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Abstract The aim of this study was to characterize the
interaction between tiagabine (TGB) and ethosuximide
(ETS), two antiepileptic drugs, in pentylenetetrazole (PTZ)-
induced clonic seizures in mice using isobolographic
analysis. The nature of the interaction between the drugs
administered in combination was ascertained by estimating
plasma and brain concentrations of ETS and TGB using
fluorescence polarization immunoassay (FPIA) and high-
performance liquid chromatography (HPLC). The results
indicated that both drugs produced clear anticonvulsant
effects against PTZ-induced clonic seizures in mice, but that
their dose-response relationship curves (DRRCs) were not
parallel, consequently necessitating the isobolographic anal-
ysis for non-parallel DRRCs. The isobolographic analysis
revealed that the combination of TGB with ETS at the fixed-
ratio of 1:1 exerted an additive interaction against PTZ-
induced clonic seizures in mice. FPIA documented that TGB
significantly elevated brain ETS concentrations (by 64%),
while having no effect on plasma ETS concentrations in
experimental animals. In contrast, ETS had no significant
impact on plasma and brain concentrations of TGB in mice,
as measured by HPLC. It can be concluded that the additive
interaction between TGB and ETS at the fixed-ratio of 1:1 in
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the PTZ test was complicated by a significant pharmacoki-
netic increase in total brain ETS concentrations. At present,
there are no recommendations to use this drug combination
in epileptic patients.
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Introduction

Accumulating experimental evidence indicates that the
method of isobolographic analysis can be accepted as a
gold standard during the evaluation of drug interactions.
There are currently several types and various modifications
of the isobolographic analysis (Berenbaum 1989; Greco et
al. 1995). The isobolographic analysis has also been
successfully applied in experimental epileptology to char-
acterize interactions among antiepileptic drugs (AEDs) in
preclinical studies (Deckers et al. 2000; Leach 2000;
Loscher and Wauquier 1996). In this field, it has been
proven to be a valuable method that allows the precise
classification of exact types of interactions among drugs,
comprehensively evaluating their nature as supra-additive
(synergistic), sub-additive (relatively antagonistic), infra-
additive (absolutely antagonistic), indifferent or additive
(Berenbaum 1989; Greco et al. 1995; Luszczki and
Czuczwar 2003; Luszczki et al. 2006; Tallarida 2000).
There are two types of isobolographic analysis: type I,
which is used if all examined drugs are fully active, and
type II, which is used if one of the drugs produces no effect
and is considered to be virtually ineffective in an
experimental model (Berenbaum 1989; Porreca et al.
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1990). Quite recently, a novel variant of isobolography for
non-parallel dose-response relationship curves (DRRCs) of
drugs administered separately has been introduced for use
in experimental studies (Grabovsky and Tallarida 2004;
Luszczki 2007, Tallarida 2006, 2007).

It has been reported that tiagabine (TGB, a newer
AED) has a DRRC that was parallel to those of oxcar-
bazepine, loreclezole, felbamate and gabapentin in the
pentylenetetrazole (PTZ)-induced seizure test in mice,
thereby producing an additive interaction with type I iso-
bolographic analysis for parallel DRRCs (Luszczki and
Czuczwar 2004, 2005). In contrast, gabapentin and
topiramate had non-parallel DRRCs in the maximal
electroshock-induced seizure test in mice and the drugs
produced supra-additivity (synergy) with the isobolo-
graphic analysis for non-parallel DRRCs (Luszczki
2007). There is no doubt that the type I isobolographic
analysis for non-parallel DRRCs is more complicated than
the isobolographic analysis for parallel DRRCs. When the
interactions of two drugs, whose DRRCs are not parallel
are analysed, two various additive equations are deter-
mined from which two theoretically additive values are
calculated (for more details, see Grabovsky and Tallarida
2004; Luszczki 2007; Tallarida 2007).

It is therefore of pivotal importance to characterize the
interaction profile between TGB and ethosuximide (ETS, a
conventional AED), whose DRRCs were not parallel in the
PTZ test in mice. It is widely accepted that the PTZ-
induced seizure test can be considered to be an experimen-
tal model of myoclonic seizures and, to a certain extent, of
absence seizures in man (Loscher and Schmidt 1988S;
Loscher et al. 1991). As such, the test can be considered
to be appropriate for assessing the characteristics of the
interaction between TGB and ETS in the study reported
here. The acute adverse-effect profile for the combination
of TGB with ETS was also investigated in relation to motor
performance in the chimney test, long-term memory in the
passive avoidance task and skeletal muscular strength in
the grip-strength test in mice. To ascertain whether the
observed anticonvulsant effects for the combination of TGB
with ETS were the result of a pharmacodynamic and/or a
pharmacokinetic interaction, plasma and brain concentra-
tions of ETS and TGB were evaluated using fluorescence
polarization immunoassay (FPIA) and high-performance
liquid chromatography (HPLC).

