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Abstract

Action of antiepileptic drugs in immature brain may differ from that in adult brain.
The aim of our study was to study an anticonvulsant action of lamotrigine and
phenytoin, i.e. two drugs active against partial seizures in adult experimental animals as
well as human patients, in a model of simple partial seizures in immature rats. Epileptic
foci were induced by local application of bicuculline methiodide on sensorimotor cortical
area of 12-day-old rat pups. The animals were pretreated with lamotrigine (LTG, 10 or
20 mg/kg i.p.) or phenytoin (PHT, 15, 30 or 60 mg/kg i.p.). Control rats for LTG received
saline, controls for PHT solvent composed of propyleneglycol, ethanol and water.
Influence of either drug on interictal activity was negligible. High doses of both LTG and
PHT suppressed the transition into ictal phases and shortened the duration of persisting
seizures. The tricomponent solvent exhibited moderate activity against ictal activity if
compared with saline controls. The two drugs exhibited similar action in our model —
suppression of secondary generalization from epileptic focus. This action is comparable
to that described for human patients and adult experimental animals. In favour of

lamotrigine speaks an absence of serious side effects.
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The goal of therapy of epilepsies is to keep the patients free of seizures without
compromising their brain function. The preservation of normal function is especially
important in the developing brain because pathological changes may derange brain
development. Studies of epileptic phenomena and the action of antiepileptic drugs
during brain development are therefore necessary because of very high incidence of
epileptic seizures in infancy and childhood (Hauser et al. 1993).

The two common experimental models of seizures used to test efficacy of possible
new anticonvulsant drugs - maximal electroshock seizures (a model of generalized
tonic—clonic seizures) and minimal metrazol seizures (a model of myoclonic seizures)
do not cover the whole spectrum of human epileptic seizures. It has been proposed that
the maximal electroshock seizure test might also predict efficacy against partial seizures
but serious doubts arose. Thus a valid model of complex partial seizures with secondary
generalization is represented by amygdala kindled seizures (L&scher and Schmidt
1988) but there is no generally accepted model of simple partial seizures in spite of the
fact that partial seizures represent a common type of seizures in the immature brain.

Interictal discharges as the main EEG phenomena in partial seizures represent a
simple, most common sign of epileptic process (de Curtis and Avanzini 2001) during
which thousands of neurons in the focus exhibit paroxysmal depolarization shift with
superimposed burst of action potentials. This phenomenon was experimentally
analyzed mostly in the model of PNC-induced foci. Similar model could be formed by
local application of a GABA-A antagonist bicuculline in its water soluble form —
bicuculline methiodide (for review Prince 1985, VeliSek 2006). This model was
elaborated in our laboratory in adult as well as immature rats (VeliSkova et al. 1991,
Soukupova et al. 1993) and it was verified in adult animals by Eder et al. (1997). This
model allows to study not only discharges of a primary epileptic focus, but also spread
of focal discharges through the cortex and a transition of an interictal activity into ictal
phases. Unfortunately, developmental data on pharmacological sensitivity of this model
are not yet available in spite of the marked developmental differences in

pharmacokinetics as well as pharmacodynamics of antiepileptic drugs (Morselli et al.



1983). We decided to start with testing of two antiepileptic drugs with main mechanism
of action connected with voltage-gated sodium channels: phenytoin - a classical
antiepileptic drug that serves epileptic patients for many decades and lamotrigine - a
drug that belongs to the third generation of antiepileptics (DeLorenzo and Sun 2002,
Leach et al. 2002).

A preclinical profile of LTG anticonvulsant action is in some respect similar to that
of PHT. LTG blocks electrically or chemically induced maximal (tonic) seizures but has
no effect on the threshold of chemically induced seizures in rodents (Miller et al.1986).
As cerebral cortex is concerned, LTG is active in cortical kindling model in rats
(O’Donnell and Miller 1991) and it attenuates local field potentials elicited by
somatosensory stimulation (Kida et al. 2006). It inhibits repetitive high frequency firing in
depolarized neurons by selectively prolonging slow inactivation of the sodium channel,
thereby suppressing the release of excitatory amino acids, mainly glutamate (Leach et
al. 1986, 2002). In addition, LTG influences also calcium and potassium channels
(Stefani et al. 1996, Grunze et al. 1998, Zona et al. 2002). Similar action of the two
anticonvulsants against pentetrazol-induced generalized tonic-clonic seizures was
found also in immature rats (suppression of the tonic phase — Stankova et al. 1992).
There is not only similarity but also a difference between the actions of the two drugs —
LTG is efficient against human absence seizures (Stephen and Brodie 2002) as well as
against their animal models (Hosford and Wang 1997, Gibbs et al. 2002), PHT is
without effect or aggravates these seizures (Gurbanova et al. 2006). The most
important difference - convulsant effects of an overdose of PHT in early postnatal rats
(7- and 12-day-old ones - Mares et al. 1987) - led us to test the effects of both LTG and
PHT in 12-day-old rat pups.

