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Abstract

Seizures are resistant to treatment with currently available anticonvulsant drugs in about 1 out of 3 patients with epilepsy. Thus, there
is a need for new, more effective anticonvulsant drugs for intractable epilepsy. Furthermore, because of the inadequacy of the currently
available anticonvulsant armamentarium with respect to safety, newly developed drugs should be less toxic than existing drugs. Previous
and current strategies for development of novel anticonvulsants with improved efficacy or safety are critically discussed in this review.

Ž .‘Old drugs’ or ‘first generation’ drugs , which were developed and introduced between 1910 and 1970, are compared with new
anticonvulsants both in terms of clinical efficacy and safety and in terms of mechanisms of action. The new drugs are referred to as
‘second generation’ drugs, i.e. anticonvulsants which have been introduced into clinical practice in recent years, or ‘third generation’
drugs, i.e. compounds in the pipeline of development. In spite of some 30 years of ‘modern’ neuroscientific epilepsy research, most

Ž .novel, clinically effective second generation anticonvulsants have been found by screening i.e. serendipity or structural variation of
known drugs and not by rational strategies based on knowledge of processes involved in generation of seizures or in development of

Ž .epilepsy. An exception are only the GABA g-aminobutyrate -mimetic drugs vigabatrin and tiagabine and, to some extent, gabapentin,
which have been developed by a rational strategy, i.e. the ‘GABA hypothesis’ of epilepsy. The fact that preclinical seizure models used
for identification and development of novel drugs have been originally validated by old drugs, i.e. conventional anticonvulsants, may
explain that several of the new drugs possess mechanisms which do not differ from those of the standard drugs. This may also explain
that none of the new drugs seems to offer any marked advantage towards the old, first generation drugs with respect to the ultimate goal
of drug treatment of epilepsy, i.e. complete control of seizures, although some of the second generation drugs may have benefits in terms
of side effects and tolerability. It is to be hoped that the various novel currently used or planned strategies for drug development produce
more effective and safe anticonvulsants than previous strategies. This goal can only be achieved by strengthening our understanding of the
fundamental pathophysiology of seizure expression and epileptogenesis as theoretical substrates for new pharmacological strategies, and
by devising and refining laboratory models for studying new agents obtained by such strategies. q 1998 Elsevier Science B.V.
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1. Introduction

Epilepsy is one of the most common diseases of the
brain, affecting at least 50 million persons worldwide
Ž .Scheuer and Pedley, 1990 . Epilepsy is a chronic and
often progressive disorder characterized by the periodic
and unpredictable occurrence of epileptic seizures which
are caused by an abnormal discharge of cerebral neurons.
Many different types of seizures can be identified on the
basis of their clinical phenomena. These clinical character-

Ž .istics, along with their electroencephalographic EEG fea-
Žtures, can be used to categorize seizures Commission,

.1981 . Seizures are fundamentally divided into two major
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Ž .groups: partial and generalized. Partial focal, local
seizures are those in which clinical or electrographic evi-
dence exists to suggest that the attacks have a localized
onset in the brain, usually in a portion of one hemisphere,
while generalized seizures are those in which evidence for
a localized onset is lacking. Partial seizures are further
subdivided into simple partial, complex partial, and partial
seizures evolving to secondarily generalized seizures, while

Žgeneralized seizures are categorized into absence noncon-
.vulsive , myoclonic, clonic, tonic, tonic–clonic and atonic

seizures. In addition to classifying the seizures that occur
in patients with epilepsy, patients are classified into appro-
priate types of epilepsy or epileptic syndromes character-
ized by different seizure types, etiologies, ages of onset

Ž .and EEG features Commission, 1989 . More than 40
distinct epileptic syndromes have been identified, making
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epilepsy a remarkably diverse collection of disorders. The
first major division of epilepsy are localization-related
Ž .focal, local, partial epilepsies, which account for roughly
60% of all epilepsies, and generalized epilepsies, which
account for approximately 40% of all epilepsies. An
epilepsy or epileptic syndrome is either idiopathic, which
is virtually synonymous with genetic epilepsy, or symp-
tomatic, i.e. due to structural lesion or major identifiable
metabolic derangements. Both type of seizure and epilepsy
determine the choice and prognosis of therapy. For in-
stance, the most common and most difficult-to-treat type
of seizures in adult patients are complex partial seizures,

Ž .while primary generalized tonic–clonic ‘grand mal’
seizures respond in most patients to treatment with anti-
convulsants. For many of the seizure types and epilepsy
syndromes we have little information about their patho-
physiological basis. Yet our insight into how partial
seizures, generalized tonic–clonic seizures and generalized
absence seizures arise is substantial, which is fortunate

Žsince these constitute around 90% of seizures Lothman,
.1996 .

In the absence of a specific etiological understanding in
any of the epilepsies or epileptic syndromes, approaches to
drug therapy of epilepsy must necessarily be directed at
the control of symptoms, i.e. the suppression of seizures.
In fact, all currently available drugs are anticonvulsant
Ž .antiseizure rather than antiepileptic. The latter term should
only be used for drugs which prevent or treat epilepsy and

Ž .not solely its symptoms see Section 4 . The goal of
therapy with an anticonvulsant drug is to keep the patient
free of seizures without interfering with normal brain
function. The selection of an anticonvulsant drug is based
primarily on its efficacy for specific types of seizures and

Ž .epilepsy Mattson, 1995 . For instance, valproic acid is
usually the drug of choice for the generalized idiopathic
epilepsies, while carbamazepine and phenytoin show the
best balance of seizure control with relatively few adverse

Ž .effects for the treatment of partial epilepsy Mattson, 1995 .
In most patients with epilepsy the prognosis for seizure
control is very good. However, a significant proportion of
individuals with epilepsy suffer from intractable, i.e. phar-
macoresistant epilepsy despite early treatment and an opti-
mum daily dosage of an adequate anticonvulsant drug
ŽDam, 1986; Dreifuss, 1992; Leppik, 1992; Forsgren, 1995;

.Sillanpaa, 1995 . Thus, there is a clear need for new drugs¨¨
or new strategies of therapeutic management. Although
surgical treatment of epilepsy may be an alternative if
anticonvulsant drugs fail, surgery for epilepsy might not be
needed if we knew more about ways to prevent medical
intractability or if we had more effective and less toxic

Ž .anticonvulsant drugs Theodore, 1992 .
In addition to the need for new drugs for epileptic

patients whose seizures are resistant to available anticon-
vulsants, new drugs with benefits in terms of side effects
and tolerability are needed even if they do not demonstrate

Žgreater efficacy than established anticonvulsants Richens,

.1991; Schmidt and Kramer, 1994 . Furthermore, in view of¨
the fact that the therapeutic effectiveness of the older
anticonvulsant drugs has usually been limited by their
narrow therapeutic ratio, i.e. the ratio of toxic dose against
the effective dose, it is hoped that an improved therapeutic
ratio may be seen with some of the novel compounds
currently being developed.

