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Polytherapy, based on the rational combining of antiepileptic drugs (AEDs), is required for patients with drug-resistant epilepsy. In such

cases, the combinations of AEDs usually offer a significant enhancement of their protective effects against seizures. There has appeared a

hypothesis that combining two AEDs, influencing the same neurotransmitter system, results in the potentialization of their anticonvulsant

effects. For corroborating this hypothesis, a pharmacological character of interaction between tiagabine (TGB) and gabapentin

(GBP)Ftwo novel AEDs affecting the GABA-ergic system, in the maximal electroshock seizure threshold (MEST)-test in mice was

evaluated. TGB at the dose of 4 mg/kg and GBP at 75 mg/kg significantly raised the electroconvulsive threshold. Further, using the

isobolographic calculations, TGB was coadministered with GBP at three fixed-ratios (1 : 3, 1 : 1, and 3 : 1) of their respective protective

drug doses. All examined combinations of TGB with GBP exerted supra-additive (synergistic) interactions against MEST-induced seizures

in mice. The interaction index, describing the strength and magnitude of interaction, ranged between 0.25 and 0.50 indicating supra-

additivity. Adverse (neurotoxic) effects were evaluated in the chimney (motor performance) and the step-through, light–dark passive

avoidance (long-term memory) tests in mice. The examined combinations of TGB with GBP did not affect the motor coordination,

except for the fixed-ratio of 1 : 1, at which significant impairment of motor performance was observed. Moreover, all combinations

selectively impaired the acquisition of the task in the passive avoidance test, having no impact on consolidation and retrieval in the long-

term memory test. The pain threshold test revealed that the observed disturbances in the passive avoidance testing resulted presumably

from the antinociceptive activity of these AEDs in combinations. After lengthening the exposing time to the direct current stimulus in the

passive avoidance test from 2 to 6 s, the acquisition of the task, in animals receiving the combinations of TGB and GBP was not impaired.

Neither the plasma, nor brain concentrations of GBP were affected by TGB application, so pharmacokinetic events that might negatively

influence the observed effects are not probable. Results of this study clearly indicate that the activation of the same neurotransmitter

system (GABA-ergic) leads to a synergistic interaction. The pain threshold test is a very good paradigm for screening the antinociceptive

properties of AEDs, which may disturb the long-term memory testing in animals. Combinations of TGB with GBP (very promising from a

preclinical point of view) should be clinically verified for elaborating the most effective treatment regimen in patients with intractable

seizures.
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INTRODUCTION

Although monotherapy with an antiepileptic drug (AED)
has been established as a standard treatment of choice for
epilepsy (Reynolds and Shorvon, 1981), there are a number

of patients, who do not adequately respond to the usually
applied first prescribed drug (Krämer, 1997). In spite of
progress in the understanding of pathophysiological pro-
cesses underlying the epileptogenesis and seizure propaga-
tion (Olsen and Avoli, 1997), as well as the profound
knowledge of possible mechanisms of action of conven-
tional and novel AEDs (Czuczwar and Patsalos, 2001;
Macdonald and Greenfield, 1997), there are still approxi-
mately 30% of patients being refractory to the applied
standard AED treatment regimen (Brodie, 2001). In such
cases, an alternative monotherapy may control the seizures;
however, a complete suppression of convulsive attacks can
be seldom achieved with an AED, even if it is administered
at the maximally prescribed dose (Krämer, 1997). In case of
intractable seizures, the treatment of choice is the addition
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of a second AED, usually a novel one, to the established
conventional monotherapy, which is expected to protect the
patients against convulsive episodes (Perucca, 1995). There-
fore, the combined treatment regimen with AEDs, based on
theoretical assumptions and experimental guidelines, seems
to be the best rational issue for these patients (Deckers et al,
2000). So far, polytherapy providing a reduction of seizures
is of some clinical interests and advantageous for the
patients with refractory seizures. Nowadays, an adjuvant
therapy with a novel AED seems to be the most effective
treatment with regard to the reduction of seizure attacks in
these patients (Krämer, 1997). The benefits of combined
anticonvulsant therapy, in particular, result in a drug–dose
reduction, diminution of quantity and/or severity of
deleterious side effects exerted by the drugs applied at
effective but maximally tolerated doses in monotherapy,
and also results in the possibility of controlling diverse
types of seizures (Perucca, 1995; Genton and Roger, 1997).
On the other hand, in case of polytherapy, some unpre-
dicted interactions between applied AEDs, manifesting drug
toxicity, may also occur which often complicate the
treatment of epilepsy (Perucca, 1997).

From a clinical point of view, only rational polytherapy,
based on animal experiments and theoretical presumptions,
is expected to be applied in patients with intractable
seizures (Czuczwar, 1998; Perucca, 1995; Schmidt, 1996;
Deckers et al, 2000). The convincing evidence suggests that
drug combinations with completely diverse mechanisms of
action may be profitable by enlarging a spectrum of activity
against various types of convulsions and concomitantly by
diminishing the maximally tolerated dose of antiepileptics
applied in monotherapy (Perucca, 1995). However, it seems
interesting whether coadministration of two AEDs influen-
cing the GABA-ergic system (in particular, when both drugs
cause the elevation of GABA concentration into synaptic
clefts by diverse mechanisms of action) may intensify and
potentiate the protective antiseizure effects. Comparatively,
little research has been carried out on interaction effects of
compounds influencing the same neurotransmitter system,
although the GABA plays an important role in the brain
functions (Klitgaard et al, 1993).

Tiagabine [R(�)-N-(4,4-di(3-methyl-thien-2-yl)-but-3-
enyl)nipecotic acid, hydrochloride; TGB], a novel AED
lately introduced into the therapy of partial seizures in
humans, is a potent GABA uptake inhibitor into neurons
and glia, which by blocking the GABA transporter 1 (GAT-
1) in mice, significantly prolongs the duration of GABA-
related inhibitory synaptic potentials (Czuczwar and
Patsalos, 2001; Nielsen et al, 1991). The net effect of the
increment in synaptic GABA concentration is evidently
related to the reduction of seizure frequency in patients with
partial-onset seizures (Richens et al, 1995; Sachdeo et al,
1997; Uthman et al, 1998). Tiagabine is efficacious either as
an adjuvant drug in adult patients and children with partial
seizures with/without secondary generalization (Ben-Mena-
chem, 1995; Pellock, 2001) or the drug, applied in
monotherapy (Schachter, 1995). Moreover, it is used in
the add-on therapy of refractory seizures (Biraben et al,
2001; Kalviainen et al, 1998).

Gabapentin [1-(aminomethyl)-cyclohexane acetic acid;
GBP], possesses many diverse mechanisms of action, among
them, the inhibition of Ca2+ voltage-gated channels,

through interaction with the a2d subunit, seems to be the
most important (Gee et al, 1996). Primarily, gabapentin
(GBP) was synthesized as a GABA-analog that, in contrast
to GABA, readily penetrated through the blood–brain
barrier (Ojemann et al, 1988). Despite its chemical structure
(similar to GABA), GBP does not alter radioligand binding
at GABAA or GABAB receptors (Rogawski and Porter, 1990).
At therapeutically relevant concentrations, GBP does not
interact with receptors for GABA, glutamate, glycine, or
dopamine (Taylor et al, 1998) and does not affect voltage-
gated Na+ channels (Stefani et al, 2001). GBP interacts with
several enzymes of the inextricably linked metabolic path-
ways of GABA (activates glutamate decarboxylase (GAD)
and weakly inhibits GABA transaminase (GABA-T); in-
creasing GABA concentration) and metabolic pathways of
glutamate (slightly activates glutamate dehydrogenase
(GDH) and potently inhibits branched-chain amino acid
aminotransferase (BCAA-T); decreasing glutamate concen-
tration) (Goldlust et al, 1995). GBP competes with transport
of branched-chain amino acids (L-leucine, L-valine, L-
phenylalanine), therefore, some pharmacologic properties
of GBP may arise from changes in cytosolic concentrations
of endogenous amino acids in neurons (Taylor et al, 1998).
Moreover, GBP increases the conductance of hyperpolar-
ization-activated cation currents (Ih) contributing to the
protection of neurons against excessive synaptic or intrinsic
activity, and stabilizing neuronal network within the
hippocampus (Surges et al, 2003). After all, GBP is approved
as an add-on therapy (Fisher et al, 2001) or monotherapy
for partial seizures with/without secondary generalization
(Chadwick et al, 1998). Also, GBP is effective in the
refractory epilepsy in children (Appleton et al, 1999).