Methods

The experiment was carried out in 12-day-old male rat pups of albino Wistar strain,
housed under standard conditions (mothers were given food and water ad libitum, 12:12
light:dark cycle, temperature 22+1°C). The day of birth was counted as zero and all
litters were reduced to eight pups. Body weight of 12-day-old animals was 28+0.7 g

(meantSEM). The experiments were approved by the Animal Care and Use Committee



of the Institute of Physiology of the Academy of Sciences of the Czech Republic to be in
agreement with the Animal Protection Law of the Czech Republic (fully compatible with
European Community Council directives 86/609/EEC).
Surgical preparation and recording

Surgical implantation of the electrodes and cannula was done under light ether
anaesthesia. Four openings (made by means of a razor blade) for flat silver epidural
electrodes were placed symmetrically on the two hemispheres, two over the frontal
sensorimotor cortex (AP=0; L=2 mm) and two over the occipital visual area (AP=3; L-2
mm). The indifferent electrode was placed into the nasal bone. The opening for the
plastic cannula (7 mm long and 1 mm of outer diameter) was made beside the left
frontal electrode. The whole assembly was fixed to the scull with a fast-curing dental
acrylic (Duracrol® Dental, Prague).

The pups were allowed to rest on a heating pad for one hour after the surgery.

They were fed with 5% glucose solution and simple neurological tests (righting and
placing reflexes) were checked. After that, the rats were intraperitoneally injected either
with lamotrigine (LTG - a gift from Glaxo Smith Kline - in the dose of 10 or 20 mg/kg; it
was freshly dissolved in warm physiological saline and because it is a weak base it was
acidified with two drops of 0.1 mmol HCI;) and/or with phenytoin (PHT - Sigma, St.Louis,
MO - freshly dissolved in a tricomponent solvent; in doses of 15, 30 and/or 60 mg/kg).
Control group for LTG received saline, controls for PHT were injected with solvent
(propylene glycol, ethanol and water in a ratio of 3:2:5). The same volume (1ml/kg) of
drug solution or solvent was always administered. This administration was done 30
minutes before the bicuculline methiodide (BMI, Sigma, St.Louis, MO) application. BMI
(1 mmol solution) was also freshly prepared immediately before each experiment. A
microsyringe was used to apply 2.5 ul of the BMI solution through the cannula on the
sensorimotor cortical area. A total of 33 animals was used in LTG experiments (N=11 in
each group), 35 rat pups in PHT experiments (N=8-9 in each group).

Control electrocorticographic recording was performed for 3 minutes before the
BMI application. Then BMI was applied and electrocorticographic activity (in both
reference and bipolar connections) was registered for 30 minutes. Motor phenomena

(isolated jerks of contralateral forelimb accompanying interictal discharges, clonic



seizures of both forelimbs characteristic for ictal episodes) were marked directly into the
recording during the whole registration period. No animal died during the registration
period.
Evaluation of ECoG recordings

The interictal (negative spikes), and ictal phenomena were assessed in the ECoG
recordings (Fig.1). Latency of the first focal interictal discharge, latency of the first
generalised interictal discharge and number of interictal discharges in the interval
between the 10th and 15th minute after BMI application (i.e. during stable focal activity
— Soukupova et al., 1993) were evaluated. As ictal episodes were concerned latency
and duration of the first ictal episode, incidence, number and mean duration of ictal
episodes were evaluated. Statistical analysis (SigmaStat® SPSS) was performed using
One Way Analysis of Variance (ANOVA) and ANOVA on Ranks with subsequent
pairwise comparison by Dunn’s method or Dunnett’'s test. The incidence of ictal
episodes was evaluated by means of Fisher Exact test. The level of statistical

significance was set at 5 %.