2. Spectrum of anticonvulsant activity and mechanism
of action of old and new anticonvulsant drugs

The 20th century has witnessed considerable progress in
Žanticonvulsant drug development Loscher and Schmidt,¨

.1994 . The major drugs in clinical use, i.e. phenytoin,
carbamazepine, valproate, benzodiazepines, ethosuximide,
phenobarbital and primidone, were developed and intro-
duced between 1910 and 1970 and will be referred to as

Ž .‘old drugs’ or ‘first generation’ drugs in the following.
After a hiatus of over 20 years, several new anticonvulsant
drugs, i.e. vigabatrin, gabapentin, felbamate, lamotrigine,
oxcarbazepine, tiagabine and topiramate, have been intro-

Žduced into clinical practice, referred to as ‘new drugs’ or
.‘second generation’ drugs in the following. More recent

anticonvulsants which are in preclinical or clinical devel-
opment will be referred to as ‘third generation’ drugs.

In spite of some 30 years of ‘modern’ neuroscientific
epilepsy research, most novel, clinically effective anticon-

Ž .vulsants have been found by screening i.e. serendipity or
structural variation of known drugs and not by rational
strategies based on knowledge of processes involved in

Žinitiation, elaboration, and extension of seizures ictogene-
. Ž .sis or in development of epilepsy epileptogenesis , e.g. in

augmented propensity for spontaneous seizures or in the
progression in severity of seizures or their resistance to

Ž .medical therapy Loscher and Schmidt, 1994 . An excep-¨
Ž .tion are only the GABA g-aminobutyrate -mimetic drugs

vigabatrin and tiagabine and, to some extent, gabapentin,
which have been developed by a rational strategy, i.e. the

Ž‘GABA hypothesis’ of epilepsy Loscher, 1989b, 1993;¨
.Olsen and Avoli, 1997 .

The fact that preclinical models used for identification
and development of novel drugs have been originally
validated by ‘old’ drugs, i.e. conventional anticonvulsants,
may explain that several of the new drugs possess mecha-
nisms which do not differ from those of the standard
drugs. The most commonly employed animal models in
the search for new anticonvulsant drugs are the maximal
electroshock seizure test and the pentylenetetrazole seizure

Ž .test Loscher and Schmidt, 1988 . The maximal elec-¨
troshock seizure test, in which tonic hindlimb seizures are
induced by bilateral corneal or transauricular electrical
stimulation, is thought to be predictive of anticonvulsant
drug efficacy against generalized tonic–clonic seizures,
while the pentylenetetrazole test, in which generalized
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myoclonic and clonic seizures are induced by systemic
Ž .usually s.c. administration of convulsant doses of
pentylenetetrazole, is thought to represent a valid model
for generalized absence andror myoclonic seizures in

Ž .humans Loscher and Schmidt, 1988 . As shown in Table¨
1, the anticonvulsant activity of the old drugs in these
models is in accordance with their anticonvulsant efficacy
against tonic–clonic or absencermyoclonic seizures. It has
been repeatedly proposed that the maximal electroshock
seizure test might be also predictive of anticonvulsant
efficacy against partial seizures. However, more recent
experimental and clinical studies on novel anticonvulsant
drugs, such as vigabatrin or glutamate receptor antagonists
Ž .see below , have demonstrated that the maximal elec-

Ž .troshock seizure test is not suited in this respect Table 1 .
Indeed, the relative ineffectiveness of most standard anti-
convulsant drugs against ictal events such as complex
partial seizures might be attributed to the fact that these
drugs were developed in the absence of appropriate experi-

Ž .mental models for drug screening Engel, 1992 . Thus, true
Žmodels of partial seizures, such as amygdala-kindling see

.Table 1 , should be used to test anticonvulsant efficacy
Žagainst partial epileptic activity Loscher and Schmidt,¨

.1988 .
As shown in Table 1, the kindling model correctly

predicts the clinical effect of both old and new drugs
against partial seizures. However, the pentylenetetrazole
test did not predict the effect of lamotrigine against ab-
sence and myoclonic seizures and yielded false positive

data in case of vigabatrin and tiagabine. Genetic animal
models of non-convulsive seizures,such as the lethargic
Ž .lhrlh mouse, seem to be more predictive in this regard
Ž .Hosford and Wang, 1997; Loscher, 1997a .¨

With respect to mechanisms of action of old drugs,
Macdonald has proposed that anticonvulsant drugs can be
divided mechanistically into at least three classes based on
ability to block sustained high-frequency repetitive firing
of action potentials by blockade of voltage-dependent Naq

channels, to enhance GABAergic inhibition and to block
slow, pacemaker-driven, repetitive firing by blocking T-

2q ŽCa current Macdonald, 1989; Macdonald and Kelly,
. Ž .1995; Macdonald and Meldrum, 1995 . Macdonald 1989

further suggested that the ability of an anticonvulsant drug
to block generalized tonic-clonic seizures and some forms
of partial seizures may correlate with the ability of the
drug to block sustained repetitive firing, while drugs with a
broader spectrum of anticonvulsant activity block both
sustained repetitive firing and enhance GABAergic inhibi-

Ž .tion Table 2 . Anti-absence drugs such as ethosuximide
2q Žmay act via their effect on thalamic T-Ca current Table

.2 . However, by this concept it is difficult to explain how
valproate and benzodiazepines act on absence seizures.
Furthermore, the concept ignores several additional cellu-
lar mechanisms of the old drugs which could explain the
differences in pharmacology between drugs in the same

Žclass Rogawski and Porter, 1990; Loscher and Schmidt,¨
.1994; Schachter, 1995; White, 1997 . For instance, while

carbamazepine and phenytoin are generally thought to act

Table 1
Anticonvulsant effect of old and new drugs against different types of seizures in animal models and in human epilepsy

Drug Anticonvulsant activity in experimental models Clinical efficacy

ŽMES test mice s.c. PTZ test Amygdala-kindling Partial seizures Generalized seizures
Ž Ž .or rats, tonic mice or rats, rats, focal seizures

tonic–clonic absence myoclonic. .seizures clonic seizures

Old drugs
Carbamazepine q NE q q q NE NE
Phenytoin q NE q q q NE NE
Phenobarbital q q q q q NE q
Primidone q q q q q NE q
Valproate q q q q q q q
Benzodiazepines q q q q q q q
Ethosuximide NE q NE NE NE q qry

New drugs
Lamotrigine q NE q q q q q
Topiramate q NE q q q qry q
Oxcarbazepine q qry ? q ? NE NE
Felbamate q q q q q qry q
Vigabatrin NE q q q ? NE NE
Tiagabine NE q q q ? ? NE
Gabapentin qry qry q q ? NE NE
NMDA antagonists q qry NE NE ? ? ?

