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Piotr Czapiński1, Barbara Blaszczyk2, Stanislaw J. Czuczwar3,4,*

1
Center for Treatment of Epilepsy and Migraine, Kielecka 25, 31-523 Kraków, 

2
Department of Neurology,

Neuropsychiatric Care Unit, Grunwaldzka 47, 25-736 Kielce, 
3
Department of Pathophysiology, Skubiszewski Medical

University, Jaczewskiego 8, 20-090 Lublin, 
4
Isotope Laboratory, Institute of Agricultural Medicine, Jaczewskiego 2,

20-950 Lublin, Poland

Abstract: γ-Aminobutyric acid (GABA), one of the main inhibitory neurotransmitters in the brain, interacts with
three types of receptors for GABA - GABAA, GABAB and GABAC. GABAA receptors, associated with binding sites for
benzodiazepines and barbiturates in the form of a receptor complex, control opening of the chloride channel. When
GABA binds to the receptor complex, the channel is opened and chloride anions enter the neuron, which is finally
hyperpolarized. GABAB receptors are metabotropic, linked to a cascade of second messengers whilst the
physiological meaning of ionotropic GABAC receptors, mainly located in the retina, is generally unknown. Novel
antiepileptic drugs acting selectively through the GABA-ergic system are tiagabine and vigabatrin. The former
inhibits neuronal and glial uptake of GABA whilst the latter increases the synaptic concentration of GABA by
inhibition of GABA-aminotransferase. Gabapentin, designed as a precursor of GABA easily entering the brain, was
shown to increase brain synaptic GABA. This antiepileptic drug also decreases influx of calcium ions into neurons
via a specific subunit of voltage-dependent calcium channels. Conventional antiepileptics generally inhibit
sodium currents (carbamazepine, phenobarbital, phenytoin, valproate) or enhance GABA-ergic inhibition
(benzodiazepines, phenobarbital, valproate). Ethosuximide, mainly controlling absences, reduces calcium currents
via T-type calcium channels. Novel antiepileptic drugs, mainly associated with an inhibition of voltage-dependent
sodium channels are lamotrigine and oxcarbazepine. Since glutamate-mediated excitation is involved in the
generation of seizure activity, some antiepileptics are targeting glutamatergic receptors – for instance, felbamate,
phenobarbital, and topiramate. Besides, they also inhibit sodium currents. Zonisamide, apparently sharing this
common mechanism, also reduces the concentration of free radicals.

 Novel antiepileptic drugs are better tolerated by epileptic patients and practically are devoid of important
pharmacokinetic drug interactions.
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INTRODUCTORY REMARKS

There is no doubt that epilepsy belongs to the most
encountered neurological conditions since the disease affects
approximately 1% of the population. Around 75-80% of
epileptic patients may be provided with adequate seizure
control with the help of conventional antiepileptic drugs.
Carbamazepine, ethosuximide, phenobarbital, phenytoin, and
valproate are the most frequently used conventional
antiepileptics. The therapeutic failure in 20-25% of patients
has stimulated intensive research on novel antiepileptic drugs
and so far nine of them have been developed and licensed
mainly as add-on treatment in patients poorly responding to
conventional therapy. These are felbamate, gabapentin,
lamotrigine, levetiracetam, oxcarbazepine, tiagabine,
topiramate, vigabatrin, and zonisamide [1].

Majority of antiepileptic drugs possesses more than one
mechanism of action. Deckers et al. [2] have proposed a
classification of antiepileptic drugs based upon these
mechanisms. First group consists of antiepileptics (f.e.:
carbamazepine, gabapentin, lamotrigine, oxcarbazepine,
phenobarbital, phenytoin, topiramate, valproate) which block
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sustained repetitive firing in individual neurons, this effect
being mainly due to the blockade of voltage-dependent
sodium or calcium channels. These drugs are effective
against generalized tonic-clonic and partial seizures. The
second group includes drugs enhancing inhibitory events
mediated by γ -aminobutyric acid (GABA): benzodiazepines,
gabapentin, phenobarbital, tiagabine, topiramate, vigabatrin,
and valproate. Some of these drugs may be used in all
seizure types (absence, generalized tonic-clonic, and partial
seizures) – see below. The third group practically consists of
one drug – ethosuximide which blocks T-type calcium
channels and is active against absences. Recent evidence
suggests that also zonisamide may be a T-type calcium
channel inhibitor [3]. A separate category of drugs may be
also suggested – these antiepileptic drugs reduce events
mediated by excitatory amino acids (f.e.: glutamate) and at
present three antiepileptics meet these criteria: felbamate,
phenobarbital, and topiramate [2].

RECEPTORS FOR GAMMA-AMINOBUTYRIC ACID
(GABA)

GABA may mediate its synaptic events through two
types of receptors - ionotropic and metabotropic. Among
ionotropic receptors associated with a chloride channel so
called GABAA and GABAC receptors are distinguished -
metabotropic ones linked to the cascade of second
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intraneuronal messengers are GABAB receptors [4,5].
GABAA receptor complex consists of a number of binding
sites for GABA itself, benzodiazepines, barbiturates, ethanol
and picrotoxin which is a chloride channel blocker. When
GABA binds to its recognition site on the GABAA receptor
complex, an opening of the chloride channel occurs with the
subsequent influx of chloride anions into a neuron, resulting
in its hyperpolarization. Benzodiazepine derivatives (f.e.:
diazepam, clonazepam) increase the frequency of the channel
openings whilst barbiturates (f.e.: phenobarbital) prolong the
opening time of the channel. Both, benzodiazepines and
barbiturates also enhance the affinity of GABAA receptors for
the neurotransmitter [4,5]. In contrast, binding GABA to the
GABAB receptors results in the activation of phospholipase
A-2 and the following synthesis of arachidonic acid from
phospholipids. Arachidonic acid via regulatory Gi proteins is
likely to modulate the activity of adenyl cyclase and cyclic
AMP levels. Through the GABAB receptors GABA affects
the release of other important for the neuronal activity
neurotransmitters. GABAC receptors are mainly encountered
in the retina and their physiological significance is a matter
of dispute [6].

