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Abstract. Pharmacological concepts tailored to status
epilepticus, to epileptogenesis following acquired
brain insults, and to ictogenesis in established epilepsy
vary considerably and should ideally be directed at
those pathophysiological mechanisms that presum-
ably underly these conditions. Currently known
important molecular targets include voltage-gated
sodium and calcium channels, the g-aminobutyric acid
(GABA) system and ionotropic glutamate receptors.
Metabotropic glutamate receptors, potassium chan-
nels, and neurotransmitters such as acetylcholine,
glycine, and monoamines are beyond the scope of this
review.
In status epilepticus, immediate failure of GABAergic
inhibition occurs, and administration of benzodiaze-
pines and barbiturates displays the pharmacostrategic

mainstay. In epileptogenesis within limbic structures,
the most important underlying pathophysiological
mechanisms currently discussed are transient loss of
inhibition and aberrant mossy fiber sprouting. Both
processes may be facilitated by N-methy-d-aspartat
(NMDA) receptor regulation. NMDA antagonists
may exhibit antiepileptogenic properties in experi-
mental animals, but reliable data in humans are
lacking. In established epilepsy, voltage-gated ion
channels and impairment of GABAergic functions
contribute to mechanisms facilitating ictogenesis.
Blockade of sodium and calcium channels and en-
hancement of GABAergic inhibition are currently the
most important tools to prevent the occurrence of
seizures.
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Introduction

In this review, we focus on present and possible future
pharmacological approaches relevant to three differ-
ent, but overlapping situations: emergency treatment
of status epilepticus, modification of epileptogenesis
following an initial insult in order to prevent chronic

epilepsy, and prophylaxis against the occurrence of
further seizures in established epilepsy (Fig. 1). Par-
ticular attention is paid to what is known of the
underlying cellular and molecular mechanisms of each
of the three situations the individual pharmacostrat-
egies may interfere with (Table 1).
First, acute seizure disorders such as status epilepticus
(SE) urgently need immediate drug treatment to
terminate this emergency situation as soon as possible
[1]. For reasons of clarity, we term this approach* Corresponding author.
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�anticonvulsant treatment�, although we are aware
that not all presentations of this emergency take the
form of �convulsive� status epilepticus.
Second, brain insults acquired postnatally, such as
head trauma, stroke, cerebral infectious diseases, and
status epilepticus, may induce a variety of neuro-
biological processes that – after a latent period of days
to years – may result in the occurrence of unprovoked
epileptic seizures [2]. In this review, we use the term
�antiepileptogenic treatment� to describe pharmaco-
logical interventions following an acquired brain
insult that are administered with the aim to entirely
prevent the complication of unprovoked seizures
(established epilepsy). We use the term �disease-
modifying treatment� for interventions following
brain insults that may not prevent the development
of chronic epilepsy but are supposed to mitigate the
process by reducing the frequency of seizures or their
severity [3].
Finally, in established epilepsy, the pharmacological
strategy is directed at modulation of pathophysiolog-
ical processes underlying ictogenesis, so that clinically
the probability of seizure recurrence is reduced [4].
Therefore, the pharmacological approach in estab-
lished epilepsy formally presents a secondary prophy-
laxis against epileptic seizures. In the current review,
we term this approach �antiictogenic treatment�.
This review concentrates on anticonvulsant, antiepi-
leptogenic, and antiictogenic pharmacostrategies in
adult epileptic conditions. The effects of these sub-
stances on pure neuroprotection [5] and their ther-
apeutical relevance in various non-epileptic condi-
tions [6] are beyond the scope of this review. The
pathophysiological mechanisms underlying status ep-
ilepticus, epileptogenesis, and ictogenesis in the de-
veloping brain are different from those in adults. The
interplay between the according substances and brain

development was addressed comprehensively in a
recent review in this journal [7].

Molecular targets and mechanism of action of
substances

The main – but by no means the only – targets of
substances important in anticonvulsant, antiepilepto-
genic, and antiictogenic pharmacostrategies are ionic
channels, the inhibitory g-aminobutyric acid (GABA)
system, and excitatory glutamate receptors.

Sodium channels
Voltage-gated sodium channels are responsible for the
rising phase of the action potential in excitable cells
and membranes. They are of critical importance for
the generation and propagation of action potentials.
At hyperpolarised potentials, sodium channels are in
the resting closed state. With neuronal depolarisation,
the sodium channel converts from its closed non-
conducting state to the open state that allows in-
creased influx of sodium ions. Then the channel
inactivates and the flow of sodium ions is terminated
[4, 8]. Changes between the resting, open, and
inactivated states occur rapidly in sodium channels
of cerebral neurons and thus form the basis for
physiological brain function and pathological condi-
tions such as epileptic activity.
Substances such as carbamazepine, lamotrigine, ox-
carbazepine [9], and phenytoin [10], and to a lesser
extent felbamate [11], topiramate [12], valproate [13],
and zonisamide [14] block sodium channels resulting
in inhibition of sustained repetitive spike firing that
may contribute to propagation of epileptic activity
[15]. Carbamazepine, lamotrigine, and phenytoin
bind at the inner pore of the sodium channel in its

Figure 1. Pharmacological approaches to acute seizure con-
ditions such as status epilepticus (SE), to epileptogenesis
following acquired brain insults, and to ictogenesis in estab-
lished epilepsy are distinctly different. It is the most important
aim of the treatment of SE to terminate ongoing epileptic
activity as soon as possible. This approach is termed anti-
convulsant pharmacostrategy. The prevention or alleviation of
the disease chronic epilepsy following brain insults such as SE
is termed antiepileptogenesis or disease-modification. In
established epilepsy, pharmacological concepts aim at sup-
pression of epileptic seizures as the most prominent symptom
and thus are termed antiictogenic. Pharmacological interven-
tions in established epilepsy aiming at modifying the condition
itself rather than merely suppressing the symptom epileptic
seizure have never been proven to be successful.

2024 M. Holtkamp and H. Meierkord Anticonvulsant, antiepileptogenic, and antiictogenic pharmacostrategies



inactivated state [16] and delay the transition from the
inactivated state to the resting closed state that opens
with depolarisation. The prolonged inactivated state
and the smaller probability that the channel is in the
resting state eventually block high-frequency axonal
firing. Interestingly, the inhibitory properties of the
above-mentioned substances are �use-dependent�, i.e.
repetitive firing results in greater binding of the drugs
and thus enhanced inhibition. This property allows
protection against occurrence of epileptic seizures
without major interference with physiological brain
function. Benzodiazepines [17], phenobarbital [18],
and propofol [19], which predominantly enhance
GABAergic inhibition, at high concentrations also
have been demonstrated to exhibit some sodium
channel-blocking properties.