Material and methods
Animals and experimental conditions

All experiments were performed on adult male albino Swiss
mice each weighing 22-26 g. The mice were kept in colony
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cages with free access to food and tap water, under
standardized housing conditions (natural light-dark cycle,
ambient temperature of 22+1°C, relative humidity of 55+
5%). After 7 days of adaptation to laboratory conditions,
the animals were randomly assigned to experimental groups
consisting of eight mice. Each mouse was used only once.
All tests were performed between 0900 and 1500 hours.
Procedures involving animals and their care were con-
ducted in accordance with current European Community
and Polish law on the experimentation and protection of
animals. Additionally, all efforts were made to minimize
animal suffering and to use only the number of animals
necessary to produce reliable scientific data. The experi-
mental protocols and procedures listed were approved by
the Local Ethics Committee at the Medical University of
Lublin (License no. 425/2003/451/2003) and complied with
the European Communities Council Directive of 24
November 1986 (86/609/EEC).

Drugs

The following AEDs were used in this study: TGB (as a
pharmaceutical formulation, Gabitril; Sanofi Winthrop,
Gentilly, France) and ETS (as a pure substance; Sigma,
St. Louis, MO). Both drugs were suspended in a 1%
solution of Tween 80 (Sigma) in saline and administered
intraperitoneally (i.p.), as two separate injections, in a
volume of 5 ml/kg body weight. The control animals
received an adequate volume of vehicle (1% solution of
Tween 80 in saline). Fresh drug solutions were prepared on
each day of experimentation. Tiagabine was administered
15 min and ETS was administered 45 min prior to the PTZ,
chimney, passive avoidance and grip-strength tests as well
as before the plasma and brain sampling for the measure-
ment of AED concentrations. The route of systemic (i.p.)
administration and pretreatment times before the testing of
the AEDs were based on information retrieved from the
literature on their biological activity and from previous
experiments carried out in our laboratory (Luszczki et al.
2003a, 2005). Pentylenetetrazole (Sigma) was dissolved in
sterile saline and administered subcutaneously (s.c.) into a
loose fold of skin in the midline of the neck in a volume of
5 ml/kg body weight.

Pentylenetetrazole-induced convulsions

The anticonvulsant activities of ETS and TGB against PTZ-
induced clonic seizures were determined following the s.c.
administration of PTZ at its CDo; (convulsive dose 97—the
dose of PTZ that produced clonic seizures in 97% of mice,
which in this study was 100 mg/kg). Following PTZ
administration, the mice were placed separately into
transparent Plexiglas cages (25x15%10 cm) and observed
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for 30 min for the occurrence of clonic seizures. Clonic
seizure activity was defined as clonus of the whole body
lasting for more than 3 s, with an accompanying loss of the
righting reflex. The number of animals convulsing among
the total number of mice tested was noted for each
treatment regimen. The animals were given increasing
doses of the AEDs, and the anticonvulsant activity of each
drug was evaluated as the EDsq (median effective dose of
an AED—the dose that protected 50% of mice against
clonic convulsions). At least four groups of animals were
used to estimate each EDs, value, which was calculated
from the respective log-probit dose-response relationship
curve (DRRC) according to Litchfield and Wilcoxon
(1949). 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 ETS administered alone was studied at
doses of 110, 130, 150, and 170 mg/kg against the clonic
phase of PTZ-induced seizures in mice. Similarly, the
anticonvulsant activity of a mixture of TGB with ETS was
evaluated and expressed as EDsg nix, corresponding to the
dose of the 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 by Luszczki et al. (2003a, 2005).

Measurement of plasma and brain AED concentrations

The animals were administered ETS + vehicle, TGB +
vehicle or the combination of ETS + TGB, at doses cor-
responding to the EDsq i value at the fixed-ratio of 1:1
from the PTZ test. Mice were killed by decapitation at
times chosen to coincide with that scheduled for the PTZ
test, and samples of blood of approximately 1 ml were
collected into heparinized Eppendorf tubes. Simultaneously,
the whole brains of mice were removed from the skulls,
weighed, harvested and homogenized with Abbott buffer
(1:2 w/v) in an Ultra-Turrax T8 homogenizer (IKA Werke,
Staufen, Germany). The brain homogenates were centri-
fuged at 10,000 g for 10 min. Blood samples containing
ETS were centrifuged at 5000 g for 5 min and plasma
samples (100 pl) or the supernatant samples (100 pl) were
analysed for ETS content by FPIA using a TDx analyser
and reagents exactly as described by the manufacturer
(Abbott Laboratories, North Chicago, IL). Thus, in the
present study, total plasma and total brain concentrations of
ETS were measured with FPIA. At exactly the same time,
the identically prepared blood samples containing TGB
were centrifuged at 5000 g for 5 min and plasma (400 ul)
was transferred into an Amicon Centrifree Micropartition
System (MPS-1; Millipore, Billerica, MA) for the separa-
tion of free (non-protein bound) concentrations of TGB from
that which is protein-bound. The MPS-1 tubes were cen-
trifuged at 5000 g for 10 min. The filtrate samples (200 ul)