Occurrence of GABA in the central nervous system was
demonstrated in 1950 and in the same decade GABA was
shown to inhibit seizure activity after its direct cerebral
application in dogs [7]. Certainly, this gave rise to the
assumption that GABA-ergic inhibition may be an important
factor in the suppression of seizure activity in epileptic
patients. GABA itself was not a good candidate for an
antiepileptic drug since it very poorly entered the brain
through the blood- brain barrier. Much attention was paid to
a synthesis of GABA-ergic agonists, which would easily
penetrate into the central nervous system. Such substances
were soon available, for instance agents increasing brain
GABA concentration due to the inhibition of GABA
metabolism: aminooxyacetic acid, γ -acetylenic-GABA, γ -
vinyl-GABA or direct agonists, for example - muscimol.
Actually, these substances were found to exert anticonvulsant
effects in a variety of experimental models of epilepsy [7,8-
10]. The initial enthusiasm was, however, not fully justified
- it soon would come out that muscimol displayed a
proconvulsant activity in primates and humans [7]. This was
understood in terms of an undesired effects of the diffuse
stimulation of GABAA receptors within the brain.
Consequently, the subsequent search for GABA-ergic agents
as potential antiepileptic drugs would focus on substances
indirectly enhancing GABA functions - via inhibition of its
metabolism or reduction of its neuronal uptake. This strategy
led to the discovery of potent anticonvulsant substances -
some of them are nowadays potent antiepileptic drugs.

ANTIEPILEPTIC DRUGS AND GABA-MEDIATED
INHIBITION

Valproic acid in the form of sodium salt was introduced
to the therapy of epilepsy in the early 60s. One of the most
likely mechanisms responsible for its anticonvulsant activity
may be inhibition of its metabolic degradation resulting in
the elevation of GABA level in the synaptic cleft [11].
However, there are also data indicating no correlation
between the protective action of valproate and GABA

increase - in fact, valproate clearly reduced seizure activity
produced by the inhibitor of GABA synthesis, izoniazid, but
did not restore the reduced GABA level [12]. As already
mentioned, benzodiazepines (fe.: diazepam, clonazepam) and
barbiturates (fe.: phenobarbital) potentiate GABA-mediated
inhibition via the increase in the affinity of this inhibitory
neurotransmitter to its recognition sites within the GABAA

receptor complex and via the direct influence upon the
chloride channel which leads to the enhanced influx of
chloride anions into the neuron and subsequent hyper-
polarization. Among novel antiepileptic drugs, tiagabine and
vigabatrin seem to express their anticonvulsant activity
mainly through the GABA-ergic system. Other novel
antiepileptics associated with GABA-mediated inhibition,
which also share additional mechanisms of action, are:
felbamate, gabapentin, and topiramate. Tiagabine and
vigabatrin, and to a certain degree - gabapentin, may be
considered as drugs whose development was associated with
so called GABA hypothesis of epilepsy [13]. Vigabatrin is
an irreversible inhibitor of GABA transaminase and its
administration in animals or humans results in the 3-fold
increase in synaptic GABA level [14-16]. Tiagabine inhibits
neuronal and glial GABA uptake, leading thus to the
enhancement and prolongation of GABA synaptic events
[16,17]. The anticonvulsant activity of inhibitors of GABA
uptake in various models of experimental epilepsy was
shown much earlier but these substances did not cross the
blood-brain barrier. This certainly disqualified their possible
use as antiepileptic drugs [18]. Probably, as already
mentioned, tiagabine and vigabatrin possess mechanisms of
action closely related to GABA-mediated events in the
synaptic cleft, in contrast to conventional and some novel
antiepileptics which may block voltage-dependent sodium
and calcium channels and impair glutamate-induced
excitation. For instance, sodium channels are blocked by a
variety of antiepileptic drugs, including benzodiazepines (at
high concentrations), carbamazepine, felbamate, lamotrigine,
oxcarbazepine, phenytoin, phenobarbital, topiramate, and
valproate. Ethosuximide or zonisamide mainly affect T-type
calcium channels, and felbamate, phenobarbital, and
topiramate inhibit glutamate excitation [19]. Interestingly,
gabapentin, a cyclic analogue of GABA, was designed as a
GABA agonist easily passing the blood-brain barrier.
However, no receptor activity of gabapentin was detected on
the GABAA receptor complex, only increased GABA
turnover being found in some rat brain regions [20,21].
Also, gabapentin was documented to increase GABA level in
brains of epileptic patients [15]. It is evident now, that this
antiepileptic drug binds to the specific unit of voltage-
dependent calcium channel and inhibits intraneuronal calcium
ion flux from the extraneuronal space [22]. Two novel
antiepileptic drugs, topiramate and felbamate, although
possessing multiple mechanisms of action (see below), affect
GABA-mediated inhibition as well. Specifically, the former
seems to potentiate effects of endogenous GABA through a
novel binding site on the GABAA receptor complex [21,23].
The latter enhanced GABA-dependent chloride currents in rat
hippocampal neurons [24]. However, such effect in vitro was
no longer evident in the absence of GABA and, moreover,
felbamate was not shown to interact directly with the GABAA

receptor complex [25]. Among conventional and novel
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antiepileptic drugs, carbamazepine, ethosuximide, lamotri-
gine, oxcarbazepine, and phenytoin (within therapeutic
concentrations) seem to have nothing to do with GABA-
mediated inhibition [19].

