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Abstract:

The influence of imperatorin (IMP) on the anticonvulsant activity and acute adverse-effect potential of lamotrigine (LTG, a second-
generation antiepileptic drug) was studied in the maximal electroshock-induced seizure (MES) model and chimney test in mice.
In order to assess the nature of interaction between IMP and LTG in the MES test, total brain LTG concentrations were evaluated
with high-pressure liquid chromatography (HPLC).

Results indicate that IMP administered ip, 30 min before the test, at a dose of 50 mg/kg significantly enhanced the anticonvulsant ac-
tion of LTG in the MES test by reducing the median effective dose (EDsg) of LTG from 6.11 to 2.47 mg/kg (p < 0.05). In contrast,
IMP administered ip at doses of 30 and 40 mg/kg did not significantly potentiate the anticonvulsant activity of LTG against MES-
induced seizures, although a reduction of the EDsq values for LTG from 6.11 to 5.77, and 4.28 mg/kg, respectively, was observed. On
the other hand, IMP administered ip, at doses of 30, 40 and 50 mg/kg had no impact on the acute adverse effects of LTG, and the me-
dian toxic doses for LTG (TD5() were almost unchanged, ranging from 22.13 to 30.04 mg/kg in the chimney test. The protective in-
dex (TDsg to EDsq ratio) for LTG administered alone was 4.90 and increased to 5.21, 6.77, and 8.96 for LTG in combination with
IMP at doses of 30, 40 and 50 mg/kg, respectively. Pharmacokinetic evaluation of total brain LTG concentration with HPLC revealed
that IMP at the dose of 50 mg/kg did not affect total brain LTG concentration in experimental animals and thus, the observed interac-
tion between IMP and LTG in the MES test was pharmacodynamic in nature.

The present study demonstrates that IMP ameliorates the pharmacological profile of LTG, when considering both, the antiseizure
and acute adverse effects of the drug in preclinical study on animals. The combination of LTG with IMP can be of pivotal importance
for epileptic patients as a potentially advantageous combination if it is proven that the results of this study can be extrapolated to
clinical settings.
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Introduction

Imperatorin  (IMP;  9-(3-methylbut-2-enyloxy)-7H-
-furo[3,2-g]|chromen-7-one) is a bioactive furanocou-
marin isolated from roots of Angelica dahurica and
fruits of Angelica archangelica (Umbelliferae) [1].
Experimental evidence indicates that IMP irreversibly
inactivates y-aminobutyric acid (GABA)-transam-
inase (the enzyme responsible for GABA degrada-
tion), thereby increasing the GABA content in the
synaptic clefts of neurons and elevating concentration
of the inhibitory neurotransmitter GABA in the brain
[6]. Moreover, in an autoradiographic study, IMP in-
hibited the binding of [*H]diazepam to benzodi-
azepine receptors, suggesting that the compound pro-
duced its anticonvulsant effects through the interac-
tion with GABA 4-benzodiazepine receptor complex
[2].

On the other hand, in an in vitro study IMP induced
vasodilatation of rat mesenteric arterial rings via in-
hibiting voltage-dependent (VDCC) and receptor-
operated (ROCC) calcium channels [10]. Hence, it is
highly likely that this agent possesses properties of
a calcium channel antagonist. Accumulating evidence
indicates that some calcium channel antagonists re-
duce the incidence of seizures and exert the anticon-
vulsant activity in various experimental seizure mod-
els in rodents [9, 15, 25, 27, 33, 34]. Generally, it is
thought that the blockade of high voltage-activated
(L-, N-, P/Q-type) calcium channels is associated with
control of partial seizures with or without secondary
generalization [11, 15, 26, 32]. Interestingly, calcium
channel antagonists readily penetrating into the brain
potentiate the protective efficacy of some antiepilep-
tic drugs (AEDs) in both, preclinical studies on ani-
mals [3, 7, 12, 13], and clinical trials in humans [8,
28, 29, 31]. To date, several clinical reports revealed
beneficial effects of some calcium channel antago-
nists (i.e., flunarizine, cinnarizine, and nimodipine) as
an add-on treatment in epileptic patients [8, 28, 30, 31].