or the identically prepared supernatant samples (200 pl)
containing TGB were analysed using an automated Gilson
HPLC system (Anachem, Bedfordshire, UK) consisting of a
Gilson 234 autosampler and Gilson 306 pumps. The mobile
phase comprised methanol (20 mmol), acetonitrile and citric
buffer (pH=3) in a ratio of 25:30:40 (v:v:v). Chromato-
graphic separation was achieved using a Hypersil BDS-2-
C18 5 Im column (Agilent Technologies, Santa Clara, CA).
Plasma and brain supernatant samples were prepared for
analysis, as follows: 200 pl of plasma or brain supernatant
was pipetted into a C8 column conditioned with methanol
(2x1 ml) and water (2x1 ml) and eluted with methanol
(2x0.2 ml) and 0.4 ml of water. The samples were then
centrifuged for 5 min, and 200 pl of eluant was transferred
into the HPLC column. Thus, in this study, free (non-
protein-bound) plasma and total brain concentrations of
TGB were measured by HPLC. The concentrations of ETS
were expressed in micrograms per millilitre of plasma or
brain supernatant, while those of TGB were expressed in
nanograms per millilitre as the means + SD of at least eight
determinations (separate plasma and brain preparations).

Isobolographic analysis of interactions

Isobolographic analysis of the interactions between TGB
and ETS was performed according to the methodology
previously detailed (Luszczki and Czuczwar 2003, 2004,
2005, 2006; Luszczki et al. 2003a, 2006) and modified
according to Grabovsky and Tallarida (2004), Tallarida
(2006, 2007) and Luszczki (2007) for drugs with non-
parallel DRRCs. The evaluation of the EDsq values of
AEDs administered alone was performed using the log-
probit method according to Litchfield and Wilcoxon
(1949). Based upon these EDsq values, the median additive
doses of the mixture of TGB with ETS—i.e. doses of the
mixture that theoretically should protect 50% of the animals
tested against PTZ-induced clonic seizures (EDsg aqq4)—
were then calculated from two equations of additivity
reported by Tallarida (2006, 2007). For the lower line of
additivity, the equation at a 50% effect is y = EDsq prs —
[EDSO_ETS/(EDSO_TGB/x)q/p], where y is the dose of ETS, x
is the dose of TGB and ¢ and p are curve-fitting parameters
(Hill coefficients) for ETS and TGB, respectively. Similar-
ly, for the upper line of additivity, the equation at a 50%
effect is y = EDsg ers [(EDso tB — x)/EDSOiTGB]q/I{ The
curve-fitting parameters (p and ¢) were calculated by
transforming the probits of response for ETS and TGB
administered alone to percentage effect. It is important to
note that when two drugs produce a maximal effect but are
“heterodynamic” (i.e. have non-parallel DRRCs), the
additivity is represented as an area bounded by two defined
curves (lower and upper isoboles of additivity). The
experimentally derived EDsq values are statistically differ-
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ent if their points are placed outside this region. For supra-
additivity (synergy), the experimentally derived EDsqy nix
points are placed below the area bounded by the lower and
upper isoboles of additivity, and for sub-additivity (antag-
onism), they are placed above this region (Tallarida 2006,
2007). In isobolography, it is accepted that half the EDs, 1
of one drug plus half the EDsy, 2 of the second drug
should be as effective therapeutically as a full dose of either
drug administered separately. This concept of adding
fractions of the EDs, values of drugs is a basic principle
of isobolography (Berenbaum 1989; Loewe 1953). The
proportions of TGB and ETS in the mixture were then
calculated for the fixed-ratio combination of 1:1, and the
mixture of TGB with ETS was administered to the animals.
The evaluation of the experimentally derived EDsy nix at
the fixed-ratio of 1:1 was based upon the dose of the
mixture protecting 50% of animals tested against PTZ-
induced seizures in mice. Statistical comparison of the
experimentally derived EDsy ,;x value with its corre-
sponding theoretically additive EDsq .49 values was under-
taken using the unpaired Student’s ¢ test, according to
Tallarida (2000). Finally, the separate doses of TGB and
ETS in the mixture were determined by multiplying the
EDsyp mix value by the respective proportions of AEDs
(denoted for purely additive mixture). Further details
regarding these concepts have been published by Luszczki
(2007) and Tallarida (2006, 2007).