IS GABA-MEDIATED INHIBITION ALWAYS
BENEFICIAL IN EPILEPSY?

Increasing GABA-mediated inhibition may not be always
advantageous - both, experimental and clinical data provide
evidences that enhancement of the GABA-ergic neurotrans-
mission exacerbates absences. Drugs acting through
potentiation of GABA-mediated synaptic events led to an
increase in the number and severity of absence seizures in
WAG/Rij rats [26]. Vigabatrin was also verified clinically in
this respect and it turned out that this drug worsened absence
seizures in children [27]. It is very likely that this
proconvulsive effect of GABA-mimetic drugs may be related
to GABAB receptors [26]. Actually, the antagonist of
GABAB receptors, compound CGP 35348, potently
inhibited spike and wave discharges in WAG/Rij rats [28].
The involvement of the GABAA receptor complex in this
particular effect of GABA agonists must not be ignored since
bicuculline, a GABAA receptor antagonist, also displayed
anticonvulsant activity in this model of absence seizures
[29]. It is thus likely that enhanced GABA-mediated
inhibition may be closely related to the induction of absence
seizures. However, many antiepileptic drugs, known to
increase GABA-ergic functions are good anti-absence drugs,
for instance - benzodiazepines and valproate. A possible
explanation must consider an option assuming that these
antiepileptic drugs are likely to possess alternative
mechanisms of action, responsible for their anti-absence
effects. After all, these so far unidentified mechanisms seem
to efficiently counteract the GABA-mimetic profile of
benzodiazepines and valproate.

RECEPTORS FOR EXCITATORY AMINO ACIDS

Excitatory amino acids (e.g. glutamate or aspartate) are
undoubtedly involved in the generation of seizure events
[30]. Glutamate and related excitants induce seizure activity
upon systemic or intracerebral administration [31-35].
Bearing in mind that some cases of human epilepsy may be
accompanied by marked increases in plasma excitatory amino
acids or their extracellular concentrations [36], it is likely
that excitation mediated by glutamate or other excitatory
amino acids in the brain may be causally related to the
occurrence of epilepsy in humans. The effectiveness of
excitatory amino acid antagonists, especially these blocking
ionotropic receptors for glutamate, in various experimental
models of epilepsy (electroconvulsions, chemically- or
sound-induced seizures) seems to support such an
assumption [31, 37-42]. Ionotropic glutamatergic receptors
can be subdivided in those sensitive to N-methyl-D-aspartate
(NMDA) and those sensitive to α-amino-3-hydroxy-5-
methyl-isoxazole-4-propionate/kainate which are regarded as
non-NMDA receptors [43]. NMDA receptors increase
predominantly sodium and calcium conductances and non-
NMDA receptor mediated excitation results in elevated
sodium permeability [44-45]. These findings were confirmed
in vivo since BAY k-8644 reduced the anticonvulsive

activity of competitive NMDA receptor antagonists, being
ineffective upon AMPA/kainate receptor antagonists [46].

Out of the conventional antiepileptic drugs, only
valproate (300 - 400 mg/kg) and diazepam (at doses
exceeding 10 mg/kg) were able to inhibit convulsions
evoked by systemic N-methyl-D,L-aspartate in mice.
Phenobarbital, phenytoin, carbamazepine, and ethosuximide,
in the high dose range, were totally ineffective [33]. Similar
results were reported by Turski et al. [47] - only valproate
and diazepam were effective against intracerebroventricular
NMDA in mice. On the other hand, all major antiepileptic
drugs, except ethosuximide [35] could control seizures
produced by intracerebral glutamate.

It has come out during the last decade that apart from
ionotropic receptors for glutamate, there exists a population
of metabotropic glutamate receptors (mGluRs). The eight
mGluRs known so far are divided into three groups,
according to their sequence homology, signal transduction
mechanisms, and agonist selectivity [48]. Group I includes
mGluR1 and mGluR5, which are linked to the activation of
phospholipase C. Groups II and III include all other types,
negatively coupled to adenylyl cyclase [49]. Recent studies
revealed separate functions for two group I receptor subtypes.
Glutamate stimulation produces a single peak of intracellular
Ca

2+
 mobilization through mGluR1, but Ca

2+
 oscillations

through mGluR5 receptors [50]. So far, there is no
antiepileptic drug acting via mGluRs.

PROFILE OF NOVEL ANTIEPILEPTIC DRUGS
MAINLY ASSOCIATED WITH GABA-MEDIATED
INHIBITION

Tiagabine

This antiepileptic drug is marketed in many European
countries, USA, and Australia as an adjuvant for the
treatment of partial seizures (also with secondary generaliz-
ation) in patients starting from 13 years of age [16]. This is a
derivative of nipecotic acid, easily crossing the blood-brain
barrier and potently increasing the level of GABA in the
synaptic cleft via inhibition of its neuronal and glial uptake
[16,51]. Tiagabine efficiently antagonized tonic seizures
induced by pentylenetetrazol, DMCM, and sound in mice
and was also effective against amygdala-kindled seizures in
rats, reducing both the kindling process (an antiepileptogenic
effect) and the expression of the fully kindled seizure [52-
55]. This antiepileptic drug antagonized also the clonic phase
of pentylenetetrazol-induced convulsions [53]. According to
Dalby and Nielsen [54] and Löscher [19], it was ineffective
against maximal electroshock-induced convulsions in mice,
although at a high dose of 40 mg/kg it was reported to block
maximal electroshock in rats [16] and to reduce the incidence
of maximal electroshock seizures in mice [55]. In the
perforant pathway stimulation model of status epilepticus in
rats tiagabine clearly diminished the severity of seizures and
reduced seizure-related brain damage to hippocampal
pyramidal cells. Also, the impairment of spatial memory,
dependent on hippocampal damage, was prevented by
tiagabine administration [52]. Interestingly, carbamazepine
was much less effective in this respect [56,57]. In the
lethargic mouse model of absence seizures, tiagabine
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distinctly increased seizure frequency and duration [58].
Clinical trials indicate that tiagabine (up to 64 mg/day), in
the form of add-on therapy, reduced complex partial and
simple partial seizure frequency by 50% in 28-32% and 8-
31%, respectively. This effect was quite consistent with no
tendency to fade away for the treatment period of up to 12
months [51]. According to Bialer et al. [16], tiagabine
evaluated in six open long-term studies at an average daily
dose of 30-40 mg decreased partial seizure rate in 30.5% of
patients. The adverse potential of tiagabine was mainly
associated with the central nervous system - dizziness,
asthenia, somnolence, nervousness and tremor (mild to
moderate) were noted usually during the titration period
[16,51,59]. So far, there is no evidence that administration
of tiagabine may result in non-convulsive status epilepticus
[16] although some single reports suggest such a possibility
[16,60]. Occurrence of other side effects, such as skin rash or
psychosis, did not differ significantly among tiagabine- or
placebo-treated patients [51].