Considering the mechanisms of action of some novel
AEDs, we attempted to determine the interaction between
TGB and GBP in the maximal electroshock seizure thresh-
old (MEST)-test in mice. In our study, one of the major
interests is to predict the drug interactions and denote
which one is particularly effective and worth considering for
clinical practice.

MATERIALS AND METHODS

Animals

The experiments were carried out on male Swiss mice
purchased from a licensed dealer, weighing 20–26 g. The
animals were kept under standardized laboratory condi-
tions with free access to food (chow pellets) and tap water,
and maintained on a natural light–dark cycle. The experi-
mental groups, consisting of 8–20 animals, were chosen by
means of a randomized schedule. The electroconvulsive and
behavioral tests were performed between 0800 and 1500,
and each mouse was used only once. Since the control
threshold in mice varies, the control groups were tested on
each day parallel to threshold determinations in drug-
treated animals (Löscher et al, 1991). The temperature in
the animal room and during testing was 217 11C. All
experimental procedures described below were approved by
the Local Bioethical Committee in Lublin (License No. 161/
2000/123/01) and (356/2002/376/02).
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Drugs

The following antiepileptics were used in this study: TGB
(GABITRILFSanofi Winthrop, Gentilly, France) and GBP
(NEURONTINFParke-Davis, Freiburg, Germany). Both
drugs were suspended in a 1% solution of Tween-80
(Sigma, St Louis, MO, USA) and administered intraper-
itoneally (i.p.) in a volume of 10 ml/kg body weight. The
doses of drugs refer to the free drug forms and the drugs
were injected TGB 15 min, and GBP 60 min, prior to the
tests. The control animals received adequate amounts of
vehicle.

MEST-Test

Electroconvulsions were produced by means of an alternat-
ing current (0.2 s stimulus duration, 50 Hz) delivered via
standard auricular electrodes by a Hugo Sachs generator
(Rodent Shocker, Type 221, Freiburg, Germany). The end
point was the maximal (tonic) extension of the hind limbs.
In the MEST-test, at least four groups of mice consisting of
8–10 animals were subjected to the electroshocks of various
intensities, in order to evaluate the threshold for maximal
hindlimb extension. Subsequently, an intensity–response
curve was calculated according to Litchfield and Wilcoxon
(1949) from the percentage of mice showing the hindlimb
extension. The electroconvulsive threshold was evaluated as
a CS50 value (current strength in mA) necessary to induce
tonic hindlimb extension in 50% of the mice tested. The
protective effects of TGB and GBP alone or combined were
determined as the CS50 values, being significantly higher
than the respective CS50 values of control groups. The
animal groups were injected with different doses of
investigated drugs in order to obtain a significant protec-
tion against electroconvulsions.

Analysis of Interactions

The experimental protocol, for evaluating the character of
interactions between TGB and GBP in the MEST-test, was
conducted according to the isobolographic method de-
scribed in detail by Tallarida et al (1997). However, the
applied isobolography was substantially modified. Actually,
it was composed of two methods: the first oneFsimply
evaluated the threshold for the maximal hindlimb extension
in mice, and the second oneFwas based on the isobolo-
graphic transformation of data obtained directly from the
MEST-test.

Isobolographic analysis usually determines the equieffec-
tive drug doses for properly classifying interactions as:
synergistic, antagonistic, or additive. The protective activity
of TGB and GBP alone or in combinations was expressed as
a significant increase of the electroconvulsive threshold. In
the present study, a significant elevation (at Po0.05) of the
current strength, needed to evoke seizures in pretreated
animals was established as the final outcome. In other
words, the doses of TGB or GBP, which similarly increase
the CS50 values (at Po0.05), were considered as the
equieffective ones, and subsequently underwent the iso-
bolographic calculations. Determination of the combined
drug doses in mixtures was elaborated in accordance with
the standard isobolographic method by using three fixed-

ratio combinations as follows: 1 : 3, 1 : 1, and 3 : 1. Isobolo-
graphic calculations of the additive drug doses in mixtures
were thoroughly presented in our previous study (Luszczki
et al, 2003a). Subsequently, the mixtures of TGB with GBP
(the effect of which was theoretically presumed as the
additive one) were given to animals, and again the
electroconvulsive threshold was experimentally determined,
and compared with the threshold of vehicle-treated animals
(the reference group). Results were statistically analyzed
with a computer program based upon the original log-
probit transformation according to Litchfield and Wilcoxon
(1949). The combination of TGB with GBP at the fixed-ratio
of 3 : 1 was a simple transcription of the drug proportions in
the mixture composed of TGB (3 mg/kg) and GBP
(18.75 mg/kg). In this drug mixture, TGB prevails over
GBP in terms of its pharmacological activity against
electroconvulsions, but it does not prevail quantitatively
in the mixture. The drug mixture for the combination of
1 : 1 consisted of TGB (2 mg/kg) and GBP (37.5 mg/kg),
where the drugs were combined in equieffective (isoeffec-
tive) doses, corresponding to halves of the effective doses of
the drugs tested separately in our study. Analogously, the
fixed-ratio combination of 1 : 3 was a simple notation for the
mixture composed of TGB (1 mg/kg) and GBP (56.25 mg/
kg). All the above-mentioned drug doses for the respective
combinations were primarily considered as the additive
ones because they were directly calculated from the line of
additivity (Tallarida et al, 1997; Luszczki et al, 2003b). It is
clear that the final effect of the drug mixture needed to be
similar as the drugs were administered separately. There-
fore, the experimental CS50mix values were always compared
with the respective control CS50 values. CS50 mix corre-
sponds to an experimentally determined current strength,
after administration of the mixture of two component drugs
in a fixed dose ratio, sufficient for a 50% convulsive effect. If
the actual CS50 mix does not differ statistically from the
respective control CS50, the effect of the drug in mixture is
additive; otherwise if the CS50 mix is statistically higher than
the control CS50 value, a synergistic interaction occurs. The
experimentally obtained drug doses in a mixture, which
significantly raised the threshold at Po0.05 vs the control
group, were graphically presented on an isobologram to
determine approximately the strength and magnitude of the
obtained interactions (Tallarida, 2002). The isoboles were
drawn by plotting the experimentally determined dose of
TGB on X-axis and that of GBP on the Y-axis. To point the
experimental drug–dose mixture on the graph, the doses of
both drugs were summed according to the standard
isobolographic method (Tallarida, 1992).

It should be stressed that the presented modification of
the isobolographic method may be accepted if both AEDs
exert the same (50%) effect. The reduction of drug doses in
mixtures allowed the assessment of the CS50 mix values,
which did not statistically differ from that of the respective
control groups. However, with this modification it was
impossible to denote the 95% confidence limits or SEM for
the drug–dose mixture either for additive or experimental
values. Therefore, the interaction index (a quotient of
experimental and additive drug–dose mixture) was used as
a predicator of synergy, especially if its value did not exceed
0.7 (indicative for synergyFKerry et al, 1975, Bourgeois,
1986, 1988).
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Chimney Test

The effects of TGB or GBP alone or in combination upon
motor performance were determined in the chimney test,
according to Boissier et al (1960). In this test, animals had
to climb backwards up a plastic tube (25 cm length, 3 cm
inner diameter). Motor impairment was indicated by the
inability of the animals to perform the test within 60 s. The
experimental groups in this test consisted exceptionally of
20 animals. Results were expressed as a percentage of mice
failing to perform this test. The tested doses of TGB or GBP
correspond to the doses previously denoted in the MEST-
test in mice.