Calcium channels
Voltage-gated calcium channels allow ion flux if they
are gated open by membrane depolarisation. Calcium
channels are categorised into two large groups de-
pending on the extent of hyper- or depolarisation
required for activation. L-, R-, P/Q- and N-types are
high-voltage-activated (HVA) channels that require
significant depolarisation before activation. T-type

channels are low-voltage-activated (LVA) and are
thus already activated in the hyperpolarised state [20].
L-type channels are mainly located postsynaptically
and regulate calcium entry upon neuronal depolarisa-
tion. In an animal model of absence epilepsy, blockade
of this subgroup of calcium channels with high-dose
nimodipine resulted in proictogenic effects [21]. In
patients, however, it remains unclear whether the L-
type channel antagonistic effect of substances such as
phenytoin [22] and carbamazepine [23] contributes to
any therapeutic or undesirable effect.
N- and P/Q-type HVA calcium channels represent
potential molecular targets, as these channels are
required for transmitter release that is inhibited by
channel blockade [24, 25]. N-type channels are
blocked by lamotrigine [26], levetiractam [27, 28],
and topiramate [29]. Lamotrigine may in addition
have some inhibitory effects on P-type channels [26].
Gabapentin and its analogue pregabalin strongly bind
to the HVA calcium channel auxilliary subunits a2d-1
and a2d-2 [30, 31]. These subunits enhance current
through P/Q-type channels, and their blockade inhib-
its this subtype of HVA calcium channels [32].
LVA T-type channels play a major role in the
generation of thalamic spike-wave discharges as seen

Table 1. Summary of anticonvulsant, antiepileptogenic, and antiictogenic pharmacostrategies.

Situation Pathophysiological mechanism Substance Main mechanism of action

Status epilepticus – erosion of GABAergic inhibition
due to endocytosis of GABAA-Rs

– expression of AMPA- and NMDA-Rs
– modification of ion channels

– benzodiazepines:
– barbiturates
– propofol:
– ketamine?1:
– phenytoin:

increased frequency of Cl– channel openings
prolonged opening of Cl- channel
increased Cl- ion conductance
non-competitive inhibition at NMDA-R
Na+ channel blockade

Epileptogenesis – NMDA-R-regulated inhibitory and
excitatory circuit modification

– ketamine?2:
– MK-801?2:

non-competitive inhibition at NMDA-R
non-competitive inhibition at NMDA-R

Seizures in
established epilepsy

– ion channel alteration

– reduced GABAergic inhibition

– increase glutamatergic excitation

– carbamazepine:
– oxcarbazepine:
– phenytoin:
– lamotrigine:
– zonisamide:
– gabapentin:
– topiramate:
– levetiracetam:
– benzodiazepines:
– phenobarbital:
– tiagabine:
– valproate:
– gabapentin:
– vigabatrin:
– felbamate?3:
– topiramate?3:

Na+ channel blockade
Na+ channel blockade
Na+ channel blockade
HVA Ca2+ and Na+ channel blockade
LVA Ca2+ and Na+ channel blockade
HVA (a2d subunit) Ca2+ channel blockade
HVA Ca2+ and Na+ channel blockade
SV2A binding
increased frequency of Cl– channel openings
prolonged opening of Cl– channel
GABA transporter inhibitor
increases GABA turnover
increases GABA turnover
GABA transaminase inhibitor (irreversible)
NMDA-R antagonist
kainate-R and AMPA-R antagonist

GABAA-R/s, g-aminobutyric acidA receptor/s; Cl-, chloride; AMPA-R/s, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptor/s;
NMDA-R/s, N-methy-d-aspartat receptor/s; Na+, sodium; HVA, high-voltage activated; Ca2+, calcium; LVA, low-voltage-activated;
SV2A, synaptic vesicle protein 2A.
1 anticonvulsant properties of ketamine have been shown in experimental animals but clinical efficacy is unclear.
2 antiepileptogenic properties of ketamine and MK-801 are contradictory in experimental animals, substances have not been tested in
the human condition.

3 antiictogenic properties of felbamate and topiramate are well-known in patients, it is unclear whether antagonism to glutamate
receptors contributes to the clinically relevant mechanisms of action.
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in absence epilepsy [33, 34]. It is important to note that
pathophysiological mechanisms underlying the gen-
eration of absence seizures are principally different
from those underlying all other types of epileptic
seizures [35] (see below subchapter “pathophysiolo-
gy” in chapter “established epilepsy”). Ethosuximide
at clinically relevant concentrations selectively blocks
T-type calcium channels but does not have any effect
on HVA channels [36, 37]. Zonisamide, among other
mechanisms of action, also has been reported to block
T-type channels [38].
The synaptic vesicle protein 2A (SV2A), which is
believed to participate in the regulation of calcium-
dependent neurotransmitter release, has been identi-
fied as a molecular target for levetiracetam [39]. The
synaptic vesicle protein 2 likely influences mecha-
nisms of seizure generation and propagation, as SV2A
knockout mice develop an unusually strong seizure
phenotype by 1.5 weeks of age. These findings suggest
that levetiracetam acts at least in part via binding to
SV2A.

GABA receptors and metabolism
GABA is the most important inhibitory neurotrans-
mitter in the brain, and the GABA system represents
an important target for anticonvulsant, antiepilepto-
genic, and antiictogenic pharmacostrategies. GABA
acts on fast chloride-permeable ionotropic GABAA

receptors that are expressed postsynaptically [4].
Receptor activation results in opening of the receptor
channels, leading to chloride ion influx and efflux of
bicarbonate ions. These eventually hyperpolarise the
cell membrane, rendering the cell less excitable [40 –
42]. It is important to note that the GABAergic system
is by no means exclusively inhibitory [43]. Indeed,
GABA-mediated excitation of pyramidal cells in rats
[44] and in patients with temporal lobe epilepsy [45]
has been described. Experimental animal work has
allowed better insight into the contribution of the
genetic background to GABAergic receptor pharma-
cology [46]. Rats have been identified that are either
seizure prone or seizure resistant to amygdala kindling
[47]. The GABAA receptor a1 subunit upregulation in
seizure-resistant rats and downregulation in seizure-
prone animals [48] may contribute to the observed
diverging receptor pharmacology [46].
Bromide, historically the first antiictogenic substance,
has been shown to enhance GABAergic inhibition
[49] by increasing sensitivity of GABAA receptors to
GABA [4]. The most relevant molecular target of
benzodiazepines is the accordant binding site on the
GABAA receptor. Benzodiazepine binding results in
allosteric receptor modulation [4, 50]. Thus, benzo-
diazepines enhance affinity and binding of GABA to
the GABAA receptor, thereby increasing the frequen-