Vigabatrin

Vigabatrin, as a structural GABA analogue, binds
irreversibly to GABA-transaminase which results in the
inhibition of this enzyme and reduced metabolism of this
inhibitory neurotransmitter. This certainly leads to a
considerable increase in the brain GABA level [17].
Although, similarly to tiagabine, vigabatrin also affects
GABA-ergic neurotransmission, its pharmacological profile
of activity is not, however, identical. This inhibitor of
GABA-transaminase was ineffective against maximal
electroshock and pentylenetetrazol-induced convulsions but it
inhibited seizures produced by DMCM, sound and
amygdala-kindling [53,55]. Vigabatrin also decreased the
number of seizure episodes and their severity in the perforant
path stimulation model, reducing brain damage as well [57].
This GABA enhancer (at 1000 and 1500 mg/kg) was
particularly effective against kainate-induced seizure activity
and mortality in pubescent rats - it is remarkable that
carbamazepine and phenytoin were not anticonvulsant in this
model, the former exerted even a proconvulsive action [61].
Engelborghs et al. [62] are of opinion that the anticonvulsant
activity of vigabatrin may be not exclusively related to the
increased GABA level. Actually, they observed maximal
protective activity of this drug 4 h after its administration to
audiogenic sensitive rats whilst GABA-transaminase was
maximally inhibited 24 h after the single dose of vigabatrin.
These authors consider other probable mechanisms and
suggest that this antiepileptic may as well act through
reduction of excitatory amino acid concentration in the brain
and/or elevation of glycine content. At anticonvulsive doses,
vigabatrin did not impair working memory in rats [63].
Similarly to tiagabine, however, it exacerbated seizure
activity in the lethargic mouse model [58]. In addition,
chronic vigabatrin (at a relatively high dose of 200
mg/kg/day) was documented to produce reversible myelin
vacuolation in adult rats [64]. Moreover, in the range of
doses similar to this used clinically (15-50 mg/kg/day)
vigabatrin decreased myelin staining in the external capsule
and produced axonal degeneration in the white matter and
reactive astrogliosis in the frontal cortex in young rats. These
irreversible effects could be either directly linked to

vigabatrin toxicity or might be a result of increased GABA
levels [64].

Its clinical effectiveness was proved in a number of trials.
As underlined by Bialer et al. [16], in one of the recent US
double-blind, placebo-controlled add-on studies, vigabatrin
at 3-4g/day was capable of reducing seizure frequency by at
least 50% in ca 40-50% patients suffering from drug resistant
complex partial seizures. It is worth stressing that in the
placebo group, the responders did not exceed 10%. As an
adjuvant antiepileptic drug, vigabatrin was shown in an open
trial to be effective in cases of mild to moderate partial
epilepsies. At a mean dose of 2.21 ± 0.64 g per day during
the fourth month of treatment, almost 40% of patients
became seizure free and in further 17% the seizure frequency
was diminished by more than 50% [65]. In childhood
epilepsy, adjunctive vigabatrin (70 ± 38 mg/kg/ day)
produced a 50% (or more) reduction in seizure frequency in
cases of generalized myoclonic, atonic, and tonic-clonic as
well as partial (with or without secondary generalization)
epilepsy [66]. The drug also exerted beneficial effects in
West syndrome, both as a monotherapy (150 mg/kg/day)
[67] or add-on treatment (mostly to valproate or
dexamethasone) [68]. It is remarkable that when added to
current antiepileptic medication, vigabatrin did not affect
cognitive performances and behavior - as a matter of fact a
slight improvement in cognitive functions was observed in
patients receiving this GABA enhancer [69]. No evidence for
vigabatrin-induced intramyelinic edema in humans [16] and
disturbed neuronal conduction in the brain were found [70].
Some cases of psychiatric events were noted but they did not
exceed 3.4% in adults and 6% in children, and were usually
mild [16,71]. Recently, some reports claim that vigabatrin
may induce visual field constriction [72-74].

Lawden et al. [73] argue that this adverse effect may be
attributed to a toxic influence vigabatrin on the retina and
seems to persist after the drug's withdrawal. Others represent
a view that this effect may be reversible [75]. Some other
authors are of opinion that the visual field effect may be not
necessarily attributed to vigabatrin only, since other
antiepileptic drugs (carbamazepine, diazepam, gabapentin,
phenytoin, and tiagabine) were also linked with this
undesired action [76-78].