Step-Through Passive Avoidance Task

The animals were placed in an illuminated box
(10� 13� 15 cm) connected to a large dark box
(25� 20� 15 cm) equipped with an electric grid floor. The
entrance to the dark box was punished by an electric
footshock (0.6 mA for 2 s; facilitation of acquisition). The
mice who did not enter the dark compartment were
excluded from the experiment. On the next day (24 h later),
the pretrained animals were put again into the illuminated
box and observed up to 180 s. Mice who avoided the dark
compartment for 180 s were considered to remember the
task. Time at which mice enter the dark box, was noted and
subsequently, the medians with 25 and 75 percentiles were
calculated. The step-through, dark–light passive avoidance
task gives information about acquisition (learning), con-
solidation, and retrieval; therefore, may be regarded as a
measure of long-term memory (Venault et al, 1986). The
influence of AEDs administered alone or in combinations
on long-term memory was evaluated in three variants as
follows:

(1) Variant AFthe drugs were administered on the first
day, before the training session (ie TGBF15 min and
GBPF60 min). On the next day (24 h later), the mice
were challenged with the test and retention was
measured.

(2) Variant BFthe AEDs were administered immediately
after the training session. On the next day, (24 h later)
mice were challenged with the task and retention was
measured.

(3) Variant CFthe naı̈ve mice (without any treatment)
were pretrained on the first day, and the drugs were
administered on the next day (24 h later), before
retention. The testing session was performed at times
scheduled for the MEST-test.

Pain Threshold Test

The pain threshold was assessed in our study, as a minimal
exposing time to an electrical stimulation required for
inducing a pain reaction in animals. This test was
performed under conditions identical to the experiment
testing the step-through passive avoidance task. The
animals were placed separately on the grid surface
connected with a current generator. Afterwards, each mouse
was exposed to a direct current (0.6 mA), and the time to
induce a first pain reaction in animals was measured and

expressed in (s) as the latency. For ethical reasons, the
animals were exposed to the current impulse up to 14 s. In
case the mouse did not express any reactions to the stimulus
within 14 s, the test was terminated and the animal was
assigned this cutoff latency. It has to be stressed that the
first pain reaction was considered as the end point and after
displaying some reactions, the animals were immediately set
free from the stimulation. To evaluate the latency to pain
reaction, testing took place 15 or 60 min after the i.p.
administration of TGB and GBP, respectively. The first pain
reaction of animals observed in our study was expressed as:
jerks of forelimbs or a whole body with or without
squeaking; violent seeking of escape with a tentative attempt
at jumping out; wild running. The reaction of control
animals to electrical stimulus was instantaneous and the
latency did not exceed 2 s. All testing was carried out in
unanesthetized mice.

Chromatographic Determination of GBP Plasma and
Brain Concentrations

GBP was analyzed quantitatively in plasma and brains of
animals at times scheduled for the MEST-test. The animals
were injected GBP alone or a combination of TGB with GBP
in respective fixed dose ratios of 1 : 3, 1 : 1, and 3 : 1. Mice
were decapitated and samples of blood of approximately
1 ml were rapidly collected in heparinized Eppendorf tubes.
Simultaneously, brains of mice were removed from skulls
and placed into the deep freeze at �80oC (Polar 530,
Angelantoni, Massa Martana, ItalyFsponsored by a KBN
Grant No. 6P05D 098 21). Samples of blood were
centrifuged at 10 000 rpm (Abbott centrifuge, Irving, TX,
USA) for 5 min, and plasma samples of 200 ml were stocked
in the deep freeze. On the next day, the brains were
homogenized in an original Abbott buffer (2 : 1 vol/wt),
using the Ultra-Turrax T8 homogenizer (Staufen, Ger-
many). The homogenates were centrifuged at 10 000 rpm for
10 min. Plasma and brain homogenate samples of 100 ml
were added to 200 ml of acetonitrile. The samples were
mixed and centrifuged at 10 000 rpm for 5 min. Then, 50 ml
of supernatant was mixed with 100 ml of O-phthaldialdehyde
reagent and derivatized at room temperature for 1 min.
Samples of 20 ml were then injected into the chromatograph.
The chromatograph (HP 1050) was equipped with a
fluorescence detector (HP 1046A). For HPLC, a stainless-
steel HP Hypersil ODS column (200� 4.6 mm) was used at
an ambient temperature of 221C. The mobile phase
consisted of acetonitrile: methanol: acetate buffer (20 mM
acetic acid and 250 mM sodium acetate); 285 : 320 : 395 vol/
vol/vol (BAKER HPLC grade). The mobile phase flow rate
was 1 ml/min. The amount of GBP was determined by
comparing their peak area with the peak area of the external
standard (naphthalene). The wave excitation and emission
parameters for fluorescent detection of GBP were 340 and
440 nm, respectively. Plasma levels or brain concentrations
of GBP were expressed in mg/ml of plasma or mg/g of wet
brain tissue as means7 SD of at least eight determinations.

Statistical Analysis

CS50 for antiepileptics alone or CS50 mix values (with their
95% confidence limits) were calculated and statistically
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analyzed by computer probit analysis according to Litch-
field and Wilcoxon (1949). The CS50 mix values were also
compared with the respective CS50 values of the control
groups and were statistically significant at Po0.05, Po0.01,
or Po0.001. Results from the chimney test were analyzed by
using Fisher’s exact probability test. The Kruskal–Wallis
nonparametric ANOVA test followed by post hoc Dunn’s
test were used for statistical assessment of data in the pain
threshold and the step-through, dark–light passive avoid-
ance tasks. Concentrations of GBP alone or combined with
TGB, in plasma or brains, were evaluated by means of
unpaired Student’s t-test. Interaction indices for all fixed-
ratio combinations of TGB with GBP (1 : 3, 1 : 1, and 3 : 1),
tested in our study, were calculated as follows: total amount
of drug doses in experimental mixture/total drug doses
theoretically denoted from the line of additivity, both
showing a similar effect.

RESULTS

Effects of TGB and GBP Alone upon the
Electroconvulsive Threshold

TGB at doses of 4 and 6 mg/kg; i.p. 15 min before the MEST-
test, raised the threshold for electroconvulsions from
7.4 mA (6.6–8.4) to 8.7 mA (8.0–9.4) and 9.3 mA (8.6–
10.0), respectively, at Po0.05 and Po0.01, while TGB at
2 mg/kg did not significantly influence the electroconvulsive
threshold in mice. GBP at doses of 75 and 100 mg/kg (i.p.
60 min, prior to the test) elevated the threshold from 7.2 mA
(6.2–8.4) to 9.0 mA (8.2–9.8) (Po0.05) and 9.7 mA (8.7–
10.9) (Po0.01), respectively, whereas at up to 50 mg/kg, the
drug had no significant influence upon the electroconvul-
sive threshold in mice (results not shown).