cy of cloride channel openings [51, 52]. Barbiturates
act somewhat differently via prolonging the opening
of the chloride channel [53 – 55]. Propofol induces an
inward hyperpolarising current carried by chloride
ions [56], thus exerting a mechanism of action that is
different from that of barbiturates and benzodiaze-
pines. Besides this direct effect on chloride channel
conductance [57], propofol enhances the frequency of
GABA-induced conductance events [58] and thus
potentiates the effect of GABA on neurons [59].
Felbamate and topiramate interfere with multiple
molecular targets. They have also been reported to act
on GABAA receptors [60, 61].
Besides receptor modulation, GABAergic inhibition
may be enhanced by increasing the amount of GABA
available at the synaptic cleft. GABA is converted by
glutamic acid decarboxylase from glutamate, and this
process has been described to be promoted by
gabapentin [62] and valproate [63]. The cerebral
concentration of GABA is controlled by the enzyme
GABA transaminase, which metabolises GABA to
succinic semialdehyde. Vigabatrin irreversibly blocks
GABA transaminase, resulting in elevation of cere-
bral GABA concentrations [64]. GABA is trans-
ported from the extracellular space into neurons and
glia cells via GABA transporters (GATs). GAT1 is the
most abundant GABA transporter, predominantly
expressed in presynaptic terminals and glia [65].
Tiagabine is a potent and selective competitive
inhibitor of GAT1 that prevents the reuptake of
GABA and increases the availability of this inhibitory
neurotransmitter [66].
GABAB receptors are expressed both pre- and post-
synaptically [67, 68], and their role in facilitation and
inhibition of epileptic activity is complex [42]. Mice
lacking functional GABAB receptors exhibit sponta-
neous seizures [69], indicating the pathophysiological
importance of this receptor subtype in suppressing
epilepsy. However, activation of presynaptic GABAB

receptors results in a negative feedback that suppress-
es GABA release at inhibitory synapses [68]. In
addition, there are GABAB presynaptic heterorecep-
tors on glutamatergic terminals. Postsynaptic GABAB

receptor activation results in prolonged hyperpolar-
isation, rendering neuronal networks less excitable.
On the other hand, activation of GABAB receptors in
the thalamo-cortical system may contribute to the
generation of absence seizures [70]. Tiagabine and
vigabatrin, which enhance extracellular GABA con-
centration, eventually result in GABAB receptor
activation, but it is currently unknown whether this
mechanism contributes to any pro- or antiictogenic
effects.
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Glutamate receptors
Ionotropic glutamate receptors form cation channels
mediating fast excitatory neurotransmission in the
brain [71]. Glutamate acts at two different ionotropic
receptor subtypes: N-methy-d-aspartate (NMDA)
and non-NMDA receptors. The latter includes a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionate
(AMPA) and kainate sensitive receptors. NMDA
receptors can produce channels permeable to calcium
and sodium ions, while non-NMDA receptors can
build sodium channels [42]. From a pathophysiolog-
ical point of view, ionotropic glutamate receptors
would be ideal molecular candidates for substances
administered as part of anticonvulsant, antiepilepto-
genic, and antiictogenic pharmacostrategies.
Experimental substances have been shown to be
competitive (CPP, CGP 40116) [72, 73] or non-
competitive (MK-801, TCP, ketamine) [74– 76] antag-
onists at the NMDA receptor. In all in vitro animal
models of epilepsy, substances such as ketamine and
MK-801 demonstrated strong seizure-suppressing
properties [77]. In the spectrum of clinically relevant
substances, felbamate may act, at least in part, via
NMDA receptor blockade [78]. At higher doses the
predominantly GABAergic substance propofol inhib-
its neuronal excitation at the NMDA receptor as well
[79].
AMPA receptors mediate most excitatory neuronal
transmission and play a major role in seizure spread
[4]. Pre- and postsynaptic kainate receptors also
contribute to glutamate-mediated neuronal excita-
tion, in particular in limbic structures that are
associated with ictogenesis [80]. These non-NMDA
receptors therefore display important molecular tar-
gets. Besides multiple other mechanisms of action,
topiramate in higher concentrations blocks kainate
receptors and, to a lesser extent, AMPA receptors [81,
82]. The selective non-competitive AMPA receptor
antagonist talampanel, which at present is being tested
in clinical trials, has been shown to exhibit a broad
spectrum of activity in whole animal and brain slice
epilepsy models [83].

Recently identified targets
Beyond the above-mentioned targets for substances
used in anticonvulsant, antiepileptogenic, and anti-
ictogenic pharmacostrategies, new targets have been
identified that may be addressed by existing or newly
developed drugs. Vascular endothelial growth factor
(VEGF) was recently demonstrated to suppress
epileptic activity in vitro [84]. Therefore, VGEF or
VGEF-related targets may provide useful endpoints
to direct novel pharmacological approaches. Disrup-
tion of the blood-brain barrier induced by seizures or
inflammation or by both allows the entry of com-

pounds with immunogenic or inflammatory potential
[85]. Experimental studies have shown that inflam-
matory reactions in the brain can enhance neuronal
excitability [86], and antiinflammatory treatments
may reduce seizures clinically and experimentally
[85]. Commonly used substances such as carbamaze-
pine [87] and valproate [88] induce antiinflammatory
actions, but it is unknown whether this mechanism
contributes to the antiictogenic effect.

Summary and perspectives
Some of the substances currently used in anticonvul-
sant, antiepileptogenic, and antiictogenic pharmacos-
trategies in patients mainly exert their action via one
defined molecular target such as carbamazepine,
oxcarbazepine and phenytoin via sodium channels,
levetiracetam via the SV2A protein, and benzodiaze-
pines, tiagabine, and vigabatrin via the GABAA

receptor or GABA metabolism. However, other
drugs such as gabapentin, lamotrigine, valproate,
and zonisamide act on voltage-gated ion channels
and the GABA system, while felbamate and top-
iramate in addition exert antagonistic properties at
glutamatergic receptors. In substances acting at multi-
ple targets, it is often unclear via which of those the
most important effects are achieved. Future studies
may help to identify even more cellular or molecular
targets in epileptic conditions that perspectively
developed drugs can interfere with.