Results

The first focal epileptic discharge appeared in the ECoG some tens of seconds to
minutes after local application of bicuculline on the sensorimotor cortex. Its main part
was a negative spike lasting 50 ms with amplitude markedly surpassing the background
activity. Focal activity quickly projected to other cortical regions (generalized interictal
discharges). The first motor correlate of focal interictal discharges was a jerk of a
contralateral forepaw. As the interictal discharges progressed the jerks of both forelimbs
were recorded. Transititon of the interictal discharges into seizure activity was regularly
registered (Fig.1). The ECoG ictal activity was accompanied by clonic seizures of head
and forelimb muscles. Seizures were repeated several times during the recording period
(30 min).
Lamotrigine

Interictal discharges were not significantly changed by either dose of LTG (data not
shown). The latencies of both the first focal and first generalized discharge as well as

the number of interictal discharges between the 10th and 15th minute did not differ from



the controls. In contrast, the incidence of seizures decreased significantly after the 20-
mg/kg dose of LTG. Number of seizures in rats exhbiting ictal activity was not influenced
but the duration of seizures was significantly shortened by either dose of LTG (Fig.2).
Motor phenomena accompanying interictal as well as ictal activity remained unchanged
by LTG.

Phenytoin

Tricomponent solvent for PHT did not influence interictal activity and did not
change the percentage of rats exhibiting seizures but some anticonvulsant effect was
observed — it decreased the number and duration of ictal episodes (Fig.3). The
difference from saline-pretreated controls for LTG was significant.

Comparison of the three PHT groups with solvent controls demonstrated a
significant increase of latencies of the first focal and generalized interictal discharges
after the 15-mg/kg dose but not after the higher doses. The number of interictal
discharges was also not influenced by PHT (Fig.3).

A dose-dependent effect of PHT on the incidence of ictal activity was outlined but
only the highest dose of PHT (60 mg/kg) was able to suppress transition of interictal into
ictal activity significantly — six out of eight rat pups were protected. Latency of ictal
episodes was not influenced by any dose of PHT whereas number of seizures was
decreased by the highest dose and duration of seizures by the 30-mg/kg dose (Fig.4).
Difference between controls and rats with the highest dose of PHT stayed just below the
level of significance (p=0.062). Again, isolated jerks as well as clonic seizures
(accompanying interictal and ictal discharges, respectively) were not influenced by the

anticonvulsant drug.

Discussion

Our study demonstrated a failure of the used doses of LTG and PHT to prevent
generation of an epileptic focus by local application of bicuculline methiodide on the
sensorimotor cortical area. On the other hand transition of interictal into ictal activity was
suppressed by high doses of both LTG and PHT. In addition, LTG was able to shorten

persistent seizures.



Local application of bicuculline methiodide induced an epileptic focus in all
animals. Previously we demonstrated that this competitive antagonist at GABA-A
receptors is able to elicit epileptic focus in somatosensory cortex even in 5- and 7-day-
old rat pups (VeliSkova et al. 1991), that means that the GABA-A receptors in the rat
sensorimotor neocortex function as inhibitory at the end of the first postnatal week. It is
in agreement with data on development of brain GABAergic system (Coyle and Enna
1976) as well as with a change from depolarizing to hyperpolarizing action of GABA in
hippocampus (Cherubini et al. 1990, Khalilov et al. 1999). It allows to use this model
even at very early stages of postnatal development (VeliSkova et al. 1991, Soukupova
et al. 1993).

The two drugs studied in present experiments have the same basic mechanism of
action — use-dependent blockade of voltage-gated sodium channels. Either drug has
also other mechanisms of action much better known in the case of phenytoin (de
Lorenzo and Sun 2002) than LTG (Leach et al. 2002). The similarity of the main
mechanism of action can explain the basic similarity of effects on neocortical foci in our
experiments. Unfortunately, there are nearly no data on pharmacology of LTG and PHT
in immature animals. Our previous study demonstrated basic similarity of the action of
the two drugs also against generalized tonic-clonic seizures induced by pentetrazol —
they specifically suppressed the tonic phase of these generalized seizures (Stankova et
al. 1992). There is a difference in unwanted effects of the two drugs in developing
animals: prenatal PHT administration induces sex-related changes in motor behavior
(Mullenix et al. 1983), single injection of PHT in the dose of 60 mg/kg compromises
motor performance in 12-day-old rats (Mares et al. — data on file). Repeated postnatal
injections of LTG do not significantly change motor behavior of developing rats
(Mikulecka et al. 2004). Marked difference was also described in induction of cell death
— PHT in daily doses of 35 mg/kg induced cell death in postnatal dentate gyrus and
cerebellum (Ohmori et al. 1999, Ogura et al. 2002) whereas a huge dose of LTG (100
mg/kg) had to be used to elicit neuronal degeneration (Katz et al. 2007).