OTHER NOVEL ANTIEPILEPTIC DRUGS

Gabapentin

As mentioned above, gabapentin has no affinity to
GABA-ergic receptors [20,21]. Apart from blockade of the
specific subunit of the voltage-dependent calcium channel
[22], this antiepileptic drug may increase synthesis of GABA
[16,17]. Experimental studies indicate that gabapentin
inhibited tonic pentylenetetrazol- and DMCM-induced
convulsions and audiogenic seizures in mice [54].
Gabapentin efficiently antagonized all seizure parameters in
amygdala-kindled rats but was ineffective against maximal
electroshock in mice [54]. However, it raised the threshold
for electroconvulsions (at 50-100 mg/kg) and considerably
potentiated (at 25 mg/kg) the protective activity of
conventional antiepileptic drugs against maximal electroshock
in mice [79]. Gabapentin inhibited audiogenic seizures in
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DBA/2 mice, the respective ED50 (120 min treatment time)
against wild running, clonus and tonus being 11.6, 8.1 and
5.4 mg/kg. At the subprotective dose of 2.5 mg/kg,
gabapentin enhanced the anticonvulsant action of diazepam,
phenobarbital, valproate (to a considerable degree), felbamate,
phenytoin (to a moderate degree), carbamazepine and
lamotrigine (to a small extent) [80]. Apparently, no
pharmacokinetic interaction was responsible for combination
therapy of gabapentin with the antiepileptic drugs [79,80], in
terms of their free plasma levels at least. In contrast to
tiagabine and vigabatrin, gabapentin did not affect the seizure
frequency in the lethargic mouse model of absence seizures
[58]. Interestingly, gabapentin (20-30 mg/kg) suppressed
firing of neurons in substantia nigra
pars reticulata which may be crucial to its anticonvulsant
activity [81].

Gabapentin is mainly recommended as adjunctive therapy
for partial seizures with or without secondary generalization
[17,82]. Monotherapy with this drug was also effective in
refractory partial seizures at a minimum daily dose of 3.6 g
[16]. Gabapentin seems also effective against refractory
generalized tonic-clonic seizures [16]. As add-on therapy,
gabapentin was given in doses of 26-78 mg/kg/day to
children with partial epilepsy. According to Korn-Merker et
al. [83], the seizure frequency remained unchanged in 65% of
patients, whilst 29% benefited from the drug.

Topiramate

Topiramate is a good example of a drug sharing multiple
mechanisms of action. Specifically, this antiepileptic
inhibits voltage-dependent sodium and calcium currents,
potentiates GABA-mediated events, blocks the AMPA/KA
receptor and enhances potassium currents [1,84]. The receptor
and channel activities of topiramate probably result from its
binding to to specific sites phosphorylated by cAMP-
dependent protein kinases. This leads to the impaired
channel or receptor phosphorylation, which under
physiological conditions is necessary for proper
receptor/channel functioning [84]. Interestingly, topiramate is
also an inhibitor of several carbonic anhydrase isozymes
[84]. The drug is effective against all major experimental
convulsive procedures, i.e. against maximal electroshock-
induced convulsions, amygdala-kindled seizures and
pentylenetetrazol-induced convulsions. Its ED50 value to
protect against maximal electroshock in mice was 62.1
mg/kg [85], however the protection offered against the clonic
phase of pentylenetetrazol convulsions was much weaker – at
175 and 200 mg/kg it elevated the convulsive threshold [86].
Significant inhibition of amygdala-kindling parametres in
rats was observed with topiramate at 75 and 100 mg/kg [86].
Experimental data indicate that topiramate enhances the
protective potential of conventional antiepileptic drugs in
different models of rodent epilepsy [85,86]. This reflects its
ability to positively interact with other antiepileptic drugs in
cases of human refractory partial onset epilepsy [84]. This
novel antiepileptic drug is also very efficient as monotherapy
(100 or 200 mg daily) when compared to conventional
antiepileptics – carbamazepine (600 mg daily) or valproate
(1250 mg daily). It is noteworthy that 75% of patients were
seizure free after one-year monotherapy [84]. Also, the drug
has a very broad spectrum of antiepileptic efficacy, being

effective practically against all types of epileptic seizures
[1,87].

Initially, high incidence of undesired effects in patients
receiving topiramate was clearly associated with too short
titration period and excessive doses of the antiepileptic [84].
In some patients topiramate may induce confusion, ataxia,
fatigue, and somnolence. Following long-term treatment
with the drug, a possibility of renal calculi arises due to the
inhibition of carbonic anhydrase [1].

Multiple mechanism of topiramate’s activity have made
it a real candidate for the treatment of other than epilepsy
disorders, including neuropathic pain, bipolar disorder, post-
traumatic stress disorder, and obesity [84].

Lamotrigine

This novel antiepileptic drug shares a very similar
mechanism of action with conventional antiepileptic drugs,
carbamazepine and phenytoin. The drug binds to the
inactivated form of voltage-dependent sodium channels, thus
limiting the sustained repetitive firing of neurons without
any substantial effect upon normal synaptic activity [88].
Also, lamotrigine reduces calcium currents via voltage-
sensitive calcium channels [89]. Its reduction of glutamate
release is controversial – according to Loscher [19], this effect
may be encountered only at supratherapeutic concentrations.

Lamotrigine is effective against two major experimental
models of epilepsy – maximal electroshock-induced seizures
in mice and amygdala-kindled convulsions in rats. However,
it does not offer any protection against pentylenetetrazol
seizures [54,90]. Its clinical spectrum is broader – the drug is
effective against generalized tonic-clonic, partial, and absence
seizures [91-93]. Similarly to other novel antiepi-leptic
drugs, lamotrigine posesses comparable anticonvulsant
efficacy but exerts much less adverse effects when compared
to conventional antiepileptic drugs [94]. This is why the
percentage of patients completing the long-term trials is
considerably higher with lamotrigine than with valproate
[94].