Acute seizure disorders

Clinical background
In the vast majority of cases, single tonic clonic
generalised epileptic seizures are self-limiting within 2
min after onset [89], and acute pharmacological
intervention is not required. Seizure activity that
persists or recurs so rapidly that return to clinical
baseline conditions is not possible should be treated
within 5 min after onset [90] regardless of the
academic question whether the condition is termed
prolonged epileptic seizure [91] or SE [92]. Besides
stroke, SE is the most frequent neurological emer-
gency, with an incidence between 10 and 41/100 000
population [93, 94].
The aim of acute anticonvulsant intervention is to
terminate SE in order to prevent lethal systemic or
disabling neuronal consequences in generalised con-
vulsive SE [95]. In non-convulsive SE, treatment aims
at stopping a highly uncomfortable condition that
bears the risk of severe physical injury, in particular, if
consciousness is impaired [96]. Anticonvulsant treat-
ment is still hampered by the fact that first- and
second-line intravenous substances fail to terminate

Cell. Mol. Life Sci. Vol. 64, 2007 Biomedicine & Diseases: Review Article 2027



SE in about 30 –40% of cases. The overall clinical
outcome in such patients is therefore still very poor
[97 – 100].

Pathophysiology
Self-termination of most forms of isolated epileptic
seizures is hypothesised to be based largely on
activation of GABA receptor-mediated inhibition
[101]. A breakdown of GABAergic inhibition facili-
tates the transition from a single epileptic seizure to
SE. After brief (<5 min) electrical stimulation of the
perforant path in vitro and in vivo, prolonged loss of
paired-pulse inhibition has been observed, indicating
GABAergic impairment [102]. Within minutes of
ongoing seizure activity, the number of GABAA

receptors per dentate gyrus granule cell synapse
decreases significantly due to endocytosis of
GABAA receptors [103]. The pronounced disappear-
ance of GABAA receptors likely contributes to the
emerging failure of GABAergic inhibition. Such
erosion of GABAergic function may also explain the
well-known phenomenon of progressive pharmacore-
sistance to benzodiazepines with ongoing seizure
activity (see below subchapter “progressive pharma-
coresistance”) [104, 105]. Further mechanisms, such
as intracellular chloride accumulation and higher
bicarbonate permeability, may also contribute to loss
of inhibition [106, 107]. If GABA becomes depolaris-
ing due to chloride efflux as a result of previous
intracellular chloride accumulation, pharmacological
increase of GABAergic signalling may increase neu-
ronal excitation [43, 45]. Thus, GABA paradoxically
may become excitatory during SE possibly contribu-
ting to the develpment of refractoriness. Simultane-
ously with GABAA receptor impairment, the number
of AMPA and NMDA receptors increases in the wake
of movement of receptor subunits to the synaptic
membrane [108]. Such antipodal trafficking of inhib-
itory and excitatory receptors eventually renders the
transformed neuron more excitable.

Anticonvulsant pharmacostrategies
Despite the potential paradoxical excitatory effects
discussed above, the mainstay of the initial treatment
of SE is still enhancement of impaired GABAA-
mediated synaptic inhibition. Benzodiazepines are the
drugs of choice, as they have a rapid onset of action,
exhibit strong anticonvulsant properties, and are
generally safe. In patients, a randomised controlled
trial revealed that benzodiazepines such as lorazepam
and diazepam, with phenytoin co-administered to the
latter, and the barbiturate phenobarbital are effective
in terminating SE in 55 – 65% of cases, with lorazepam
being significantly more effective than the sodium
channel blocker phenytoin (44%) [100].

Pharmacokinetics of GABAergic anticonvulsants.
Benzodiazepines have been shown experimentally to
rapidly enter the brain. After intravenous adminis-
tration in cats and dogs, peak brain concentrations of
diazepam were achieved 1 min after injection [109].
Peak cerebrospinal fluid concentrations of lorazepam
have been described to occur slightly later [110].
Clinical studies on SE, however, have not yet given
evidence for a protracted anticonvulsant effect of
lorazepam compared to diazepam. The elimination
half-life of diazepam (28 – 54 h) is prolonged com-
pared to the intermediate half-life of lorazepam (8 – 25
h). Benzodiazepines are highly lipophilic substances
and therefore likely redistribute to other lipoid tissues.
Thus, the distribution half-life of benzodiazepines is a
parameter that is much more significant for the
assessment of persistent anticonvulsant effects. The
shorter distribution half-life of diazepam (0.3 h)
compared to that of lorazepam (2 – 3 h) is reflected
in the clinical effects of these substances. In patients,
diazepam prevents recurrence of seizure activity for
less than 2 h, while lorazepam is effective for more
than 12 h [95, 111]. In the initial treatment of SE, the
shorter distribution half-life of diazepam is the ration-
al for co-administration of intravenous long-acting
phenytoin, while lorazepam commonly is given in
monotherapy [90].
Barbiturates also rapidly enter the brain in SE;
however, the elimination half-life is about 100 h in
phenobarbital [112] and 8 h after single-dose thio-
pental, increasing to 18 – 36 h after prolonged treat-
ment [113].The pharmacokinetic advantage of pro-
pofol is the rapid onset of action within minutes [112]
and the rapid offset with an elimination half-life of 2 –
3 h [114].

Progressive pharmacoresistance. The longer SE lasts,
the more difficult it becomes to terminate the
condition. The clinical variant of subtle SE evolving
from untreated or only partially treated overt SE is
terminated by phenobarbital or benzodiazepines with
or without additional phenytoin in only 8 – 24% of
cases [100]. In a retrospective study of 154 patients,
Lowenstein and Alldredge demonstrated that SE
treated 30 min after onset was terminated in 80% of
cases, while treatment starting 120 min after onset was
successful in only 40% [115]. Therefore, pharmaco-
logical treatment of SE should be initiated as early as
possible. In this context it is important to note that out-
of-hospital management of SE with lorazepam, dia-
zepam, and placebo has been assessed in a randomised
controlled trial [116]. The dose of intravenous lor-
azepam required to terminate SE was only 25 –50% of
that necessary to terminate SE after arrival in the
emergency department [100, 116].
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In parallel to the clinical data, SE induced by
pilocarpine in rats required 10-fold more diazepam if
administered 45 min compared to 10 min after seizure
onset. This progressive pharmacoresistance against
diazepam may be explained by the plasticity of
subunits of the GABAA receptor by ongoing SE as
demonstrated in rat dentate gyrus granule cells (see
above subchapter “pathophysiology”) [105].