Chimney test

The effect of the combination of TGB with ETS (at
doses corresponding to the EDs( ,;x for the fixed-ratio of
1:1 from the PTZ test) on motor coordination impairment
was quantified using the chimney test of Boissier et al.
(1960). In this test, animals had to climb backwards up a
plastic tube (inner diameter 3 cm, length 30 cm length).
Motor impairment was indicated by the inability of the
animals to climb backwards up the transparent tube
within 60 s. Data are presented as a percentage of animals
that failed to successfully perform the chimney test. This
experimental procedure has been described in detail by
Luszczki and Czuczwar (2007) and Luszczki et al. (2005).

Grip-strength test

The effect of the combination of TGB with ETS (at doses
corresponding to the EDsy ., for the fixed-ratio of 1:1
from the PTZ test) on muscular strength in mice was
quantified by the grip-strength test of Meyer et al. (1979).
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 x8 cm) connected to an isometric
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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 three
measurements for each animal was calculated and the mean
maximal force of eight animals per group was subsequently
determined. The skeletal muscular strength in mice was
expressed in Newtons (N) as means = SEM of at least eight
determinations. This experimental procedure has been
described in detail by Luszczki and Czuczwar (2007).

Step-through passive avoidance task

On the first day before training, each animal was ad-
ministered TGB in combination with ETS at doses cor-
responding to the EDsq ,ix for the fixed-ratio of 1:1 from
the PTZ test. The time before the commencement of
the training session (after drug administration) was
identical to that for the PTZ test. The animals were then
placed in an illuminated box (10x13%15 cm) connected
to a larger dark box (25x20x15 cm) equipped with an
electric grid floor. Entrance of animals to the dark box
was punished by an adequate electric footshock (0.6 mA
for 2 s). The animals that did not enter the dark
compartment were excluded from subsequent experimen-
tation. On the following day (24 h later), the pre-trained
animals were placed again into the illuminated box and
observed for up to 180 s. Mice that avoided the dark
compartment for 180 s were considered to have remem-
bered 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 provides in-
formation about the ability to acquire the task (learning)
and to recall the task (retrieval). Therefore, it may be
regarded as a measure of long-term memory (Venault et
al. 1986). This experimental procedure has been described
in detail by Luszczki and Czuczwar (2007) and Luszczki
et al. (2003a, 2005).

Statistics

The percentage protection of animals against PTZ-induced
clonic seizures per dose of the AEDs and the DRRCs for
ETS and TGB administered alone and in combination at the
fixed-ratio of 1:1 were fitted using log-probit linear
regression analysis according to Litchfield and Wilcoxon
(1949). The EDs, values with their 95% confidence limits
were calculated by computer-assisted log-probit analysis
according to Litchfield and Wilcoxon (1949). To precisely
analyse the experimental data, the test for parallelism of the
DRRCs for TGB and ETS was presented as indispensable
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conditions for testing AED interactions with isobolography.
The obtained 95% confidence limits were transformed to
standard errors of the mean as described previously
(Luszczki et al. 2006). Statistical evaluation of isobolo-
graphic interactions was performed using Student’s 7 test in
order to detect the differences between the experimentally
derived (EDsp mix) and theoretical additive (EDsg a4q)
values, according to Porreca et al. (1990) and Tallarida
(2000). Total plasma and brain concentrations of ETS and
TGB were statistically analysed using the unpaired
Student’s ¢ test. Qualitative variables from the chimney
test were compared using the Fisher’s exact probability
test. The results from the step-through passive avoidance
task were statistically analysed using the Kruskal-Wallis
nonparametric ANOVA test followed by the post-hoc
Dunn’s test. The data from the grip-strength test were
statistically analysed using one-way ANOVA followed by
the post-hoc Bonferroni’s test. All statistical tests were
performed using GRAPHPAD PRISM ver. 4.0 for Windows
software (GraphPad Software, San Diego, CA). Differ-
ences among values were considered to be statistically
significant if P<0.05.

Results

Effects of TGB and ETS administered alone
on PTZ-induced clonic seizures

The anticonvulsant effects of TGB, expressed as the
percentage of protection against PTZ-induced clonic sei-
zures in mice, ranged between 25% for TGB at the dose of
0.5 mg/kg and 87.5% for TGB at the dose of 3 mg/kg
(Table 1). The log-probit analysis of DRRC for TGB
enabled the calculation of its EDs, value, which was 0.99
(0.57-1.73) mg/kg (Table 1; Fig. 1). Similarly, ETS exerted
clear-cut anticonvulsant effects in the PTZ test in mice, and
its EDsq value, as denoted from the log-probit method, was
145.2 (126.1-167.3) mg/kg (Table 1; Fig. 1). In this case,
ETS at the dose of 110 mg/kg produced a 12.5% protection
against PTZ-induced clonic seizures, whereas ETS at the
highest tested dose of 170 mg/kg provided a 75% anticon-
vulsant effect in the PTZ test in mice (Table 1). The test of
parallelism of two DRRCs for TGB and ETS administered
alone in the PTZ test revealed that the DRRC of both AEDs
were non-parallel to one another (Table 1; Fig. 1).