Quite recently, it has been reported that IMP in
a dose-dependent manner increased the threshold for
electroconvulsions in mice [22]. The time-course and
dose-response relationship analyses revealed that the
time to peak of the maximum anticonvulsant effect
for IMP was established at 30 min after its systemic
(ip) administration in mice [22]. Moreover, IMP sig-
nificantly enhanced the antiseizure action of pheny-

toin, carbamazepine and phenobarbital, but not that of
valproate in the mouse maximal electroshock-induced
seizure (MES) model [21].

Considering the above-mentioned facts, it was of
pivotal importance to evaluate the effects of IMP upon
the protective activity of lamotrigine (LTG, a second-
generation AED) against MES-induced seizures in
mice. It is widely accepted that the MES test is con-
sidered to be an experimental model of tonic-clonic
seizures and, to a certain extent, of partial seizures
with or without secondary generalization [17]. In this
model, the anticonvulsant effects produced by con-
ventional AEDs in combination with IMP were deter-
mined [21]. Moreover, clinical evidence indicates that
LTG is effective in suppression of tonic-clonic sei-
zures, partial simple and complex seizures with or
without secondary generalization, the idiopathic gen-
eralized epilepsies and Lennox-Gastaut syndrome [5].
Therefore, it was appropriate to use the MES test in
order to evaluate the anticonvulsant effects exerted by
the combination of IMP with LTG.

Additionally, acute adverse effect profile for LTG
administered alone and combined with IMP was de-
termined in the chimney test. The determination of
the anticonvulsant activity and acute adverse-effect
potential of LTG administered alone and combined
with IMP allowed for establishing of the protective in-
dex (PI) value for LTG and its combination with IMP.
Noteworthy, the PI value in preclinical studies reflects
the margin of safety and tolerability between the drug
doses exerting acute adverse effects and those provid-
ing therapeutic efficacy against seizures [18]. To as-
certain whether the observed anticonvulsant effects of
the combination of IMP with LTG were consequent to
a pharmacodynamic and/or a pharmacokinetic inter-
action, total brain LTG concentrations were evaluated
with high pressure liquid chromatography (HPLC).

Materials and Methods

Animals and experimental conditions

Adult male Swiss mice (weighing 22-26 g) that were
kept in colony cages with free access to food and tap
water, under standardized housing conditions (natural
light-dark cycle, temperature of 23 + 1°C, relative hu-
midity of 55 + 5%), were used. After 7 days of adap-
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tation to laboratory conditions, the animals were ran-
domly assigned to experimental groups comprising
8 mice. Each mouse was used only once and all tests
were performed between 08.00 and 15.00 h.

Procedures involving animals and their care were
conducted in accordance with current European Com-
munity and Polish legislation on animal experimenta-
tion. Additionally, all efforts were made to minimize
animal suffering and to use only the number of ani-
mals necessary to produce reliable scientific data. The
experimental protocols and procedures described in
this manuscript were approved by the Local Ethics
Committee at the Medical University of Lublin (Li-
censes no. 14/2006; 37/2006) and complied with the
European Communities Council Directive of 24 No-
vember 1986 (86/609/EEC).

Drugs

LTG (Lamictal, Glaxo Wellcome, Kent, UK) was sus-
pended in a 1% solution of Tween 80 (Sigma, St.
Louis, MO, USA) in distilled water and administered
ip as a single injection, in a volume of 5 ml/kg body
weight. Fresh drug solutions were prepared on each
day of experimentation and administered 60 min be-
fore electroconvulsions and motor coordination as-
sessment. IMP [9-(3-methylbut-2-enyloxy)-7H-furo-
[3,2-g]chromen-7-one] (Department of Pharmacog-
nosy with Medicinal Plant Laboratory, Lublin, Po-
land) was suspended in a 1% solution of Tween 80
(Sigma, St. Louis, MO, USA) in distilled water and
administered ip at 30 min before electroconvulsions
and motor coordination evaluation. The pretreatment
times before testing of the drugs were based upon in-
formation about their biological activity from the lit-
erature and our previous experiments [19-22]. The
times to the peak of maximum anticonvulsant effects
for LTG and IMP were used as the reference times in
the chimney test.