Influence of Combinations of TGB with GBP upon the
Threshold for Electroconvulsions

In all fixed-ratio combinations tested, TGB and GBP (at the
doses isobolographically presumed as the additive ones)
potentiated their own activity, elevating the threshold for
electroconvulsions in mice. For the fixed drug–dose
combination of 1 : 3, TGB (0.25 mg/kg) coadministered with
GBP (14.1 mg/kg), enhanced significantly the protection of
animals against electroconvulsions at Po0.05, whereas the
drug doses for the same combination: TGB (1) with GBP
(56.25) (theoretically presumed as the additive one),
considerably elevated the threshold in comparison with
the control group (at Po0.001). TGB (1.5 mg/kg) and GBP
(9.4 mg/kg), for the drug–dose combination of 3 : 1, also
modified their own effects upon the threshold for electro-
convulsions (Po0.05). Obviously, higher doses of the drugs
in combinations exerted more significant increment of the
electroconvulsive threshold in mice (Table 1). It should be
emphasized that the interaction index for the combination
of TGB with GBP, at the fixed-ratio of 1 : 3 was 0.25, while
for the drug–dose combination of 3 : 1, its value was equal to
0.50. The interaction index for the 1 : 1 combination was
0.38, indicating that all interactions were supra-additive
(synergistic; Table 1; Figure 1).

Motor Impairment

TGB at the dose of 4 mg/kg and GBP at 75 mg/kg (applied at
doses raising the electroconvulsive threshold) had no

Table 1 Interactions Between TGB and GBP in the MEST-Test in
Mice

F Treatment (mg/kg) CS50 mix (mA)

3 : 1 Control 7.9 (7.1–8.8)
TGB (3)+GBP (18.75) 10.4 (9.5–11.4)***
TGB (1.5)+GBP (9.4) 9.4 (8.6–10.4)*
TGB (1)+GBP (6.3) 8.4 (7.6–9.4)

1 : 1 Control 8.8 (7.8–9.8)
TGB (2)+GBP (37.5) 13.0 (12.2–13.8)***
TGB (1)+GBP (18.75) 11.0 (10.2–11.8)**
TGB (0.75)+GBP (14.1) 10.5 (9.5–11.5)*
TGB (0.5)+GBP (9.4) 9.2 (8.4–10.2)

1 : 3 Control 7.9 (7.1–8.8)
TGB (1)+GBP (56.25) 13.4 (12.5–14.4)***
TGB (0.5)+GBP (28.1) 10.4 (9.5–11.4)***
TGB (0.25)+GBP (14.0) 9.2 (8.4–10.0)*
TGB (0.125)+GBP (7.0) 8.3 (7.5–9.2)

Results are presented as a current strength (in mA) needed to evoke
convulsions in 50% of the animals tested. Statistical analysis of data was
performed with a computer program based on log-probit analysis elaborated by
Litchfield and Wilcoxon (1949). FFfixed-ratio drug dose combination (eg 1 : 3
was the drug mixture composed of 25% of TGB and 75% of GBP); CS50

mixFcurrent strength of respective mixture combinations, obtained directly
from the experimental procedure of isobolographic analysis. *Po0.05;
**Po0.01; ***Po0.001 vs respective control groups. To construct isoboles and
the line of additivity, TGB (4 mg/kg) and GBP (75 mg/kg) were used as the
reference values. For more detailed information, see Materials and methods.

Figure 1 Isobologram displaying supra-additive (synergistic) interactions
between TGB and GBP for three fixed-ratio drug combinations in the
electroconvulsive threshold test in mice. The doses of TGB and GBP are
plotted on the X-and Y-axis, respectively. Dotted lines relate to the ratio of
drug doses and represent on the graph the 1 : 3, 1 : 1, and 3 : 1 fixed dose
ratio combinations. The solid symbols (K’m~) depict the theoretical
additive points for total doses, expressed as the proportion of TGB and
GBP that produce an equivalent 50% effect. The experimental points for
TGB+GBP mixture (open symbols: &nB) were found to be significantly
below the theoretical additive line, indicating the supra-additive (synergistic)
interactions. For more details and information, see the section of Materials
and methods, and the legend of Table 1. a-Interaction index describes the
magnitude and strength of interaction between the drugs isobolographically
tested.
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impact on the performance of mice in the chimney test.
Coadministration of TGB (2 mg/kg) with GBP (37.5 mg/kg)
at a fixed-ratio of 1 : 1 caused a significant (at Po0.05;
Fisher’s test) impairment of motor coordination (six out of
20 mice did not climb backwards up the transparent plastic
tube within 60 s, and were classified as unable to perform
this test). Obviously, all control animals performed the
chimney test correctly. On the contrary, both drugs in
combinations neither at fixed-ratio of 1 : 3, nor 3 : 1 showed
distinct motor deficits in the chimney test (Table 2).

Dark-Avoidance Acquisition and Retention Testing

The influence of TGB and GBP administered alone or in
three fixed-ratio combinations of 1 : 3, 1 : 1, and 3 : 1, on
long-term memory processes (acquisition, consolidation,
and retrieval) in mice, was evaluated in three standard
variants of the step-through passive avoidance test accord-
ing to Venault et al (1986). Statistical analysis of data
revealed that exclusively all combinations, in variant A of
the passive avoidance test, significantly impaired the long-
term memory of the mice, when the drugs were adminis-
tered before the training session on the first day. TGB at the
dose of 1 mg/kg coadministered with GBP (56.25 mg/kg) (ie
at the fixed-ratio of 1 : 3) significantly shortened the
retention time from 180 to 57.5 s (at Po0.001 vs control
group; Po0.01 vs TGB (1 mg/kg); Po0.05 vs GBP
(56.25 mg/kg)) (Table 3, Figure 2). Similarly, the drugs at
the fixed-ratio combination of 1 : 1 (TGB (2 mg/kg)+GBP
(37.5 mg/kg)) considerably impaired the long-term memory
of the animals tested, reducing the retention time from 180
to 30 s (at Po0.001 vs control group; Po0.01 vs TGB (2 mg/
kg) or GBP (37.5 mg/kg)) (Table 3, Figure 2). Moreover,
TGB (3 mg/kg)+GBP (18.75 mg/kg) disturbed the long-
term memory, significantly shortening the retention time
from 180 to 30 s (at Po0.001 vs control group; Po0.001 vs
GBP (18.75 mg/kg); Po0.01 vs TGB (3 mg/kg)) (Table 3,
Figure 2). Furthermore, TGB and GBPFin the same drug–
dose combinations, did not influence significantly the
retention time evaluated in variants B and C of the passive
avoidance task (Table 4). After lengthening the exposure
time to the current stimulus (from 2 to 6 sFfrom the pain
threshold test) in variant A of the step-through passive
avoidance test, it was evident that the examined combina-
tions of TGB with GBP did not impair the long-term
memory in mice (Table 5).

Pain Threshold Testing

TGB at 4 mg/kg significantly lengthened the median latency
from 1.5 to 6 s (Po0.01), while GBP, up to the maximal
tested dose of 75 mg/kg, was without any significant effect
on this parameter in the pain threshold test in mice
(Table 6). Moreover, all combinations of TGB with GBP at
fixed-ratios of 1 : 3, 1 : 1, and 3 : 1, lengthened the median
latency from 1.5 to 3.5, 3, and 4 s, respectively (Table 6). The
Kruskal–Wallis nonparametric ANOVA test followed by
post hoc Dunn’s test also revealed a significant increase in
median latency for the combination of TGB (3 mg/kg) with
GBP (18.75 mg/kg), when compared with the control group
(vehicle-treated animals) (at Po0.01) (Figure 3).

Influence of TGB on the Plasma and Brain
Concentrations of GBP

TGB, at the doses of 1, 2, and 3 mg/kg for respective fixed-
ratio combinations, did not affect the plasma level of GBP
(56.25, 37.5, and 18.75 mg/kg, respectively), determined by
using the HPLC-technique (Table 7). Moreover, TGB did
not affect the free concentration of GBP evaluated in
cerebral supernatants for all fixed-ratio (1 : 3, 1 : 1 and 3 : 1)
combinations tested (Table 7).