Table 1 Anticonvulsant effects of tiagabine and ethosuximide administered singly against pentylenetetrazole-induced clonic seizures in mice

Drug dose (mg/kg) A/T E® (%) DRRC analysis
TGB 0.5 2/8 25 ED50=0.99 (0.57-1.73)
1 4/8 50 S=2.694
2 6/8 75 f gp s0=1.751
3 7/8 87.5 n=24
SEM=0.283
p=1242
ETS 110 1/8 12.5 EDso=145.2 (126.1-167.3)
130 3/8 37.5 S=1.284
150 4/8 50 f gp s0=1.152
170 6/8 75 n=24
SEM=10.471
g=4.641
q/p=3.737

Test for parallelism

Slope function ratio (S.R.)=2.098
f s 1gg=1.406

fsers=1.093

f ratio S.R.=1.423

S.R. > fratio S.R., the examined two DRRCs are not parallel (Litchfield and Wilcoxon 1949).

DRRC, dose-response relationship curves; TGB, tiagabine; ETS, ethosuximide; PTZ, pentylenetetrazole; S, slope function of the DRRC; f gp s,
factor for EDsq; n, total number of animals used at doses whose expected anticonvulsant effects ranged between 4 and 6 probits (16 and 84%,
respectively); SEM, standard error of the mean; p and g, curve-fitting parameters; S.R., slope function ratio (Stgg/Sgts); f's s, factor for slope
function for TGB; f g grs, factor for slope function for ETS; f ratio S.R., factor for slope function ratio

Results are presented as median effective doses (EDsqo values in mg/kg; with 95% confidence limits in parentheses) of TGB and ETS,
administered singly, against PTZ-induced clonic seizures in mice. Raw data are presented to allow the calculation of the EDs, values by using log-
probit method according to Litchfield and Wilcoxon (1949). The antiepileptic drugs (AEDs) were administered systemically (i.p.), as follows:

TGB 15 min and ETS at 45 min before the PTZ test

* A, Number of animals protected against PTZ-induced clonic seizures; T, total number of animals per experimental group

°E, Percentage of animals protected against PTZ-induced seizures.
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Fig. 1 Log-probit analysis and dose-response relationship curves
(DRRCs) for tiagabine (TGB) and ethosuximide (E7S) administered
alone and their combination at the fixed-ratio of 1:1 in the
pentylenetetrazole (PTZ) test in mice. Doses of TGB and ETS
administered alone were transformed to logarithms, whereas the
protective effects offered by the AEDs against PTZ-induced clonic
seizures were transformed to probits (Litchfield and Wilcoxon 1949).
Linear regression equations of DRRCs are presented on the graph,

Isobolographic assessment of interaction between TGB
and ETS

The mixture of TGB and ETS at the fixed-ratio of 1:1 ex-
erted an additive interaction in the PTZ test in mice. The
EDsg mix for this fixed-ratio combination was 47.29 mg/kg,
whereas the corresponding EDs 44 Values were 41.69 mg/kg
(for the lower EDsg ,qq) and 104.52 mg/kg (for the upper
EDsg aqa; Table 2). In this case, the EDsg i (i.€., dose
protecting 50% of animals against PTZ-induced clonic
seizures) did not significantly differ from the EDs .44 values,
thereby indicating the additive interaction between drugs
(Table 2, Fig. 2).

Total plasma and total brain ETS concentrations

Total plasma ETS concentration was evaluated for ETS
co-administered with TGB at doses corresponding to the
EDsg mix at the fixed-ratio of 1:1 from the PTZ test. With
the FPIA technique, the total plasma concentration of ETS,
administered singly at 47.0 mg/kg, was 26.03+6.11 pg/ml
and did not significantly differ from that evaluated for the
mixture of ETS (47.0 mg/kg) with TGB (0.3 mg/kg), which
was 29.84+5.40 pg/ml. In contrast, total brain concentra-
tion of ETS for the mixture of ETS (47.0 mg/kg) with TGB
(0.3 mg/kg) was 5.15£1.89 ug/ml and considerably
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where y is the probit of response and x is the logarithm (to the base 10)
of a drug dose. The dotted lines represent the median effective doses
(EDsy values) for TGB and ETS administered alone and their
combination at the fixed-ratio of 1:1. The dashed line reflects the
DRRC for the mixture of TGB with ETS at the fixed-ratio of 1:1. The
test for parallelism of DRRCs (for TGB and ETS) revealed that both
lines are not parallel to one another (Litchfield and Wilcoxon 1949).
For more details, see the footnotes to Tables 1 and 2

differed from that evaluated for ETS administered singly
at 47.0 mg/kg, which was 3.15£1.16 pg/ml (P <0.05).