Lamotrigine has been often associated with the incidence
Stevens Johnson syndrome or toxic epidermal necrolysis.
However, detailed analysis of this problem has revealed that
other antiepileptic drugs (carbamazepine, phenobarbital or
phenytoin) may also induce this condition to a comparable
degree [84]. Lamotrigine may produce rash, an obviously
dose-related effect that may in serious cases lead to the
discontinuation of lamotrigine treatment in less than 4% of
patients [84,94]. As with other novel antiepileptic drugs, the
incidence of undesired effects may be reduced with slower
titration schedule and lower initial dose of this antiepileptic
drug [94].

Levetiracetam

Levetiracetam considerably differs from other novel
antiepileptic drugs in that it does not interfere with any
known target for anticonvulsant activity. To be true, the drug
does not affect voltage-dependent channels or receptors for
major inhibitory or excitatory neurotransmitters [95].
Interestingly, levetiracetam is ineffective in acute models of
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experimental epilepsy, including maximal electroshock-
induced convulsions or clonic phase of pentylenetetrazol (or
other chemical convulsants) seizures. In contrast, it is highly
effective against amygdala-kindling in rats and a number of
genetic models of epilepsy. In the amygdala-kindling model,
this antiepileptic drug not only inhibits convulsions in fully
kindled animals, but also retards the development of
kindling as well, which may speak for its antiepileptogenic
efficacy [95,96]. A specific binding site for levetiracetam in
the brain has been identified and the drug seems to be
displaced from this site to a certain degree by ethosuximide
and pentylenetetrazol. However, other antiepileptic drugs
(carbamazepine, diazepam, phenobarbital, or valproate) or
convulsants (picrotoxin or bicuculline) were completely
ineffective in this regard [95].

So far, the drug is recommended as an adjuvant for
treatment of partial drug-resistant epilepsy, therefore, it is
impossible to state whether the beneficial clinical effects
result only from levetiracetam alone. Anyway, the clinical
outcome is promising – following introduction of
levetiracetam, almost 40% of patients experienced a 50%
reduction in seizure frequency and 20% of patients had even
a 75% reduction [97]. It is remarkable that monotherapy with
levetiracetam, following the add-on phase, also proved very
effective in refractory patients, the adverse effects being only
minimal [97].

Contrary to antiepileptic drugs as a whole, levetiracetam
did not impair cognitive functions in experimental animals
or epileptic patients. Most commonly encountered adverse
effects were somnolence, headache, asthenia and dizziness
[97].

Felbamate

This is also an example of an antiepileptic drug
possessing multiple mechanism of anticonvulsant action. To
date, the drug has been documented to block voltage-
dependent sodium channels and NR2B subunit of NMDA
receptor [98,99]. Also, felbamate presumably inhibits
glutamatergic neurotransmission via AMPA/kainate receptors
[100] and enhances GABA-mediated events through a
barbiturate-like modulatory effect on the GABAA receptor
[101].

Felbamate effectively inhibits maximal electroshock-,
audiogenic-, pentetrazole-, picrotoxin-, N-methyl-D-aspar-
tate-, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA)-induced convulsions and amygdala- or pentetrazol-
kindled seizures [25,102-105]. Bicuculline- and strychnine-
evoked convulsions were, however, not affected by felbamate
[25].

Clinical use of this antiepileptic is at present limited
since there are reports indicating a possibility of aplastic
anemia of idiosyncratic origin and hepatic failure. Although,
the incidence of fatal aplastic anemia is in the range of one in
20,000 patients [106]. Also, to a high degree this condition
may be eliminated since, generally, patients with felbamate-
induced bone marrow failure either had blood dyscrasias or
pre-existing immune disorders [107]. Consequently, the
proper selection of patients may help avoiding this life-

threatening condition. Prevalence of felbamate hepatotoxicity
does not significantly differ from that associated with
valproate [107]. Anyway, felbamate use is mainly restricted
to partial refractory epilepsy and Lennox-Gastaut syndrome,
resistant to other antiepileptic medications [108,109]. In
contrast to a risk of aplastic anemia, the drug demonstrates
very limited adverse effects from the central nervous system
[98].

Zonisamide

This antiepileptic drugs, apart from mechanism shared by
many antiepileptics, also has a very unique mechanism of
action. Similarly to majority of antiepileptic drugs,
zonisamide blocks voltage-dependent sodium channels and
reduces calcium currents through T-type channels. Also,
zonisamide, at therapeutic concentrations, enhances both,
dopaminergic and serotonergic neurotransmission and inhibts
glutamate-induced excitation. The drugs also shares a very
unique mechanism among antiepileptic drugs – it apparently
reduces the overproduction of nitric oxide and free radicals,
which may be related to its anticonvulsant and
neuroprotective effects. However, zonisamide does not seem
to interfere with GABA-mediated events [110].

Owing to its multiple mechanism of action, zonisamide
possesses a broad spectrum of anticonvulsant activity against
experimental seizures. This antiepileptic drug is effective
against maximal electroshock and chemical convulsants,
pentylenetetrazol or fluorothyl. Although, the data on
inhibition of pentylelentetrazol-induced convulsions are
inconsistent. There is also some controversy as for the
effectiveness of zonisamide against amygdala-kindling in
rats. Nevertheless, the drug is effective in the treatment of
drug-resistant partial seizures, as well as against generalized
tonic-clonic, absence, and myoclonic convulsions. Inter-
estingly, zonisamide has an advantage over carbamazepine or
valproate in patients with complex partial epilepsy. Recent
clinical data indicate that zonisamide is effective against
bipolar disorder and acute mania. There is also evidence that
the drug may alleviate symptoms of Parkinson’s disease,
which is probably dependent on the inhibition by
zonisamide of type B monoaminooxidase [110]. Its possible
anti-migraine effects are also considered [84].