DISCUSSION

The results obtained in our study clearly demonstrate that
interactions between TGB and GBP fulfill the theoretical
criterion for advantageous combinations exactly. Both
drugs exerted supra-additive (synergistic) interactions as
regards their protective activity against electroconvulsions

Table 2 Influence of TGB and GBP in Combinations upon Motor
Coordination in the Chimney Test in Mice

Treatment (mg/kg) F N Mice impaired (%)

Control 20 0
TGB (4) 20 10
GBP (75) 20 0
TGB (1)+GBP (56.25) 1 : 3 20 5
TGB (2)+GBP (37.5) 1 : 1 20 30*
TGB (3)+GBP (18.75) 3 : 1 20 10

Results are presented as a percentage of animals showing motor deficits in the
form of inability to climb backwards up the plastic tube within 60 s in the
chimney test. FFfixed-ratio combination; NFnumber of animals tested.
Statistical analysis was performed using Fischer’s exact probability test; *Po0.05
vs vehicle-treated animals.

Table 3 Effects of the Combinations of TGB and GBP on Long-
Term Memory in MiceFVariant A of the Passive Avoidance Test

F Treatment (mg/kg) Retention (s)

Control 180 (180–180)
TGB (1) 180 (138.75–180)
GBP (56.25) 180 (120–180)

1 : 3 TGB (1)+GBP (56.25) 57.5 (21.25–80)a,b,c

TGB (2) 180 (120–180)
GBP (37.5) 180 (161.25–180)

1 : 1 TGB (2)+GBP (37.5) 30.0 (25.0–55.0)a,d

TGB (3) 180 (135–180)
GBP (18.75) 180 (180–180)

3 : 1 TGB (3)+GBP (18.75) 30.0 (21.25–57.5)a,e,f

Data are expressed as median times (retention in seconds; with 25 and 75
percentiles in parentheses). Retention was measured as a time in which the
animal avoids the entrance into the dark box. The drugs were administered (i.p.)
before the training session on the first day (at times scheduled from the MEST-
test) while the final test reading was performed on the next day (24 h later).
Statistical analysis of data was performed with using the Kruskal–Wallis
nonparametric ANOVA test followed by pos hoc Dunn’s test.
aPo0.001 vs control group (vehicle-treated animals).
bPo0.01 vs TGB (1 mg/kg).
cPo0.05 vs GBP (56.25 mg/kg).
dPo0.01 vs TGB (2 mg/kg) and GBP (37.5 mg/kg).
ePo0.001 vs GBP (18.75 mg/kg).
fPo0.01 vs TGB (3 mg/kg). TGBFtiagabine; GBPFgabapentin.
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in the MEST-test in mice. TGB and GBP, when combined at
subthreshold doses, considerably elevated the electrocon-
vulsive threshold. The strength and magnitude of interac-
tion, expressed in the form of the interaction index for all
fixed-ratio combinations, testified a very profitable inter-
action between TGB and GBP. In our study, the interaction
indices ranged between 0.25 and 0.50, which argues for
distinct synergy observed between the drugs. One can
suggest that the combination of TGB with GBP at the fixed-
ratio of 1 : 3 exerted a stronger anticonvulsant effect against
MEST-test (interaction index was 0.25) than the drug
mixture in a combination of 3 : 1, in which TGB prevailed
(interaction index was 0.50).

Considering the doses of TGB and GBP administered
separately in the MEST-test, which raised the electrocon-
vulsive threshold in mice, it was intriguing whether both

drugs combined at various fixed-ratio combinations would
interact together, potentiating their anticonvulsant activity.
To perform this study and determine the exact types of

Figure 2 Influence of TGB in combinations with GBP on the long-term memory in the passive avoidance test in mice (variant A). Results are presented as
median times (in seconds; with 25 and 75 percentiles as the error bars). Statistical analysis was performed by the Kruskal–Wallis nonparametric ANOVA test
followed by post hoc Dunn’s test. aPo0.001 vs control group; bPo0.01 vs TGB (1 mg/kg); cPo0.05 vs GBP (56.25 mg/kg); dPo0.01 vs TGB (2 mg/kg) and
GBP (37.5 mg/kg); ePo0.001 vs GBP (18.75 mg/kg); fPo0.01 vs TGB (3 mg/kg). TGBFtiagabine; GBPFgabapentin.

Table 4 Effects of the Combinations of TGB and GBP on Long-
Term Memory in MiceFvariants B and C of the Step-Through
Passive Avoidance Task

Retention (s)

F Treatment (mg/
kg)

Variant B Variant C

Control 180 (180–180) 180 (180–180)
TGB (1) 180 (135–180) 180 (180–180)
GBP (56.25) 180 (180–180) 180 (180–180)

1 : 3 TGB (1)+GBP (56.25) 180 (98.75–180) 180 (153.75–180)

TGB (2) 180 (123.75–180) 180 (180–180)
GBP (37.5) 180 (180–180) 180 (180–180)

1 : 1 TGB (2)+GBP (37.5) 180 (116.25–180) 180 (165–180)

TGB (3) 180 (161.25–180) 180 (146.25–180)
GBP (18.75) 180 (116.25–180) 180 (180–180)

3 : 1 TGB (3)+GBP (18.75) 180 (123.75–180) 180 (108.75–180)

Presented data are medians of the time retention (in seconds; with 25 and 75
percentiles in parentheses). Statistical analysis of data was performed with using
the Kruskal–Wallis nonparametric ANOVA test followed by post hoc Dunn’s
test. In variant BFthe drugs were given to animals immediately after the training
session on the first day, whereas the final test reading was performed on the
next day. In variant CFthe naı̈ve animals were pretrained on the first day, while
the drugs were (i.p.) administered 24 h later, at the times scheduled from the
MEST-test. TGBFtiagabine; GBPFgabapentin.

Table 5 Effects of the Combinations of TGB and GBP on the
Long-Term Memory in MiceFModified Variant A of the Passive
Avoidance Task

Treatment (mg/kg) Retention (s)

Control 180 (180–180)
TGB (4) 110 (35–180)
GBP (75) 180 (105.5–180)
TGB (1)+GBP (56.25) 180 (180–180)
TGB (2)+GBP (37.5) 180 (180–180)
TGB (3)+GBP (18.75) 180 (145.3–180)

Data are medians of the retention times (in seconds; with 25 and 75 percentiles
in parentheses). Results were statistically analyzed with the Kruskal–Wallis
nonparametric ANOVA test followed by post hoc Dunn’s test. In modified
variant AFthe exposure time to the ‘negative learning stimulus’ was prolonged
from 2 to 6 s (from the pain threshold test). TGBFtiagabine;
GBPFgabapentin.

Table 6 Influence of TGB and GBP Administered Singly or in
Combinations on the Latency to Pain Reaction in Mice

Latency (s)

Treatment (mg/kg) F Median (25, 75 percentiles) Mean/N

Control 1.5 (0.5–1.5) 1.2/9
TGB (1) 1.5 (1.0–2.4) 1.7/10
TGB (2) 2.5 (1.3–5.8) 3.7/10
TGB (3) 2.0 (1.0–8.0) 4.6/9
TGB (4) 6.0 (4.3–10.0)** 7.1/11
GBP (18.75) 2.5 (2.0–4.8) 3.1/10
GBP (37.5) 1.8 (1.5–2.4) 2.2/10
GBP (56.25) 2.0 (2.0–3.8) 2.7/10
GBP (75) 2.0 (1.5–4.8) 3.4/10
TGB (1)+GBP (56.25) 1 : 3 3.5 (2.6–5.0) 4.3/9
TGB (2)+GBP (37.5) 1 : 1 3.0 (2.0–5.8) 4.4/10
TGB (3)+GBP (18.75) 3 : 1 4.0 (3.0–14.0)** 7.0/9

Data are presented as the median latency (in seconds; with 25 and 75
percentiles in parentheses). Statistical analysis was performed by the use of
Kruskal–Wallis nonparametric ANOVA test followed by post hoc Dunn’s test.
FFfixed-ratio combinations. **Po0.01 vs the control group (vehicle-treated
animals).
Alternatively, data are presented as mean latency (in seconds); NFnumber of
animals tested.
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interactions between TGB and GBP, a method of calculation
of additive drug–dose mixtures exclusively was based upon
the isobolographic analysis. With ‘isobolographic-like
analysis’, it was observed that the drug–dose mixture,
theoretically determined to be additive (from the line of
additivity), raised the CS50 values much more signifi-
cantly than it was primarily expected from additivity,
proving the existence of synergy between drugs. In such
cases, a higher current strength was required to induce a
50% hindlimb extension in mice. After receiving the
theoretical additive doses of AEDs in animals, the current
strength values were statistically analyzed as quantal data,
but not the drug doses, as it has been widely accepted with
isobolography. Nevertheless, the applied isobolographic-
like method allowed the proper assessment of synergistic
interactions between TGB and GBP in the MEST-test
in mice.