Refractory SE. SE and in particular its generalised
convulsive form, that is refractory to the initially
administered substances, urgently calls for aggressive
treatment escalation. Anaesthetics that are commonly
administered in refractory status epilepticus (RSE)
include propofol, midazolam, and thiopental (mar-
keted in Europe) or its first metabolite pentobarbital
(marketed in the US) all of which mainly act via
enhancement of synaptic GABAergic inhibition [56].
As yet, it is not well understood to what extent the ion
channel-blocking property of these substances con-
tributes to their acute anticonvulsant effects. General
anaesthetics are clinically limited by their marked side
effects, such as sedation and respiratory depression
requiring mechanical ventilation and pressor-requir-
ing cardiovascular depression [117, 118].
Due to the loss of potency of GABAergic substances
with ongoing seizure activity, substances that act
predominantly via non-GABAergic mechanisms
may be of interest in later stages of SE. Two of the
�new-generation� drugs known in the treatment of
established epilepsy, topiramate and levetiracetam,
have recently been described to be successful in
terminating RSE without relevant side effects [119 –
123]. Levetiracetam is of particular interest in the
treatment of SE, as this substance is now available for
intravenous administration in more than 50 coun-
tries.
A rational strategy in the pharmacological manage-
ment of RSE that is based on interference with
pathophysiological mechanisms underlying ongo-
ing seizure activity would be a reduction of excita-
tory synaptic mechanisms by blockade of the
NMDA receptor that is overexpressed with persis-
tent SE. In the electrical stimulation model of SE,
the NMDA antagonist ketamine did not affect SE
within the first 15 min after onset, but effectively
controlled seizures after 60 min when phenobarbital
had already lost its anticonvulsant potency [124] .
The NMDA antagonist MK-801 also showed a trend
to increased efficiency when administered 4 h after
electrically induced SE compared to 1 h, while
phenobarbital lost efficiency over time [125] . In
contrast to these convincing experimental data,
clinical reports on the successful use of NMDA
antagonists such as ketamine are sparse [126, 127] ,

and neurotoxic side effects have been described
[128] .

Summary and perspectives
The predominant molecular target in the anticonvul-
sant pharmacostrategy of SE is the GABAA receptor,
which rapidly loses its inhibitory efficacy with ongoing
seizure activity. Experimental data indicate that
blockade of excitatory NMDA receptors that increase
in number during SE is an efficient approach in later
stages, but so far convincing clinical data are lacking.
Future pharmacological approaches may address
prevention or reversal of receptor trafficking that
seems to present the major pathophysiological mech-
anism underlying ongoing seizure activity in SE.
Furthermore, research may focus on substances that
display anticonvulsant mechanisms of action beyond
GABAergic inhibition and act on various targets, also
including non-NMDA receptors and ion channels.

Epileptogenesis

Clinical background
A variety of acquired brain insults are known to be
associated with the development of chronic epilepsy.
Following traumatic brain injury (TBI), 2 – 25% of
patients have been reported to exhibit unprovoked
epileptic seizures, depending on the severity of the
initial trauma [129 –131]. While the risk is highest in
the months directly after TBI, it remains elevated for
more than 5 years in patients with moderate to severe
injuries and for more than 15 years in patients with
penetrating missile wounds to the brain [129, 132,
133]. This indicates that neurobiological processes
underlying posttraumatic epileptogenesis may occur
in a very protracted fashion. Stroke is reported to
cause subsequent chronic epilepsy within the next 5
years in 2 – 4% of cases, and the risk of seizures is
increased in patients with subarachnoid and intra-
cerebral haemorrhage [134 – 137]. Chronic epilepsy
has been reported in about 10% of patients following
cerebral vein and dural sinus thrombosis [138] and in
about 7% of patients within 20 years after central
nervous system (CNS) infections, with a 4-fold higher
risk after viral encephalitis compared to bacterial
meningitis [139]. The development of chronic epilepsy
following SE is not rare, but in individual cases it may
be difficult to discern whether epileptogenesis is the
consequence of SE or of the underlying brain disease.
The 10-year risk of developing epilepsy after acute
symptomatic SE has been reported to be 41% and thus
3.3 fold higher than after a single epileptic seizure with
comparable aetiology [140], giving evidence for the
major impact of SE itself on epileptogenesis.
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It would be a fascinating therapeutic aim to prevent
the development of epilepsy after acquired brain
injuries rather than to suppress epileptic seizures in
established epilepsy. However, a thorough under-
standing of the pathophysiological mechanisms un-
derlying epileptogenesis is the prerequisite for the
development of specific antiepileptogenic pharma-
costrategies. These approaches first need consistent
proof in experimental animal studies before they can
be incorporated in perspective human treatment
trials.

Pathophysiology

Animal models. Neurobiological processes underly-
ing epileptogenesis after brain injuries have been
studied extensively in experimental animal models of
SE [141], and to some extent in models of brain
trauma [142, 143] and ischaemic stroke [144].
Experimental SE can be induced in rats by systemic or
local administration of chemoconvulsants such as
kainic acid [145] or pilocarpine [146, 147], or by
continuous or intermittent electrical stimulation of
the amygdala [148], the ventral hippocampus [149], or
the perforant path [150]. After a latent period of
several weeks, 50 – 100% of animals develop recurrent
spontaneous seizures ([149, 151 – 157].
A new animal model of posttraumatic epileptogenesis
has recently been reported [143]. Following severe,
non-penetrating lateral fluid-percussion brain injury
in rats, 43 –50% of injured animals developed epilepsy
after a latent period from 7 weeks to 1 year.
Following experimental focal ischaemia induced by
cortical photothrombosis [158– 160] or permanent
occlusion of the middle cerebral artery [161], small
studies with no more than 10 rats reported that 25 –
100% of animals developed spontaneous seizures
after 2 – 10 months. A recent study on rats with middle
cerebral artery occlusion induced by intracerebral
injection of endothelin 1 demonstrated that only 1 out
of 26 animals developed late spontaneous seizures
within 6– 12 months [144].
Eventually, there may be differences in the epilepto-
genic processes in the various models described, and it
is rather unclear whether these model systems reliably
reflect processes in the human condition.

Pathophysiological concepts of epileptogenesis. Fol-
lowing SE, NMDA receptor-regulated circuit modifi-
cations in the hippocampal formation resulting in
transient loss of inhibition and in increased excitation
are currently assumed to represent the pathophysio-
logical basis for epileptogenesis. GABAergic inhib-
ition in the dentate gyrus (DG) has repeatedly been
shown to be markedly impaired shortly after SE and to