Ž .Effect is indicated by qseffective; qrys inconsistent data; NEsnot effective; ?sno data available or found . MES, maximal electroshock seizure;
PTZ, pentylenetetrazole.

Ž .For detailed data see Loscher 1997a .¨
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Table 2
Ž .Proposed cellular mechanisms of action of old drugs based on Macdonald, 1989; Macdonald and Kelly, 1995

Seizure Blockade of Potentiation of Blockade of
2qtyperanticonvulsant voltage-dependent GABAergic thalamic T-type CA

qdrug Na channels mechanisms channels

Generalized tonic–clonic and partial seizures
Phenytoin qq NE NE
Carbamazepine qq NE ?
Phenobarbital q q NE

Broad spectrum
Valproate qq q NE
Benzodiazepines q qq NE

Absence seizures
Ethosuximide NE NE q

Effect is indicated by q, qqseffective; qrys inconsistent data; NEsnot effective in therapeutically relevant concentrations; ?sno data available
Ž .or found .

q Žby their effect on Na channels Macdonald and Meldrum,
.1995 , an epileptic patient being resistant to one of these

drugs may respond favorably to alternative treatment with
the other of the two drugs, clearly indicating that these

Ždrugs act by more than one mechanism Schmidt and
.Gram, 1995 . Similarly, subgroups of amygdala-kindled

Ž .rats resistant to phenytoin ‘phenytoin nonresponders’
respond to the anticonvulsant activity of carbamazepine
Ž .Loscher and Rundfeldt, 1991; Loscher et al., 1993c ,¨ ¨
again demonstrating that the concept illustrated in Table 2
oversimplifies the complex effects of these and other
anticonvulsant drugs both experimentally and clinically. If
one uses this concept for the new anticonvulsant drugs,

q Ž .most of these drugs act on Na channels Table 3 . This is
not astonishing in view of the fact that the anticonvulsant
effect of most of these compounds was first detected with
the maximal electroshock seizure test, which is particularly
sensitive to Naq channel blockers and may thus preselect

Ž .drugs with such mechanism of action Meldrum, 1996 .
Interestingly, lamotrigine does not effect GABAergic inhi-

2q Ž .bition or T-type Ca channels Table 3 , but is a broad
acting anticonvulsant drug against different seizure types

Ž .in patients Table 1 , thus casting doubt that the concept

shown in Table 2 is useful for the new anticonvulsant
drugs.

In addition to effects on Naq channels, several of the
new drugs, i.e. topiramate, felbamate, vigabatrin, tiagabine
and gabapentin act on GABAergic inhibition, although by

Ždifferent mechanisms Loscher and Schmidt, 1994; White,¨
.1997 . None of the new drugs examined so far exerts an

2q Ž .effect on T-type Ca channels Table 3 .
It has been proposed that new anticonvulsant drugs act

Ž .by new mechanisms Macdonald and Meldrum, 1995 . In
this respect, inhibition of glutamatergic excitation, particu-

Ž .larly that mediated by the N-methyl-D-aspartate NMDA
and non-NMDA types of glutamate receptors, has been

Žsuggested to play a significant role Macdonald and Mel-
.drum, 1995 . Indeed, as shown in Table 4, for most of the

new anticonvulsant drugs there is evidence for an anti-
glutamatergic action. However, as also shown in Table 4,
there is increasing evidence that several of the old drugs
may affect glutamatergic excitation, too. Thus, apparently
there is no real difference in mechanisms between the old
and new drugs. Except the GABAmimetics vigabatrin and
tiagabine, all of the new drugs appear to act by several
cellular mechanisms and so do most of the old drugs.

Table 3
Some cellular mechanisms of action of new drugs

Drug Blockade of voltage-dependent Potentiation of GABAergic Blockade of thalamic
q 2qNa channels mechanisms T-type Ca channels

Lamotrigine qq NE NE
Oxcarbazepine qq NE ?
Topiramate q q ?
Felbamate q q ?
Vigabatrin ? qq ?
Tiagabine ? qq ?
Gabapentin qry q NE

Effect is indicated by q, qqseffective; qrys inconsistent data; NEsnot effective in therapeutically relevant concentrations; ?sno data available
Ž .or found .

Ž . Ž . Ž . Ž . Ž .For details see Rogawski and Porter 1990 , Loscher and Schmidt 1994 , Upton 1994 , Macdonald and Meldrum 1995 , Schachter 1995 , Bialer et al.¨
Ž . Ž .1996 and White 1997 .
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Indeed, this combination of several mechanisms may be
the explanation for the clinical efficacy of these drugs in
human epilepsy, because epilepsy is certainly a disease

Ž .with multiple etiologies Loscher and Schmidt, 1994 .¨
In summary, the available data show that blockade of

voltage-dependent Naq channels, which is thought to be
involved in the anticonvulsant effect of phenytoin, carba-
mazepine and valproate, is also found with lamotrigine,
oxcarbazepine, topiramate and felbamate. Potentiation of
GABAergic inhibition, which is thought to be involved in
the anticonvulsant effect of valproate, barbiturates and
benzodiazepines, is also found with vigabatrin, tiagabine,
gabapentin, felbamate and topiramate. Furthermore, an
effect on glutamatergic mechanisms is found with several
old and new drugs. Apart from these cellular mechanisms,
both old and new drugs exert additional effects on other
neurotransmitters or ion channels which may be important

Žfor their pharmacodynamic effects Rogawski and Porter,
1990; Loscher and Schmidt, 1994; Schachter, 1995; White,¨

.1997 . In view of the fact that most of the old and new
drugs possess more than one mechanism, the individual
combination of the ‘old’ mechanisms might be the real
difference between old and new drugs.

3. Experience with existing strategies of anticonvulsant
drug development

There are at least three preclinical strategies which are
Ž .used for development of new anticonvulsant drugs: 1

random screening of newly synthesised chemical com-
pounds of diverse structural categories for anticonvulsant

Ž .activity in animal models, 2 structural variation of known

Ž .anticonvulsant drugs and 3 mechanism-based rational
drug development, based on knowledge of the basic patho-
physiological events involved in seizures or epilepsy
Ž .Loscher and Schmidt, 1994; Upton, 1994 . All three¨
strategies have generated clinically effective anticonvul-
sant drugs, although many scientists currently believe that

Ž .the strategy of rational ‘modern’ drug development has
important advantages over the more traditional other strate-
gies.