The experimental and clinical evidence indicate that GBP
and TGB act through different mechanisms of action related
with GABA-ergic neurotransmitter system (see Introduc-
tion). Therefore, it is conceivable that diverse mechanisms
of action of both drugs complete each other, potentiating
their anticonvulsant effect against electroconvulsions. It is
widely accepted that TGB and GBP are virtually ineffective
in the MES-test in mice (at therapeutically relevant
concentrations); however, both drugs significantly raise
the threshold for electroconvulsions (Rogawski and Porter,
1990). Nevertheless, it has been shown that TGB is active in
MES-test only at doses two- to three-fold higher than those
producing motor impairment (more than 40 mg/kg; i.p.)
(White, 1997). GBP at the dose of approximately 10 mg/kg;
i.p., reduces MES-induced convulsions in rats, although the
drug was reported to be completely inactive in mice (for a
review, see Rogawski and Porter, 1990).

Control TGB (1) TGB (2) TGB (3) TGB (4) GBP (18.75) GBP (37.5) GBP (56.25) GBP (75) TGB(1)+GBP(56.25) TGB(2)+GBP(37.5) TGB(3)+GBP(18.75)
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Figure 3 Effects of TGB and GBP alone or in combinations on the latency to first pain reaction in mice. Results are presented as the latency (in seconds)
to the first pain reaction in animals. Statistical analysis was performed by the use of the Kruskal–Wallis nonparametric ANOVA test followed by post hoc
Dunn’s test. **Po0.01 vs the control group (vehicle-treated animals).

Table 7 Influence of TGB on the Plasma and Brain Concentrations of GBP

Treatment (mg/kg) F Plasma level (lg/ml) Brain concentration (lg/g)

GBP (56.25) 21.827 5.50 10.527 2.03
GBP (56.25)+TGB (1) 1 : 3 22.737 3.72 11.887 1.69

GBP (37.5) 9.347 3.66 6.667 1.87
GBP (37.5)+TGB (2) 1 : 1 11.427 3.65 6.127 1.36

GBP (18.75) 8.317 1.08 4.047 1.03
GBP (18.75)+TGB (3) 3 : 1 7.307 1.01 4.057 1.05

Presented values are means in mg/ml of plasma7 SD, or in mg/g of wet brain tissue7 SD of at least eight
determinations. FFfixed-ratio combination. Blood samples and brain homogenates were taken at times scheduled
for the electroconvulsive threshold test. Unpaired Student’s t-test was used for the statistical evaluation of the data.
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The MES-test is considered as an animal model of
generalized tonic-clonic seizures and, to a certain extent,
of partial, secondarily generalized convulsions in humans
(Fisher, 1989; Löscher and Schmidt, 1988; Löscher et al,
1991). Furthermore, there exists a suggestion that MEST-
test often predicts drugs effective in partial secondarily
generalized tonic-clonic seizures in humans, being much
more sensitive than traditional MES-test (Löscher et al,
1991). This observation has important implications perti-
nent to the further use of TGB and GBP in clinical practice.
In our study, it was found that combinations of TGB with
GBP protect animals against maximal (tonic) hindlimb
extension in the MEST-test. Moreover, some clinical trials
have revealed that TGB and GBP administered alone protect
patients with refractory partial and secondarily generalized
tonic-clonic seizures, as well as, both drugs separately have
shown promising effects against focal, secondarily general-
ized seizures in humans (Chadwick et al, 1996, 1998;
Kalviainen et al, 1998; Uthman et al, 1998).

As yet, for rational polytherapy, there is no consensus on
whether to combine the AEDs affecting the same neuro-
transmitter system and reach a stronger therapeutic effect
or choose the AEDs influencing diverse neurotransmitter
systems. Theoretical considerations concerning the most
efficacious combinations of AEDs, based on different
mechanisms of action of component drugs, were partially
confirmed in some experimental studies. In DBA/2 mice, it
was observed that coadministration of two agents influen-
cing the inhibitory GABA-ergic or excitatory amino acid
(EAA) neurotransmitter systems were effective in terms of
the reduction of seizures (Klitgaard et al, 1993). When
combining diazepam (GABAA receptor agonist) with NNC
05-0711 (GABA uptake inhibitor into neurons and glia)F-
both substances activating the GABA inhibitory neuro-
transmitter system; or NBQX (a competitive AMPA/kainate
receptor antagonist) with CGP 39551 (a competitive
ionotropic NMDA receptor antagonist)Fboth agents in-
hibiting the EAA neurotransmitter systemFthe combina-
tions had a synergistic character of interactions. In contrast,
when combining diazepam with CGP 39551; diazepam with
NBQX; NNC 05-0711 with CGP 39551, or NNC 05-0711 with
NBQXFthe interactions were merely additive (Klitgaard
et al, 1993). Reflecting the fact that the activation of the
same (GABA-ergic) neurotransmitter system exerts synergy
in seizure control in experimental model of epilepsy, it
seems possible that the combinations of TGB with GBP may
also be efficacious in patients with drug-resistant epilepsy,
providing the most effective treatment regimen. Some
existing clinical data indicate that coadministration of
TGB with vigabatrin (VGB), two drugs exclusively influen-
cing the GABA-ergic system, may considerably improve the
control of seizure attacks (Leach and Brodie, 1994). The
synergistic interaction observed between these AEDs was
not casual because it was experimentally confirmed that
lower doses of VGB coadministered with TGB significantly
reduced GABA uptake from synaptic clefts (Leach et al,
1996), resulting in the increase of GABA in the whole mouse
neocortex (Leach et al, 1997). Moreover, the drugs applied
together, transiently reduced experimentally induced epi-
leptic discharges from the hippocampus, while the previous
incubation with VGB, followed by addition of TGB (after 2 h
of incubation with VGB), drastically and firmly inhibited

the epileptic potentials from hippocampal slices of guinea-
pigs (Kohling et al, 2002). Similarly, in an in vitro study,
conducted also on hippocampal slices of guinea-pigs, it was
observed that the administration of GBP alone, had no
impact on GABA release, however, some important changes
in GABA release were observed after the pretreatment with
VGB (Lucke et al, 1998). The AEDs’ cooperation within the
same neurotransmitter system (GABA-ergic) is very intri-
guing from either experimental or clinical points of view.
Available data (evaluated isobolographically in the electro-
convulsive tests in mice) have shown that TGB in
combination with other AEDs, possessing the GABA-ergic
component, exerted: (1) synergy, when combined with
VPAFthis interaction had a rather pharmacokinetic
character related with the elevation of VPA-concentration
within the brain tissue of the animals; or (2) additivity, for
the combinations of TGB with PB or TPM (Luszczki et al,
2003b). On the other hand, interactions of GBP with other
GABA enhancers revealed that GBP in combination with
VPA or PB exerted synergy (Borowicz et al, 2002).
Interactions of TGB with other GABA enhancers, such as
benzodiazepines and VGB or GBP with VGB, TPM, and
benzodiazepines were not yet isobolographically investi-
gated. Nevertheless, the synergic type of interactions
between TGB and GBP; TGB and VPA; GBP and VPA, or
GBP and PBFthat corroborated experimentally in mice
with isobolography, may suggest that activation of various
mechanisms within the same neurotransmitter system may
exert advantageous effects, offering the patients a significant
reduction in seizure frequency; however, it should be
clinically confirmed. From a theoretical point of view, it
seems likely that the restoration of equilibrium in the
epileptogenic focus in the brain through the moderate
activation of GABA system may be clinically useful during
the combined therapy. As yet, in medical literature, there is
no clinical report presenting the efficacious combined
treatment with GBP and TGB.