Maximal electroshock-induced seizures

Electroconvulsions were produced by means of a con-
stant current stimulation (25 mA, 0.2 s stimulus dura-
tion) delivered via ear-clip electrodes by a Rodent
Shocker generator (Type 221, Hugo Sachs Elektronik,
Freiburg, Germany). The criterion for the occurrence
of seizure activity was the tonic hind limb extension.
The protective activity of LTG was determined as its
median effective doses (EDs, values in mg/kg)

568 Pharmacological Reports, 2008, 60, 566-573

against MES-induced seizures. The animals were ad-
ministered with different doses of LTG so as to obtain
a variable percentage of protection against MES-
induced seizures, allowing for the construction of
a log-probit dose-response curve for LTG adminis-
tered alone, according to Litchfield and Wilcoxon
[16]. To evaluate each ED5, value, at least 4 groups of
animals (each group consisted of 8 mice) injected
with various doses of LTG were subjected to the MES
test. The EDs value represents the dose of LTG re-
quired to protect half of the animals tested against
MES-induced seizures. Similarly, the anticonvulsant
activity of a mixture of LTG with IMP was evaluated
and expressed as the EDs corresponding to the dose
of LTG necessary to protect 50% of mice against tonic
hindlimb extension in the MES test. In the present
study, LTG was administered at doses ranging be-
tween 1-9 mg/kg. This experimental procedure has
been described in detail in our earlier studies [20, 21,
23].

Chimney test

The chimney test of Boissier et al. [4] was used to
quantify the acute adverse-effect potential of LTG ad-
ministered alone and in combination with IMP on mo-
tor performance in mice. In this test, the animals had
to climb backwards up a plastic tube (3 cm inner di-
ameter, 30 cm long), and motor performance impair-
ment was indicated by the inability of the mice to
climb backward up the transparent tube within 60 s.
The acute adverse effects of LTG administered alone
were expressed as its median toxic doses (TDs, val-
ues), representing the doses at which LTG impaired
motor coordination in 50% of the animals tested in the
chimney test. To evaluate each TDs, value, at least
4 groups of animals (each group consisted of 8 mice)
injected with various doses of LTG were challenged
with the chimney test. A dose-response relationship
curve was calculated on the basis of the percentage of
mice showing motor deficits by means of the log-
probit method according to Litchfield and Wilcoxon
[16]. Additionally, mice were administered combina-
tions of LTG with IMP and were subjected to the
chimney test to determine motor performance. In the
present study, LTG was administered at doses ranging
between 1540 mg/kg. This experimental procedure
has been described in detail in our earlier studies [19,
20, 23].
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Protective index

The protective index (PI) for LTG administered alone
and in combination with IMP was calculated by divid-
ing a TDs value, as determined in the chimney test,
by the respective EDs(, value, as determined in the
MES test. The PI is considered to be an index repre-
senting the margin of safety and tolerability between
anticonvulsant doses and doses of AEDs exerting
acute adverse effects (e.g., sedation, motor coordina-
tion impairment, ataxia or other neurotoxic manifesta-
tions) [18].

Measurement of total brain lamotrigine concen-
tration

The total brain concentration of LTG was measured
after administration of the dose, which corresponded
to its EDs( value established in the MES test for the
combination of LTG with IMP (50 mg/kg). Mice were
killed by decapitation at times chosen to coincide with
that scheduled for the MES test and the whole brains
of mice were removed from skulls, weighed, har-
vested and homogenized with Abbott buffer (1:2 w/v)
in an Ultra-Turrax T8 homogenizer (IKA-Werke,
Staufen, Germany). The homogenates were centri-
fuged at 10,000 x g for 10 min. Next, supernatant
samples of 200 pl were added to 200 ul of 3 M tri-
chloroacetic acid, vortexed for 1 min., and centri-
fuged at 10,000 x g for 10 min. Subsequently, 20 pl of
the prepared samples was injected into the HPLC col-
umn. The chromatograph (Dionex, Sunnyvale, CA,
USA) was equipped with a gradient pump P580 LPG
and a UV/VIS detector (UVD 340S) with a sensitivity
setting of 0.1 absorbance units full scale (AUFS) and
a time constant of 0.1 s. The Rheodyne 3601 injector
valve with a 20 pl sample loop was used for sample
injection. For HPLC, a stainless steel HP ODS col-
umn (200 % 4.6 mm) was used at an ambient tempera-
ture of 20°C. The mobile phase was 40 mM triethyl-
ammonium phosphate buffer: methanol: acetonitrile
(660:80:160 vol/vol/vol; Fluka, HPLC grade). The
mobile phase flow rate was 1.2 ml/min, and LTG ab-
sorbance was measured at 214 nm. The peak height
for LTG was linearly related to its concentrations,
which ranged from 0.16 to 5.0 pg/ml. Total brain con-
centrations of LTG were expressed in pig/ml of super-
natant as the means + SD of 8 separate brain prepara-
tions.