Historically, all old anticonvulsant drugs have been
found by serendipity, screening or structural variation of
known drugs. Except the bromides and phenobarbital, the
anticonvulsant effect of all standard anticonvulsant drugs
was first determined in animal models, such as the maxi-
mal electroshock seizure or the pentylenetetrazole seizure
tests, demonstrating that clinical activity can be predicted

Ž .by such laboratory models Loscher and Schmidt, 1994 .¨
Therefore, seizure models in laboratory animals are still
the most important prerequisite in preclinical search for
new anticonvulsant drugs.

If one reviews the new clinically effective and intro-
duced anticonvulsant drugs and groups them according to
the existing preclinical strategy by which each drug has
been developed, then screening or serendipity led to the
development of felbamate, topiramate and lamotrigine,
while oxcarbazepine and clobazam were developed by

Žstructural variation of known drugs Loscher and Schmidt,¨
.1994 . Only three of the seven new, second generation

anticonvulsants with proven clinical efficacy have been
developed by mechanism-based rational development,

Žnamely vigabatrin, tiagabine and gabapentin Loscher and¨
.Schmidt, 1994 . Various other novel ‘third generation’

anticonvulsant drugs are in preclinical or clinical develop-

Table 4
Some cellular mechanisms of action of old and new drugs

Anticonvulsant drug Blockade of voltage-dependent Potentiation of GABAergic Blockade of glutamatergic
qNa channels mechanisms mechanisms

Old drugs
Phenytoin qq qry qry
Carbamazepine qq qry qry
Phenobarbital q q q
Valproate qq q qry
Benzodiazepines q qq NE
Ethosuximide NE NE NE

New drugs
Lamotrigine qq NE qry
Oxcarbazepine qq NE ?
Topiramate q q q
Felbamate q q qq
Vigabatrin ? qq ?
Tiagabine ? qq ?
Gabapentin qry q qry

Effect is indicated by q, qqseffective; qrys inconsistent data; NEsnot effective in therapeutically relevant concentrations; ?sno data available
Ž .or found .

Ž . Ž . Ž . Ž . Ž .For details see Rogawski and Porter 1990 , Loscher and Schmidt 1994 , Upton 1994 , Macdonald and Meldrum 1995 , Schachter 1995 , Bialer et al.¨
Ž . Ž .1996 and White 1997 .
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Žment Loscher and Schmidt, 1994; Bialer et al., 1996;¨
.White, 1997 . All drugs with already demonstrated clinical

Žactivity e.g. levetiracetam, remacemide, fosphenytoin,
.dezinamide, loreclozole, losigamone have been found by

Žscreening or structural variation Loscher and Schmidt,¨
.1994 . As with the old anticonvulsant drugs, the anticon-

vulsant effect of the novel clinically effective compounds
was determined by seizure models in laboratory animals,
substantiating that clinical activity can be predicted in this
way.

The past decades have witnessed an increase in our
knowledge on the pathophysiology of brain diseases and
the basic mechanisms of drug activity that is without

Ž .precedent Dichter, 1994; McNamara, 1994 . This knowl-
edge generated several rational strategies for drug develop-
ment, aimed to identify new anticonvulsant drugs with
high specificityrselectivity of action. The most important
strategies of rational design of anticonvulsant drugs have

Ž .been 1 enhancement of GABA-mediated neuronal inhibi-
Ž .tion, 2 diminution of glutamate-mediated neuronal excita-

Ž . q q 2qtion and 3 modulation of Na , K and particularly Ca
Žion channels cf. Loscher and Schmidt, 1994; Upton,¨

.1994 . All three targets for anticonvulsant drug develop-
ment, i.e. GABAergic inhibition, glutamatergic excitation
and intrinsic, voltage-dependent currents are thought to be
critically involved in the pathophysiology of epileptic pro-

Ž .cesses Dichter, 1994 .

3.1. Increase of GABAergic neurotransmission

The most successful of these rational strategies in terms
of producing new clinically effective anticonvulsant drugs
has been pharmacological enhancement of GABAergic
neurotransmission. Of the various GABAmimetic drugs
produced by this strategy, i.e. inhibitors of GABA amino-
transferase such as vigabatrin, GABA uptake blockers such
as tiagabine, GABA receptor agonists such as progabideA

Ž .and THIP gaboxadol , and GABA receptor modulators,A

e.g. novel benzodiazepine receptor ligands such as partial
Ž . Žagonists e.g. bretazenil , subtype selective agonists e.g.
.abecarnil or neurosteroids, so far only vigabatrin and

Žtiagabine proved to be effective in epileptic patients Table
.1 . Both drugs, which act by increasing GABA levels in

the synaptic cleft, are effective treatments for partial
seizures in patients with pharmacoresistance to the old

Ž .drugs Schmidt and Kramer, 1994; Chadwick, 1997 . A¨
third GABAmimetic drug with proven efficacy in partial

Žepilepsy is gabapentin Schmidt and Kramer, 1994; Chad-¨
.wick, 1997 . Gabapentin has recently been shown to in-

crease GABA turnover in some brain regions of laboratory
Ž .animals Loscher et al., 1991 , presumably by activation of¨

Ž .glutamate decarboxylase Taylor et al., 1992 , and to
Ženhance brain GABA levels in patients Petroff et al.,

.1996b , but in contrast to vigabatrin and tiagabine,
gabapentin also exerts several other cellular action not

Ž .related to GABA see Table 4 and Taylor, 1995 .

Unfortunately, there is a number of potential problems
with increasing GABAergic neurotransmission as a strat-
egy in anticonvulsant drug development. At least in labora-
tory animals, most GABAmimetic drugs produce tolerance

Žand dependence Loscher, 1986; Loscher and Schmidt,¨ ¨
.1994; Costa and Guidotti, 1996 , which is well known

from both experimental and clinical experience with barbi-
turates and traditional benzodiazepines. If drugs such as
vigabatrin and tiagabine produce tolerance and dependence
in patients has to await more clinical experience with these
drugs, particularly in terms of monotherapy. Drugs which
increase GABA concentrations, such as vigabatrin and

Žtiagabine, are likely to aggravate non-convulsive absence,
.myoclonic seizures, most probable by an effect of en-

Žhanced GABA levels on GABA receptors Marescaux etB
.al., 1992 . As a consequence, the spectrum of clinical

efficacy of such compounds is relatively small, although
vigabatrin is also effective against infantile spasms, i.e. in

Ž .West syndrome Loscher and Schmidt, 1994 . Another¨
potential disadvantage of some new GABAmimetic drugs,
e.g. vigabatrin, is the induction of psychotic reactions
ŽGrant and Heel, 1991; Loscher and Schmidt, 1994;¨

.Thomas et al., 1996 . Indeed, a hyperactive GABA system
has been involved as a common etiological factor in both

Žschizophrenia and affective psychoses Squires and
.Saederup, 1991 .