Both drugs affected generalization of epileptic activity from the focus but not focal

interictal activity and its spread over the cortex. The effect of LTG was exhibited at lower



dose than that of PHT and it does not exhibit neurotoxic action in the doses active in

present experiments.

Acknowledgement

This study was supported by grants No. 305/05/2581 and 305/05/2582 of the Grant
Agency of the Czech Republic and by a research projects S501210509 and AV0Z
501105009.



References

CHERUBINI E, ROVIRA C, GAIARSA JL, CORADETTI R, BEN-ARI Y: GABA mediated
excitation in immature rat CA3 hippoccampal neurons. Int J Dev Neurosci 8: 481-490,
1990.

COYLE JT, ENNA SJ: Neurochemical aspects of the ontogenesis of GABAergic
neurons in the rat brain. Brain Res 111: 119-133, 1976.

deCURTIS M, AVANZINI G: Interictal spikes in focal epileptogenesis. Prog Neurobiol
63: 541-567, 2001.

deLORENZO RJ, SUN DA: Phenytoin and other hydantoins. Mechanisms of action. In:
Antiepileptic Drugs. Fifth Edition. RH Levy, RH Mattson, BS Meldrum, E Perucca.
Lippincott Williams and Wilkins, Philadelphia 2002, pp.551-564

EDER HG, JONES DB, FISHER RS: Local perfusion of diazepam attenuates interictal
and ictal events in the bicuculline model of epilepsy in rats. Epilepsia 38: 516-521,
1997.

GIBBS JW, ZHANG YF, AHMED AS, COULTER DA: Anticonvulsant actions of
lamotrigine on spontaneous thalamocortical rhythms. Epilepsia 43: 342-349, 2002.
GRUNZE H, GREENE RW, MOLLER HJ, MEYER T, WALDEN J.: Lamotrigine may
limit pathological excitation in the hippocampus by modulating a transient potassium
outward current. Brain Res 791: 330-334, 1998.

GURBANOVA AA, AKER R, BERKMAN K, ONAT FY, VAN RIUN CM, VAN
LUIJTELAAR G: Effect of systemic and intracortical administration of phenytoin in two
genetic models of absence epilepsy. Br J Pharmacol 148: 1076-1082, 2006.

HAUSER WA, ANNEGERS JF, KURLAND LT: Incidence of epilepsy and unprovoked
seizures in Rochester, Minnesota: 1935-1984. Epilepsia 34: 543-568, 1993.

HOSFORD DA, WANG Y: Utility of the lethargic (lh/lh) mouse model of absence
seizures in predicting the effects of lamotrigine, vigabatrin, tiagabine, gabapentin and

topiramate against human absence seizures. Epilepsia 38: 404-414, 1997.



KATZ |, KIM J, GALE K, KONDRATYEV A: Effects of lamotrigine alone and in
combination with MK-801, phenobarbital, or phenytoin on cell death in the neonatal rat
brain. J Pharmacol Exp Ther 322: 494-500, 2007.

KHALILOV I, DZHALA V, BEN-ARI Y, KHAZIPOV R: Dual role of GABA in the neonatal
hippocampus. Dev Neurosci 21: 310-319, 1999.

KIDA I, SMITH AJ, BLUMENFELD H, BEHAR KL, HYDER F: Lamotrigine suppresses
neurophysiological resposes to somatosensory stimulation in the rodent. Neurolmage
29: 216-234, 2006.

LEACH MJ, MARDEN CM, MILLER AA: Pharmacological studies on lamotrigine, a
novel potential antiepileptic drug. Il. Neurochemical studies on the mechanism of action.
Epilepsia 27: 49-497, 1986.

LEACH MJ, RANDALL AD, STEFANI A, HAINSWORTH AH: Lamotrigine. Mechanisms
of Action. In: Antiepileptic Drugs. Fifth Edition. RH Levy, RH Mattson, BS Meldrum, E
Perucca (eds). Lippincott Williams and Wilkins, Philadelphia 2002, pp.363-369.
LOSCHER W, SCHMIDT D: Which animal models should be used in the search for new
antiepileptic drugs? A proposal based on experimental and clinical considerations.
Epilepsy Res 2: 145-181, 1988.

MARES P, LISKOVA'BERNASKOVA K, MUDROCHOVA M: Convulsant action of
diphenylhydantoin overdose in young rats. Activ Nerv Super 29: 30-35, 1987.
MIKULECKA A, KUBOVA H, MARES P: Lamotrigine does not impair motor
performance and spontaneous behavior in developing rats. Epilepsy Behav 5: 464-471,
2004.