Statistical analysis

Both, EDs, and TDs, values with their 95% confi-
dence limits were calculated by computer log-probit
analysis according to Litchfield and Wilcoxon [16].
Subsequently, the respective 95% confidence limits
were transformed to standard errors (SE) as described
previously [23]. Statistical analysis of data from the
MES and chimney tests was performed with one-way
analysis of variance (ANOVA) followed by the post-
hoc Tukey-Kramer test for multiple comparisons [20,
21]. Total brain LTG concentrations were statistically
analyzed using the unpaired Student’s #-test. All sta-
tistical tests were performed using GraphPad Prism
version 4.0 for Windows (GraphPad Software, San
Diego, CA, USA). Differences between the means
were considered statistically significant if p < 0.05.

Results

Effects of imperatorin on the protective action
of lamotrigine in the maximal electroshock-
induced seizure model in mice

LTG administered alone exhibited a clear-cut anticon-
vulsant activity in the MES test in mice and its EDx
value is presented in Table 1. IMP administered ip,
30 min before the test, at a dose of 50 mg/kg signifi-
cantly enhanced the anticonvulsant action of LTG in
the MES test. In this case, the experimentally-derived
EDs value for LTG was reduced by 60% from 6.11 to
2.47 mg/kg (p < 0.05; Tab. 1). IMP at lower doses of
30 and 40 mg/kg also potentiated the anticonvulsant
effect of LTG against MES-induced seizures, how-
ever, statistical analysis of data with one-way ANOVA
followed by the post-hoc Tukey-Kramer test revealed
that the reduction of EDs values of LTG (by 6% and
30%, from 6.11 to 5.77, and 4.28 mg/kg after admini-
stration of IMP at 30 and 40 mg/kg, respectively) did
not attain statistical significance (Tab. 1).

Influence of imperatorin on the acute adverse-
effect profile of lamotrigine in the chimney test
in mice

LTG administered alone produced a clear-cut motor
coordination impairment in the chimney test in mice
and its TDs, value is presented in Table 1. IMP at
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Tab. 1. Effects of imperatorin (IMP) on the anticonvulsant activity and acute adverse-effect (neurotoxic) profile of lamotrigine (LTG) in the maxi-
mal electroshock (MES)-induced seizures and chimney test in mice

Treatment (mg/kg) EDso (mg/kg) N SE TDso (ma/ka) N SE PI

LTG + vehicle 6.11 (4.52-8.25) 24 0.938 29.91 (23.75-37.67) 24 3519 490
LTG +IMP (30) 5.77 (4.28-7.77) 8 0.876 30.04 (23.75-38.00) 24 3601 521
LTG + IMP (40) 4.28 (2.79-6.58) 16 0.939 28.98 (24.14-34.78) 16 2698 677
LTG +IMP (50) 247 (1.22-4.99) 24 0.886 22.13 (15.51-31.59) 24 4014 896

F(3, 68) = 3.373; p = 0.0233 F(3, 84) = 1.159: p = 0.3305

Data are presented as 1) median effective doses of LTG (EDs values with 95% confidence limits in parentheses), protecting 50% of animals
tested against MES-induced seizures and 2) median toxic doses of LTG (TDsg values with 95% confidence limits in parentheses), impairing
motor coordination in 50% of animals tested subjected to the chimney test. Statistical evaluation of the data was performed with log-probit
method [16], followed by one-way analysis of variance (ANOVA) with the post-hoc Tukey-Kramer test for multiple comparisons [21]. The drugs
were administered systemically (ip), as follows: LTG — at 60 min, and IMP —at 30 min prior to the MES and chimney tests. N —total number of ani-
mals at those doses whose anticonvulsant and acute adverse effects were between 4 and 6 probits. SE - standard error of the EDsg or TDsg val-
ues. The protective index (Pl) was calculated as TDsgq to ED5q ratio based on the chimney test and MES test results, respectively. F—F-statistics
from one-way ANOVA accompanied with the respective degrees of freedom in parentheses; p — probability value from one-way ANOVA.