3.2. Decrease of glutamatergic neurotransmission

Another strategy, which has been used by several drug
companies for development of anticonvulsant and neuro-
protective compounds during recent years, is drug-induced

Ždecrease of glutamatergic neurotransmission Loscher and¨
.Schmidt, 1994 . Drugs developed by rational drug design

include NMDA receptor antagonists, such as the noncom-
Ž .petitive antagonist MK-801 dizocilpine or the competi-

Ž Ž .tive antagonist D-CPPene 3- 2-carboxypiperazin-4-yl pro-
. Žpenyl-1-phosphonate and AMPA a-amino-3-hydroxy-5-

.methyl-4-isoxazolepropionic acid receptor antagonists,
Žsuch as NBQX 2,3-dihydroxy-6-nitro-7-sulfamoyl-

Ž . . Ž Žbenzo F quinoxaline and GYKI 52466 1- 4-aminophen-
. .yl -4-methyl-7,8-methylendioxy-5H-2,3-benzodiazepine .

As yet, clinical data are only available for NMDA receptor
antagonists, including dextrorphan, an active metabolite of
the antitussive dextromethorphan, which acts as a noncom-

Žpetitive NMDA receptor antagonist Loscher and Schmidt,¨
.1994 . In view of the increasing evidence that an abnor-

mality of glutamate-mediated neurotransmission may criti-
cally contribute to the pathophysiology of seizures and
epilepsy, development of glutamate receptor antagonists,
particularly drugs blocking NMDA receptors, was thought
to be one of the most promising strategies for rational

Žanticonvulsant drug development Dingledine et al., 1990;
.Loscher, 1993 . However, both the clinical trials and more¨

recent data from animal models demonstrated a number of
Žsevere problems associated with the mechanism Loscher¨
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.and Schmidt, 1994 , so that further development of NMDA
receptor antagonists for treatment of epilepsy has been
subsided. The few clinical trials with MK-801, D-CPPene
and dextrorphan did not yield any significant anticonvul-
sant effect of the drugs in patients with partial seizures
Ž .Loscher and Schmidt, 1994 . Instead, treatment was asso-¨
ciated with marked adverse effects, such as psychosis,
impairment of learning and memory and impairment of
motor function. This was unexpected because all these
drugs had been well tolerated in phase I studies in healthy
volunteers. Interestingly, several previous experimental ob-
servations indicated that limbic epileptogenesis enhances
the adverse effect potential of NMDA receptor antagonists,
leading to induction of proconvulsant effects, motor im-

Žpairment and psychotomimetic effects Loscher and¨
.Honack, 1991; Loscher and Schmidt, 1994 . Examples of¨ ¨

Žrelevant observations in this respect are as follows re-
.viewed by Loscher and Schmidt, 1994 . Pre-existing sus-¨

ceptibility to focal seizures was suggested to be a pre-
requisite for proconvulsant effects of the noncompetitive

ŽNMDA receptor antagonist ketamine in rats Leccese et
.al., 1988 . The noncompetitive NMDA receptor antagonist

memantine induced seizures in kindled rats at doses that
Žwere anticonvulsant in non-kindled rats Loscher and¨

.Honack, 1990 . Kindled rats were more sensitive than¨
non-kindled rats to the induction of behavioral adverse

Ž .effects e.g. stereotypies by competitive NMDA antago-
Ž .nists Loscher and Honack, 1991 . The glycinerNMDA¨ ¨

Ž . ŽŽ .receptor antagonist q -HA-966 q -3-amino-1-hydroxy-
.pyrrolid-2-one induced paroxysmal activity in limbic brain

Žregions of kindled but not non-kindled rats Wlaz et al.,
.1994 . The reasons for this functional difference between

Žkindled and non-kindled rats remain to be elucidated for
.discussion see Wlaz et al., 1994 , but all these data strongly

suggest that models of chronic epilepsy, such as the kin-
dling model, should be added to the preclinical assessment
of adverse effects of NMDA receptor antagonists and
probably also other investigational drugs in order to en-
hance the predictive value of such data for adverse effects

Žoccurring in patients with chronic brain disease Wlaz and
.Loscher, 1997 .¨

It remains to be seen whether other strategies of gluta-
mate antagonism, e.g. AMPA receptor antagonists or lig-
ands for the metabotropic glutamate receptor provide ad-
vantages in terms of risk–benefit ratio for treatment of

Ž .epilepsy see Section 4 . Drugs, such as lamotrigine or
riluzole, which reduce glutamate release by blockade of
Naq channels, clearly differ in their pharmacology from
selective glutamate receptor antagonists and should not be
assigned to this category. Recent in vitro experiments with
other Naq channel blockers, i.e. carbamazepine and oxcar-
bazepine, have shown that these drugs, as lamotrigine,
inhibit veratrine-induced glutamate release from rat brain

Žslices at therapeutically relevant concentrations Waldmeier
.et al., 1996 . However, experiments in conscious rats with

determination of veratrine-enhanced extracellular gluta-

mate levels by microdialysis led to the conclusion that
neither of these drugs in relevant doses inhibits physio-

Ž .logical glutamate release in vivo Waldmeier et al., 1996 .

3.3. Modulation of ion channels

Similar to the glutamate-directed strategy, the ion chan-
nel-directed strategy of developing new anticonvulsant
drugs failed to produce any clinically effective drugs with
advantages over existing drug treatments. With respect to
Naq channels, ralitoline was developed as a state depen-
dent blocker of voltage sensitive Naq channels, but both
experimental and clinical studies failed to demonstrate any
clear advantage over standard drugs, such as phenytoin and
carbamazepine, so that further development was termi-

Ž .nated Loscher and Schmidt, 1994; Bialer et al., 1996 .¨
With respect to Ca2q channels, several Ca2q channel
Ž .L-type blockers, such as verapamil, nifedipine, diltiazem
and flunarizine have been clinically evaluated in epileptic
patients, but only low or absent anticonvulsant efficacy

Žwas demonstrated by controlled trials Loscher and¨
.Schmidt, 1994 . However, as new antagonists for various

Ca2q channel subtypes are discovered, it remains possible
that effective new anticonvulsants may emerge. A third,
possibly more promising target could be Kq channels,
which will be discussed in Section 4.