be fully restored and sometimes even hypercompen-
sated within 4 – 8 weeks after SE [157, 162, 163]. The
initial GABAergic disinhibition may be due to loss of
specific GABAergic interneurons [156, 164] or a
reduced number and sensitivity of postsynaptic
GABAA receptors [165, 166]. As antagonists to the
NMDA receptor immediately reverse GABAergic
disinhibition [167], it is likely that impaired GABAer-
gic inhibition is in part regulated by NMDA receptors,
probably via a Ca2+-dependent dephosphorylation
process [2]. However, loss of inhibition does not
explain the development of chronic epilepsy suffi-
ciently, as spontaneous seizures occur several weeks
later when inhibition has recovered [149, 155 – 157].
Therefore, we assume that there are two major steps
towards the process of epileptogenesis. Disinhibition
of the DG results in a loss of the filter function of this
structure, allowing physiological stimuli to affect
highly vulnerable downstream structures of the hippo-
campus proper [168 –170]. In a second step, excitatory
transmission in the hippocampus proper is enhanced,
resulting in the generation of spontaneous epileptic
seizures. Though DG inhibition at this point is
restored by compensatory upregulation of post-syn-
aptic GABAA receptor subunits [171 – 173] or by
axonal sprouting of the remaining GABAergic inter-
neurons [155, 174, 175], it is too weak to suppress
spontaneous seizures, as robust epileptogenic excita-
tory circuits are already established.
Aberrant sprouting of DG granule cell axons that are
termed mossy fibers allows new excitatory connec-
tions to be established with granule cell dendrites in
the DG inner molecular layer [176 – 179]. This results
in an expansion in the number of recurrent excitatory
synapses between granule cells likely playing a major
role in epileptogenesis following SE. Suppression of
mossy fiber sprouting by cycloheximide was reported
not to prevent subsequent epileptogenesis in rats [180,
181], but SE in these studies was induced by chemo-
convulsants that act ubiquitously and result in epi-
leptogenic alterations in limbic and neocortical struc-
tures. Therefore, in that model, development of
chronic epilepsy after blockade of mossy fiber sprout-
ing does not confute that DG sprouting contributes to
epileptogenesis. The molecular basis for mossy fiber
sprouting again seems to be activation of the NMDA
receptor and subsequent Ca2+ influx. Increased intra-
cellular Ca2+ concentration mediates the expression of
the immediate Ca2+ dependent early gene, c-fos [182],
which may regulate mossy fiber sprouting [183].
NMDA receptor blockade has been shown to impair
aberrant sprouting [184].
Following experimental brain trauma, epileptogenesis
may also have been facilitated by mossy fiber sprout-
ing that was increased in the ipsilateral hippocampus
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of animals with fluid-percussion-induced posttrau-
matic epilepsy compared to those subjected to trau-
matic brain injury without epilepsy [143]. Further-
more, in mice with fluid percussion-induced brain
injury, impaired DG inhibitory efficacy has been
demonstrated [185] that may contribute to epilepto-
genesis along the pathophysiological lines discussed
above for the post-SE model.
The pathophysiological basis of post-stroke epilepto-
genesis has not been investigated thoroughly so far,
but molecular mechanisms with modifications of
channels and cellular alterations with loss of inhib-
itory neurons and growth of aberrant excitatory
reinnervation to surviving neurons in periinfarct tissue
have been discussed [144, 186, 187].

Antiepileptogenic pharmacostrategies

In experimental animals models, antiepileptogenic or
disease-modifying pharmacostrategies following SE
have been studied extensively, but so far experimental
data on preventive approaches after other epilepto-
genic aetiologies, such as traumatic brain injury or
ischaemic stroke, are lacking.

Initial insult modification. Antiepileptogenic effects
can be assessed reliably only if substances are given
after the end of SE, as administration prior to or
during SE may result in �initial insult modification� [3].
Duration of SE seems to be one of the most important
factors for the development of epilepsy [154]. The
administration of diazepam 2 h after onset of electri-
cally induced SE in rats significantly reduced the
number of animals that eventually developed chronic
epilepsy compared to controls [188]. However, such
data do not indicate �true� antiepileptogenesis, as the
pharmacological effect was first and foremost anti-
convulsant and modified the potentially epileptogenic
brain injury.

Dissociated anticonvulsant and antiepileptogenic ef-
fects. Some experimental studies reported dissociated
anticonvulsant and antiepileptogenic drug effects, i.e.
the substances given during SE had limited impact on
acute seizure activity but prevented or attenuated
subsequent development of chronic epilepsy. Prasad
and colleagues administered GABAergic phenobar-
bital, the sodium channel blocker phenytoin, and the
NMDA receptor antagonist MK-801 at 1, 2, and 4 h
after onset of electrically induced SE and assessed
acute anticonvulsant and late antiepileptogenic ef-
fects [125]. Phenobarbital and MK-801 were superior
to phenytoin in suppressing SE, but MK-801 was less
efficient compared to phenobarbital. Nevertheless,

both phenobarbital and MK-801 reduced the number
of animals that eventually developed chronic epilepsy
significantly when given 1 h after seizure onset, and in
addition, MK-801 administered after 2 h rendered
fewer animals epileptic. Though MK-801 definitely
modified the initial insult, the substance had fewer
anticonvulsant but more pronounced epilepsy-pre-
venting properties as compared to phenobarbital,
giving rise to indirect evidence for possible antiepi-
leptogenic effects. Interestingly, both phenobarbital
and MK-801 administered 4 h after seizure onset did
not have any effect on long-term development of
epilepsy, indicating that at least in this model system
the window for prevention of epilepsy may be rather
narrow.
In a similar methodological approach in immature P15
rats, topiramate was less effective than diazepam in
terminating acute pilocarpine-induced SE, but it was
more effective than diazepam in preventing the
development of chronic epilepsy [189]. This finding
was not reproduced in adult rats, as comparable doses
of topiramate injected at the onset of pilocarpine SE
did indeed not affect acute seizure activity, but
topiramate did not exhibit any antiepileptogenic or
disease-modifying effects either [190]. Pregabalin
administered during and after pilocarpine SE was
reported to delay onset of spontaneous recurrent
seizures without demonstrating acute anticonvulsant
effects, but the substance was given during the whole
post-SE period studied and therefore it was impos-
sible to discern antiepileptogenic from antiictogenic
effects [191].
When substances are administered during SE, a
modifying impact on the initial insult can never be
completely excluded. Therefore, the only reliable
approach to assess antiepileptogenic effects is based
on study of drugs that were administered after causing
events such as SE had definitely been terminated.

Antiepileptogenesis in experimental post-SE models.
As a number of relevant processes underlying epi-
leptogenesis are believed to be NMDA receptor
regulated, pharmacological blockade of these recep-
tors seems to be areasonable antiepileptogenic treat-
ment approach.
In a model system of kainite-induced SE, adminis-
tration of the NMDA receptor antagonist MK-801
immediately after termination of seizure activity
lasting 90 min did not prevent or attenuate the
development of chronic epilepsy [192]. The dose,
however, was 0.1 mg/kg and thus 40 times smaller
compared to the study described above that success-
fully prevented epilepsy when MK-801 was given 1
and 2 h after unterminated seizure activity induced by
electrical stimulation [125]. Furthermore, the contra-
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dictory results may be due to the different SE models
used that may induce heterogeneous epileptogenic
mechanisms. Model discrepancies may also explain
the conflicting results regarding the antiepileptogenic
effect of valproate that completely prevented the
development of epilepsy following kainate SE [193],
while spontaneous seizures following electrically
induced SE were not affected at all [194]. Carbama-
zepine administered for 8 weeks starting 24 h after
termination of pilocarpine-induced SE did not pre-
vent the development of chronic epilepsy; however,
spontaneous recurrent seizures occurred less fre-
quently, and duration was shorter compared to
vehicle-treated controls [195]. This study demon-
strates disease-modifying effects of carbamazepine,
which is one of the most common drugs with strong
antiictogenic properties in patients with partial epi-
lepsies. However, these findings have to date not been
reproduced by other authors. Other substances tested,
such as lamotrigine [196], vigabatrin [197, 198],
phenobarbital [193], ketamine [199], and levetirace-
tam [200], did not prove to exhibit antiepileptogenic
or disease-modifying properties.

