PTZ-induced seizures were transformed to probits of response [13]. Equations of 
dose-response-relationship lines for TGB and CZP are presented on the graph, as 
follows: y = 2.3232 x + 5.0104 (r2 = 0.9987) for TGB, and y = 1.9176 x + 8.1341 (r2 = 
0.9936) for CZP, where y – probit of response, and x – logarithm to the base 10 
of drug doses. The test for parallelism of two dose-response relationship lines 
revealed that both dose-response-relationship lines were parallel. For more details 
see Material and method section.

Figure 2 Isobologram showing additive interactions between tiagabine and 
clonazepam against pentylenetetrazole-induced clonic seizures in mice.
Median eff ective dose (ED50) for tiagabine is plotted graphically on the X-axis. 
ED50 value of clonazepam is plotted on the Y-axis. The solid lines on the X and Y 
axes represent the 95% confi dence limits (CLs) for the AEDs administered alone. 
The straight line connecting these two ED50 values on the axes represents the 
theoretical line of additivity for a continuum of diff erent fi xed dose ratios. The 
dashed lines represent the theoretical additive 95% CLs of ED50 adds. Open circles (o) 
depict the experimentally derived ED50 mixs (with 95% CLs as the error bars) for the 
total dose expressed as the proportion of tiagabine and clonazepam that produced 
a 50% anticonvulsant eff ect. Alternatively, all 95% CLs of the experimental ED50 mixs 
are presented horizontally and vertically in the shape of a cross. The experimental 
ED50 mixs of the mixture of tiagabine with clonazepam for the fi xed-ratios of 1:3, 
1:1 and 3:1 are placed below the line of additivity, although they did not attain 
statistical signifi cance, and thus displaying additivity with the tendency towards 
supra-additivity.
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strength test. Moreover, TGB and CZP administered alone 
at doses of 0.989 mg/kg and 0.0232 mg/kg, being their ED50 
values from the PTZ test, did not signifi cantly aff ect long-
term memory, muscular strength and motor performance in 
animals (results not shown). 

DISCUSSION

The objective of this study was to evaluate the type of 
interaction between TGB and CZP in the mouse PTZ-induced 
clonic seizure model using type I isobolographic analysis. 
Results presented in this study indicate that TGB interacted 
additively with CZP in terms of suppression of PTZ-induced 
clonic seizures in mice. However, a slight tendency towards 
supra-additivity was observed for the combination of TGB 
with CZP for all fi xed-ratios tested (1:3, 1:1 and 3:1). This 
was because the isoboles, refl ecting the ED50 mix values on the 
graph, were placed below the line of additivity. Nevertheless, 
statistical evaluation of data with unpaired Student’s t-test 
revealed no synergistic interactions between TGB and CZP 
in the PTZ test in mice. 

It has been reported recently that two variants of type 
I isobolographic analysis of interactions could be used in 
preclinical studies. The fi rst variant for two drugs whose dose-
response relationship lines were non-parallel [27, 28], and 
the second variant for two drugs with parallel dose-response 
relationship lines [7, 22, 29]. This is why in this study, the 
analysis of log-probit dose-response relationship lines for TGB 
and CZP was included as an integral part of the isobolographic 
analysis, which allows to properly classify interactions between 
drugs. In this study, the analysis of log-probit dose-response 
relationship lines for TGB and CZP, according to the method 
of Litchfi eld and Wilcoxon [13], revealed that the lines for 
both drugs were parallel to each other. 

Previously, it has been documented with isobolographic 
analysis that TGB synergistically (supra-additively) interacted 
with vigabatrin [24], and exerted additive interactions when 
combined with oxcarbazepine, loreclezole, felbamate and 
gabapentin in the PTZ test in mice [14, 30]. The combination 
of TGB with gabapentin in the mouse maximal electroshock-
induced seizure threshold (MEST) test was supra-additive in 
nature [11]. Moreover, with type II isobolographic analysis it has 
been reported that TGB interacted additively with numerous 
conventional and newer AEDs (carbamazepine, phenytoin, 
phenobarbital, topiramate, felbamate and lamotrigine) in 
the mouse maximal electroshock-induced seizure (MES) 
model [31]. Only the combination of TGB with valproate 
was supra-additive in the MES test, although this combination 
was complicated by a pharmacokinetic increase in total brain 
valproate concentrations in experimental animals, indicating 
the pharmacokinetic nature of the interaction between TGB 
and valproate [31]. As regards CZP, it has been reported that 
with isobolographic analysis the drug interacted additively 
with felbamate, vigabatrin, loreclezole, and stiripentol, against 
PTZ-induced seizures in mice [12, 15, 32, 33]. In contrast, 
CZP interacted supra-additively (synergistically) with LTG in 
the MES test [34], and the drug produced biphasic interaction 
when combined with oxcarbazepine in the MES test in mice, 
by exerting supra-additive (synergistic), additive and sub-
additive (antagonistic) interactions depending on drug 
doses used in the mixture [16]. Our fi ndings, showing that 
the combination of TGB with CZP (at all fi xed-ratios tested) 

was additive in the PTZ test in mice, confi rm that CZP has 
a similar pattern of interaction with vigabatrin, felbamate, 
loreclezole and stiripentol.

In considering the molecular mechanisms of the anti-
convulsant action of TGB and CZP, it can be ascertained 
that the blockade of GABA reuptake from synaptic clefts 
to neurons and glia evoked by TGB, slightly enhanced the 
eff ect of CZP on GABAA-benzodiazepine-chloride ionophore 
receptor complex. This is because the observed interaction 
between TGB and CZP was additive with a tendency towards 
supra-additivity. On the other hand, it is highly likely 
that CZP, as a partial agonist of GABAA-benzodiazepine-
chloride ionophore receptor complex, is able to change its 
affi  nity to specifi c receptor binding sites within the GABAA-
benzodiazepine-chloride ionophore receptor complex in the 
presence of increased concentration of GABA – a natural 
agonist of this receptor complex [35]. In such a case, CZP 
could exert agonistic and/or antagonistic properties, especially 
if the GABA content in synaptic clefts was increased due to 
the blockade of GABA reuptake evoked by TGB. 

There is another fact worth mentioning while discussing 
the results of this study. It is widely accepted that TGB is 
able to aggravate myoclonic seizures or to induce non-
convulsive status epilepticus in children with refractory 
partial epilepsy [36-39]. Therefore, the results obtained from 
this study, based on PTZ-induced clonic seizures, cannot be 
directly extrapolated to clinical practice. Nevertheless, the 
combinations of TGB with CZP at the fi xed-ratios of 1:3, 1:1 
and 3:1 appear to be neutral AED combinations in terms of 
suppression of PTZ-induced seizures in mice.

The combination of TGB with CZP should be investigated 
in additional preclinical models of epilepsy, before the clinical 
application of this combination in epilepsy patients becomes 
an option.
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