Undesired effects of zonisamide include somnolence,
ataxia, headache, nausea, agitation, irritability or fatigue.
Also, loss of appetite or anorexia may complicate the
treatment process [110].

Oxcarbazepine

This newer antiepileptic drug, closely related to
carbamazepine, possesses also an active metabolite – the
monohydroxy derivative. The mechanism of action of the
parent drug and metabolite involve blockade of voltage-
dependent sodium and calcium channels. Although, in in
vitro conditions oxcarbazepine was demonstrated to inhibit
both,  chemically- or electrically-induced release of glutamate,
this effect could not be confirmed in vivo [111].

Oxcarbazepine efficiently antagonizes maximal electro-
shock-induced convulsions in rodents, as well as the tonic
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phase of pentylenetetrazol convulsions. There are also data
avilable on the inhibition by this antiepileptic of pilocarpine-
evoked status epilepticus in rats [111].

Clinically, the drug is effective against generalized tonic-
clonic and partial seizures. It is remarkable that the adverse
effects are rather mild – cognition (or memory) was only
minimally affected [111].

Mechanism of action of conventional and new
antiepileptic drugs is summarized in Table 1.

PROFILE  OF POTENTIAL ANTIEPILEPTIC DRUGS
AFFECTING GABA-MEDIATED INHIBITION

Ganaxolone belongs to neuroactive steroids and its main
mechanism of action involves increase in the chloride
channel permeability within the GABAA receptor complex. It
is remarkable that this neurosteroid binds to a steroid
recognition site of the receptor complex. Although its
moiety bears a close similarity to progesterone, the drug
possesses no hormonal activity [16,112]. Ganaxolone was
found to be active in a variety of convulsive tests in rodents
- maximal electroshock, pentylenetetrazol-, bicuculline-, and
picrotoxin-induced convulsions. It was, however, ineffective
against strychnine- and NMDA-evoked seizures although a
clear-cut antilethal activity against NMDA was observed
[112]. It is noteworthy that ganaxolone also inhibited

pentylenetetrazol convulsions in fully kindled with
pentylenetetrazol mice and its potency was even stronger
than that of diazepam and valproate [113]. Only ganaxolone
exhibited antiepileptogenic activity since it was capable of
blocking the development of kindling - this effect was not
shared by either diazepam or valproate [113]. Also, the
neurosteroid was superior to the conventional antiepileptic
drugs in terms of adverse activity since within the range of
its anticonvulsant doses, ambulatory activity of mice was
not disturbed [113]. From the preclinical profile of the drug
its potential activity against myoclonic, tonic-clonic and
partial complex seizures is expected [112,113]. This may
indicate that ganaxolone may share some more mechanisms
of action. Indeed, it may also inhibit voltage-dependent
calcium channels and reduce NMDA receptor-mediated
events [112]. However, like many GABA-enhancers,
ganaxolone exacer-bated seizures in animal models of
absence and at doses above 20 mg/kg it did produce
synchronous spike and wave discharges [114]. So far, very
limited clinical data exist - ganaxolone proved effective
against refractory infantile spasms (36 mg/kg/day) and
complex partial seizures (1.5-1.8 g/day) [16]. Adverse effects
were mainly associated with disturbed functions of the
central nervous system – somnolence, asthenia, dizziness or
stupor were occasionally observed [16].

Table 1. Mechanisms of Action of Conventional and New Antiepileptic Drugs (AEDs).

AED Enhancement of
GABA- mediated

excitation

Blockade of sodium
channels

Blockade of calcium
channels

Inhibition of
glutamate-

Other

Benzodiazepines + +
*

Carbamazepine +

Ethosuximide + (T-type)

Phenobarbital + + +

Phenytoin +

Valproate + + +

Gabapentin + (L-type)

Felbamate + + +

Lamotrigine + + (L-type)

Levetiracetam +

Oxcarbazepine + + (L-type)

Tiagabine +

Topiramate + + + (L-type) + +

Vigabatrin +

Zonisamide + + (T-type) + +

+, a documented mechanism of action (except for other mechanisms). Inconsistent data or data observed at supratherapeutic concentrations have not been included.

* This mechanism can work at high concentration of benzodiazepines, encountered at intensive treatment of status epilepticus.
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In healthy volunteers, ganaxolone (single doses of 50-800
mg) reached its peak plasma levels after 0.5-6 h and its half-
life ranged from 2 to 9 h. The protein binding is high and
exceeds 99% - the drug is also metabolized and mainly
excreted in the feces [16].

Retigabine

 In in vitro experiments, retigabine was documented to
enhance GABA-dependent chloride currents and increase the
synthesis of GABA [16]. The drug was also capable of
opening the potassium channel and weakly block sodium
and calcium channels [115,116]. This GABA enhancer
proved to be very active in many experimental rodent models
of epilepsy - it inhibited maximal electroshock-, sound and
pentylenetetrazol-induced seizures as well as penicillin,
picrotoxin, kainate and intracerebroventricular NMDA-
produced convulsions. Its potent protective activity against
amygdala-kindled seizures in rats needs to be underlined
[16]. On the other hand, it failed to protect against
strychnine and bicuculline [16]. Similarly to ganaxolone,
retigabine efficiently suppressed epileptogenesis which can
be studied in the amygdala kindling. Valproate was only
partially effective whilst carbamazepine or phenytoin were
completely ineffective in this respect [16]. So far, retigabine
has been tested in epileptic patients at 200 mg twice a day.
However, no improvement has been reported which may
indicate that higher doses must be used, in the range of 0.6-
1.2 g/daily [16]. No major side effects after a daily dose of
0.6 g were noted - the adverse effects were of central origin
(dizziness, fatigue and disorders of concentration) [16].