*p < 0.05 vs. the respective control (LTG + vehicle-treated) animals

Tab. 2. Effect of imperatorin (IMP) on total brain concentrations of la-
motrigine (LTG) in mice

Treatment (mg/kg) Brain concentration (ug/ml)
LTG (2.5) + vehicle 0.789 +0.111
LTG (2.5) + IMP (50) 0.799 + 0.144

Data are presented as mean concentrations (in pg/ml + SD of at least
8 separate brain samples). The drugs were administered jp at doses
corresponding to the EDsq value from the MES test. Total brain con-
centrations of LTG were measured with HPLC technique. Data were
statistically verified by using the unpaired Student’s t-test

doses of 30, 40 and 50 mg/kg did not significantly affect
the acute adverse effects of LTG in the chimney test
(Tab. 1). According to one-way ANOVA followed by
the post-hoc Tukey-Kramer test for multiple compari-
sons, the TDs, values for LTG combined with IMP (30,
40 and 50 mg/kg) did not differ significantly from the
respective value for LTG administered alone (Tab. 1).

Protective index

The PI (as a ratio of TDs and ED5, values) for LTG ad-
ministered alone was 4.90 (Tab. 1). The PI for the com-
bination of LTG with IMP at 30 mg/kg was 5.21, and
that for the combination of LTG with IMP at 40 mg/kg
increased to 6.77 (Tab. 1). The highest PI value was
observed for the combination of LTG with IMP at the
dose of 50 mg/kg, which amounted to 8.96 (Tab. 1).
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Total brain LTG concentrations

Total brain concentration of LTG for the mixture of
LTG (2.5 mg/kg) with IMP (50 mg/kg) was 0.799 +
0.144 pg/ml and did not significantly differ from that
evaluated for LTG administered alone at 2.5 mg/kg,
which was 0.789 = 0.111 pg/ml (Tab. 2).

Discussion

The results indicate that IMP at the dose of 50 mg/kg
significantly enhanced the anticonvulsant action of
LTG in the MES test and had no impact on the acute
adverse effects of LTG in the chimney test. However,
as reported earlier, IMP at the dose of 50 mg/kg sig-
nificantly increased (by 38%) the threshold for elec-
troconvulsions in mice [22]. Thus, the protective ac-
tion of LTG against MES-induced seizures was en-
hanced by 60% after co-administration of IMP (at the
dose of 50 mg/kg), despite that IMP by itself in-
creased the threshold for electroconvulsions in mice.
Pharmacokinetic evaluation of interaction between
LTG and IMP revealed that IMP had no impact on the
total brain LTG concentrations in experimental ani-
mals and thus, the observed interaction between IMP
and LTG in the MES test was pharmacodynamic in
nature. The lack of the pharmacokinetic interaction
between drugs is in agreement with the fact reported
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earlier that IMP had no impact on the total brain con-
centrations of phenytoin and phenobarbital in experi-
mental animals [21].