It should be emphasized that either TGB or GBP have
lately been introduced into clinical practice. The funda-
mental rule during combined treatment with AEDs in
patients with drug-resistant epilepsy is that an adjuvant
drug (usually a novel one) is coadministered with conven-
tional AEDs (carbamazepine, phenytoin, phenobarbital, or
valproate). This scheme of add-on therapy eliminates and
drastically reduces the possibility of application of two
novel AEDs in combination. One can ascertain that
combinations based exclusively on novel AEDs are scarce
in clinical practice, depending exclusively on neurologists’
knowledge of theoretical AED mechanisms of action. On the
other hand, there is a trend towards the previous
examination of all theoretically advantageous AED-combi-
nations in animal models of epilepsy, and subsequently only
these, which show synergy, should be ‘empirically tested’ in
clinical practice. So far, the combination investigated in the
present study between TGB and GBP should be verified in
further clinical practice, giving precise indications on
extrapolation of such an experimental study to clinical
conditions, which might contribute to the finding of the
most efficacious mode of treatment the patients with
intractable seizures.

Drugs applied in combinations during polytherapy
sometimes exert a very profitable anticonvulsant effect

Interaction of tiagabine with gabapentin
JJ Łuszczki et al

1825

Neuropsychopharmacology



resulting from synergistic interactions. Some authors often
ascribe this effect to a novel or conventional AED added to
previously established monotherapy. Such suggestions are
frequently erroneous because the observed antiseizure effect
generally depends on both drugs applied in combination,
but not solely on an added drug. There is no doubt that
drugs, in vivo, cooperate together and the final result
(anticonvulsant effect) is always related to pharmacokinetic
and/or pharmacodynamic interactions involved in seizure
control during the combined therapy.

The problem of safety, efficacy, and tolerability of the
applied bitherapy has to be kept in mind when considering
the overall biological and adverse effects of these AEDs. The
possibility of some pharmacokinetic interactions should
always be considered during the polytherapy of refractory
seizures. From a pharmacokinetic point of view, it is
important to note that GBP does not undergo a biotrans-
formation and is entirely eliminated, without being
metabolized, in urine. In contrast, TGB is extensively
metabolized in the liver and only a small portion (less than
1%) of the dose is excreted unchanged in urine (Bourgeois,
1995). Another interesting property of GBP is a total lack of
plasma protein binding, in contrast to TGB, which is highly
bound to plasma proteins (96%) (Rambeck et al, 1996). In
light of these facts, theoretically, the combinations of TGB
with GBP should exert no pharmacokinetic interaction in
clinical conditions.

A growing body of evidence suggests that the proper
classification of pharmacologic interactions among AEDs
should be followed by evaluation of pharmacokinetic
events, which may sometimes influence the final effect of
the observed interactions. There is no doubt that by
ignoring the pharmacokinetic character of interactions
among AEDs, one can misinterpret the isobolographic
types of interactions evaluated in preclinical studies (Cadart
et al, 2002). Therefore, it seems clear that the concomitant
determination of anticonvulsant efficacy of the two-drug
mixture with AED-concentrations in the biophase, may give
much more insight into the exact character of interactions
among AEDs. This suggestion is generally consistent with
our earlier study (Luszczki et al, 2003b) and the studies of
Cadart et al (2002), Bourgeois (1986, 1988) and Bourgeois
and Wad (1984, 1988), who had additionally evaluated a
pharmacokinetic character of interactions among AEDs in
the cerebrospinal fluids or brains of animals tested. In our
opinion, the determination of AED-concentrations in the
homogenates of animal brain tissue seems the most optimal
resolution for the exact determination and classification of
two-drug interactions. It is worth mentioning that, in our
study, TGB affected neither the free plasma levels nor brain
concentrations of GBP, determined by the use of the HPLC-
technique, for all fixed-ratio combinations.

The step-through passive avoidance task allowed the
determination of influence of AEDs upon the long-term
memory of animals, in three variants of this test. It is widely
accepted that variant A of the passive avoidance task
determines effects of the drugs on learning and memorizing
processes in animals (acquisition); variant B allows testing
the drugs’ influence on consolidation of previously
remembered factors and learning stimuli in animals, and
variant C, determines the effects of the drugs on retrieval
and remembering the inducing events (Venault et al, 1986;

Parada-Turska and Turski, 1990). Testing the influence of
TGB and GBP in combinations, it seemed clear that only
combinations of TGB with GBP in variant A impaired the
long-term memory in animals. All remaining combinations
tested in variants B and C were without any significance on
long-term memory in mice. There are some opposing
literature data concerning the impairment of the long-term
memory in animals after administration of TGB and/or
GBP, therefore, it became important to thoroughly examine
the selective impairment of cognitive functions in animals.

In the passive avoidance test, it has been observed that
the mice, after administration of competitive and/or
noncompetitive NMDA antagonists before the training
session (variant A), have shown significant impairment of
acquisition of the task (Parada-Turska and Turski, 1990).
The administration of the same drugs (at the same
conditions), however, directly after the training session
(variant B), or 24 h later (variant C) did not impair the long-
term memory in mice. In contrast, the application of NMDA
allowed the animals to recall and avoid the entrance into the
dark box. The authors have suggested that either NMDA or
enhancement of the EAA neurotransmission may amelio-
rate the learning processes in the animals tested (Parada-
Turska and Turski, 1990). One can suggest that activation of
GABA-ergic inhibitory neurotransmitter system should
impair the learning processes in animals, analogously as it
has been shown in the case of NMDA antagonists.

Nevertheless, it has to be mentioned that TGB (at the dose
of 20 mg/kg) exerted the impairment of spatial learning in
the Morris water-maze test in rats (Schmitt and Hiemke,
2002). The authors corroborated that the administration of
TGB had detrimental effects either on acquisition or
retrieval of the task. In contrast, Halonen et al (1996) have
shown improved performance of rats in the Morris water-
maze test under the treatment with TGB at a dose of 50 mg/
kg. One can speculate about the possible TGB’s mechanisms
responsible for the impairment of acquisition and retrieval
in the spatial learning task. Reviewing the literature, it
seems that TGB, similar to GABAA- or benzodiazepine-
receptor agonists, evokes the impairment of acquisition
and, additionallyFin contrast to these agonists, impairs the
retrieval of the task. On the other hand, in patients with
epilepsy, TGB and other GABA enhancers, such as GBP or
VGB improved memory and cognitive functions (Kalviai-
nen, 1998; Kalviainen et al, 1995; Mortimore et al, 1998;
Meador et al, 1999). So far, considering the results of our
study, as well as available evidence, it is difficult, at present,
to unequivocally ascertain whether or not TGB disturbs the
memory in animals.