Free (non-protein-bound) plasma and total brain TGB
concentrations

The free plasma TGB concentration was evaluated for TGB
co-administered with ETS at doses corresponding to the
EDsg mix at the fixed-ratio of 1:1 from the PTZ test. With
the HPLC technique, the free plasma concentration of TGB,
administered singly at 0.3 mg/kg, was 206.15+58.79 ng/ml
and did not significantly differ from that evaluated for the
mixture of TGB (0.3 mg/kg) with ETS (47.0 mg/kg), which
was 181.78+56.24 ng/ml. Similarly, total brain concentra-
tion of TGB for the mixture of TGB (0.3 mg/kg) with ETS
(47.0 mg/kg) was 40.75+11.81 ng/ml and did not consid-
erably differ from that evaluated for TGB administered
singly at 0.3 mg/kg, which amounted to 45.18+11.92 ng/ml.

Effects of TGB, ETS and their combination at the fixed-ratio
of 1:1 on long-term memory, motor coordination
and muscular strength in mice

When TGB was co-administered with ETS at the fixed-
ratio of 1:1, motor coordination in mice did not differ
significantly from that of the control (vehicle-treated)
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Table 2 Isobolographic analysis of interaction between tiagabine and ethosuximide at the fixed-ratio of 1:1 against pentylenetetrazole-induced
clonic seizures in mice

TGB (mg/kg) ETS (mg/kg) Mixture (mg/kg) AT E® (%) DRRC analysis
0.18 27.12 27.30 2/8 25 EDso mix=47.29 (28.55-78.32)
0.25 36.15 36.40 3/8 37.5 S=2.441
0.49 72.21 72.70 6/8 75 f gp s0=1.656
0.98 144.42 145.40 7/8 87.5 N mix=24
SEM=12.168
EDsg mix (mg/kg) M mix #EDSO ada (mg/kg) N add &EDso add (Mg/kg) M add
47.29+12.17 24 41.69+14.21 44 104.52+29.89 44

TGB, dose of tiagabine in the mixture; ETS, dose of ethosuximide in the mixture; DRRC, dose-response relationship curve; S, slope function of
the DRRC; f gp s, factor for EDsy; SEM, standard error of the mean; n ., total number of animals used at those doses whose expected
anticonvulsant effects ranged between 16 and 84% (i.e. 4 and 6 probits, respectively) for the experimental mixture; 7 ,q4, total number of animals
calculated for the additive mixture of the drugs examined (1 aqq = 7_t6n + 1_prs — 4); " EDso adds EDso aqa Value calculated from the equation for
the lower line of additivity; % EDsg aaa» EDso aqq value calculated from the equation for the upper line of additivity

Results are presented as the median effective doses (EDs values in mg/kg) for two-drug mixtures, determined either experimentally (EDsg ;x) or
theoretically calculated (EDsg aq4) from the equations of additivity (Tallarida 2006, 2007), protecting 50% of the animals against MES-induced

seizures. Statistical evaluation of the data was performed with unpaired Student’s ¢ test according to Tallarida (2000)
2 A, Number of animals protected against PTZ-induced clonic seizures; T, total number of animals per experimental group

°E, Percentage of animals protected against PTZ-induced seizures

animals (Table 3). Furthermore, the AEDs combined at the
fixed-ratio of 1:1 did not impair long-term memory in mice,
as determined in the passive avoidance task (Table 3).
Similarly, the combination of TGB with ETS had no effect
on muscular strength, as assessed by the grip-strength test
(Table 3). Moreover, TGB and ETS administered alone at
doses of 0.99 mg/kg and 145.2 mg/kg, which was their
EDsy values determined from the PTZ test, did not
significantly affect long-term memory, muscular strength
and motor performance in animals (Table 3).

Discussion

The results indicate that the combination of TGB with ETS
at the fixed-ratio of 1:1 exerted an additive interaction
against PTZ-induced clonic seizures in mice. It is worth
noting that the isobolographic analysis of interaction was
performed in this study only for the fixed-ratio of 1:1 due to
the lack of parallelism of two DRRCs for the drugs
administered alone. Other fixed-ratio combinations, such
as: 1:3 and 3:1, among others, could not be evaluated
appropriately with this method because of the changing
proportions of the drugs in the mixture along with the
increase in AED doses (Luszczki 2007; Tallarida 2007). In
general, the proportions of drugs in a mixture are calculated
from the Loewe’s equation based on fixed fractions of
drugs present in the mixture (Loewe 1953). In the case of
two parallel DRRCs, the proportions of drugs in the
mixture are constant for every effect ranging between 16
and 84% (or 4 and 6 probits, respectively). However, if two
drugs have non-parallel DRRCs, the proportions of drugs in
the mixture change along with the increase in observed

effect (Luszczki 2007; Tallarida 2006, 2007). This is why
only the fixed-ratio combination of 1:1 for the 50% effect
(i.e. when both drugs were present in the mixture at equi-
effective doses), was examined in this study.