It is important to note that IMP has been found to
induce vasodilatation via inhibiting voltage-dependent
calcium channels and receptor-mediated calcium in-
flux [10], therefore, one can ascertain that IMP pos-
sesses, at least in part, properties of a calcium channel
antagonist. In order to explain the observed interac-
tion between IMP and LTG in the MES test, one
should analyze the effect produced by the combina-
tion of LTG with three calcium channel antagonists:
amlodipine, diltiazem and verapamil. Quite recently,
it has been found that amlodipine, but not diltiazem or
verapamil significantly potentiated the antiseizure ac-
tion of LTG in the MES test in mice [24]. The EDsx
value of LTG against MES-induced seizures after co-
administration of amlodipine (at a dose of 20 mg/kg)
was reduced by 55% from 6.33 to 2.87 mg/kg [24]. In
the present study, the reduction of EDs value of LTG
after co-administration of IMP (at the dose of 50 mg/kg)
attained 60% from 6.11 to 2.47 mg/kg. Moreover, the
experimental studies indicated that IMP at the dose of
50 mg/kg increased the threshold for electroconvul-
sions in mice by 38% [21], whereas amlodipine at the
dose of 20 mg/kg elevated the threshold for electro-
convulsions in mice by 20% [24]. Thus, based on
comparison of the effects of IMP and amlodipine on
the anticonvulsant action of LTG in the MES test in
mice, one can hypothesize that IMP is quite similar to
amlodipine, especially, if one relates the pharmacol-
ogical activity of both drugs in combination with
LTG. There are distinct similarities between IMP and
amlodipine confirming the hypothesis about the func-
tional resemblance of both drugs. For instance, amlo-
dipine enhanced the anticonvulsant action of carba-
mazepine, phenobarbital and valproate, but not that of
phenytoin in the MES test in mice [13]. The pharma-
cokinetic estimation of free plasma AED concentra-
tions revealed that amlodipine significantly elevated
free plasma concentrations of carbamazepine, remain-
ing without any effect on free plasma concentrations
of phenobarbital or valproate in mice [13]. With re-
spect to IMP, the drug enhanced the antiseizure action
of carbamazepine, phenobarbital and phenytoin, but
not that of valproate in the MES test in mice [21].
Similarly, IMP significantly increased total brain con-
centrations of carbamazepine, remaining without any
effect on total brain concentrations of phenobarbital
or phenytoin [21]. The quite identical profile of inter-
action of IMP and amlodipine may suggest the func-

tional resemblance of these drugs in preclinical stud-
ies. Although this hypothesis is highly speculative,
the blockade of calcium channels by IMP can readily
explain the observed interaction between LTG and
IMP in the MES test in mice.

Moreover, this study extended our previous find-
ings by investigating the effect of IMP on the acute
adverse-effect profile of LTG, specifically on the mo-
tor coordination impairment in mice. Noteworthy, the
chimney test is considered to be an experimental ani-
mal model allowing to assess the effects of drugs on
motor performance, including the influence of drugs
on synchronic movements of fore- and hind-limbs,
coordination of movements and normal muscular
strength in rodents [18]. The evaluation of acute
adverse-effect potential of LTG administered alone
and in combination with IMP in the chimney test re-
vealed that IMP did not significantly alter motor coor-
dination in mice as compared to the animals receiving
LTG alone. Therefore, the investigated combination
of LTG with IMP seems to be safe and well tolerated
by experimental animals. Our findings are in agree-
ment with those reported earlier by Kleiner et al. [14]
and Okamoto et al. [29], who have found that IMP ad-
ministered chronically at up to 70 mg/kg/day and
acutely at up to 200 mg/kg produced no toxicity in ro-
dents. Since a close correlation exists between the
acute adverse effects observed in animals in preclini-
cal studies and the acute neurotoxic effects docu-
mented in clinical settings in humans, one can ascer-
tain that the combination of LTG with IMP should be
safe and well tolerated by patients.

The results presented herein also indicate that IMP
ameliorated the pharmacological profile of LTG, by
increasing its PI value. Noteworthy, the PI values cal-
culated for the combination of LTG with IMP were
higher than that for LTG administered alone, indicat-
ing a favorable profile for the combination of LTG
with IMP. Generally, the PI reflects both, the antisei-
zure activity of a drug and its ability to produce acute
adverse effects in preclinical studies.

Conclusions

IMP ameliorated pharmacological profile of LTG, es-
pecially, by enhancing its antiseizure activity with un-
altered acute adverse effect liability in preclinical
studies on animals. If the experimental data from this
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study can be extrapolated to clinical settings, IMP
should enhance the antiseizure activity of LTG in epi-
leptic patients that would create a new therapeutic op-
tion for epileptic patients. However, the hypothesis
about the beneficial effect of combined treatment with
LTG and IMP in epileptic patients needs an additional
confirmation in further clinical trials.
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