Moreover, examining the propensity of TGB and GBP to
induce memory impairment in mice, another problem
should be considered. After reviewing medical literature, it
became evident that GBP and TGB are the efficacious drugs
in reducing acute and chronic pain in the experimental
models of nociception (Shimoyama et al, 1997; Hunter et al,
1997; Ipponi et al, 1999; Lu and Westlund, 1999; Laughlin
et al, 2002). Moreover, some authors indicated the clinical
efficacy of GBP in the treatment of pain neuropathy after
herpes zoster (Rowbotham et al, 1998; Rice and Maton,
2001; Serpell et al, 2002), trigeminal neuralgia (Carrazana
and Schachter, 1998), peripheral neuropathy in patients
with diabetes (Backonja et al, 1998, Backonja, 1999), or
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phantom limb pain (Rusy et al, 2001). With respect to TGB,
it has significantly reduced sensitive neuropathy in patients
resistant to the standard antinociceptive therapy (Novak
et al, 2001).

It should be highlighted that the passive avoidance task in
rodents is based on a ‘negative learning factor’ as a stimulus
of direct current (0.6 mA, 2 s) is delivered after the entrance
of animals into the dark box of the testing apparatus.
Current impulse, through the grid floor of the apparatus,
induces pain in the paws of the animals tested. Obviously,
each animal quickly recalls this negative learning factor and
associates the pain with the entrance into the dark box. The
next time (24 h later) the animal, after being put again into
the light box, avoids the dark one up to 180 s, recalling the
unpleasant experience from the preceding day. This is the
fundamental condition for examining the learning processes
in animals. Therefore, it is not surprising that the drugs
reducing the pain sensitivity to the negative learning factors
impair the long-term memory. The anecdotal statement that
a pharmacological inhibition of the pain sensitivity can
significantly impair the long-term memory in animals is
true, because the animals did not remember or recall the
factor, which was not experienced. Based upon the
observation from the present study, it seemed important
to determine the pain threshold for TGB and GBP alone or
in combinations. Unexpectedly, TGB elevated the pain
threshold in a dose-dependent manner, lengthening the
latency time to the first pain reaction. Therefore, after
testing the long-term memory in animals in the modified
variant A of the passive avoidance task, it was corroborated
that combinations of TGB with GBP did not impair long-
term memory in the animals. Thus, it seems evident that the
proper assessment of the influence of novel AEDs on the
long-term memory in animals should be followed by
previous determination of the pain threshold. Obviously,
additional (antinociceptive) properties of TGB and GBP,
administered in combinations, could ameliorate the pa-
tients’ quality of living, especially those, who similar to
healthy people, suffer from various pain disorders that are
or not related with epilepsy, for instance: headaches,
algomenorrhoea, etc. (Savoldi et al, 1984; Leniger et al,
2001; Nair et al, 2001). Due to this additional antinocicep-
tive component, combinations of TGB with GBP might
become much more efficacious from a clinical point of view.

The pain threshold test confirmed our presumptions that
TGB, producing antinociception, may yield false results and
negatively influence the long-term memory tested under
standard conditions. In our study, the first time we applied
the pain threshold testing procedure in order to detect the
effects of the novel AEDsFTGB and GBP on the pain
reaction. In order to eliminate the analgesic properties of
AEDs, which could impair and disturb the processes of
long-term memory in animals, the exposure time to
stimulus was lengthened from 2 to 6 s in the step-through
passive avoidance task. We consciously changed the time of
stimulation, but not the current parameters because it is
believed that current with changed intensity or voltage may
cause damage of peripheral nerves. So far, the stimulus
duration of 6 s was assigned as a standard and pattern value
in the present study.

Another problem, concerning the antiseizure medication
with GABA enhancers, should be highlighted here. The

existing data indicate that a moderate stimulation of GABA-
ergic neurotransmitter system is responsible for a sub-
stantial reduction of seizure attacks. On the other hand, the
excessive stimulation may lead to aggravation or enhance-
ment of epileptic convulsions in patients. This clinical
worsening, after administration of some AEDs influencing
the GABA-ergic system, seems to depend on specific
interactions of these AEDs with neuronal circuits in the
brain. It is possible that AEDs inhibit some neuronal
populations, while the others are overstimulated, finally
resulting in pro- or anticonvulsant action of these AEDs
(Deckers et al, 2003). The experimental data and clinical
reports indicate that overstimulation of GABA-ergic neuro-
transmission potentiates the epileptic attacks (by increasing
their frequency) or induces their new forms (especially, the
absence attacks) (Murphy and Delanty, 2000). A growing
body of evidence has suggested that clinical use of
conventional and novel AEDs may sometimes contribute
to the aggravation of seizures (Perucca et al, 1998; Murphy
and Delanty, 2000). Among the AEDs, possessing a high
propensity for inducing the seizures, there are: VGB, TGB,
or GBPFwhich selectively affect the GABA-ergic system
(Loiseau, 1998). Also, it was observed that patients on add-
on therapy, taking VGB or GBP, two to four times
frequently experienced convulsions than patients medicated
only with CBZ or VPA (Elger et al, 1998). Existing clinical
report shows that GBP worsened myoclonic or absence
seizures or activated myoclonic convulsions in partial
seizures (Wong et al, 1999). Myoclonic convulsions were
also seen after the addition of moderate doses of TGB to the
existing monotherapy, whereas after the overtreatment with
TGB, a nonconvulsive status epilepticus was observed
(Schapel and Chadwick, 1996; Shinnar et al, 2001).
Reviewing literature, Perucca et al (1998) have focused
attention on two independent, central mechanisms generat-
ing the epileptic convulsions in patients treated with AEDs.
The first oneFnonspecific, dose-dependent, and the
second one (pharmacodynamic)Fclosely related with
antiseizure mechanisms of action of AEDs. The proconvul-
sive mechanism of action of TGB, probably depends on the
increase of GABA concentration within the synaptic clefts at
the level of the thalamus, with subsequent potentialization
of GABAB-mediated slow hyperpolarization of neurons,
which finally leads to amplification of the thalamocortical
rhythms necessary to support the spike-wave discharges
(White, 1999). Experimental activation of GABAB receptors
(with baclofenFa GABAB receptor agonist) increases the
frequency of absence seizures in pharmacological and
genetic models of seizures in animals (Hosford et al, 1992;
Snead, 1992).

The results of the present study indicate that, due to the
cooperation of TGB with GBP in combinations, it is possible
to reduce the drug loads significantly without losing their
antiseizure properties. Additionally, the optimal drug–dose
application may eliminate and limit to minimum the
potentially possible overstimulation of the GABA-ergic
system, which might evoke paradoxical seizures. There are
some suggestions with respect to the fact that overtreatment
in epilepsy is the main cause of paradoxically induced
seizures in patients (Bourgeois, 2002; Deckers, 2002;
Holmes, 2002; Perucca, 2002; Schmidt, 2002; Schmidt et al,
2002). In such cases, the introduction of another AED
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(third, fourth, fifth) in order to subdue the seizures may
develop iatrogenic drug-resistant seizures (vicious circle).
Therefore, rational polytherapy should consider the simul-
taneous reduction of drug doses in order to avoid the drug-
induced seizures in patients. Moreover, it is conceivable
that with reduction of the drug loads, one can diminish the
adverse effects of combined AEDs (Czuczwar and Borowicz,
2002).

Summing up, it seems possible that the synergistic
cooperation of TGB with GBP (in terms of their protective
effects) and subsequent reduction of the drug loads for
avoiding some deleterious side effects or paradoxically
induced seizures might provide patients with adequate
seizure control. In the adjunctive therapy, the coadminis-
tration of TGB with GBP might be profitable and worth
recommendations in clinical practice. Moreover, combina-
tions of TGB with GBP, owing to their analgesic effects, may
yield the appropriate result in the seizure control and be
better tolerated than the other AEDs, contributing to the
improvement of patients’ quality of life and their social
functioning. So far, these ‘additional properties’ of novel
AEDs should also be considered by clinicians.
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