MILLER AA, WHEATLEY PL, SAWYER DA, BAXTER MG, ROTH B: Pharmacological
studies on lamotrigine, a novel potential antiepileptic drug. I: Anticonvulsant profile in
mice and rats. Epilepsia 27: 483-489, 1986.

MORSELLI PS, PIPPENGER CE, PENRY JK: Antiepileptic Drug Therapy in Pediatrics.
Raven Press, New York 1983, 369 pp.

MULLENIX P, TASSINARI MS, KEITH DA: Behavioral outcome after prenatal exposure
to phenytoin in rats. Teratology 27: 149-157, 1983.

O'DONNELL RA, MILLER AA: The effect of lamotrigine upon development of cortical
kindled seizures in the rat. Neuropharmacology 30: 253-258, 1991.



OGURA H, YASUDA M, NAKAMURA S, YAMASHITA H, MIKOSHIBA K, OHMORI H:
Neurotoxic damage of granule cells in the dentate gyrus and the cerebellum and
cognitive deficit following neonatal administration of phenytoin in mice. J Neuropathol
Exp Neurol 61: 956-967, 2002.

OHMORI H, OGURA H, YASUDA M, NAKAMURA S, HATTA T, KAWANO K,
MICHIKAWA T, YAMASHITA H, MIKOSHIBA K: Developmental neurotoxicity of
phenytoin on granule cells and Purkinje cells in mouse cerebellum. J Neurochem 72:
1497-1506, 1999.

PRINCE DA: Physiological mechanisms of focal epileptogenesis. Epilepsia 26: Suppl.1:
S3-S14, 1985.

SOUKUPOVA S, MIKOLASOVA R, KUBOVA H, MARES P: EEG and motor
manifestations of cortical epileptic foci induced by bicuculline methiodide in developing
rats. Epilepsy Res 15: 27-33, 1993.

STANKOVA L, KUBOVA H, MARES P: Anticonvulsant action of Lamotrigine during
ontogenesis in rats. Epilepsy Res 15: 17-22, 1992.

STEFANI A, SPADONI F, SINISCALCHI A, BERNARDI G: Lamotrigine inhibits Ca
currents in cortical neurons: functional implications. Eur J Pharmacol 307: 113-116,
1996.

STEPHEN LJ, BRODIE MJ: Lamotrigine. Clinical efficacy and use in epilepsy. In:
Antiepileptic Drugs. Fifth Edition. RH Levy, RH Mattson, BS Meldrum, E Perucca (eds).
Lippincott Williams and Wilkins, Philadelphia 2002, pp.389-402.

VELISEK L: Models of chemically-induced acute seizures. In: Models of Seizures and
Epilepsy, A.Pitkanen, P.A.Schwatzkroin and S.L.Moshé (eds). Elsevier, Amsterdam
2006, pp. 127-152.

VELISKOVA J, VELISEK L, MARES P, ROKYTA R, BUDKO KP: Bicuculline-induced
neocortical epileptiform foci and the effects of 6-hydroxydopamine in developing rats.
Brain Res Bull 26: 693-698, 1991.

ZONA C, TANCREDI V, LONGONE P, D'ARCANGELO G, D'ANTUONO M,
MANFREDI M, AVOLI M: Neocortical potassium currents are enhanced by the
antiepileptic drug lamotrigine. Epilepsia 43: 685-690, 2002.



Text to Figures

1.

Electrocorticographic recording from a 12-day-old rat 17 min after application of
bicuculline methiodide on the right frontal (sensorimotor) cortical area. Interictal
discharges in the right frontal area are not constantly projected to the left frontal
region, ictal activity is clearly seen in both frontal regions. From top to bottom: RF
— right frontal; LF — left frontal; RO — right occipital (visual); LO — left occipital
cortical area always in reference connection. A downward deflection means
negativity of cortical electrode.

Effects of lamotrigine on ictal activity. From top to bottom: incidence, number
(mean + S.E.M.) and duration (mean + S.E.M.) of ictal episodes. Abscissa: doses
of lamotrigine, C means controls; ordinates from top to bottom: percentage of
rats exhibiting seizures, number of seizures and duration in seconds. Asterisks
denote significant difference in comparison with controls.

Effects of phenytoin on latencies of the first focal (upper graph) and the first
generalized (lower graph) interictal discharge (mean + S.E.M.). Abscissa: doses
of phenytoin, S denotes controls injected with tricomponent solvent; ordinates:
latencies in seconds. Asterisks denote significant difference in comparison with

controls.

4. Effects of phenytoin on ictal activity. Details as in Figs. 2 and 3.
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