Antiepileptogenesis : human data. In patients, sev-
eral pharmacological substances have prevented the
(re-)occurrence of provoked seizures in acute med-
ical conditions [201]. Phenobarbital and valproate
have successfully prevented recurrent febrile seiz-
ures [202 – 205], phenobarbital prevented seizures
with cerebral malaria [206], lorazepam prevented
alcohol-related seizures [207], and phenytoin and
carbamazepine prevented seizures early after TBI
and cranial surgery [208 – 210]. However, these
findings on provoked acute-symptomatic seizures
do not give any evidence for antiepileptogenic
effects, as epilepsy is defined by the occurrence of
unprovoked seizures [211]. These substances were
administered when the risk of provoked epileptic
seizures was high; thus seizures were simply sup-
pressed rather than prevented due to pharmacolog-
ical modification of an underlying epileptogenic
process.
Seizures are defined to be unprovoked when they
occur more than 7 days after an aetiological incident
[212]. Therefore, antiepileptogenic pharmacostrat-
egies methodologically can be assessed only when
substances that were administered for a defined
period of time after a potentially epileptogenic event
prevent the occurrence of late unprovoked epileptic
seizures. Unfortunately, available clinical trials on
carbamazepine, phenobarbital, phenytoin, and val-
proate thus far have revealed unsatisfactory results
[201]. A Cochrane review incorporating six rando-
mised controlled trials with more than 1 400 patients

showed that seizure-suppressing drugs after TBI are
effective in reducing early fits (see above), but that
there is no evidence for an antiepileptogenic or
disease-modifying effect regarding the development
of chronic epilepsy [213]. In patients, the available
evidence is insufficient to establish the net benefit of
antiepileptogenic treatment at any time after brain
injury.

Summary and perspectives
A major problem of research into substances with
antiepileptogenic properties results from the fact that
tested drugs are not chosen according to the patho-
physiological mechanisms epileptogenesis relies on.
Currently, substances that exhibit antiictogenic prop-
erties in patients are assessed in experimental animals
much like a fishing expedition concerning their addi-
tional antiepileptogenic potential. Specific molecular
targets of epileptogenesis, such as ionotropic gluta-
mate receptors or Ca2+-dependent intracellular sec-
ond-messenger systems, have not been studied ex-
haustively and should present future research path-
ways.

Established epilepsy

Clinical background
Epilepsy is one of the most common neurological
diseases, with a prevalence of 0.5– 1% [214]. Current
approaches to drug therapy in established epilepsy
aim at controlling seizures as the major symptom of
the condition. Though antiictogenic pharmacostrat-
egies render the majority of patients with established
epilepsy free of seizures, in approximately one-third of
all cases seizures cannot be controlled [215]. The
discussion of mechanisms and concepts of pharma-
coresistance in established epilepsy is beyond the
scope of this review and has well been covered
previously [216 – 218].
A diagnosis of epilepsy is made if a patient suffers
from recurrent and unprovoked epileptic seizures
[211]. The classification of seizures is based on clinical
and EEG features, whereas brain pathology, age, and
aetiology are not considered [219]. Central to the
current classification is the dichotomy of generalised
and focal seizures. In generalised seizures, the origin is
in both hemispheres simultaneously, while focal
seizures involve only a portion of the brain at their
onset, most commonly structures in the temporal or
frontal lobes.

Pathophysiology
An epileptic seizure represents an acute event that
may be a reaction of a normal brain to a noxious insult.
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In patients with epilepsy, an underlying epileptogenic
abnormality of the brain is responsible for recurrent
epileptic seizures. This review concentrates on the
latter situation only.
Ictogenesis is a term used to denote processes under-
lying the induction, propagation, and termination of
seizures against the background of an interictal state
in established epilepsy [220]. The interictal state may
be regarded as a period of relative inactivity. The
underlying epileptogenic abnormality that predispos-
es to spontaneous seizures at this stage is kept in check
by seizure-suppressing mechanisms such as drugs.
Voltage-gated ion channels are of major importance
as targets for antiictogenic drugs. Sodium and calcium
channels form the basis for the transition to ictus since
they regulate firing of action potentials and contribute
to the paroxysmal depolarisation shift, and they also
regulate neurotransmitter release that is required for
synaptic transmission [4]. In this context, it is inter-
esting to note that in an increasing number of
hereditary epilepsies, ion channel mutations encoding
genes are found that are associated with increased
excitability [221]. Besides inherited channelopathies,
in experimental models of epilepsy acquired alter-
ations of h-channels [222], A-type potassium channels
[223], and T-type calcium channels [224] have been
reported. Channels regulated by the neurotransmit-
ters GABA or glutamate mediate synaptic inhibition
and excitation and thus allow neuronal synchronisa-
tion and propagation of epileptic discharges [4].
In keeping with the dichotomy of generalised and
focal seizures on which the current seizure classifica-
tion is based is the finding that the mechanisms and
processes associated with a typical absence seizure are
quite different from those seen during onset of a focal
seizure [35]. At the onset of typical absence seizures,
high-voltage 3/s spike-slow-wave discharges can be
seen. Experimental studies in the feline penicillin
model have indicated that the persisting prominent
slow-wave activity suggests preservation of inhibition
[225]. The slow-wave activity reflects chloride-sensi-
tive afterhyperpolarisation, indicating intact GA-
BAergic inhibition. Because of this and since synchro-
nisation is central, this form of ictogenesis has been
termed the �hypersynchronous� type [226]. The gen-
eration of absence seizures is believed to result from
thalamocortical interactions, and spike-slow-wave
discharges in absence epilepsy are facilitated by T-
type low-voltage-activated calcium channels [33].
In contrast, onset of focal seizures with or without
generalisation is associated with a buildup of low-
voltage widespread activity. Intracellular recordings
have shown that afterhyperpolarisations disappear
and are replaced by rapid action potentials in this
situation. Because inhibitory processes are eroded,