It should be stressed that the additive interaction
documented for the combination of TGB with ETS against
PTZ-induced clonic seizures is consistent with that reported
earlier for the combinations of TGB with oxcarbazepine,
loreclezole, felbamate and gabapentin in the PTZ test in
mice (Luszczki and Czuczwar 2004, 2005).

The evaluation of acute adverse effects for the combi-
nation of TGB with ETS, administered at doses
corresponding to the EDsq i« value, as estimated from
the PTZ test, revealed no significant impairment of motor
coordination in mice subjected to the chimney test, no
deficits in long-term memory in mice challenged with the
step-through passive avoidance task and no significant
changes in the skeletal muscular strength of mice in the
grip-strength test. However, the pharmacokinetic study
revealed that TGB significantly increased (by 64%) total
brain ETS concentrations, while TGB remained without
effect on total plasma ETS concentrations in experimental
animals. Moreover, the pharmacokinetic estimation of free
plasma and total brain concentrations of TGB revealed that
ETS had no significant effect on TGB concentrations in
experimental animals. Thus, the observed additive inter-
action between TGB and ETS in the PTZ test was
complicated only by a significant increase in total brain
ETS concentrations. It is worthwhile mentioning that the
pharmacokinetic profile of interaction of TGB with ETS
was verified bidirectionally because both plasma and brain
concentrations of two AEDs (TGB and ETS) were
measured in this study. The bidirectional estimation of
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Fig. 2 Isobologram showing an additive interaction between tiaga-
bine (7GB) and ethosuximide (E7S) against pentylenetetrazole (PTZ)-
induced clonic seizures in mice. The median effective doses (EDs)
for TGB and ETS are shown plotted graphically on the X- and Y-axes,
respectively. The lower and upper isoboles of additivity represent the
curves connecting the EDs, values for TGB and ETS administered
alone. The dotted line starting from the point (0,0) corresponds to the
fixed-ratio of 1:1 for the combination of TGB with ETS. The points A’
and A" depict the theoretically calculated EDsq .44 values for both the
lower and upper isoboles of additivity. The point M represents the
experimentally derived EDsq ,ix value for total dose of the mixture
expressed as the proportions of TGB and ETS that produced 50%
anticonvulsant effects in the PTZ test in mice. The point S on the
graph reflects the EDsg .49 value denoted theoretically from the
Loewe’s equation for the fixed-ratio combination of 1:1. On the graph,
the SEM values are presented as horizontal and vertical error bars for
every EDs, value. The EDsq ,,ix value is placed close to the lower line
of additivity and within the area of additivity bounded by two isoboles
of additivity, indicating additive interaction between TGB and ETS in
the PTZ test in mice. The sum of the X- and Y-coordinates for each
point placed on the isobologram (M, A’, A", S), corresponds to the
respective EDso values that are as follows: 4’ (0.282; 41.41), A"
(0.707; 103.81), S (0.495; 72.61), M (0.320; 46.97)

plasma and brain AED concentrations allowed the interac-
tion from the PTZ test to be classified as being pharmaco-
kinetic in nature. Moreover, it is important to note that the
plasma protein binding for ETS is <5%, whereas that for
TGB is 96% (Leppik 2001), which explains why the free
plasma TGB and total plasma ETS concentrations were
estimated in this study.

Given the fact that TGB increased ETS concentration in
the brain, one can ascertain that the interaction between
these drugs was primarily antagonistic in nature and
secondarily masked by the pharmacokinetic increase in
total brain ETS concentrations, which finally produced
additivity in the PTZ test with the isobolographic analysis.
It should be stressed that during a pharmacokinetic
evaluation of AED concentrations, total brain concentra-
tions are of pivotal importance because they precisely
reflect the exact characteristics of interaction between

@ Springer

AEDs. The selective estimation of total plasma ETS
concentrations in this study would provide incorrect and
false conclusions due to the fact that there was no
pharmacokinetic interaction between TGB and ETS in the
plasma of experimental animals. As documented earlier,
only total brain AED concentrations have been found to
provide valuable information about the exact nature of
interactions between drugs in experimental animals (Cadart
et al. 2002; Luszczki et al. 2003b). Nevertheless, the results
of this study revealed that the characterization of the
interaction between TGB and ETS is complicated, espe-
cially, if the DRRCs of the AEDs are non-parallel and
produce a significant pharmacokinetic increase in total
brain AED concentrations. The combination of TGB with
ETS is a good example of just how complicated an anal-
ysis of the interaction between drugs in preclinical studies
may be.