3.4. Should selectiÕity of action be pursued?

The disappointing experience with most rational strate-
Ž .gies has led to a debate on whether and how we should

pursue rational drug development to identify new anticon-
vulsant drugs with high specificityrselectivity of action.
The most important arguments against the idea of pursuing
selectivity of action as a potentially profitable approach to
anticonvulsant drug development are the lack of success of
several previous attempts of ‘rational’ drug development
and the success of various previous attempts of ‘non-ra-
tional’ anticonvulsant drug development, i.e. development
by random screening or structural variation. Several inher-
ent reasons may explain the failure of rational strategies:
Ž .1 most of the old, first generation anticonvulsants already
act by several of the mechanisms on which rational strate-
gies are based, making it unlikely that a novel drug
developed by such strategy has significant clinical advan-

Ž .tages. 2 Most first generation drugs exert more than one
mechanism, while novel agents developed by mechanism-
directed strategies are often selective for one type of
mechanism. Since epileptic seizures must be viewed as
multifactorial, anticonvulsants with several mechanisms
Ž .e.g. valproate have advantages compared to drugs with a
selective effect, e.g. on one type of ion channel or neuro-

Ž .transmitter. 3 The optimal use of a drug with a single
mechanism would ideally require the development of pre-
dictive markers that this particular mechanism is operative
in the epilepsy of the individual patient, but such markers
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Ž .do not exist as yet. 4 Most of the events that contribute to
epileptogenesis andror ictogenesis appear to be exagger-
ated aspects of normal physiology so that drugs rationally
developed to selectively act on such events may interfere

Ž .with normal excitability or synaptic transmission. 5 The
way in which modern approaches are applied to drug
discovery are still too simplistic, ignoring the complex
alterations of brain functions, particularly the disturbances
of behavior and cognitive function, induced by chronic
epilepsy. Indeed, much of our classification into separate
entities may be more a reflection of how our brains work
than a true description of reality.

Drug development traditionally aims towards more and
more selective targets, but there is accumulating evidence
that an absolute selectivity in a drug may in fact not be
desirable in a clinical situation that involves complex
adaptive changes. Thus, there are various recent examples
from different fields of pharmacotherapy where the devel-
opment of drugs with a more selective action has proved
disappointing in providing a more selective therapy with
fewer adverse effects and improved clinical efficacy
Ž .Fredholm and Abbott, 1990 . This throws up the question
whether we should be thinking about the development of
nonselective drugs as a potentially more successful strat-
egy.

Greater understanding of basic brain pharmacology and
mechanisms of epilepsy may allow the development of
new treatment strategies. In view of the fact that patients
with the same type of clinical seizure may differentially
respond to anticonvulsant drugs, the pathophysiological
events underlying epileptic seizures apparently not only
differ between different seizure types but are also multifac-
torial for the same type. In order to achieve improved
therapy of epilepsy, the real challenge for the future will
be to create novel broadly acting anticonvulsant drugs with
multiple mechanisms of action but decreased adverse ef-
fect potential in comparison to currently used medical
therapies. With respect to novel pharmacological strate-
gies, newly developed laboratory models for pharmaco-re-
sistant seizures may help to develop drugs with efficacy in

Žintractable epilepsy Heinemann et al., 1994; Loscher,¨
.1997b .

4. Perspectives for new developments

Traditionally, pharmacological strategies for the treat-
ment of epilepsy have aimed at seizure initiation and
propagation rather than the processes leading to epilepsy.
As a result, none of the currently available anticonvulsant
drugs is capable of preventing epilepsy, e.g. after brain

Ž .injury Hernandez, 1997 . Furthermore, there is increasing
evidence that, despite early onset of treatment and suppres-
sion of seizures, anticonvulsant drugs do not affect the

Žprogression or underlying natural history of epilepsy Shin-
.nar and Berg, 1996 . Thus, one important goal for the

future will be to develop anti-epileptogenic drugs, i.e.
drugs which prevent or treat epilepsy and not only its
symptoms and thus can be referred to as truly antiepileptic.
For this goal, interdisciplinary research and communica-
tion between clinical and basic scientists will be essential
and suitable preclinical models are needed. Interesting
models in this respect are the kindling model, because
kindling involves many processes thought to be important
for epileptogenesis and chronic epilepsy, and spontaneous
recurrent seizures following acute application of kainate

Ž .and pilocarpine Loscher, 1997a . With respect to novel¨
anticonvulsant drugs, it is interesting to note that levetirac-
etam seems to exert anti-epileptogenic and possibly

Ž .antiepileptic properties Loscher et al., 1997a . Levetirac-¨
etam does seemingly not act by any of the mechanisms
thought to be involved in the mechanism of action of other

Ž .anticonvulsant drugs Haria and Balfour, 1997 which
might explain its unexpected experimental efficacy against
epileptogenesis.

With respect to new mechanisms as targets for drug
development, GABA receptor antagonists and selectiveB

T-type Ca2q channel antagonists may be interesting for
Ž .treatment of non-convulsive absence, myoclonic seizures.

Ž .However, similar to ethosuximide Table 1 , the disadvan-
tage of such drugs would be their narrow spectrum of
clinical activity. For treatment of partial or generalized
convulsive seizures, potentially interesting new develop-

Ž .ments include non-NMDA AMPArkainate receptor an-
tagonists and Kq channel agonists. In contrast to NMDA
receptor antagonists, AMPA receptor antagonists are effec-
tive anticonvulsants in the kindling model and do not
induce stereotyped behaviors or marked motor impairment

Ž .at anticonvulsant doses Lees, 1996 , suggesting that these
compounds may be clinically effective against partial
seizures. In this respect, it is important to note that renal
toxicity which led to termination of development of the
prototype AMPA receptor antagonist NBQX is not a prop-
erty of the more recently developed AMPA receptor antag-

Ž .onists Lees, 1996 . In addition to novel AMPA receptor
antagonists, our growing understanding of the function and
the molecular biology of the NMDA receptor may lead to
the discovery of new and valuable anticonvulsants acting
at this site, with better efficacy and safety profiles than
previous NMDA receptor antagonists.

Apart from glutamate receptors, stimulation of the
opening of Kq channels has repeatedly been proposed as
an interesting mechanism of anticonvulsant drug mecha-
nism, but until recently no selective and systemically

q Žeffective K channel agonists were available Loscher and¨
.Schmidt, 1994 . The newly developed anticonvulsant D-

Ž .23129 retigabine has been described to exert an opening
effect on Kq channels at relevant drug concentrations
Ž .Bialer et al., 1996 . However, the drug exerts also other
cellular effects, including potentiation of GABA currents,
increase of GABA synthesis, and inhibition of
glutamaterkainate currents, which may explain the broad



( )W. LoscherrEuropean Journal of Pharmacology 342 1998 1–13¨ 9

Žanticonvulsant activity in diverse preclinical models Bialer
.et al., 1996 . Of course, the progress of all these new

pharmaco-logical strategies will depend on data from clini-
cal evaluation.