3-amino-propyl-n-butyl-phosphinic Acid (CGP 36742)

This compound differs totally from the previously
discussed drugs in that it does not enhance GABA-induced
inhibition but blocks GABAB receptor-mediated events. As
shown from animal models of absences, CGP 36742 exerted
clear-cut protective effects [117,118]. It is remarkable that
CGP 36742 improves cognitive performance in rats [119].

DRUG-RESISTANT EPILEPSY

Around 30% of epileptic patients do not respond properly
to antiepileptic drugs. This problem may be overcome in

part of them by using combinations of antiepileptic drugs,
especially those showing synergy in experimental models of
epilepsy [79,120]. Probably, one of the main reasons for
drug resistance is over-expression of proteins involved in the
active transport through natural barriers – for instance, blood-
brain barrier [121]. An alternative reason might be neuronal
loss encountered in epileptic patients [121]. Interestingly,
more than two decades ago, experimental evidence indicated
that mice with hippocampal lesion confined to the CA3 area
were less sensitive to the antiseizure effects of antiepileptic
drugs enhancing GABA-mediated events [122,123]. It is
quite likely that neurodegeneration may impair the
expression of anticonvulsant activity of antiepileptic drugs
under clinical conditions.

Apart from the pure drug-resistant epilepsy, some
epileptic patients may face intractable seizures due to other
than pharmacoresistance reasons. During the 90s of the XX
century, a number of experimental papers clearly indicated
that caffeine, administered in doses far below its convulsive
potential, significantly reduced the anticonvulsant activity of
conventional antiepileptic drugs against maximal electro-
shock-induced seizures in mice [124-126]. It is noteworthy,
that this untoward effect of caffeine did not undergo any
tolerance and actually, was increased upon chronic
administration of the methylxanthine derivative [125,126].
Acute caffeine influence upon the protective activity of
conventional antiepileptic drugs is shown in Table 2. Very
recent data provide data that a caffeine-like effect may be also
shared by nicotine in maximal electroshock test in mice
[127]. Clinical research supports experimental data, showing
that consumption of caffeine-rich beverages may significantly
reduce the effectiveness of antiepileptic drugs in epileptic
patients [128]. So far, there is no clinical evidence on the
negative effects of nicotine. Interaction of nicotine with a
number of antiepileptic drugs is shown in Table 3.

Its is thus likely that a therapeutic failure in epilepsy may
be not always due to pharmacoresistance in properly cured
patients. Lack of therapeutic success may be due to caffeine
ingested in the form of coffee, tea or caffeinated beverages.
Also, the smoking habit is a very likely candidate for
therapeutic failures.

Table 2. Impairment by Caffeine of the Protective Activity of Conventional Antiepileptic Drugs (AEDs) Against Maximal
Electroshock-induced Tonic Convulsions in Mice.

Caffeine (mmol/kg)

AED
0.119 0.238 0.476

Carbamazepine 0 + ++

Phenobarbital + ++ +++

Phenytoin + + ++

Valproate 0 + ++

Caffeine was given intraperitoneally (i.p.), 30 min prior to maximal electroshock. AEDs were also administered i.p., phenytoin and phenobarbital 120 min, carbamazepine
60 min, and valproate – 30 min before the test. 

+, at least 25% increase in the respective ED50  value; ++, at least 50% increase; +++, at least 90% increase; 0, no significant effect.

Data were transformed from Czuczwar et al. [124].
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Table 3. Nicotine-induced Impairment of the Anticonvulsant
Activity of Antiepileptic Drugs (AEDs) in Mice
Challenged with Maximal Electroshock-induced
Tonic Seizures.

AED Nicotine (4 mg/kg, i.p.)

Carbamazepine (11.1) ++

Phenobarbital (14.6) ++

Phenytoin (8.5) ++

Valproate (205)  +

Lamotrigine (5.9) +++

Topiramate (28.9) ++

Nicotine was administered intraperitoneally (i.p.) 5 min before the
electroconvulsive test. AEDs were injected i.p., phenytoin 120 min, lamotrigine,
phenobarbital, topiramate 60 min, whilst carbamazepine and valproate 30 min prior
to the test.

+, at least 40% increase in the respective ED50  value; ++, more than a 50% increase;
+++, more than an 80% increase. Data were adapted from Czuczwar et al. [127].

GENERAL CONCLUSION

Novel antiepileptic drugs enhancing GABA-mediated
events usually possess a better pharmacological profile in
experimental epilepsy models than conventional antiepileptic
drugs and generally, their pharmacokinetics in humans is
more predictable. Drug interactions are rather rare [19,129].
In open label trials, good results have been reported – for
instance, at least 50% reduction in seizure frequency was
observed in 50% of patients taking vigabatrin, 20-30% -
gabapentin and 26-30% - tiagabine (partial seizures) [130]. In
cases of drug resistant epilepsies, double-blind placebo-
controlled trials indicate that maximum 10% of patients
benefit from add-on therapy with these antiepileptics [130].

Seizure activity leads to neuronal cell loss [131] and, as
it has been already mentioned, neurodegeneration may affect
the protective activity of some antiepileptic drugs [122,123].
It seems of particular importance to select antiepileptic drugs
with neuroprotective properties. Experimental data indicate
that especially, topiramate, lamotrigine and tiagabine provide
considerable neuroprotection in experimental models of
epilepsy [131]. As soon as this effect is confirmed in clinical
conditions, these drugs should initiate treatment of epilepsy
in order to prevent neuronal cell death. Interestingly,
experimental data has provided evidence that barbiturates and
benzodiazepines induce massive apoptotic response in
immature rodents [132]. There is, however, no clinical
evidence upon this undesired effect of these antiepileptic
drugs.
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