Another important fact to bear in mind while explaining
the observed interaction between ETS and TGB in the PTZ
test in mice was that the combination of TGB at a dose of
0.33 mg/kg with ETS at a dose of 46.9 mg/kg was as
therapeutically effective as TGB at 0.99 mg/kg or ETS at
145.2 mg/kg administered separately in the PTZ test.
Although the doses of TGB and ETS in the mixture at the
fixed-ratio of 1:1 were reduced by threefold, the observed
interaction between the AEDs was additive. The isobolo-
gram illustrates that the experimentally-derived EDsq 1ix 1S

Table 3 Effect of tiagabine, ethosuximide, and their combination at
the fixed-ratio of 1:1 on long-term memory, skeletal muscular strength
and motor coordination in mice

Treatment Retention Grip-strength ~ Motor
(mg/kg) time (s) N) coordination (%)
Vehicle 180 (180; 180)  92.38+5.32 0
ETS (145.2) + 180 (165; 180)  90.07+5.70 0
vehicle
TGB (0.99) + 180 (180; 180) 89.524+5.45 0
vehicle
TGB (0.3) + 180 (175; 180)  91.63+£5.37 12.5
ETS (47.0)

Results are presented as median retention times (in seconds; with 25th
and 75th percentiles in parentheses) from the passive avoidance task,
which assesses long-term memory in mice, mean grip-strengths (in
newtons £ SEM) from the grip-strength test, which assesses muscular
strength in mice and percentage of animals showing motor coordina-
tion impairment in the chimney test in mice

Statistical analysis of data from the passive avoidance task was
performed with nonparametric Kruskal-Wallis ANOVA test followed
by the post-hoc Dunn’s test, whereas the results of the grip-strength
test were analysed with one-way ANOVA followed by the post-hoc
Bonferroni’s test. The Fisher’s exact probability test was used to
analyse the results from the chimney test

All drugs were administered i.p. at times scheduled from the PTZ test
and at doses corresponding to the EDsq values against PTZ-induced
seizures (for more detail see the footnotes to Tables 1 and 2).
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placed close to the lower line of additivity and at a certain
distance from the centre of symmetry, suggesting a
tendency toward synergy for the drug combination at the
fixed-ratio of 1:1. Nevertheless, statistical analysis of
the data with the unpaired Student’s ¢ test revealed that
the EDsy mix value did not significantly differ from the
EDs .44 Values, indicating an additive interaction between
TGB and ETS against PTZ-induced seizures in mice. As
discussed earlier, only a statistical evaluation of isobolo-
graphic data provides researchers with convincing evidence
on the exact nature of analysed interactions and their real
classification (Luszczki and Czuczwar 2003, 2004). Other
methods (especially, those based on a comparison of
overlapping 95% confidence limits of EDsq i« Wwith
EDsq .44 Or the calculation of the interaction index for the
drug combination) used separately without a statistical
analysis of the data are not recommended for the ex-
perimental characterization of interactions between drugs
(for more details see the discussion in Luszczki and
Czuczwar 2003, 2004, 2006). Consequently, statistical
analysis of the interaction in the study reported here was
performed with the unpaired Student’s ¢ test, without cal-
culation of the interaction index or a comparison of 95%
confidence limits. This is the reason why the 95% confi-
dence limits of EDsq i« and EDsq ,q4 Were transformed to
their respective SEM in order to perform an adequate
statistical analysis of the data.

The combination of ETS with TGB in the PTZ test has
some clinical limitations because ETS is not a drug used
clinically in patients with myoclonic seizures, but it does
suppress the absence of seizures in children (Brodie and
Schachter 2001). With respect to TGB, the drug can
aggravate myoclonic seizures in epileptic patients or even
evoke non-convulsive status epilepticus (Brodie and
Schachter 2001). Although the PTZ test in rodents is
considered to be an animal model of myoclonic seizures in
humans (Loscher and Schmidt 1988; Loscher et al. 1991),
the combination of TGB with ETS cannot be recommended
for patients with myoclonic seizures. On the other hand,
there are several epileptic syndromes with various complex
seizure types for which the combination of ETS with TGB
may be favorable.

On the basis of the result of the preclinical study
reported here, one can ascertain that the characteristics of
interaction may be complicated by the lack of parallelism of
the DRRCs of the analysed AEDs and the pharmacokinetic
increase in total brain AED concentrations. The combina-
tion of ETS with TGB is an example of a drug combination
that should be avoided in further clinical settings. At
present, there are no recommendations for the concomitant
administration of TGB with ETS in clinical settings, unless
their anticonvulsant effects are efficacious against various
complex seizure types in patients.
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