In addition to development of new drugs for treatment
of epilepsy, the use of two or more available anticonvul-
sants with different mechanisms of action for ‘rational
polypharmacy’ or ‘rational polytherapy’ may a useful al-
ternative treatment strategy, particularly if monotherapy

Ž .fails Leppik, 1996 . In approximately 40% of patients
with epilepsy, monotherapy with conventional anticonvul-
sants is either not tolerated or does not provide optimal

Ž .seizure control Pellock, 1995 . Polypharmacy may be
necessary in as many as 30% of all epileptic patients
Ž .Pellock, 1995 . The theoretical andror experimental basis
for choosing specific drug combinations is mainly compro-
mised however by the current lack of fully understanding
of the chain of events leading from molecular mechanisms
to specific seizures and the progression of seizures into

Ž .human epilepsy syndromes Schmidt, 1997 . Animal mod-
els may be useful in both studying basic mechanisms of
ictogenesis and epileptogenesis and defining targets for

Žrational drug design and rational polytherapy Loscher and¨
.Ebert, 1996 . Furthermore, in view of the fact that the

numerous possible combinations of standard and newly
developed anticonvulsant drugs cannot be studied in con-
trolled clinical trials, animal models may be used to prese-

Žlect potentially interesting drug combinations Loscher and¨
.Wauquier, 1996 . The goal of rational polytherapy would

be to propose drug combinations which are better than
either drug alone and even more important are more

Žeffective and less toxic than standard drugs Schmidt,
.1997 . That this approach is producing effective new treat-

ment strategies is demonstrated by the synergistic effect of
combinations of NMDA and AMPA receptor antagonists
Ž .Loscher et al., 1993b or combinations of lamotrigine and¨

Ž .valproate Brodie and Yuen, 1997 . After the detection of
such synergistic drug interactions, it might be possible to
combine the involved mechanisms in a single drug, be-
cause monotherapy with a drug that has multiple mecha-
nisms of action is avoid of pharmacokinetic drug–drug
interactions often encountered with combined therapy.

For all drug treatment strategies, it would be a major
advancement if methods for predictive identification of
responders would be developed. The physician needs to
know in whom a specific drug or drug combination is
ineffective and wishes to identify patients who are most

Ž .likely to benefit Schmidt, 1997 . Unfortunately, this infor-
mation is difficult to retrieve from clinical trial data.
Although several predictors of poor prognosis and in-
tractability of epilepsy, such as seizure type, high seizure
frequency, onset of epilepsy in infancy, symptomatic etiol-
ogy of seizures, psychotic disturbances, presence of multi-
ple seizure types, and poor short-term results of therapy,

Žhave been proposed in human epilepsy Loiseau, 1986;
.Sillanpaa, 1995 , it is not possible to predict with certainty¨¨

in a given patient whether treatment with an anticonvulsant
drug will be effective and which of the available anticon-
vulsant drugs or which of the pharmacodynamic mecha-
nisms offered by these drugs is best suited for this patient.
If non-invasive diagnostic measures would exist that allow
to conclude after short treatment whether a chosen drug in
a given patient will be effective or not, this would greatly
improve current practice of epilepsy treatment. Thus, fu-
ture efforts for the search for new anticonvulsant drugs
should also attempt to establish diagnostic measures which
will allow to predict responders.

One interesting example in this respect stems from
preclinical experiments in the amygdala-kindling model.
We have previously shown that repeated testing of fully
kindled Wistar rats with phenytoin allows the selection of
rats which always react to phenytoin with an increase in

Ž .focal seizure threshold phenytoin responders and rats
Ž . Žwhich never respond phenytoin nonresponders Loscher¨
.and Rundfeldt, 1991 . As shown by various subsequent

studies, phenytoin nonresponders are a useful model of
Ž .pharmacoresistant partial seizures Loscher, 1997b . The¨

novel anticonvulsant vigabatrin, which acts by increasing
GABA both in the brain and periphery, was demonstrated
to be effective in phenytoin responders, but ineffective in

Ž .nonresponders Loscher et al., 1993c . After administration¨
of a single anticonvulsant dose of vigabatrin, a significant
plasma GABA increase was determined in phenytoin re-

Ž .sponders but not in nonresponders Loscher et al., 1993c .¨
Based on these data, we proposed that determination of
plasma GABA shortly after onset of vigabatrin therapy is
suited to predict whether an epileptic patient will be a
responder or nonresponder. If true, this would be the first
individual prognostic measure of an anticonvulsant drug’s
efficacy. In order to prove this clinically important possi-
bility, we undertook a retrospective study in epileptic
patients undergoing chronic treatment with vigabatrin.
Plasma GABA levels of nonepileptic patients served as
control. In epileptic patients not responding to chronic
treatment with vigabatrin, plasma GABA levels were not
significantly different from control, whereas a significant
increase in GABA levels was determined in vigabatrin

Ž .responders Loscher et al., 1993a,d , thus confirming our¨
prediction from the experiments in kindled rats. This ex-
ample illustrates how animal models can be used to de-
velop new concepts for the clinical situation. Interestingly,
in addition to plasma GABA determinations, the recent
development of 1H magnetic resonance spectroscopic mea-
surement of brain GABA levels in patients allows to
determine the effect of vigabatrin on human brain GABA

Ž .after a single dose administration Petroff et al., 1996a ,
which could be used for early identification of nonrespon-
ders. Both plasma determinations and magnetic resonance
spectroscopy could also be interesting for noninvasive
GABA monitoring after other GABA elevating drugs, such

Ž . Žas gabapentin Petroff et al., 1996b and valproate Loscher¨
.and Schmidt, 1980 .
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As an alternative to administration of drugs that act in
the brain at various sites, novel treatment strategies aimed
to suppress seizure propagation through specific brain

Ž .regions have been proposed Loscher and Ebert, 1996 .¨
While seizure initiation may be in various brain locations,
it appears that generalization of seizure activity spreads
along relatively universal or ‘preferred’ propagation path-
ways. Thus, blockade of generalisation of seizure activity
by local manipulation of such preferred propagation path-
ways could constitute a more rational therapeutic approach
with efficacy on various seizure types than targeting the
diverse mechanisms involved in initiation of different
seizure types. Novel treatment strategies aimed to suppress
seizure propagation through specific brain regions could
involve targeting of drugs or drug combinations to such
‘key structures’, e.g. the substantia nigra pars reticulata
Ž .Loscher and Ebert, 1996 . Possible approaches in this¨

Ž .respect are: 1 targeting systemically administered drugs
to such regions based on the uneven distribution and
regional heterogeneity of enzymes and receptor subtypes
involved in inhibitory and excitatory neurotransmission.
Examples in this respect are the regionally selective effect
of valproate on GABA turnover in substantia nigra
Ž .Loscher, 1989a and the development of new benzodi-¨
azepine receptor ligands with selectivity for those a-sub-

Ž .units e.g. a which exhibit a particular high density in1
Ž . Ž .the nigra Turner et al., 1993 . 2 Regional drug targeting

based on direct drug infusion into a brain region by the use
of mini- or micropumps; this approach has already been
discussed with respect to focal application of anticonvul-
sant drugs in patients in whom the epileptic focus is