this variant has been termed the �disinhibitory� type of
transition to ictus [226]. The concept of various types
of transition to seizure – although currently still in its
infancy – may be helpful in the future design of
improved antiictogenic pharmacostrategies.
In contrast to absence seizures, focal attacks usually
display an evolution in time, with propagation of the
epileptic activity from its origin to regions more or less
distant from the focus [227, 228]. Such propagation
patterns can be studied in the laboratory in various
model systems. A combination of intrinsic optical
imaging and electrophysiological approaches repre-
sents an excellent tool to analyse seizure spread and
the way substances may interfere with ictogenesis
[229].
There is some evidence that ictal termination, too,
may be heterogeneous in different seizure types. It is
assumed that generalised convulsions are terminated
as a result of active inhibitory processes, but depolar-
isation block, electrogenic pumps, or changes in the
extracellular ional environment may also account for
massive postictal neuronal depression [230, 231].
Postictal depression is absent in the hypersynchronous
type of ictus as in absence seizures. Positron emission
tomography (PET) studies have shown that postictal
hypometabolism seen in complex focal seizures is
lacking in absence attacks [232, 233]. It would be
plausible to assume that some kind of desynchronising
mechanisms operate at ictal termination in absence
seizures, although robust data are lacking.

Experimental animal models. Most substances that
are currently administered in human established
epilepsy have been tested before in model systems
of elicited seizures. The systems most importantly
include the acute maximal electroshock seizure
(MES), the pentylenetetrazole (PTZ) seizure test,
and the kindling model [234]. The latter relies on
repeated application of short electrical stimuli to
limbic structures, resulting in a progressive increase in
electrographic and behavioural seizure activity [235].
It is important to keep in mind that naive animals are
used in these models, and this may not optimally
reflect the transition from the interictal to the ictal
state in patients with established epilepsy. Substances
also have been assessed in models following brain
injuries and other initial insults. The problem with this
approach is that antiepileptogenic properties are
analysed but not antiictogenic features. Therefore,
such results cannot simply be translated to established
epilepsy, as the pathophysiological mechanisms of
epileptogenesis differ from those of ictogenesis (see
above). Therefore, better animal models that are more
close to the clinical condition have been suggested
[236]. A rat model of established partial epilepsy
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following electrically induced SE seems to be promis-
ing [237]. However, there is no doubt that further
animal models of intractable chronic epilepsy are
urgently needed.

Antiictogenic pharmacostrategies
Almost all drugs with antiictogenic properties have
been identified either by screening in animal models
or by chance. A rational strategy for the development
of new antiictogenic drugs has so far played only a
minor role. The GABAergic substances vigabatrin
and tiagabine are two examples that have been
developed on the basis of assumed pathophysiological
processes. Unfortunately, major side effects, such as
irreversible visual field restrictions with vigabatrin
[238] and pronounced proictogenic effects with tiaga-
bine [239], heavily restrict the use of these drugs in
clinical practice.
A number of currently used antiictogenic substances
have multiple molecular targets, but in most cases, it is
unknown which of these are the most relevant
regarding suppression of seizures.
Pharmacological blockade of voltage-gated ion chan-
nels inhibits epileptic bursting, synchronisation, and
seizure spread [4]. The potency to modify sodium or
HVA calcium channels is shared by carbamazepine,
gabapentin, lamotrigine, levetiracetam, oxcarbaze-
pine, phenytoin, topiramate, valproate, and zonisa-
mide. This property of substances is important in the
antiictogenic treatment of partial and generalised
tonic-clonic seizures. Low-voltage-activated calcium
T-type channels are involved in the generation of
absence seizures and are selectively blocked by
ethosuximide [36, 37]. The clinical efficacy of zonisa-
mide in absence seizures is also explained by its T-type
channel blocking property [38]. Lamotrigine does not
block T-type calcium channels, and therefore the
mechanism of its pronounced antiictogenic potency in
absence seizures is still elusive.
Pharmacological enhancement of GABAergic synap-
tic inhibition reduces the probability of bursting
behaviour of neurons. Substances acting at GABAA

receptors are efficient in all types of seizures but – with
the exception of benzodiazepines – do not suppress
absence seizures [4]. The efficacy of benzodiazepines
in suppressing �hypersynchronous� ictogenesis of ab-
sence seizures may result from their ability to �de-
synchronise� oscillations in thalamocortical circuits
[240]. The chronic use of benzodiazepines is limited by
their sedative side effects and by development of
dependence and tolerance. Valproate is also highly
effective against absence seizures and in addition to
gabapentin, tiagabine, and vigabatrin, which also all
act on enzymes and transporters and eventually
increase the availability of GABA in the synaptic

cleft, efficiently suppresses partial and generalised
tonic-clonic seizures. The success of substances that
enhance GABAergic inhibition in a broad spectrum
of seizures may be explained by their counteracting
effect on the �disinhibitory� type of ictogenesis in such
seizures.
Pharmacological blockade of synaptic excitation is
antiictogenic by suppressing bursting and seizure
spread. Substances with antagonistic effects on the
NMDA receptor have been demonstrated in in vitro
and in vivo model systems of epilepsy to exhibit strong
antiictogenic properties (see above). Unfortunately,
none of these substances plays an essential role in the
treatment of patients with established epilepsy. An
exception may be felbamate, which interferes with the
NMDA receptor [241]. However, it is unclear whether
this property contributes at all to the drug�s antiicto-
genic effect. MK-801, in high dosage, has strong
antiictogenic properties, but untolerable side effects
such psychosis severely limit its use in the treatment of
epilepsy. In lower dosage, limited efficacy against
seizures was demonstrated [242].
Topiramate is presumably the only AMPA and
kainate receptor antagonistic drug currently in
clinical use [81, 82] . Again, it is unclear whether
this pharmacological feature contributes to the
antiictogenic properties of the drug. The selective
AMPA antagonist talampanel has undergone ex-
tensive preclinical testing and early clinical studies
[83] . In patients with partial refractory epilepsy, the
substance has been shown to reduce the frequency
of seizures significantly [243] . Future clinical stud-
ies, however, must prove that talampanel will be
tolerable at therapeutic doses. At present, evidence
is lacking that blockade of NMDA, AMPA or
kainate receptors is of major importance in anti-
ictogenic pharmacostrategies in clinical practice.

Summary and perspectives
Voltage-gated ion channels and the GABAergic
system represent the main molecular targets in
antiictogenic pharmacostrategies in human estab-
lished epilepsy. The exact mechanisms of action of
most clinically used substances are as yet not
completely understood. The majority of substances
have not been developed following a rational
strategy but were found by screening in animal
models or by chance. A better understanding of the
pathophysiological mechanisms of ictogenesis un-
derlying the various types of epileptic seizures may
help to develop future pharmacostrategies that are
tailored to individual patients.
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