Ž . Ž .identified but not resectable Loscher and Ebert, 1996 . 3¨
Implantation of biocompatible polymer matrices which can
be used for the local delivery of transmitters or trophic
factors or combinations of both. There is already experi-
ence with GABA-, noradrenaline-, dopamine- and neu-
ronal growth factor-releasing polymeric brain implants in

Ž . Žmodels of epilepsy kindling or Parkinson Loscher and¨
. Ž .Ebert, 1996 . 4 An alternative approach apart from drug

application is implantation of neural grafts.
Neuronal grafting, particularly using noradrenergic lo-

cus coeruleus neurons, has been used as a tool to reduce
Žseizure propagation in seizure models Lindvall and

.Bjorklund, 1992 . Until recently, there has been no conclu-¨
sive experimental evidence that intracerebral grafts of
GABAergic neurons can influence epileptic activity. One
target region for implantation of GABAergic neurons would
be the substantia nigra pars reticulata, because increase of
GABAergic inhibition in this region has been shown to
suppress seizure propagation in diverse types of experi-

Ž .mental epilepsy Loscher and Ebert, 1996 . Recent experi-¨
ments from our laboratory has demonstrated that implanta-
tion of fetal striatal GABAergic neurons into substantia
nigra of amygdala-kindled rats induces a marked reduction
in seizure severity compared to implantation of non-
GABAergic neurons or vehicle, but the anticonvulsant

Žeffect of the GABAergic grafts was only transient Loscher¨
.et al., 1997b . It remains to be established whether intrac-

erebral grafting of genetically engineered GABA-produc-
ing cells or implantation of polymer matrices with long-
term GABA release have advantages in this respect, possi-
bly constituting a further step to develop more efficient
strategies for seizure suppression in pharmacoresistant
epilepsies.

A further perspective for new therapeutic developments
in treatment of epilepsy stems from the identification of

Ž .genetic defects Schmidt, 1997 . Advances in molecular
genetics and molecular pharmacol-ogy may become a
source of promise for diseases previously unresponsive to
conventional treatments. In the case of the epilepsies,
identification of mutant genes underlying familial epilep-
sies may lead to a new pharmacological treatment strategy,
through the development of in vitro expression systems
permitting rapid search for novel drugs, creation of spe-
cific animal models based on expression of the precise
mutation and correction of disease phenotypes by introduc-
ing novel and highly specific genetic information into the

Žperson with epilepsy McNamara, 1994; Allen and Walsh,
.1996; Schmidt, 1997 .

5. Conclusions

Anticonvulsants have greatly improved the lives of
people with epilepsy. Approximately 70% of patients can
achieve complete freedom from seizures with appropriate

Ž .treatment Scheuer and Pedley, 1990 . Furthermore, there
have been significant advances in the medical treatment of

Ž .epilepsy in recent years Sabers and Gram, 1996 . Some of
the old, first generation anticonvulsants have been mar-
keted in the form of new formulations, e.g. retard prepara-
tions of valproate and carbamazepine, or modification of
phenytoin to the water soluble phenytoin-prodrug fos-
phenytoin for parenteral use, resulting in improved effi-
cacy and tolerability. A marked increase in the number of
comparative clinical trials of anticonvulsants has also made

Žtreatment choice somewhat simpler Sabers and Gram,
.1996 . The development strategies described in this review

resulted in the introduction of several new, second genera-
tion anticonvulsants. Compared with the first generation
anticonvulsants, many new drugs exhibit simpler pharma-
cokinetics and are devoid of liver enzyme inducing or
inhibiting properties, thus increasing the ease of use, de-
creasing the number of drug interactions and improving

Žadverse effect profiles Perucca, 1996; Sabers and Gram,
.1996 . Indeed, current evidence suggests that the new,

second generation of anticonvulsants is as efficient as the
old drugs but exhibits fewer adverse effects, although the
scientific evidence from randomized clinical trials compar-
ing established and new anticonvulsants with each other is

Žstill pending Schmidt and Kramer, 1994; Rogvihansen¨
.and Gram, 1995; Chadwick, 1997 . Furthermore, a com-
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plete assessment of the efficacy and adverse effects of the
newer agents is not yet possible because of the relative
lack of experience with them, such that the potential for
infrequent adverse reactions or reactions occurring only

Ž .after long term use is largely unknown Loiseau, 1996 .
An example of how infrequent adverse effects could change
the risk–benefit ratio of a novel drug is felbamate, which
has induced fatal aplastic anaemia and fatal liver disease in

Ž .a number of patients Schmidt and Kramer, 1994 . At¨
present, the main use of the new drugs is in patients
refractory to first-line old drugs such as valproate or
carbamazepine and further studies are required to charac-
terize their activity spectrum as well as their potential

Ž .value in monotherapy Perucca, 1996 . Novel approaches
to the clinical testing of anticonvulsants make it possible to
demonstrate unequivocal efficacy, including efficacy as
monotherapy, very early in the development of novel

Ž .compounds Sabers and Gram, 1996 . However, based on
current knowledge, in most patients the new, second gen-
eration drugs can not be recommended for first-line use
until evidence is obtained that potential advantages in
tolerability or ease of use outweigh the drawback of their

Ž .high cost Perucca, 1996 .
With respect to the ultimate goal of drug treatment of

epilepsy, i.e. complete control of seizures, none of the new
drugs seems to offer any marked advantage towards the
old, first generation drugs. In other words, a significant
number of patients with chronic epilepsy will not become
seizure free despite the availability of several new anticon-

Ž .vulsant drugs Dam, 1996 . The only current alternative
for patients with pharmacoresistant partial seizures is

Ž .epilepsy surgery Dam, 1996 . With regard to the third
generation drugs which are currently in the pipeline of

Ždevelopment cf. Loscher and Schmidt, 1994; Bialer et al.,¨
.1996 and to future strategies for anticonvulsant drug

development, one important goal should be increased effi-
cacy in difficult-to-treat epilepsies, including intractable
partial epilepsies and childhood syndromes such as the
Lennox–Gastaut syndromes and the West syndrome. Novel
animal models for drug resistant seizures, such as pheny-
toin-resistant subgroups of kindled rats, may help to im-

Ž .prove preclinical strategies in this respect Loscher, 1997b .¨
Furthermore, we need drugs that are truly antiepilepto-
genic, i.e. which either prevent epilepsy or alter its natural

Ž .course Shinnar and Berg, 1996 . These goals can only be
achieved by strengthening our understanding of the funda-
mental pathophysiology of seizure expression and epilepto-
genesis as theoretical substrates for new pharmacological
strategies, and by devising and refining laboratory models
for studying new agents obtained by such strategies.
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